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ABSTRACT 

The ascomycetal fungus Magnaporthe grisea causes the most damaging fungal 

disease of rice, blast. Resistant rice cultivars are typically dependent on the presence 

of one, or a few, major genes that are effective only toward particular M grisea 

isolates. These isolates have avinilence genes that correspond to specific rice 

resistance genes, in a gene-for-gene relationship. Results presented here show the 

genetic identification of AVR2-MARA, aM grisea a gene that confers avirulence 

toward the rice cultivar Maratelli. Two techniques were used for determining the 

chromosomal location of AVR2-MARA, restriction fragment length polymorphism 

analysis (RFLP), and bulked segregant analysis. Through RFLP analysis i4KR2-

MARA was mapped to Chromosome 7, between markers cosl96 and cos209. 

Bacterial Artificial Chromosome (BAC) clones, as well as cosmids, were utilized in 

chromosome walking to the locus. Walks were initiated from markers on both sides of 

the locus, allowing the identification of sequences that were inseparable from AVR2-

MARA. However, I was unable to clone the complete locus. In contrast, avr2-MARA, 

the virulent locus, was isolated from the virulent parental strain 0-135. Sequence 

analysis of markers inseparable from the AVR2-MARA locus showed a higher AT 

content than typically observed in the M grisea genome. Sequence analysis of a 

fragment inseparable from theAVR2-MAIiA locus also revealed a putative open-

reading-frame (ORF) with significant homology to AVR-Pita, 

During this study I found that the segregation of avirulence on Maratelli 

corresponded with the segregation of avirulence towards the rice cultivars M-103 and 
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M-201. AVR-M201, conferring avirulence toward the rice cultivar M-201, was 

identified several years ago (Valentet al. 1991), but never mapped. In our mapping 

cross, consisting of 65 progeny, i4KR2-M4^ ind AVR-M201 are inseparable. 

Furthermore, we isolated two virulent mutants of AVR2-MARA via UV mutagenesis 

and both had also gained virulence on cultivars M-103 and M-201. This suggests that 

A VR2-MARA, A VR-M201 (and A VR-M103) are the same avirulence gene. Because 

A VR2-MARA originated in a finger millet isolate, and confers avirulence toward 

several different rice cultivars, it may represent a host-species-specificity factor. Such 

rice cultivars may be guarded from infection by finger millet isolates due to 

recognition of the A VR2-MARA gene product. 
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I. Introduction 

The filamentous phytopathogenic fungus Magnaporthe grisea (Hebert) Ban* 

[anamorph Pyricularia grisea. Sac. (Rossman et al. 1990)] is the causal agent of blast 

disease. Although the disease is found on a variety of grass hosts, the most important 

host forM grisea, both agronomically and economically, is cultivated rice, Oryza 

sativa. Identified in all rice growing areas, rice blast is of woridwide consequence. 

Potential yield loses in blast-infected fields range from 10 to 50% (Ou, 1985; Lee, 

1994), and Baker et al. (1997) assessed worldwide crop losses due to M grisea 

between 1975 to 1990 at 11-30%. 

The use of blast-resistant rice cultivars is the primary control method practiced, 

although chemicals are also used extensively in some areas, but are expensive. 

However, rice-breeding programs have been frustrated by the difficulty in developing 

cultivars able to maintain blast resistance over a significant period. Cultivars bred for 

resistance to known races of the fungus often succumb to blast infection within a few 

years of their introduction (Ou, 1980; Ou 1985; Lee, 1994). The difficulty in 

developing cultivars with durable resistance appears to be mainly due to the high 

degree of variability present in field populations of M grisea (Bonman et al. 1987; 

Talbot et al. 1993a; Orbach et al. 1996; Shull and Hamer, 1996). It appears that rice 

cultivars are exposed to a wide range of pathogenicity phenotypes in the field. Upon 

exposure to a susceptible host, a previously rare strain of the fungus can be selected, 

and it subsequently proliferates in the typically monocultured rice field. 
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Blast resistance is generally grouped into two types based on the manner in 

which pathogen reproduction is affected: qualitative (complete) and quantitative 

(partial). Qualitative resistance conditions incompatibility of the host and pathogen 

strain, thereby preventing reproduction of the fungus, while partial resistance 

decreases the extent of pathogen reproduction within the context of a compatible 

interaction (Parlevliet, 1979; Wang et al. 1994). Qualitative resistance is controlled by 

the presence of a major gene for resistance. Incompatibility, or no disease, is 

dependent on the presence of a dominant or semidominant resistance {R) gene in the 

plant, and a corresponding avirulence gene (A VR) in the pathogen. The relationship of 

these two genes comprises the gene-for-gene interaction (Hammond-Kosack and 

Jones, 1997). 

Gene-for-gene (race-specific) interactions were first described by Harold Flor 

in his studies of the interaction between flax and the flax rust fungus, Melampsora lini 

(Flor, 1956; Flor 1971). Flor's classic papers proposed that "pairs of factors" (specific 

avirulence and virulence alleles) in the pathogen determined virulence against each 

particular host (cultivar-specific) resistance gene, thus establishing a hypothesis that 

there is a one-to-one, or "gene-for-gene" functional correlation (De Wit, 1992). 

Since Flor's hypothesis, numerous plant-pathogen interactions have been 

shown to interact in a gene-for-gene manner. In order to understand the molecular 

details of this phenomenon, recent efforts have focused on cloning the genes involved. 

Several plants genes have been cloned and can be grouped into five classes, although 

all classes show remarkable structural relatedness (Baker et al. 1997). However, little 
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is known about the function of the different R gene domains in the signaling pathway 

of a resistant response. The Leucine-rich repeat (LRR) motifs found in R genes are 

believed to interact with the products of the corresponding i4 ̂  genes of pathogens. 

LRRs from animals and fungi have been shown to mediate specific protein-protein 

interactions. An important biological function for such repetitive domains in 

prokaryotic and eurkaryotic proteins is likely ligand binding (Kobe and Deisenhofer, 

1994; Jones and Jones, 1996; Yang and Gabriel, 1995). Evidence increasingly 

suggests plant R gene products act as receptors, physically interacting or binding with 

pathogen A KR gene products. This interaction could lead to the induction of the plant 

defense response. 

An individual pathogen strain may have multiple A KR genes. The combination 

oiAVR genes within a particular strain specifies the physiologic race of that strain 

(Leach and White, 1996). AVR genes cause incompatibility rather than loss of 

virulence. It has been hypothesized that the primary function oiAVR genes is to 

promote pathogen growth and disease development on susceptible host plants or to 

function as fitness factors (Alfano and Collmer, 1996; Leach and White, 1996). In this 

way, A VR genes could have either housekeeping (fitness) or pathogenicity functions, 

encoding products such as enzymes involved in.the degradation of plant substrates, 

toxins, or suppressors of the host defense responses (Lauge and De Wit, 1998). 

Support for these concepts is growing as more data concerning ̂ 4 KR genes becomes 

available. For bacterial A VR genes^ evidence backs a model where some AVR 

proteins are transported directly into the plant cells (Leach and White, 1996). 



Data concerning the molecular characterization of fungal A VR genes is limited. 

Only a few have been cloned, those of Rhynchosporium secalis, Cladosporium fulvum, 

and M grisea. Many more have been characterized genetically, both from these 

organisms and other fungi. A VR genes such as nipl ofR. secalis, and Avr4 and Avr9 

of C. fulvum, were cloned using reverse genetic approaches in which the gene products 

were isolated from apoplastic fluids of plants and then characterized (Rohe et al. 1995; 

Scholtens-Toma and De Wit, 1988; Joosten et al. 1994). In contrast, such reverse 

genetic approaches have not succeeded for intracellular fungal pathogens such as A/. 

grisea (Orbach et al. 2000). Instead, positional cloning approaches have been used to 

isolate i4 KR genes of M grisea conferring either cultivar specificity or host species 

specificity. 

The concerted effort by researchers to characterize and isolate both ^ and /I KR 

genes of plants and pathogens, respectively, has much larger goals. Current research 

is directed at understanding the mechanisms of how a plant senses pathogen products 

and subsequently initiates a resistance response, as well as to determine the primary 

function of A VR genes in the pathogen. Such knowledge would significantly assist 

plant breeding and disease management programs. Traditional rice breeding efforts 

have concentrated on utilizing major genes for blast resistance. Understanding the 

molecular basis for ̂ 4 VR gene activation of plant resistance should lead to the 

development of new strategies for durable disease control that utilize the rice plant's 

natural defense system. 



The goal of this dissertation was to characterize an A VR2-MARA gene of M 

grisea, which governs the gene-for-gene interaction with the rice cultivar Maratelli. 

Four principle sections of research were included in this project. The first of these 

was the genetic identification of in A VR gene in M. grisea strain 4314-R-24 specific to 

the rice cultivar Maratelli. The second section was a map-based cloning approach to 

physically identify the position of the AVR2-MARA locus and subsequently 

characterize the locus. The third section was a mutagenesis study investigating the 

stability of AVR2-MARA, followed by isolation of virulent UV mutants from avirulent 

isolates. Finally, an examination of a gene-for-gene interaction between A VR2-MARA 

and R genes of the rice cultivars M-103 and M-201 was conducted. 

In this introductory chapter I provide a review of A/, grisea, blast disease, the 

gene-for-gene hypothesis, R genes, and bacterial and fungal A VR genes. Included will 

be a discussion of the current state of knowledge of both bacterial and fungal A VR 

genes, as well as characterized genes of Af. grisea. Of particular interest are the 

current theories and thoughts concerning the putative functions of AVR genes and 

mechanisms by which pathogenic bacteria or fungi can evade host resistance through 

the modification or loss of AVR genes. 
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Magnaporthe grisea 

Taxonomy 

Magnaporthe grisea is a filamentous fungus of the phylum Ascomycota, class 

Pyrenomycetes. The nameM grisea describes the perfect stage of the imperfect 

fungus Pyriculariagrisea (Hebert, 1971, Yaegashi and Udagawa, 1978). The 

anamorphs of M grisea are currently classified as Pyricularia oryzae for isolates 

pathogenic to rice and Pyricularia grisea for isolates pathogenic for other graminae 

(Notteghem and Silue, 1992). The life cycle of A/, grisea is typical of most 

filamentous ascomycetes, with a vegetative haploid stage with septate mycelia 

containing a single nucleus per cell. Asexual spore production occurs by conidiation 

and strains of the fungus pathogenic on rice are believed to reproduce only asexually 

in the field (Zeigler et al. 1995). Some strains isolated from grass species other than 

rice appear to be quite fertile (Valent et al. 1986). Borromeo et al. (1993) concluded 

that sexual fertility of field isolates was dependent on host origin. 

The fusion of two heterothallic isolates from each of the two M. grisea mating 

types, MAT 1-1 and MAT 1-2, leads to meiosis. Although rice pathogens occur as both 

mating types, isolates in single geographic locations usually are of only one mating 

type (Valent and Chumley, 1991). Fertility in A/, grisea field isolates ranges from 

total sterility (inability to mate with any other strains), through female sterility (ability 

to mate only as a male), to full fertility (ability to mate either as male or female) 

(Valent et al. 1986). One factor limiting fertility in A/1 grisea crosses may be 

differences in karyotypes. Translocations and other genetic rearrangements appear to 
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commonly occur among field isolates of the fungus (Kang et al. 1994). If sexual 

reproduction of M grisea occurs on rice it is likely infrequent and not necessary for 

the progression of the disease cycle. Rice pathogenic isolates seem to have lost the 

ability to sexually reproduce, and epidemics within a single rice field may be due to 

different clonal populations (Notteghem and Silue, 1992). The near absence of female 

fertility among rice isolates and the intersterility among strains supports the claim that 

the population structure of isolates pathogenic on rice appears to be clonal (Notteghem 

and Silue, 1992; Viji, 1998). 

M. grisea has seven chromosomes, ranging in size from three to twelve 

megabases (Mb) and the genome size is approximately 38 Mb (Skinner et al. 1993; 

Orbach et al. 1996). Studies examining the karyotypes of various strains demonstrated 

that chromosome number was largely invariant, but chromosome length 

polymorphisms were frequent. Minichromosomes were also found, although their 

presence was not ubiquitous. They range in number from 1 to 3 and in size from 0.47 

Mb to 2.2 Mb (Talbot et al. 1993a, Orbach et al. 1996). The estimated size of the 

mapped genome is 900 cM (Nitta et al. 1997). This value is in agreement with the 

map sizes of 802 cM and 840 cM reported by Romao and Hamer (1992) and Sweigard 

et al. (1993), respectively, and yields an average of ^47 kilobases (kb) per cM. The 

average distance between markers on the genetic map is currently 282 to 348 kb (Zhu 

etal. 1997). 

The species of M grisea comprises a large number of strains pathogenic on 

different grasses. The fungus is pathogenic to almost 40 plant species in 30 genera of 
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Poaceae, including the genus Oryza (Silue et al. 1992a). Yamasaki and Kozaka 

(1980) cited 126 species belonging to 17 families as hosts. Typically, individual 

strains are restricted to one or a few hosts. Analysis of isolates pathogenic on different 

hosts suggests that pathotypes experience little or no recombination with strains 

pathogenic on different host species, indicating genetic isolation. M. grisea has also 

been reported to exhibit considerable genetic variability and to produce new races 

even from single-spore cultures (Giatgong and Frederiksen, 1969; Ou and Ayad, 1968; 

Ellingboe, 1992). 

M. grisea may be divided into groups defined by their restricted host ranges; 

Setaria pathotype pathogenic on foxtail millet iSetaria italica Beauv.), Panicum 

pathotype pathogenic on common millet (Panicum miliaceum L.), Eleusine pathotype 

pathogenic on finger millet {Eleusine coracana (L.) Gaertn.), Digitaria pathotype 

pathogenic on crabgrass {Digitaria sanguinalis (L.) Scop.), and Oryza type pathogenic 

on rice {Oryza saliva L.). The Oryza type may be further subdivided into races, based 

on the rice cultivars they can infect (Murakami et al. 2000). 

Blast Disease 

When a grass host is successfully parasitized by a strain of M grisea, blast 

disease occurs. The pathogen is known to infect two areas of a host, the leaves and the 

developing panicles (the inflorescence that holds the rice grain). Leaf infection results 

in large, ellipsoid lesions over the leaf surface and is called leaf blast. Infection of the 

panicle is known as neck blast and can lead to complete loss of the rice crop (Talbot, 



1995). The cultivated rice plant O. sativa is the most notable and economically 

important host, but blast disease also affects other agricultural crops, such as com 

(Bailey and Eijnatten, 1961), millet (Sundaram et al. 1972), and barley (Okada and 

Yaegashi, 1985). 

In 1985 blast disease was first reported on wheat {Triticum spp.) in the state of 

Parana, Brasil (Igarashi et al. 1986; Igarashi et al. 1990). Since those initial reports, 

blast has become the limiting factor of Brazilian wheat production (Urashima et al. 

1993). Wheat blast has spread and is now present in all major wheat-growing regions 

in Brasil. Studies of the host range, sexual fertility, and fingerprints with repetitive 

DNA elements, have shown that Triticum isolates are distinguishable from the other 

host-specific pathotypes of M. grisea. It appears Triticum isolates comprise a 

pathotype of their own (Murakami et al. 2000). In contrast to the karyotype variation 

that commonly appears among rice pathogens isolated from the field, wheat pathogens 

show striking karyotype conservation. It has been suggested that strains infecting 

wheat arose from a fertile subpopulation of M grisea strains, and not from rice 

pathogens indigenous to the area (Orbach et al. 1996). Although a distinct pathotype, 

the wheat pathogens appear most closely related to Af. grisea pathogens of Eieusine 

spp. (Urashima et al. 1993). 

Notwithstanding the infection of wheat, blast disease is most often associated 

with rice infection. Rice is the food staple of one half of the world's population (Zhu 

et al. 1999). Because of the global importance of rice, the wide geographical 

distribution of the disease, and the capacity of the disease to create significant losses in 



yield, rice blast caused by M grisea is considered the most important fungal disease of 

rice (Ou, 1985). Rice blast was first described in China in 1637, and has since been 

described in all principal rice growing regions of the world, making it one of the most 

widely distributed plant diseases (Ou, 1980). Although yield loss estimates due to rice 

blast are limited. Baker et al. (1997) assessed worldwide crop losses due to M. grisea 

between 1975 to 1990 at 11-30% (157 million tons). In monetary terms, it is 

estimated that rice blast costs farmers 5 billion dollars (US$) a year (Ronald, 1997). 

Infection begins with the attachment of a conidium to the host surface. A 

waxy cuticle covers rice leaves and surfaces, making the surface extremely 

hydrophobic, and subsequently a potentially hostile environment for colonization by 

microorganisms (Talbot, 1995). In order to overcome this barrier, secreted mucilage 

from a compartment in the spore apex of a conidium assists in the adhesion of the 

spore to the plant surface (Hamer et al. 1988). Following attachment, the conidium 

produces a germ tube and, within 3 hours, appressorium development is initiated from 

the germ tube (Mendgen and Deising, 1993). 

Regulation of appressorial morphogenesis appears to be governed by multiple 

external signals, in addition to surface hardness and hydrophobicity cues (Talbot, 

1995). Appressorium differentiation occurs in two phases. First, the germ tube apex 

hooks and swells, and the apical vesicles polarize toward the substratum. These 

events appear to represent a "recognition phase" in which the surface and substrate is 

evaluated before a commitment to appressorium morphogenesis is made. During the 

second phase, a continued swelling of the germ tube apex yields a symmetrical 



appressorium. A septum forms between the appressorium and the remainder of the 

germling, followed by melanization of the appressorium (See Fig. l.l) (Lee and Dean, 

1993; DeZwaan et al. 1999). 

Melanization of the appressorium is critical for successful penetration of the 

host plant cuticle. Mutants with defects in the melanin biosynthetic pathway, or wild-

type isolates treated with inhibitors of melanin biosynthesis, lack the melanin layer 

and cannot penetrate the host plant (Mendgen and Deising, 1993). A high 

concentration of glycerol appears to accumulate in the appressorium, resulting in 

increased turgor pressure as water enters the cell (de Jong et al. 1997). Turgor 

pressure forces an infection peg through the cuticle of the host, penetrating into the 

plant epidermal cells. Internal pressure has been measured indirectly and estimated to 

be as high as 8.0 MPa (Howard et aL 1991). Penetration of the infection peg into the 

intracellular spaces allows fungal growth and hyphal invasion of epidermal cells. 

Cytological studies have shown that penetration pegs rupture the plant cuticle and the 

epidermal cell within 28-31 hours following conidial germination, forming an 

infection hypha within the first cell encountered (Talbot, 1995). 

Two independent lines of research suggest that A/, grisea appressoria 

mechanically break the cuticle of the rice leaf. First, penetration pegs from M grisea 

appressoria are able to puncture biologically inert plastic membranes (Howard et al. 

1991; Lee and Dean, 1993). Second, gene-disruption experiments have shown that the 

CUT! gene encoding cutinase, an enzyme that degrades the major component of plant 

cuticles, is dispensable for full pathogenicity (Sweigard etal. 1992). The pressure 
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Fig, 1.1 Infection structures of M grisea. (Adapted from Mendgen and 
Deising, 1993). 



build-up within the appresorium also suggests mechanical force. M. grisea penetrates 

directly through the plant cuticle and outer cell wall into epidermal cells of the host. 

Growth occurs intracellularly, filling individual plant cells with mycelium before 

moving on to the next cell. It is unknown whether the intracellular hyphae of the 

pathogen are enveloped with plant plasma membrane, as is the case for haustoria 

produced by other biotrophic fungi, or if the pathogen breaches the plasma membrane 

(Jia et al. 2000). However, it is improbable that M grisea is a biotrophic fungus, as 

host cells die rapidly following penetration, likely from the rupture of the host plasma 

membrane (Heath et al. 1990a, Heath et al. 1990b). Under typical conditions, the very 

narrow penetration peg enlarges to form a primary hypha. This primary hypha 

subsequently differentiates into an enlarged bulbous secondary hypha that proliferates 

throughout host tissue. The bulbous hyphae in the plant tissue differs dramatically 

from the slender filamentous growth on agar media (Valent and Chumley, 1991). 

M. grisea is an airborne foliar pathogen. Infection occurs during early growth 

stages of the rice plant, generating lesions, followed by premature leaf senescence of 

infected tissue, especially in the case of heavy infections (Bastiaans et al. 1994; Wang 

et al. 1999). In a successful interaction the fungus grows intracellularly, invading 

adjacent epidermal cells and underlying mesophyll cells. Five to seven days later, 

conidiophores differentiate, and thousands of new conidia are released from the lesion 

to reinitiate the disease cycle (Valent and Chumley, 1991). Conidiation of lesions 

requires the relative humidity to exceed 93%. During such conditions, one lesion has 

the potential to produce 2,000-6,000 conidia each night for about 2 weeks (Ou, 1980; 



Talbot, 1995). Under conditions favorable to the pathogen, M grisea can cause severe 

yield loss. The rapid infection cycle, coupled with the enormous numbers of spores 

generated, can result in severe, quickly spreading, disease epidemics. Agricultural 

areas with densely planted fields containing one or a few cultivars are especially 

susceptible to the effects of such a blast infection (Leung and Taga, 1988). 

As the small oval lesions of blast disease first appear they are accompanied by 

local chlorosis (chlorophyll deficiency). During disease progression, leaf blast 

reduces the leaf photosynthetic rate of rice not only through a reduction in green leaf 

area, but also through an effect on photosynthesis of the green leaf tissue surrounding 

the lesions. On susceptible rice cultivars the effect of a single lesion on the reduction 

in net leaf photosynthesis was found to be equal to a reduction in leaf area of three 

times the area occupied by the visible lesion. In contrast, on a resistant cultivar, 

brown specks of pinpoint size appeared without any effect on the net leaf 

photosynthetic rate. Disintegration of leaf-tissue in the central part of the blast lesion 

is most likely a result of a disruption of water transport. Consequently, the relative 

water content of the leaf may be reduced, and the level of carbohydrates may be 

enhanced. Reduction in leaf photosynthetic rate may result from both effects 

(Bastiaans and Roumen, 1993). 

Neck blast is also a serious concern to farmers. The panicle, or seed-bearing 

head of rice, is usually 4 to 10 inches long with branches that rise singly or in whorls. 

Panicles usually contain from 75 to 150 spikelets with each producing a single rice 

grain. As a result of neck blast, infected plants exhibit a characteristic field symptom 
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of blighting of immature spikelets. The infected spikelets display a bleached straw 

color in contrast to the normal green color of the healthy spikelets (Bonman, 1992; 

Prabhu et al. 1992). 

Control of blast relies on various practices, meeting with variable success. 

Breeding to produce resistant rice cultivars, in conjunction with chemical and cultural 

control practices, represent the principal control programs. Efforts to breed rice 

cultivars with stable resistance to rice blast have produced mixed results. Although 

some cultivars have been grown for many years without significant losses due to blast 

disease, many newly introduced cultivars rapidly succumb to blast disease (Lee, 

1994). Although the level of pathogenic stability within a single race is still 

unresolved, it is generally agreed that the blast fungus populations evolve rapidly on 

resistant cultivars. Consequently, the average life span of most resistant cultivars is 

only 2-3 years in blast-prone environments (Leung et al. 1988). Accordingly, the goal 

of modem rice breeding programs has been to improve the durability of resistance in 

the field. The success of these programs depends on gaining a better understanding 

the biology of M grisea, as well as the mechanisms of resistance and pathogenicity. 

M grisea represents an outstanding choice to examine the mechanisms and 

factors of plant:pathogen interactions. Obviously there is an agricultural interest in 

identifying and understanding the important components of blast disease. Several 

additional factors contribute to the choice of the rice blast system for detailed study. 

First, the fungus can be grown on defined media and mutants can be obtained. The 

availability of fertile lab strains facilitates classical genetic analyses of host cultivar 
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specificity, host species specificity, and mechanisms of pathogenesis. Both the sexual 

cycle and disease cycle are relatively rapid and easy to contain and evaluate in a lab 

setting. Finally, the fungus, and its host rice, are amenable to molecular biological 

analysis (Valent, 1990). Taken together, the rice blast fungus represents an excellent 

model system to evaluate the plant:pathogen interactions. 

Magnaporthe grisea Variability and Population Structure 

M. grisea rice pathogenic field isolates are characterized by a high degree of 

genome and pathotype variability. In fact, hundreds of distinct races have been 

reported worldwide (Bonman et al. 1986). A wide range of chromosome numbers and 

sizes were observed with eletrophoretic analysis of isolate karyotypes (Talbot et al. 

1993a; Orbach et al. 1996). Strains of the rice blast fungus are reported to be quite 

variable in the field, with the frequent appearance of new races defined by the 

spectrum of rice cultivars infected. This variability has been hypothesized to be 

correlated with constant changes in chromosome numbers due to non-disjunction, 

asynchronous division, and lagging chromosomes during nuclear division (Orbach et 

al. 1996). Additionally, hybridization experiments using repetitive DNA fragments 

revealed a significant level of polymorphism between strains. 

While grass and rice pathogens share several repetitive elements, 

polymorphisms between the pathotypes vary considerably. For example, a cloned 

fragment of repeated DNA of M. grisea is called MGR586 {MGR~ Magnaporthe 

grisea repeat). As a probe, MGR586 detects approximately 40-60 £coRI restriction 
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fragment polymorphisms (RFLPs) among isolates that infect rice. In contrast. 

MGR586 typically detects only a few such RFLPs in isolates of M grisea that infect 

other grasses (Hamer et a). 1989). Other repetitive elements, such as MAGGY and 

Pot2, which share no sequence similarity, appear more likely to co-occur at high 

frequency as they were both reported to insert in AT-rich DNA regions. MAGGY has 

been reported to be in rice pathogens at high copy number, while Pot2 is present in 

both rice and non-rice pathogens (Nishimura et al. 1998). The transposable elements 

may contribute to the genomic instability of isolates, particularly those isolates 

collected recently from the field. Instability of such isolates can often be observed in 

the "mosaic" pattern of colony growth on certain standard agar media (Valent and 

Chumley, 1991). 

In general, isolates from finger millet, weeping lovegrass, and goosegrass 

display a high level of fenility, producing fertile perithecia, regardless of whether 

isolates were obtained from the same or different hosts. Rice isolates, however, are 

unable to mate among themselves and have low fertility when crossed with fertile 

isolates from other hosts (Kolmer and Ellingboe, 1988). Talbot et al. (1993a) 

concluded that karyotypic variability in the rice blast fungus is reflective of a lack of 

sexuality in wild M. grisea populations, subsequently leading to the maintenance of 

neutral genomic rearrangements in clones of the fungus. To explain the high degree of 

pathotypic variation among rice isolates, it has been suggested that the dispersed, and 

frequently clustered, repetitive sequences in M grisea could act as sites of homology 

around the genome mediating ectopic recombination events (Cooley and Caten, 
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1991). However, it is not known whether the capability of the pathogen to overcome 

resistant cultivars reflects shifts in the frequency of formerly rare pathotypes or the 

periodic occurrence of genetic changes to new virulence forms, or a combination of 

both phenomena (Levy et a). 1993). 

Analysis suggests that the M grisea population is not particularly diverse in 

the United States (Chao and Ellingboe, 1997). A study by Levy et al. (1993) argued 

that rice blast disease incidence in the United States has been caused by distinct clonal 

lineages of the pathogen, with each lineage having virulence characteristics that 

appear to have been maintained over the 30 year sampling period. In general, it 

appears that A/, grisea populations in the Americas and Europe are simple, while 

Asian populations are more complex. For example, analysis of the presence of the 

repetitive element MGR586 identified only 8 different lineages from 121 isolates 

collected from the southern United States and Puerto Rico over a period of 30 years. 

Because rice has been cultivated in the western hemisphere for over 500 years, theM 

grisea population in the United States may have been recently derived from a limited 

set of founders, and/or subject to strong host selection that has reduced variability 

(Zeigler, 1998). 

It has been suggested that non-agricultural crop hosts may be important for the 

retention and diversity of A/, grisea rice pathogenic populations in the field. Wild 

collateral hosts of M grisea could be epidemiologically important, not only as 

alternate means of survival where one annual rice crop is grown, but also because the 

capacity to infect grass weeds may be a fitness requirement for new variants in the 



fungus population (MacKill and Bonman, 1986). However, the genetic differentiation 

of isolates hints that blast fungus populations from weed hosts do not contribute to rice 

blast epidemics. This conclusion would have significant implications for weed and 

disease management. In the Philippines, 13 weed species that are perennially present 

in rice fields have been reported to be hosts of M. grisea. Strains pathogenic to the 13 

weed hosts were isolated and tested for pathogenicity on several cultivars of rice. 

Results indicated that none of the weed pathogenic strains were capable of infecting 

rice (Borromeo et al. 1993). However, because M grisea is found on assorted grasses, 

and in very diverse settings, it remains possible that there are strains capable of cross 

infecting weeds and rice. 

Variability found in rice pathogenic field isolates of M grisea coincides with a 

high degree of genetic instability in the laboratory. Instability with regards to 

morphology, fertility, and pathogenicity of isolates is readily observable in isolated 

cultures (Valent and Chumley, 1991). A particularly unstable gene, theBu/gene of 

the melanin biosynthetic pathway, displays a high level of mutation. Chumley and 

Valent (1990) reported that approximately 0.5% of conidia produced by some rice 

pathogenic strains contained a mutation in Buf. Of particular interest to rice breeders 

is the identification of instability of avirulence loci, such as \h&PWL2 locus, which is 

required for pathogenicity on weeping lovegrass (Sweigard et at. 1995), and ih^AVR-

Pita locus, which is required for pathogenicity on the rice cultivar Pj-fa (Orbach et al. 

2000). The genetic instability of these avirulence loci can render previously resistant 

rice cultivars susceptible to the mutated, and virulent, race of Af. grisea. Here, 
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virulence refers to the ability of a strain to infect a particular host line, culminating in 

the expression of typical disease symptoms (independent of the severity of these 

symptoms). Avirulence refers to the inability to cause disease on a resistant plant. 

Aggressiveness refers to the intensity of the symptoms induced by a particular strain 

on a compatible host. Pathogenicity refers to the potential of a strain to cause disease 

or the hypersensitive response (HR). According to these definitions, virulence and 

aggressiveness are both components of pathogenicity (Boucher et al. 1992). 

Understanding the interactions between the fungus and host, particularly at the gene-

for-gene level, may allow the development of rice cultivars with durable resistance to 

the various races of M. grisea. 

Rice and other Hosts of Magnaporthe grisea 

Because of the worldwide importance of rice {Oryza saliva L.), the 

implications of rice blast disease cannot be overstated. It has been estimated that more 

than 90% of the world's rice is both grown and consumed in developing countries. 

Since blast disease occurs worldwide, and yield losses of 10% or more are common in 

blast-infected fields, M grisea has serious economic and social implications. The 

United States is not exempted from blast-related problems, with farms in the rice-

growing areas of the South frequently subject to blast epidemics. For example, Texas 

suffered its worst blast epidemic in 20 years in 1991 and a 30% yield loss due to blast 

occurred in 1987 in Arkansas (Smith and Leong, 1994). Grown primarily in countries 

where human population densities are extremely high, rice is cultivated on more than 



147 million hectares worldwide. In 1992, global rice production was 520 million tons, 

sufficient to provide 20% of the total global human caloric requirement. Not 

surprisingly, rice is considered the most important food crop in terms of producing 

calories for human consumption. Over the next 20 years it is estimated that rice 

production must increase by 65% to meet worldwide demand. In the chief rice-

producing countries of South and Southeast Asia, production must increase 100% 

(Bonman et al. 1992). 

Yunnan Province in southwest China is generally regarded as the center of 

origin, as well as the center of diversity for Asian cultivated rice (Lin et al. 1996). In 

addition to the two cultigens, 0. san'va and 0. glaberrima, the genus Oryza has 20 

wild species (Bonman et al. 1992). It has been proposed that these wild species 

represent a reservoir of germpiasm and resistance genes that could be used for the 

improvement of cultivated rice. Major genes, or resistance genes interacting in a 

gene-for-gene manner with the pathogen, and minor genes, or those genes contributing 

to partial, or general, resistance, are considered possible sources of resistance to rice 

blast. In resistant cultivars the blast fungus is typically unable to grow beyond the 

first-invaded epidermal cell, which exhibits granular cytoplasm, browning, and 

autofluorescence. The fungus is thus prevented from sporulating and reinfecting the 

same, or nearby rice plants (Valent and Chumley, 1991: Pasechnik et al. 1997). The 

use of resistant cultivars is considered the most promising, economical, and effective 

way of controlling rice blast (Wang et al. 1994). 



Blast resistance is generally grouped into two types based on the manner in 

which the gene(s) affect pathogen reproduction. Qualitative (complete) resistance 

conditions incompatibility of the host and pathogen strain, thereby preventing 

reproduction of the fungus, while quantitative (partial) resistance decreases the extent 

of pathogen reproduction within the context of a compatible interaction (Parlevliet, 

1979; Wang et al. 1994). Qualitative resistance is controlled by the presence of a 

major gene for resistance. Incompatibility, or no disease, is dependent on the presence 

of a dominant or semidominant resistance gene in the plant, and a corresponding 

avirulence gene in the pathogen. The relationship of these two genes is considered a 

gene-for-gene interaction (Hammond-Kosack and Jones. 1997). 

In contrast to qualitative resistance, partial resistance is believed to be 

controlled by a great number of minor genes (Wang et al. 1994). Selection for partial 

resistance to blast is difficult. In the field, a mixture of M grisea races is usually 

present and this complicates screening for partial resistance due to epistatic effects of 

major genes on the expression of partial resistance (Roumen, 1992). An additional 

complication encountered in breeding for blast resistance is that selection is most 

easily made based on observation of leaf blast. However, the infection of greatest 

economic importance occurs on the panicle and panicle neck node. Panicle blast 

resistance is difficult to calculate because the development of panicle infection is 

influenced by weather, and even small differences in maturity between rice lines can 

result in inaccurate assessment of the relative levels of resistance (Veillet et al. 1996). 



Bonman et ah (1992) observed a correlation between partial resistance to leaf 

blast and partial resistance to panicle blast, with a few exceptional cultivars being 

susceptible to leaf blast, yet resistant to panicle blast, and vice versa. In regions not 

favorable to the development of severe blast epidemics, such as tropical and temperate 

irrigated lowlands, partial resistance has been suggested to provide adequate 

protection from the blast pathogen. However, in Korea and in the southern United 

States where partial resistance of cultivars is considered responsible for the relative 

insignificance of rice blast disease, such cultivars have suffered severe blast epidemics 

(Correa-Victoria and Zeigler, 1995). Partial resistance to disease has generated 

increasing attention in plant breeding, as partial resistance to blast seems durable (Yu 

et al. 1991). However, the susceptibility of partially resistant cultivars to epidemics 

suggests such a breeding strategy has limitations. 

Nelson (1978) recommended the use of gene pyramiding as a strategy for 

developing stable resistance and for preventing the outbreak of new pathotypes of a 

pathogen. Pyramiding refers to the accumulation of two or more major genes for 

resistance in a single plant genotype. This strategy would be effective if it proves 

more difficult for a pathogen to overcome several resistance genes in the host than to 

overcome a single resistance gene (Pedersen and Leath, 1988; Mundt, 1990; Bonman 

et al. 1992). With the advent of molecular biology and the mapping of resistance 

genes, pyramiding resistance genes should be easier by using molecular markers to 

efficiently select the proper resistant plants in segregating populations (Cardoso de 

Arruda et al. 2000). Another recent and potentially exciting area of plant biological 



research is the transfer of resistance genes from one plant species to another (Bushnell 

et al. 1998). The finding that signal transduction pathways appear to be conserved 

among monocot plant species supports the notion that transfer of genes between 

monocot species may also be successful (Ronald, 1997). 

It should be noted that several agricultural crops, other than rice and wheat, are 

severely affected by M. grisea. Many of these crops are very significant to farmers 

and economies in specific regions. For example, finger millet, Eleusine coracana (L) 

Gaertn. (also known as ragi in India), is a grass cultivated in India, China, Japan, and 

some parts of Africa. It is estimated that during 1986-1987, India cultivated 2.3 x 10' 

hectares of finger millet with a production of 2.4 x 10*^ tons. Epidemics of blast on 

finger millet can be severe, causing 80-90% yield loss under conditions favorable to 

the pathogen (Somasekhara et al. 1991). Rao (1990) estimated losses in grain yields 

ranged from 4 to 54%. Being largely a rainfed field crop, finger millet farming cannot 

accommodate expensive inputs such as fungicides (Somaskhara et al. 1992). 

Additionally, none of the finger millet isolates tested were found to have resistance to 

blast disease (Govindu and Shivanadappa, 1972). Another important agricultural crop, 

barley, has been mentioned as a potential host forM grisea (Okada and Yaegashi, 

1985). Few natural infections of barley with M grisea have been reported, but under 

favorable conditions in the laboratory Sweigard et al. (1998) demonstrated thatM 

grisea can successfully infect barley. 
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Gene*for-gene Model 

Gene-for-gene (race-specific) interactions were first described by Harold Flor 

for flax and the flax rust fungus, Melampsora lini (Flor, 1956; Flor 1971). Flor 

dennonstrated that flax is resistant to a particular race of M. lini only if a cultivar 

carries a dominant resistance gene corresponding to a dominant avirulence gene of the 

pathogen. Flor's classic papers proposed that "pairs of factors" (specific avirulence 

and virulence alleles) in the pathogen determined virulence against each particular 

host (cultivar-specific) resistance gene, thus establishing a hypothesis that there is a 

one-to-one, or "gene-for-gene" functional correlation (De Wit. 1992). The genetics of 

pathogenicity can be classified as either simple or complex, depending on the absence 

(simple) or existence (complex) of multiple races or strains of the pathogen. Races are 

classified by a unique virulence spectrum on a set of host differential cultivars, with 

altered specificity usually resulting from the development of a new race that 

overcomes the resistance of certain host genotypes (Briggs and Johal, 1994). The term 

"race-specific" describes resistance that interacts differently with pathogen races and 

is attributed to both complete and incomplete resistance. Non-race-specific resistance 

describes resistance that does not interact differentially with races (Johnson, 1984). 

In the gene-for-gene hypothesis, Flor proposed the existence of avirulence 

alleles of virulence genes and that the virulence genes conditioned cultivar-specific 

virulence on hosts. Evidence is accumulating that many avirulence genes are, or once 

were, pathogenicity genes. However, cultivar-specific virulence genes have not been 

found, and for some of the avirulence genes cloned to date it has not been possible to 



demonstrate that they function to condition pathogenicity in general, virulence, or 

anything else of value to the microbe. The consequence of pathogens, such as M 

grisea, carrying such genes would be that host range would be determined not in a 

culitvar-specific manner, but in a host species-specific manner (Gabriel, 1999). 

Flor's gene-for-gene hypothesis was based on research with hybrids made 

between strains of M. lini virulent or avirulent on a given flax cultivar. Virulence 

appeared to be recessive and avirulence dominant. Examples of gene-for-gene 

interactions have been identified in all classes of fungi, but most frequently among 

obligate and biotrophic fungi (Lauge and De Wit, 1998). The gene-for-gene 

hypothesis has been extended to interactions involving plants and other classes of 

pathogens such as viruses, bacteria, nematodes and insects. Notable gene-for-gene 

plant/oomycete or plant/fungus interactions have been observed in lettuce/firem/a 

lactucae, xohdiccolphytophthora parasitica, grass species/A/.^mea, 

lovmto/Ciadosporium Julvum and ^i^ritylRhynchosporium secalis (Crute, 1985; De 

Wit, 1995; Knogge and Marie, 1997). In such interactions, incompatibility, or no 

disease, is dependent on a dominant or semidominant resistance gene in the plant, and 

a corresponding avirulence gene in the pathogen (See Fig. 1.2). The absence of either 

the resistance gene or the avirulence gene prevents a host response under a gene-for-

gene interaction (Hammond-Kosack and Jones, 1997). Functionally, fungal races are 

thus defined by their collection of avirulence genes that they contain. 

From the perspective of the plant, a resistant reaction denotes an incompatible 

plant-pathogen interaction, where the plant is able to initiate plant defense 
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Fig. 1.2. Gene-for-gene interactions specify plant disease resistance. 
Resistance occurs when a plant that contains a specific resistance gene 
recognizes a pathogen that has the corresponding avirulence gene (upper 
left panel). All other combinations result in disease, as there is a lack of 
pathogen recognition by the host plant Green represents hypersensitive 
response, while yellow indicates susceptibility. (Adapted fom 
Staskawicz et al. 199S). 



mechanisms that prevent successful pathogen infection. A susceptible plant reaction 

is also considered a compatible plant-pathogen interaction, where the virulence factors 

of the pathogen are able to overcome, or circumvent, general plant defenses and 

successfully initiate and complete the infection cycle. Heath (1987; 1991) proposed a 

basic compatibility model that predicts that a gene-for-gene interaction evolves as a 

response to selection pressure on the host after initial compatibility is acquired by the 

pathogen through the production of pathogenicity factors. Selection will favor 

pathogens with pathogenicity factors that overcome existing host resistance, while 

selection will favor host plants that develop resistance to the novel pathogenicity 

factors of the pathogen. Thus, selection pressure will guide the evolution of race-

specific resistance, with the activation of the resistance response initiated upon 

detection of the product of the pathogen. This race-specific elicitor (avirulence gene 

product) would interact with a receptor (resistance gene) and lead to a gene-for-gene 

interaction (De Wit. 1992). 

Albersheim and Anderson-Prouty (1975) presented the first comprehensive 

model for gene-for-gene interactions as a surface carbohydrate elicitor-receptor model. 

This model speculated that avirulence genes, encoding glycosyl transferases, changed 

surface glycoproteins to a molecular specificity that was then recognized by host 

receptors. The receptors were envisioned as encoded by resistance genes. Keen and 

Bruegger (1977) later proposed a similar model allowing for the possibility that 

elicitors might be extracellular metabolites. The model was significantly refined with 

the concept of endogenous elicitors~the concept-that plants can recognize their own 



degradation—whether by wounding or by pathogen action (Gabriel and Rolfe, 1990). 

Several additional models have been proposed, with the current model favoring a 

ligand-receptor interaction. In this model the resistance (R) gene product acts as a 

receptor that recognizes a ligand, or elicitor, produced directly or indirectly by the 

avirulence (AVR) gene of the pathogen. The outcome of this interaction is the 

induction of the plant defense response (Hammond-Kosack and Jones, 1997). 

Although gene-for-gene interactions have been described for numerous and 

varied plant-pathogen interactions, there has been some concern that gene-for-gene 

specificity is in some way an artifact of cultivation. However, an increasing number 

of investigations of natural plant pathosystems argues against such concerns. In fact, 

the opposite condition may exist for field crops. In many cases, crop species have a 

narrow genetic base and may be relatively impoverished with respect to genes for 

resistance to pathogens. With limited opportunity for gene-for-gene interactions due 

to the genetic uniformity of the host, the observation of specific plant-pathogen gene-

for-gene interactions may be disproportionately low relative to natural conditions 

(Crute and Pink, 1996). 

The evolutionary ground state of a pathogen is considered to be a situation 

where the pathogen has evolved to be virulent on a particular host, thereby initiating a 

compatible interaction. Selection will favor the evolution and spread of host 

individuals, and subsequently a population, that can specifically recognize the 

pathogen and resist infection. To overcome this resistance, the pathogen may respond 

by mutation of the signaling molecule (the product of the avirulence gene). This 
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phenomenon is absolutely essential for the survival of obligate pathogens. After 

mutation, and with the host once again susceptible, selection is exercised to generate 

new host resistance gene specificities. Consequently, the evolution of gene-for-gene 

interactions can be seen as a continuing step-by-step, or move-countermove process. 

The consequence in plant populations is a diversity of resistance genes in different 

individuals of a host species and a corresponding diversity of avirulence genes in 

different pathogen races (Staskawicz et al. 1995). 

In order to understand the basis of the gene-for-gene concept researchers have 

taken the approach of isolating and characterizing both plant R genes and pathogen 

A VR genes. Underatanding the mechanisms of how a plant senses pathogen products 

and subsequently initiates a resistance response, as well as the primary function of the 

A VR gene of the pathogen, would significantly assist plant breeding and disease 

management programs. When considering the interactions between the pathogen and 

host, Briggs and Johal (1994) proposed that the "actual host range of a potential 

parasite is determined by the molecular signals it exchanges with its host". 

Increasingly, evidence from the study of avirulence and resistance genes supports this 

description. 

Plant Resistance Mechanisms 

Several lines of evidence indicate that all plants, whether susceptible or 

resistant, react to pathogen aggression by the induction of a coordinated resistance 

strategy (Burdon, 1996; Thrall and Burdon, 1997). The major plant defense 



mechanisms include formation of anti-microbial compounds and enzymes, cell-wall 

fortification, generation of reactive oxygen species, and the hypersensitive response 

(HR), a rapid localized ceil death (Hammond-Kosack and Jones, 1996). Despite this 

formidable array of defense mechanisms, it appears that successful colonization by a 

plant pathogen is more likely the result of the deferment, or suspension, of plant 

defense expression than the lack, or inactivation, of defense mechanisms. Thus, it 

seems the failure of existing plant defense mechanisms and plant defense expression 

facilitates infection and disease. For these reasons, it appears that the speed and 

magnitude of the plant response to intracellular signaling determines the outcome of a 

plant-pathogen interaction (Benhamou. 1996). 

It has been estimated that pests and diseases reduce the theoretical maximum 

yield of rice by 50% (Ronald, 1997). Undoubtedly, protection of crops from disease 

can substantially improve agricultural production. For years, agriculture has relied on 

various chemical applications to successfully control disease. However, the potential 

harmful effects on our health and on the environmental advocate the application of 

alternative disease management strategies. High-yield crop varieties can improve 

productivity, but carry a risk—^genetically uniform varieties cultivated over large areas 

are susceptible to devastating epidemics. However, the appropriate application of the 

plant's own defense mechanisms, combined with an understanding of the complex 

biology of real-world disease processes, could lead to more effective and durable 

protection against plant pathogens (Baker et al. 1997). The utilization of major 

resistance genes, or genes that confer complete resistance, is an economical and 
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environmentally-friendly approach for disease management. Unfortunately, such 

resistance has often been short lived in the field. While the dependence on single 

major genes for cultivar resistance is associated with instability, some major genes 

may contribute to stable resistance if utilized appropriately. Durable disease 

resistance, the resistance that remains effective while a cultivar possessing it is widely 

cultivated, may be attained by prudent design of "gene pyramids" (especially 

resistance genotypes with multiple major and minor genes for resistance) and 

deployment and management of such genotypes (Johnson, 1981; Chen et al. 1996). 

With regards to fungal pathogens, qualitative or complete resistance occurs 

when the fungus cannot sporulate on its host (Yuetal. 1987). Appraising the 

durability of plant disease resistance genes, especially major genes, may be 

accomplished if the cost of pathogen adaptation to overcome resistance is understood. 

Recently, the reports of dual functions (avirulence and fitness) associated with many 

AVR genes has led to speculation that some^ genes corresponding to them may have a 

higher degree of durability in the field than previously thought, as loss of the 

avirulence gene also reduces fitness of the pathogen. Accordingly, the longer the 

duration needed for the pathogen to adapt to a resistance gene product, the greater the 

durability of that resistance (Vera Cruz et al. 2000; White et al. 2000). 

In terms of overall resistance of the plant, the relationship between the 

determinants of quantitative resistance and the single genes that confer complete 

resistance is unclear. It seems likely that quantitative (minor) genes contribute, but do 

not govern, resistance of a particular cultivar to a particular race of the pathogen. 
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Major genes, acting in a gene-for-gene manner appear to govern a resistance response, 

although the effects of individual resistance genes can vary (Mekwatanakam et al. 

2000). Additionally, major genes that are no longer active against a particular 

pathogenic race may have residual effects. Regardless, the plant will face what 

amounts to a siege by the pathogen. As the prevalence of a cultivar increases and it 

occupies an increasing proportion of the arable region, selection pressure against the 

matching avirulence allele in the pathogen population will also increase, presumably 

until the pathogen is successful in establishing a compatible interaction and causing 

disease (Crute and Pink, 1996). 

In addition to the selection forces on both the plant and pathogen, other 

variables exist. Blast resistance, for example, is influenced by several environmental 

conditions. Key environmental factors that promote disease development include; (1) 

night temperatures between 17 and 23 °C, (2) long duration of leaf wetness, 3) high 

levels of nitrogen fertilization, (4) aerobic soil conditions, (5) plants under water 

deficit or stress, and 6) still air at night. Under optimum temperatures of 

approximately 25 °C and favorable moisture, M grisea can infect the host after 6-8 

hours. High temperatures favor growth but also appear to favor plant resistance, and 

lower temperatures of 20 °C appear to render the plant more susceptible (Bonman, 

1992), although cultivars from temperate regions may simply be more sensitive to this 

effect than tropical cultivars (Bonman and Bandong, 1989). Kiyosawa (1969) also 

observed differences in segregation ratios under different laboratory inoculation 

conditions, with some known resistance genes conferring high resistance with spray 



inoculation but not with injection (Mackiil and Bonman, 1992). These findings could 

reflect the particular conditions required to induce an R gene, or whether the R gene 

product is located at the cell surface or in the cytoplasm. 

Resistance genes 

A striking characteristic of the gene products conferring resistance to diverse 

bacterial, fungal, viral, and nematode pathogens is their structural similarity, 

suggesting that distinct signaling events of plant defense are held in common 

(Hammond-Kosack and Jones, 1996; Hammond-Kosack and Jones, 1997; Baker et al. 

1997). It has been speculated that^ proteins will activate multiple signaling pathways 

simultaneously. In such a scenario, plant R proteins would ensure that a range of 

potential defense responses can be rapidly and coordinately induced in various cellular 

compartments. 

The progenitors of ^ genes likely encoded proteins involved in endogenous 

recognition/signaling systems required for normal plant growth or development. 

Supporting evidence includes a significant number of mammalian, yeast, and insect 

proteins with homology to plantproteins that control endogenous signaling, 

development, and/or cell-to-cell adhesion. An alternative, and less likely, explanation 

for^ gene evolution is that genes involved in multicellularity evolved from ancestral 

R genes involved in pathogen recognition by their unicellular ancestors (Hammond-

Kosack and Jones, 1997). The evolution of ̂  genes may be fostered by programmed 

rearrangements, random mutation, or a mixture of both. The diversity of resistance 
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specificities suggests that a mechanism exists for generating new specificities faster 

tiian spontaneous mutation rates. Furthermore, the majority of ^ genes cloned so far 

are members of small multigene families with multiple genotypes. It seems unlikely 

that any of these mechanistic classes of R genes have evolved de novo. Protein 

domains involved in a variety of cellular processes may be recruited to contribute to 

the development of a novel R gene, and the related genetic homologs likely exist that 

are involved in other cellular processes. With regards to plants genes, the leucine-

rich repeat (LRR) motif likely represents the domain that has been incorporated as the 

principal component of disease resistance genes. The LRR motif is thought to be 

involved in protein-protein interactions and is present in functionally diverse proteins. 

LRR proteins from prokaryotes and eukaryotes, such as animals and fungi, mediate 

specific protein-protein interactions or ligand binding (Kobe and Deisenhofer, 1994; 

Jones and Jones, 1996; Yang and Gabriel, 1995). 

Early genetic mapping data indicated that disease resistance loci (especially 

those corresponding to different races of the same pathogen) appeared clustered within 

small genetic intervals, suggesting that intralocus recombination could be responsible 

for generating resistances specific for new races of plant pathogens (Yang and Gabriel, 

1995). Molecular data from at least 10 families of R genes, including ones from 

tomato, lettuce, rice, flax, and Arabidopsis, indicate the genes are arranged in large 

arrays forming complex loci (Baker et al. 1997; Meyers et al. 1998). Tight clustering 

of R genes may have occurred as a result of initial duplications of the genomic 

segment that carried the ancestral gene. Such outcomes may have been achieved by 



rare crossing-over events between homologous sequences at nonhomologous 

locations, possibly facilitated by the existence of linked repetitive elements 

(Hammond-Kosack and Jones, 1997). 

From visual inspection of infected tissues, it has been observed that different 

gene-for-gene pairings can trigger overlapping, but distinct, resistance responses 

(Bent, 1996). One explanation is the possibility that ^ genes may require additional 

genes for a resistance response. For example, the NDRl locus of Arabidoplsis is 

necessary for a resistance response to bacterial and fungal infection. Mutation of 

NDRl renders the plant susceptible to the pathogens. NDRl appears to be a conserved 

signal transduction element required for/i FiR-gene-specific disease resistance 

(Century et al. 1997). Likewise, after znAVR gene product is initially detected, there 

may be a rapid convergence of the activated R gene-dependent signaling events into 

one or a few common pathways that control the overall defense response (Hammond-

Kosack and Jones, 1996). 

The molecules targeted by plant R proteins that trigger disease resistance 

appear to be part of an evolving plant surveillance system. Immediately downstream 

of pathogen recognition, the activation of pre-existing protein kinases, phosphatases, 

and G proteins are the most likely events in the development of a resistance response. 

The resistance "complex" of plants appears to have overlapping pathways, as 

demonstrated by the requirement of specific genes for different defense-associated 

responses. Yet R proteins also appear to have the versatility to adapt to detect the 

presence of new "foreign" pathogen proteins (Parker and Coleman, 1997; Van der 



Hoom et ai. 2001). For plants, such a flexible recognition system for diverse 

pathogens is crucial for survival among evolving pathogens. 

Classes of Resistance Genes 

R genes can be grouped into five classes. Structural features shared by them 

are a LRR motif or a serine-threonine kinase domain (Baker et al. 1997; Ronald. 1997; 

Hammond-Kosack and Jones, 1997). Within a single LRR module, the xxLxLxx 

motif folds as a |3-sheet in which the leucine resides (L) form a hydrophobic core, 

while the side chains of the flanking amino acid residues (x) are solvent exposed. 

LRRs contain leucines or other hydrophobic residues at regular intervals and can also 

contain regularly spaced prolines and asparagines (Jones and Jones, 1996; Bent, 

1996). In multiple LRRs, the |3-sheets are aligned in parallel and form a surface 

adorned with solvent-exposed residues that can interact specifically with a ligand. It 

has been suggested that the solvent-exposed amino acids of a conserved p-strand/|3-

tum structural motif of LRRs represent the chief determinants of recognition 

specificity in this class of proteins (Kobe and Deisenhofer, 1994; Kajava, 1998; Van 

der Hoom et al. 2001). The highly variable LRRs in both Classes I and m (below) of 

R genes likely have a role in pathogen recognition, providing a structural backbone 

that has been altered over evolution in response to variation of AVR gene products 

(Leister et al. 1998). Below, representative genes of each class are described, along 

with the characteristic features of each class. 
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Class I: Cytoplasmic NBS-LRR proteins 

The first class encodes cytoplasmic receptor-like proteins that contain an LRR 

domain and a nucleotide binding site (NBS). NBS-LRR proteins are quite numerous. 

For example, the Arabidopsis genome is estimated to contain approximately 200 

members of this gene family (Meyers el al. 1999). The gene family is comprised of 

members that confer resistance to a wide variety of pathogens, including viruses, 

bacteria, fungi, oomycetes, and nematodes (Hammond-Kosack and Jones, 1997). All 

cytoplasmically directed LRR-containing R proteins possess amino-terminal 

sequences that constitute a NBS, indicating that binding of GTP or ATP is probably 

essential for their function (Traut, 1994; Parker and Coleman, 1997). 

Representatives of this gene family include RPS2 and RPAfl from Arabidopsis 

(conferring resistance to bacterial pathogens Pseudomonas syringae containing 

avrRptZ and avrRpml, respectively) (Mindrinos et al 1994; Grant et al. 1995); Prf 

from tomato (resistance to P. syringae pv. tomato containing avrPro) (Salmeron et al, 

1996); from tobacco (resistance to tobacco mosaic virus, unknown gene) 

(Whitham et al. 1994); from flax (resistance to different races of Melampsora Uni 

containing the Aid A VR gene) (Lawrence et al. 1995; Anderson et al. 1997); and 

RPP5 from Arabidopsis (resistance to the fungus Peronospora parasitica) (Parker et 

al. 1997), along with numerous other genes. Besides LRR and NBS domains, one 

subclass shows similarities to the cytoplasmic domains of the Drosophila 

developmental gene Toil and mammalian interleukin-1 (IL-IR) receptors, the TIR-
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NB-LRR proteins (Hashimoto et ah 1988; Whitman et al. 1994). These two receptors 

are involved in the release and activation of transcription factors (Kuno and 

Matsushima, 1994; Morisato and Anderson, 1995). The other subclass has N-terminal 

sequences with the potential to form coiled structures, the CC-NB-LRR proteins. A 

few members of the latter subclass have sequence signatures in common with leucine 

zippers (LZ) and have occasionally been called LZ-NBS-LRR proteins (Zhou et al. 

2001). 

Interestingly, the Toll and IL-lR-activated signaling cascades require a 

serine/threonine protein kinase that has close sequence similarities to the tomato Pto 

kinase (Class II, below). The apparent structural and functional conservation of these 

signaling pathways suggests co-evolution from an ancient defense signaling 

mechanism, and it seems plausible that the amino-terminal domains of the protein 

family activate a related signal cascade (Parker and Coleman. 1997). 

Class II: Pto Kinase 

The second class includes Pto, which confers resistance to the bacterial 

pathogen P. syringae pv. tomato containing avrPro (Martin et al. 1993). Pto was the 

first plants gene cloned that conformed to a gene-for-gene relationship. Pto encodes 

a serine-threonine kinase and is in the same protein kinase class as the cytoplasmic 

domain of the self-incompatibility gen&SRK, the mammalian signaling factor 

Raf, Drosphilia Pelle kinase, and the human IRAK kinase (Braun and Walker, 

1996: Cao et al. 1996; Shelton and Wasserman, 1993; Stein et al. 1996). Pto is unique 



among the cloned R genes in that it lacks a LRR motif (Scofield et al. 1996) and lacks 

an obvious protein interaction domain (Jia et aU 2000). Interestingly, genetic analysis 

has demonstrated that an LRR-NBS containing protein, Prf, is necessary for Pto 

function (Baker et al. 1997). It is believed the interaction of AvrPto with Pto 

stimulates Pto kinase activity, thereby triggering a phosphorylation cascade. It is also 

possible that AvrPto participates in a protein complex involving other proteins, 

including Prf, that activates the Pto signaling pathway (Tang et al. 1996). Taken 

together, evidence suggests a role for Pro in cellular signaling via protein 

phosphorylation (Ronald, 1997). Zhou et al. (1995) demonstrated that Pto specifically 

phosphorylates Ptil, a protein kinase with serine/threonine specificity. Ptil does not 

phosphorylate Pto, and likely acts downstream of Pto. Pto may recruit and 

phosphorylate Ptil, resulting in its activation, followed by the phosphorylation of 

substrates by Ptil. Such phosphorylated substrates may participate in a disease-

signaling pathway, ultimately leading to the development of the HR. 

It has been suggested that Pto kinase activity is likely to be maintained at a low 

level because of the low cellular concentration of the Pto protein and the activity of 

counteracting protein phosphatases, as observed in many other signaling systems. 

However, if AvrPto binds to Pto it may increase the kinase activity of Pto. possibly by 

stabilizing or changing the conformation of the Pto kinase. The increased Pto kinase 

activity could enhance the phosphorylation of Pto substrates, thus leading to the 

induction of various resistance responses. In terms of engineering resistance. It is 

conceivable that an increase in Pto protein abundance could magnify kinase activity 



and therefore enhance the resistance to a pathogen without requiring the presence of 

AvrPto (Tang et al. 1999). 

Pto was isolated by map-based cloning and was found to belong to a clustered 

gene family of 5 to 7 members. The Pto protein shares 80% identity (87% similarity) 

with Fen, a gene that acts in a parallel pathway that confers sensitivity to the 

insecticide fenthion. Both genes encode functional protein kinases that specifically 

phosphorylate serine and threonine residues. Functional Pto homologs appear to exist 

in other plant species, including soybean and tobacco. Furthermore, Pro-related 

sequences have been detected in a wide spectrum of plant species, ranging from dicots 

to monocots (Zhou et al. 1995). 

Class III: Extracytoplasnnic proteins containing multiple LRR motifs 

Members of the third class contain sequences predicted to encode large plasma 

membrane-anchored extracytoplasmic proteins containing multiple LRR motifs that 

could be involved in protein-protein interactions (Joosten et al. 1997; Pamiske et al. 

1997). This class includes Cf-2 (Dixon etal. 1996), Cf-4 (Thomas et al. 1997), and 

C/-9 (Jones et al. 1994) from tomato, HSl^' from sugar beet, and numerous other 

genes from a variety of plant species. Cf-2, Cf-4, and Cf-9 confer resistance to 

different races of Cladosporium fulvum, a leaf pathogen of tomato (Jones et al. 1993). 

HSl'^' encodes a transmembrane LRR protein that confers resistance to the beet cyst 

nematode Heterodera schachtii (Cai et al. 1997). Analysis has demonstrated that the 

specificity of Cf-9 (recognition of Avr9) resides entirely in the LRRs and appears to 



be spread over several LRRs that are not adjacent in the protein (Thomas et al. 1997). 

In contrast, the specificity of Cf-4 (recognition of Avr4) was located in the B-domain 

and three Cf-4-specific amino acid residues. Not surprisingly, the three residues are 

positioned at solvent-exposed sites within LRRs 13,14, and 16 and collectively 

contribute to Cf-4 specificity. Cf proteins, as well as many resistance proteins of the 

NBS-LRR class, have hypervariability at solvent-exposed positions in the LRR 

domain. This hypervariability likely accounts for the specificity members of this class 

display (Thomas et al. 1997; Pamiske et al. 1997; Van der Hoom et al. 2001). In spite 

of the variability, the different Cf proteins encoded by genetically unlinked loci 

activate very similar, or related, host responses (Hammond-Kosack and Jones, 1996). 

Additionally, two loci named Rcr-l and Rcr-2 of tomato are necessary for race-

specific resistance to C. fiilvum specified by the gene Cf-9 (Hammond-Kosack et al. 

1994). It is probable that such genes encode components of the signal transduction 

pathway or network that initiates from the perception of the signal provided by the 

avirulence gene to the expression of resistance (DangI et al. 1995; Hammond-Kosack 

and Jones, 1996). 

Class IV: A<i2/of Rice 

The fourth class is represented by the rice gene Aa22, which confers resistance 

to over 30 distinct strains of the bacterial pathogen Xanthomonas oryzae pv. oryzae. 

Xa21 encodes a putative transmembrane receptor with an extracellular LRR domain 

and an intracellular serine-threonine kinase domain. Overall, the Xa21 protein shows 



significant homology with the Arabidopsis receptor-like serine/threonine kinase 

RLK5, whose function is unknown (Hammond-Kosack and Jones, 1997; Wang et al. 

1998). The unique structure of Xa21 suggests it may represent an evolutionary link 

between the LRR protein (Q) and the Pto kinase. However, in contrast to the Pto-

avrPto system, expression of the extracellular LRR domain of Xa21 alone in rice 

plants confers partial resistance to six races of X. oryzae, suggesting that the LRR 

domain of Xa21 is involved in pathogen recognition (Baker et al. 1997). 

Xa21 is a member of a multigene family of at least 8 members, the majority of 

which map to a single locus within a 230 kb region (Song et al. 1997). l\i&Xa21 

locus carries two functional resistance genes, Xa21 and Xa21D. Wang et al. (1998) 

determined that the LRR domain of these genes govern race-specific pathogen 

recognition. Additionally, this region is subject to adaptive evolution. Divergence 

between Xa21 and Xa21D appears to have occurred predominantly at non-consensus 

amino acid residues that are predicted to be solvent exposed. Song et al. (1997) 

identified a highly conserved 233-base pair (bp) sequence among seven family 

members. Recombination at this highly conserved region between family members 

apparently resulted in the precise swapping of promoter regions. Furthermore, 15 

transposon-like elements were discovered at lheXa21 locus, which could contribute to 

its genetic modification. 

Class V: HMl of Maize 
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The fifth class includes the HMl gene of maize, which confers resistance to the 

fungal pathogen Cochliobolus carbomm race 1 (Johal and Briggs, 1992). The 

inclusion of HMl as a resistance gene is controversial, as HMl is distinct from the 

above-mentioned resistance genes because an X KR gene component is not involved 

(Baker et al. 1997). Instead, HMl encodes a reduced form of nicotinamide adenine 

dinucleotide phosphate (NADPH)-dependent reductase that inactivates a toxin 

produced by the fungal pathogen Cochliobolus carbonum race 1 (Ronald, 1997). 

Because of the absence of a gene-for-gene interaction with HMl, it will not be 

discussed further. 

In general, little is known about the function of the different R gene domains in 

the signaling pathway of a resistant response. The LRR, NBS, and TIR domains of R 

gene products are found in a number of eukaryotic proteins participating in signal 

transduction cascades. Evidence suggests these domains are absolutely required for 

gene function, although it is also possible that the components, such as the LRR, may 

also participate in downstream signaling (Baker et al. 1997). The NBS and leucine 

zipper or TIR homologous domains are most likely involved in signaling for the NBS-

LRR class of resistance genes. The presence of the NBS motif, which is also found in 

numerous ATP and GTP binding proteins, implies that these proteins, although they 

do not possess intrinsic kinase activity, could activate kinases or G proteins. And both 

kinases and phosphatases appear involved in downstream resistance protein-mediated 

signaling events (Hammond-Kosack and Jones, 1997). 



R gene function may also be adapted to facilitate frequent rearrangements and 

copy number variations. Leister et al. (1998) provided strong evidence that in grass 

species, such as rice, the LRR-NBS class of resistance genes diversifies more rapidly 

than the rest of the tested monocot genomes. The distribution of variable amino acids 

and patterns of nucleotide substitution support a model for divergent selection acting 

on amino acid residues that comprise the putative ligand binding surfaces (Meyers et 

al. 1998). 

Rice Resistance Genes 

The major cereals, including barley, maize, oat, rice sorghum, and wheat, are 

plagued by diseases that are difficult to control by conventional plant breeding or other 

means (Bushnell et al. 1998). For years, plant breeders have made a concerted effort 

to breed stable resistance into rice cultivars. Success has been limited by the frequent 

and rapid loss of resistance in many of the newly released rice cultivars. Loss of 

resistance can be attributed to several factors, such as the introduction of a virulent 

strain of M grisea from a foreign region to a rice-growing region, or the emergence of 

a mutant virulent strain from a pre-existing avirulent strain. 

In spite of the resilience of M grisea, plant breeders continue to attempt to 

breed resistance into rice through selective breeding of cultivars containing dominant 

R genes. Extensive genetic studies have led to the identification of at least 20 major 

rice genes conferring resistance to blast, and some have been positioned on rice 

genetic maps (Yu et al. 1996; Chao et al. 1999; Dioh et al, 2000). Nine of the mapped 
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genes are clustered, two at the Pi-ta locus on chromosome 12. five at the Pi-k locus on 

chromosome 11, and two at the Pi-z locus on chromosome 6 (Song et al. 1995; Chao 

et al. 1999; Bryan et al. 2000). The cluster of R genes linked to the centromere on 

chromosome 12 includes the allelic or tightly linked Pi-ta and Pi-tcr genes identified 

by Kiyosawa and colleagues (Kiyosawa, 1971; Rybkaet al. 1997). The relationship 

between these two indica-derived genes appears to be complex, and some 

investigators have reported thatPi-fa is required for function of Pi-tar (Kiyosawa, 

1967; Silue et al. 1992a; Rybka et al. 1997). Pi-ta is a member of the putative 

cytoplasmic NBS-LRR receptor class of/? genes (Jones and Jones, 1996; Salmeron et 

al. 1996; Bryan et al. 2000). Additionally, the Pi-ta protein has several unique features 

compared to other members of the class. It lacks such N-terminal features such as a 

LZ or the Toll/interleukin-1 receptor motifs characteristic of dicot resistance genes and 

it has a highly interrupted and relatively rudimentary LRR motif (Bent, 1996; Bryan et 

al. 2000). 

Another gene, the dominant gene Pib, confers high resistance to most Japanese 

blast races and has been mapped to Chromosome 2. Like Pi-ta, Pib belongs to the 

NBS-LRR class of resistance genes and is a member of small gene family. Two 

homologs of Pib with greater than 95% similarity at the nucleotide level are within an 

80 kbp region (Zi-Xuan et al. 1999; Wang et al. 1999). Another^ gene, conferring 

resistance in the cultivar Katy to several M. grisea strains, appears to be in a tightly 

linked cluster of at least seven R genes (Chao et al. 1999). The clustering of R genes 

has been observed in other plant systems, such as tomato, lettuce, and Arabidopsis. 
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Although several rice R genes share structural similarities, their regulation 

appears to differ. Pathogen challenge or other environnnental factors appear to induce 

Pib, while Pi-ta appears constitutively expressed at low levels, as it is detected in 

healthy, unchallenged plants. Additionally, significant differences in expression were 

not observed among resistant and susceptible rice varieties (Bryan et al. 2000). 

Yoshimura et al. (1998) observed that a bacterial blight-resistance gene in rice, Xal, 

was induced on inoculation with a bacterial pathogen and wounding, unlike several 

other isolated R genes, which show constitutive expression. Pib expression has been 

detected at low levels in intact leaves, with increased expression following inoculation 

with either incompatible or compatible races of rice blast. Expression returned to a 

low level 96 hours after infection. Additionally, the gene was induced by altered 

environmental conditions, such as altered temperature and darkness, although the 

biological relevance of such induction is unknown (Wang et al. 1999). 

The fact that rice blast disease R proteins provide resistance to a range of M 

grisea pathotypes is encouraging for the prospect of engineering novel resistance 

specificities. Likewise, the prospects for other agricultural crops are also optimistic. 

Structurally-related R genes appear able to detect and respond to very differentXKR 

gene products, suggesting signaling pathways among plants are conserved. If true, 

different plant species, with differentgenes, may represent a source of ̂  genes for 

other unrelated plant cultivars and species. Presumably, such introduced R genes 

would be functional, as they would utilize conserved signal transduction pathways 

(Salmeron et al. 1996). Two successful cases of interspecific transfer of ^ genes have 



been reported. Transgenic tomato plants carrying the cloned N gene of tobacco confer 

resistance to one genotype of tobacco mosaic virus (Whitman et al. 1996). And 

transgenic tobacco plants carrying the cloned Pto gene of tomato exhibit resistance to 

P. syringae strains expressing the corresponding avrPto gene (Rommens et al. 1995). 

Avirulence Genes 

The second component of a gene-for-gene interaction is the gene product, 

which is contributed by the pathogen. An individual pathogen strain may have 

multiple i4KR genes, and the combination oiAVR genes within a particular strain 

specifies the physiologic race of that strain (Leach and White, 1996). The diversity 

and number oiAVR genes is consistent with theories of evolution of gene-for-gene 

resistance where host plants acquired the ability specifically to recognize random 

pathogen products (Jia et al. 2000). AYR genes cause incompatibility rather than loss 

of virulence. Briggs and Johal (1994) suggested that a more accurate term fotAVR 

genes would be "incompatibility genes". Regardless, a better understanding of the 

function and regulation oiAVR genes of pathogens is important. It is not likely that 

the induction of an active plant defense is the primary function of AVR genes, and 

knowledge of the primary functions ofi4t^ genes would improve the understanding 

of gene-for-gene interactions (Perez-Garcia et al. 2001). A VR genes have traditionally 

been thought of as negative determinants of host specificity at the race-cultivar level, 

but some may restrict host range at the pathovar-species or species-species level 

(Bogdanove et al. 1998). 
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The expression of bacterial genes appears to be affected by environmental 

stimuli and nutritional signals. Expression oiAVR genes of the plant bacterial 

pathogens, Pseudomonas syringae and Erwinia amylovora, is induced in vitro by 

culturing bacteria on minimal media (Shen and Keen, 1993; Lorang and Keen, 1995; 

Bogadanove et aL 1998). The expression of P. syringae HR and {pathogenicity Qirp) 

genes occurs under similar environmental conditions. In this bacterium, A VR and hrp 

genes are under control of a multi-component regulatory system, consisting of the hrp 

genes, hrpS, hrpK, and hrpL. The products of these genes control expression of hrp-

responsive genes under conditions similar to those encountered by bacteria in planta, 

such as low pH and low nutrient concentration (Salmeron and Staskawicz, 1993; Xiao 

and Hutcheson, 1994). 

Little is known of the overall regulation of fungal A VR genes. One exception 

is the /4 vr9 gene of the fungal pathogen C Julvum. While growing in planta the /I vr9 

gene is highly expressed, whereas expression of Avr9 during growth in rich media in 

vitro is very low. Several observations suggest thati4vr9 expression is nitrogen-

controlled. First, nitrogen limitation in vitro has been shown to induce XvrP 

expression. Second, several copies of the sequence (TA)GATA are present in the 

promoter of Avr9. In Aspergillus nidulans and Neurospora crassa these repeats 

represent binding sites for the nitrogen regulatory proteins AREA and NIT2, 

respectively. Experiments have shown that the/I. nidulans AREA protein induces the 

Avr9 promoter ini4. nidulans (Snoeijers et al. 1999). Recently, Perez-Garcia et al. 

(2001) demonstrated that^lvrP is regulated by the global nitrogen response factor 1 
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(Nrfl)- Other plant pathogens, such as M. grisea (Froeliger and Carpenter, 1996) and 

Gibberella fujikuroi (Tudzynski et al. 1999), have also been shown to contain AREA 

and N1T2-Uke proteins. 

It has been hypothesized that the primary function of bacterial A VR genes is to 

promote pathogen growth and disease development on susceptible host plants (Alfano 

and Collmer, 1996; Leach and White, 1996). Indeed, an active role ioxAVR gene 

products is implied by the fact that necrotrophs do not carry gene-for-gene A VR genes, 

whereas biotrophs do (Gabriel, 1999). Numerous bacterial /I KR genes have been 

cloned and characterized, with intriguing results concerning their functions and mode 

of action. 

Bacterial Avirulence Genes 

Structurally, bacterial avirulence genes fall broadly into two types: those 

that are similar to avrBsJ of X, campestris pv. vesicatoria and are found in the genus 

Xanthomonas, and those that have been predominantly identified in P. syringae 

(Vivian et ai. 1997). In terms of the types of avirulence-generated signals, two distinct 

types of signals now appear to exist for pathogenic bacteria. Exported syringolides 

(C-glucosides with a novel tricyclic ring) are produced by enzymes encoded by the 

avrD locus of P. syringae pv.glycinea, and this product elicits an HR on soybean 

cultivars that carry the Rpg4 resistance gene. It should be noted that avrD is currently 

the only AKR locus known to function in this manner. For other bacterial species, the 

AVR protein itself is thought to be the signal (Hammond-Kosack and Jones, 1997). 
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In general, the majority of bacterial A VR genes appear to be dispensable. That 

is. they are not essential genes required for growth and propagation (Gabriel, 1999). 

So far, all bacterial A KR genes isolated are dependent upon hrp genes for expression, 

except avrD. Additionally, all bacterial i4 FK genes sequenced to date encode soluble, 

hydrophilic proteins that lack a classical N-terminal signal peptide. Most of the 

deduced amino acid sequences of/4KR genes share no homology with known proteins: 

however, there is homology among A VR proteins. In P. syringae, few A VR genes 

appear related, but in Xanthomonas a large family of related A VR and pathogenicity 

genes exists (Leach and White, 1996; Bonas and Van den Ackerveken. 1997). 

The first/I KR gene isolated was avrA from race 6 of Pseudomonas syringae 

pv.glycinea by Staskawicz et al. (1984). Since then, numerous bacterial i4KR genes 

have been isolated from pathovars of P. syringae and Xanthomonas, as well other 

plant pathogenic bacteria. In the case of P. syringae and Xanthomonas, the bacteria 

enter the plant via natural openings (stomata, hydrathodes) or wounds, and multiply in 

the intercellular space (e.g. in the leaf mesophyll) or in the xylem of the host plant 

(Bonas and Van den Ackerveken, 1997). In such cases there does not appear to be any 

physical or active penetration of the host plant cells. Nonetheless, a signaling 

interaction between the bacterium and plant cell occurs in an incompatible interaction 

where ^nAVR gene is present in the pathogen and the corresponding R gene is present 

in the host. This incompatible interaction results in the expression of host defense 

responses and the prevention of successful infection by the pathogen. 
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How and where does recognition of the avirulent bacteria occur in the plant? 

Is the signal the direct protein product of the A VR gene or does the A VR protein have 

an enzymatic function? Localization studies (biochemical fractionation, immuno-

electron microscopy) performed for twoXanthomonas AVR genes, avrBsS (Brown et 

al. 1993) and avrXalO (Young et al. 1994), demonstrated that both are localized to the 

bacterial cytoplasm. It is also possible that bacteria release elicitor molecules resulting 

from the activity of thei4KR protein, and these molecules are subsequently recognized 

by membrane-bound receptors at the plant plasma membrane. This possibility seems 

unlikely however, as attempts by several laboratories to isolate elicitor-active fractions 

from cultures of bacteria expressing wAVR gene, or washing fluids from intercellular 

spaces of infected leaves, were in most instances, not successful in eliciting a 

resistance response. Only foravrD has a signal molecule been identified (Keen and 

Buzzell, 1991). However, the fact that^ KR gene products have been detected outside 

bacterial cells does not eliminate the possibility of a released-elicitor model. The gene 

products could be modified in such a way that they are not recognized by available 

laboratory screens, or could be rapidly degraded by host proteases, as found for some 

harpins (harpins are glycine-rich proteins that lack cysteine and are secreted when the 

Hrp system is expressed) (Alfano and Collmer, 1997). Finally, A VR gene product 

export could occur at very low concentrations and/or at very specific times during 

infection (Leach and White. 1996). 

Some bacterial genes may also function as host-species specificity genes. 

When these genes are placed into other bacterial species or pathovars, transformants 



become avirulent toward new plant species. For example, Fillingham et al. (1992) 

demonstrated that strains of the pea pathogen P. syringae py.pisi, harboring the A VR 

gsneavrPphS from the bean pathogen P. syringae pv.phaseolicola, were avirulent 

toward ail pea cultivars tested. 

In the next three sections, representatives of the main groups of bacterial A VR 

genes will be considered. First, the unique and particular characteristics of avrD will 

be mentioned. A much broader discussion of members of two other classes, 

representing the avirulence genes of P. syringae and Xanthomonas spp., will follow. 

avrD 

avrD occurs on an 83 kb indigenous plasmid in all investigated P. syringae 

pathovars that carry the gene (Keen et al. 1994). Salmeron and Staskawicz (1993) 

analyzed the avrD gene from P. syringae. pv. tomato and demonstrated that the gene 

product governs production of a low molecular weight extracellular elicitor rather than 

acting directly to elicit a HR response (See Table 1.1). Several functional alleles of 

avrD from other P. syringae pathovars have been cloned and sequenced. Some of 

these alleles are highly homologous to P. syringae pv. tomato avrD (>95%), while 

others were only approximately 85% homologous. Accordingly, the different avrD 

genes were classified as class I and class II. Class I alleles direct the production of 

syringolides with 8 or 10 carbon alkyi chains, while class Q alleles lead to syringolides 

with 6 or 8 carbon alkyl chains (Yucel et at. 1994; Keith et al. 1997). 
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Shen and Keen (1993) demonstrated that expression of the avrD gene only 

occurs in response to particular environmental conditions. The promoter was 

expressed only when bacteria were grown in conditions presumably similar to those 

encountered in plant leaves, such as low pH, low nitrogen, and with only certain 

available carbon sources. Interestingly, hrp genes of other P. syringae pathovars, as 

well as Xanthomonas pathovars, are regulated by similar environmental cues. 

While the primary function of avrD is not known, a selective pressure does 

seem to exist for maintenance of the gene. Studies have shown that very few 

mutations have accumulated in P. syringae pv.glycinea avrD genes and, except for 

the nonsense mutations in one particular race (race 0), these are generally restricted to 

missense mutations that abolish avirulence function. These findings suggest avrD 

genes have been strongly selected to contain only mutations yielding amino acid 

substitutions that abolish the avirulence phenotype, but do not eliminate a complete, or 

nearly complete, open reading frame, and thus do not abolish the unknown function of 

the gene. The general absence of indiscriminate missense or nonsense mutations and 

deletions or insertions implies retention of this gene is, in some way, important for the 

bacterium (Keith etal. 1997). 

Avirulence Genes from Pseudomonas 

Numerous genes have been cloned from Pseudomonad; (See Table 1.1) 

and it appears that many species of the genus have common A VR genes. Despite the 

many AKR genes characterized ixom Pseudomonas species, few structural or sequence 



Table 1.1: Selected Avirulence Genes of Pseudomonas syringae. 

Gene Source pathovar 

avrPto P.s. pv. tomato 

avrRpt2 P.s. pv. tomato 

avrA P.s. pv. tomato 
avrA P.s. pv.glycinea 
avrD Multiple 

pathovars 
avrE P.s. pv. tomato 

Features Host 

Localization to inner membrane of host, myristoylation motif, kinase binding Tomato 
(Chang et al. 2000; Shan et al 2000b) 
Cytoplasmic localization in host, acts as virulence factor in susceptible hosts Tomato 
(Chen et al. 2000; Innes et al. 1993) 
Cytoplasmic localization in host, homology ioavrBsI (Lorang and Keen, 1995) Tomato 
First avirulence gene isolated and cloned (Staskawicz et al. 1984) Soybean 
Syringolides (C-glucosides with a novel tricyclic ring) are produced by 
enzymes encoded by avrD locus (Hammond-Kosack and Jones. 1997) 
Homology to "disease-specific" DspE of Envinia amylovora, resemble Tomato 
chaperones for virulence factors secreted by type ill secretion systems of 
animal pathogens (Bogdanove et al. 1998) 
Homology to "disease-specific" DspF of Erwinia amylovora,, resemble Tomato 
chaperones for virulence factors secreted by type III secretion systems of 
animal pathogens (Bogdanove et al. 1998) 

avrRpmi P.s. pv. maculicola Myristoylation motif, likely localization to inner membrane of host Arabidopsis 
(Ritter and Dangl. 1995) 

avrF P.s. py. syringae 



similarities have been found among them. In addition to a high degree of sequence 

variation, the location of these genes varies with many of them located on 

plasmids, rather than on the bacterial chromosome. One notable feature of P. syringae 

A VR genes is the presence of a HrpL-dependent promoter consensus sequence. 

Involvement of the A^^-encoded protein secretion system suggests that at least one 

secreted protein is required for avirulence-linked elicitor activity. Because P. syringae 

strains do not typically invade host cells in the early stages of pathogenesis, an 

extracellular signal must be associated with the recognition process. Likewise, the 

involvement of a protein secretion system suggests a virulence function of the 

avirulence gene products, as it seems unlikely a pathogen would actively secrete 

proteins that are disadvantageous for infection and colonization (Dangl. 1995; 

Pirhonen et al. 1996). 

It has been suggested that the function of A VR genes is to promote 

pathogenicity on susceptible cultivars. Chen et al. (2000) confirmed that an 4 KR gene 

promotes pathogenesis on susceptible plants with evidence that an A VR gene product 

(AvrRptZ of P. syringae pv. tomato), functions within Arabidopsis plant cells lacking 

the R gene RPS2. The activity of avrRpt2 promotes virulence of a strain on different 

A, thaliana lines. On the partially susceptible ecotype No-0, pathogen growth and 

symptom production was increased with the presence oiavrRptZ. Furthermore, it 

appears that AvrRpt2 acts inside the plant cell to promote virulence by inhibiting a 

very early step in the -dependent defense-signaling pathway. In this way, P. 

syringae expressing avrff/>c2 can interfere with induction of a different gene-for-gene 
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resistance response, the avr^/^mi/RPA/i-mediated resistance (Ritter and Dangi, 1996, 

Chen et al. 2000). These findings suggest AvrRptZ aids overall virulence by 

modifying a common component of the host defense response. 

Another well-characterized i4KR gene. avrPto of P. syringae pv. tomato, 

encodes a product that also acts inside the plant cell. Transient expression of avrPto 

was obtained in transgenic Nicotiana benthamiana plants transformed with Pto, the 

corresponding resistance gene of tomato. A necrosis similar to the Pro-mediated HR 

elicited by P. syringae expressing avrPto was observed and indicated that AvrPto was 

active within the plant cell (Scofield et al. 1996). Computer analysis predicts that the 

central region of AvrPto specifying the Pto recognition of tomato forms a turn flanked 

by two a helices. In a similar manner, the C-terminal region required for avirulence 

activity in tobacco also spans a turn that is bordered by two |3 sheets. These motifs are 

probably loops perceived by the tomato Pto protein and the tobacco R gene product, 

respectively. If correct, the motifs are similar to the active sites of the Cladosporium 

fiilvum Avr9 peptide that are required for avirulence activity in Cf-9 tomato plants. In 

Avr9, two solvent-exposed loops are essential for binding to the plant plasma 

membrane and elicitation of the HR (Kooman-Gersmann et al. 1997,1998; van den 

Hooven et al. 1999). 

Expression patterns oi avrPto were similar to that of avrD. Highest expression 

of avrPto in culture was observed in minimal media containing sugars and sugar 

alcohols as carbon sources, while the lowest expression occurred in minimal media 

containing tricarboxylic acid intermediates and in complex media. Within one hour 
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following infection of both resistant and susceptible tomato plants, avrPto expression 

in planta is induced, and increases over the first 6 hours (Salmeron and Staskawicz, 

1993). Recently, it has been demonstrated that avrPto has a virulence function (Chang 

et al. 2000; Shan et al, 2000a). P. syringae pv. tomato strains carrying the avrPto gene 

exhibited enhanced growth and greater necrosis on tomato lines lacking the Pto 

resistance gene. Shan et al. (2000b) have also demonstrated via mutagenesis that the 

avirulence and virulence functions of AvrPto are structurally separated. 

One explanation of the variable nature of A VR genes from the Pseudomonads 

is the possibility that many of these genes have been introduced to the bacterium from 

other organisms. For example, the majority of P. syringae A VR genes, except for hrp-

I inked avirulence genes, have significantly lower G+C contents (40 to 52%) compared 

to those of the P. syringae genome (59-61%) or P. syringae hrp genes (61% on 

average for conserved hrp secretion genes hrcC, hrcJ, hrcV, hrcN, hrcQ^, ArcQa and 

hrcR-U). This brings up the possibility genomic fragments or plasmids with low G+C 

contents containing/4KR genes were introduced into the higher G-t-C genome of P. 

syringae from bacteria with low G+C contents, or from other organisms (Kim et al. 

1998). 

Another intriguing characteristic of many A VR loci is the presence of adjacent 

transposable elements. Transposable elements have long been proposed to possibly 

play a role in genetic change at/4KR gene loci (Gabriel, 1999). Kim et al. (1998) 

showed that six out of 19 avr-containing loci of P. syringae contain DNA sequences 

related to transposable elements, and one contains DNA sequence related to a 



bacteriophage. Taken in combination with the 8 plasmid-bom avirulence genes of P. 

syringae, it indicates that 70% (14 of 19) of them are associated with plasmids, 

transposabie elements, or bacteriophages. Nonetheless, the retention of many these 

genes in areas with a high potential for genetic variability and instability implies they 

are important for the strain containing them. 

Avirulence genes of Xanthomonas 

The most striking feature of the Xanthomonas A VR gene family (See Table 

1.2) is the presence of nearly identical 102-bp tandem repeats in the central portion of 

the genes. Deletion analysis has shown that \\[qAVR specificity of the archetypal 

member of the family, avrBs3, is determined by the 102-bp repetitive motifs (Yang 

and Gabriel, 1995). Members of ihe avrBs3 gene family are highly conserved and 

encode proteins with 90-97% amino acid sequence identity. The central domain of 

these genes contains a series of 102-bp, directly repeated DNA sequences that may 

have minor differences within the repeat. The repetitive region of the avrBs3 gene 

determines race-specificity. Homologs contain different numbers of repeats—avrSsJ, 

avrBs3-2, and pthA contain 17.5 copies; avrXalO contains 15.5, and avrB6 has 13.5 

copies. Alterations of the number of 102-bp repetitive sequences were created in 

vitro and resulted in the generation of new host specificities (Berbers et al. 1992; 

Leach and White, 1996). To account for the great diversity of AVR specificity of 

members of the avrBs3 family, Herbers et al. (1992) proposed a model in which a 

direct interaction between thei4KR gene product and the corresponding R gene 



Table 1.2: Selected Avirulence Genes of Xanthomonas species. 

Gene Source pathovar Features, characteristics Host 

avrBs3 

avrBs2 

avrXaS 
avrXa? 

avrXatO 
avrb6 

pthA 

avrRxv 

X.c. pv. vesicatoria NLS, AD, reference avirulence gene for Aa/i/Ziomo/ias spp. Pepper 
(Swarup et al. 1991; Van den Ackerveken et al. 1996) 

X.c, pv. vesicatoria Cytoplamic localization in host, homology to agrocinopine Pepper 
synthase and glycerol-phosphodiesterase, avrBs3 family 
(Swords et al. 1996) 

X.o. pv. oryzae NLS, AD, DNA binding, nucleus, avrBs3 family (Yang et al. 1996) Rice 
X.o. pv. oryzae NLS, AD, double-stranded DNA-binding protein, virulence factor Rice 

on susceptible cultivars, avrBsS family (Yang et al. 2000) 
X.O. pv. oryzae NLS, AD, avrBsJ family (Yang et al. 1996) Rice 
X.c. pv. mahacearurrt NLS, AD, localization to host nucleus, avrBsS family Cotton 

(Yang et al. 1996) 
X. citri NLS, AD, induces host cell hyperplasia, localization to host nucleus. Citrus 

avrBsS family, found in many species of Xanthorrtonas 
(Duan et al. 1999) 

X.C. pv. malvacearum May bind MAP kinase, homologous to YopP of Y. pseudotuberculosi Cotton 
(White etal. 1999) 

NLS = Nuclear localization signal 
ADs = Acidic transcriptional activation domain 



product occurs, possibly mediated by the repetitive structure of the avrBsS protein and 

its allelic derivatives. This model is supported by the observation that when 

alterations of the repeat were made, an intermediate hypersensitive response occurred. 

The intermediate response could be due to a weaker binding of the molecules involved 

(Berbers et al. 1992). 

Evidence for/r/jp-dependentsecretion of AVR proteins has recently been 

presented for AvrB and AvrPto, and AvrBsS also follows this trend (Hyun-Han et al. 

1998; Rossier et al. 1999; Astua-Monge et al. 2000). Sequencing has revealed a 

consensus hrp box 40 bp upstream of the putative start codon and the N-terminal 

region in this gene family. Characteristic features of a prokaryotic signal peptide are 

present in the N-terminal region, suggesting translocation of the protein across the 

bacterial inner membrane into the periplasmic space or possible secretion to the 

outside of the cell (Bonas and Van den Ackerveken 1997). Additionally, all members 

of the avrBsS family encode functional nuclear localization signal (NLS) motifs and 

acidic transcriptional activation domains (ADs) in the C-terminal coding regions. In 

the case of avrBsS, avr Xa7 and avrXalO, both the NLS and AD motifs are required 

for avirulence gene function. Because these proteins can localize to the nuclei of their 

respective host cells, it has been proposed that the proteins must localize to the nuclei 

to perform their function (Yang and Gabriel, 1995; Yang et al. 2000). Van den 

Ackerveken et al. (1996) observed that transient expression of avrBsJ within cells of 

pepper plants carrying the corresponding resistance gene^i induced hypersensitive 



cell death, suggesting that nuclear factors are involved in AvrBs3 perception by the 

plant and that the protein is directed to the nucleus. 

Gene members of this family appear to be subject to mutation at high rates. 

For example, X. vesicatoria A VR genes appear to mutate at 4 x 10"* per generation 

(Gabriel and Rolfe, 1990). And siXi4 KR genes on a 90.4 kb plasmid in X. campestris 

pv. malvacearum show an unusually high degree of mutations (De Feyter and Gabriel, 

1991). It is apparent that multiple members of thisXKR gene family may have arisen 

by duplication of an existing member, followed by divergence of the copies by 

intragenic or intergenic recombination (De Feyter et al. 1993). Terminal inverted 

repeats (62 bp) mark the boundaries of homology among all members of this gene 

family. The terminal 38 bp of these inverted repeats share a high degree of similarity 

to the 38 bp consensus terminal sequence of the Tn3 family of transposons. It remains 

possible that these features could allow transposition (Gabriel, 1999). In the case of 

avrBs^, a transposable element (IS476) was detected in all naturally occurring 

mutations (Kearney et al. 1988). Another source oiAVR genes may be from other 

strains through naturally occurring conjugation. The presence oiAVR genes on self-

transmissible plasmids not only facilitates the distribution of A VR genes in the 

population, but may also render the races that result unstable by virtue of their 

accumulation of plasmids (Jones et al. 1998). 

SomeX. oryzae pv. oryzae AYR gene family members play dual roles in 

interactions with rice in that some of these genes contribute, albeit differently, to the 

aggressiveness on rice, with aggressiveness considered as the rate of lesion 
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development, lesion lengths, and the final bacterial numbers. The contribution of 

these highly related genes to aggressiveness is gene-specific in that the loss of 

aggressiveness function for one gene family member cannot be complemented by 

another, indicating contributions are family-specific and not merely additive (Bai et al. 

2000). 

Hq>-related Type III Secretion 

P. syringae A VR genes are commonly found linked to clusters of hrp genes and 

data indicates that avirulence and hrp genes are co-regulated. Several of the hrp 

genes, designated hrc {hrp conserved) encode memebrane-associated proteins that 

form a type III secretory pathway that is active during infection of the plant (Baker et 

al. 1997). The type III secretion system is dedicated to the export of pathogenicity 

proteins and has been found in numerous animal pathogens, such as Yersinia 

enterocolitica (Comelis, 1994), Saimoneiia typhimurium (Groisman and Ochman, 

1993), and Shigella flexneri (Venkatesan et al, 1992). The distinctive phenotype 

associated with hrp mutants of plant pathogenic bacteria is the inability to cause 

disease on susceptible host plants. Additionally, hrp mutants are unable to elicit the 

HR on resistant cultivars of host plants and on nonhost plants. And, for a number of 

bacterial strains, a reduction in the ability to multiply in host tissues has been 

demonstrated. A typical hrp gene cluster is comprised of 6 to 8 transcriptional units 

over approximately 25 kbp. As with bacterial A KR genes, hrp genes are actively 



transcribed in plants and minimal media, but are repressed in complex media 

(Lindgren, 1997). 

hrp clusters of several phytopathogenic bacteria have genes that encode 

elicitors, termed "harpins", of the HR. Harpins are typically glycine-rich, hydrophilic 

molecules that lack cysteine. Amino-terminal signal peptides are absent, consistent 

with secretion by a Type III pathway. Harpins are unique to bacterial plant pathogens 

and are heat-stable, suggesting no enzymatic activity (Lindgren, 1997). 

hrp gene clusters have been extensively characterized in several representative 

gram-negative plant pathogens including: P. syringae pv. syringae (brown spot of 

bean), E. amylovora (fire blight of apple and pear), Ralstonia solanacearum (bacterial 

wilt of tomato), and X, campestris pv. vesicatoria (bacterial spot of pepper and 

tomato). Sequence comparisons of Pseudontonas, Erwinia, Ralstonia, Xanthomonas, 

Yersinia, Salmonella, and Shigella Hrc (Hypersensitive response and conserved) 

proteins reveal that, with the exception of HrcC, all of these genes have a homolog 

involved in flagellum-specific export or early events in flagellum biogenesis, 

suggesting an ancestral participation in transport (Alfano and Collmer, 1997; Galan 

and Collmer. 1999). 

Hrp proteins are not required for HR induction once thei4KR protein is within 

the plant cell. This finding indicates that the function of hrp genes is not in the 

modification of the A VR protein, or production of the elicitor, but rather in the transfer 

of the/4(^ protein. Hrc proteins are predicted to be localized in the bacterial 

membranes and to form a tunnel-like structure (Bonas and Van den Ackerveken, 



76 

1997). With such a complex, the Hrp secretion system may permit a transfer of 

proteins into the host via a translocation apparatus involving cytoplasmic, inner 

membrane, outer membrane, and extracellular proteins (Gopalan et al. 1996) (See Fig. 

1.3). It has been established that the Gram-negative mammalian pathogens Yersinia 

spp., Saimoneila typhimurium and Shigella flexneri produce and secrete a set of 

virulence proteins across both the inner and outer bacterial membranes (Gopalan et al. 

1996; Rosqvist et al. 1994; Galan and Collmer, 1999) and it seems likely that the 

mechanisms of protein transfer are similar among the plant pathogens and mammalian 

pathogens. Nearly all bacterial XKR genes need the specific function of the hrp genes 

to impart the AYR phenotype, leading to the conclusion that many of these genes must 

have originally been involved in pathogenesis (Gabriel, 1999). 

Putative Functions of Bacterial Avirulence Genes 

A VR gene products may act as virulence or fitness factors. Support for this 

idea has expanded as more data concerning bacterial A VR genes has accumulated. 

Increasingly, evidence backs a model where proteins are transported directly into 

the plant cells, where their intended targets may be plant cellular processes involved in 

resistance (Leach and White, 1996). White et al. (2000) have suggested the function 

of someXKR proteins may be analogous to type-III-dependent factors of pathogenic 

bacteria, such as Yersinia, that appear to disrupt signal and structural pathways of the 

host general defense response. Electron microscopic analysis of Xanthomonas hrp 

mutants by Brown et al. (1995) demonstrated that these virulence factors appeared to 
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Fig. 1.3 Model of tbe interaction of an avinilentbactetium and a conespoading 
resistant plant ft is speculated that components of the Hrp secretion system 
(Hrc proteins) form a tunnel spanning the inner (IM) and outer (OM) tocterial 
membranes, passing through the plant cell wall (CW) and thus positioned on the 
plant plasma membrane (PM). An aviiulence product is transported through 
this structure (firectly into the plant cell. In the plant cell, the avirulence protein 
is recognized by the resistance gene product, leading to the induction of the 
hypersensitive response. Recognition can occur in the cytoplasm (I), as 
proposed for AvrB, AvrPto, and Avd(pt2, or in the nucleus (II), as proposed for 
AvrBs3. (Adapted ficomBonas and Van den Ackerveken, 1997). 



suppress non-specific host defense responses and interfere with signal transduction 

pathways of the host, as has been described for some Yersinia Yop proteins (Comelis 

and Wolf-Watz, 1997). Incidentally, avrRxv of X campestn's pv. malvacearum has 

sequence relatedness to the virulence factor YopJ from K pseudotuberculosis (Mills et 

al. 1997). Although avrRxv has not been shown to have a virulence function, its 

similarity to a virulence product of a mammalian pathogen is intriguing. A VR gene 

products lacking apparent function for virulence may simply represent defeated 

virulence factors or virulence factors with specificity for other host species (White et 

al. 2000). In this way, A VR gene products are actually pathogenicity factors during 

compatible interactions and successful infections. When the plant is able to mount a 

successful resistance response it is due to the detection of the pathogenicity factor 

(A VR gene product) of the pathogen, and subsequent induction of defense responses. 

Some A VR gene products that exhibit virulence effects and appear targeted to 

specific organelles within the host cell are characterized by the presence of a 

myristoylation motif. If the motif is functional, the protein would be localized to the 

cytoplasmic surfaces of membranes (White et al. 2000). In the case of avrXa7, the 

gene requires an AD and NLS for both virulence and avirulence activities. Both 

motifs argue for a targeting mechanism. It seems likely that either the host defense 

components are mobilized to the site of action of the bacterial virulence factor or that 

the R gene products are part of a complex that is specifically targeted by the virulence 

factor (Yang et al. 2000). 



Yang and coworkers (1996) demonstrated that combinations of avrBsJ-

homologs in X. campestris pv. malvacearum contributed additively to the abih'ty of the 

pathogen to cause watersoaking on cotton. To test the contributions of the avrBs3-

homologs. the genes were individually inactivated in a strain highly pathogenic on 

cotton and each was found to contribute a share to the total watersoaking phenotype. 

A mutant with 7 of 10 of the avrBsJ-homologs inactivated did not cause symptoms on 

cotton. Interestingly, the growth rate of this mutant bacterium in planta was 

indistinguishable compared to the wild-type strain, but the mutant released over 1000-

fold fewer bacteria onto the leaf surface. This finding suggests that pathogenicity on 

cotton requires multiple members of the avrBsJ gene family, but the genes are not 

necessary form planta growth. Other/4KR genes known to play a part in 

aggressiveness or fitness in host plants are the avrE and avrA genes of P. syringae pv. 

tomato, avrRpml Uom P.syringae p\. malvacearum, pthA fromX. citri, and avrXa? 

from X. oryzae pv. oryzae (Leach and White, 1996; Gabriel, 1999) (See Table 1.2). 

Virulence functions and a role in bacterial fitness have also been demonstrated for a 

functional A VR gene homoiog in £. amylovora (Kim et al. 1998). 

Several bacterial A VR genes have been shown to make a contribution to the 

general fitness of the pathogen. Vivian et al. (1997) showed that mutation of the 

avrBsZ locus inX campestris pv. vesicatoria leads to a reduction in the growth rate of 

the bacterium in the normal host, pepper. The mutation of a homologous gene in X 

campestris pv. alfalfae showed a similar growth rate reduction in alfalfa. Thus, if 

avrBs2 is lost, or rendered non-functional, the pathogen appears to suffer a significant 



fitness penalty (Staskawicz et al. 1995). In the case of the PthA protein of X. citri, the 

protein appears to signal citrus plant cells to divide. In a natural infection, enough 

plant cells are affected by X. citri to lead to tissue hyperplasia, ultimately resulting in 

the rupture of the leaf epidermis and the passage of the canker pathogen to the leaf 

surface. As the pathogen spreads by wind-blown rain, the PthA protein appears 

crucial for propagation, as failure to rupture the leaf epidermis would not allow 

bacteria to reach the surface of the leaf, followed by dissemination (Gabriel, 1999). 

Although many reports have supported the role of A VR genes in pathogen 

fitness, there have been exceptions. For example, theX campestris pv. vesicatoria 

strain 81-23 M13a, which carries a mutant avrAsi gene, has significantly greater 

capacity for survival in soil and dead leaf tissue than strain 81-23 that expresses wild-

type avrBsl avirulence gene activity. Additionally, there is evidence of the possible 

adaptive significance of the mutant gene. When mutant and wild-type strains were co-

inoculated in soil, the mutant persisted longer and, as a consequence, may have more 

opportunities for plant infection (O'Garro et al. 1997). It should be mentioned, 

however, that many aspects of fitness were not assayed in the study that could offer a 

counterpoint to the findings. 

Many bacterial i4KR gene homologs exist in various strains, as indicated by 

hybridization, and appear to be functional genes, yet lack detectable avirulence 

activity. Such cases may represent situations where no corresponding resistance gene 

has yet been identified in the plant populations tested. For example, X campestris pv. 

malvacearum strains from West Africa are virulent on all US commercial cotton lines. 
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including long-established '*immune" lines that resist native X campestris pv. 

malvacearum strains. Analysis of the African strains has shown that they contain the 

sameX KR genes by hybridization, but lack gene-for-gene specificity. In other words, 

the African strains have maintained their virulence and have retained the common 

A VR genes but have apparently mutated in such a manner to avoid detection by any of 

the known US resistance genes. Fortunately a new cultivar, S295, developed and used 

in Africa, has a single R gene {$12) that is effective against all African strains 

(Wallace and El-Zik, 1989; Chakrabarty et al. 1997). 

If i4KR genes are contributing to the virulence of plant pathogenic bacteria, 

effects may be manifested in the population of bacteria present in infected tissues, as 

well as by changes in lesion size, number, or appearance (White et al. 2000). The Hrp 

secretion system of plant bacterial pathogens suggests that/1 KR proteins may be only a 

subset of the transferred bacterial proteins. Other proteins that fail to interact in a 

gene-for-gene manner would not be detected in genetic screens but could be involved 

as virulence factors also (Gopalan et al. 1996). 

Expression of AVR and hrp genes seems to be co-regulated. Additionally, 

expression of these genes is favored under growth conditions similar to those found in 

planta. In the avrXvJ gene of X. campestris pv. vesicatoria, the plant-inducible 

promoter (PIP-box) upstream of the start codon resembles that specified forhrpB and 

the other pathogenicity operons of Al campestris pv. vesicatoria. The PIP-box maybe 

involved in the regulation of gene expression once the bacterium is inside the plant. 

Analysis of avrXv3-uidA fusions demonstrated that the expression of avrXv3 was 
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strongly induced inside tomato, pepper, and in the medium XVM2, which is known to 

mimic the intracellular space of plant cells. It seems likely that more plant-inducible 

avirulence genes will be found in plant-pathogenic bacteria (Astua-Monge et al. 2000). 

The responses directed by bacterial A VR genes are quite variable. Some genes 

are unique for one or a few races within a certain pathovar. Such genes include avrA, 

avrB, and avrC of P. syringae p^.glycinea, and avrBsl of X. campestris pv. 

vesicatoria. Other genes, such as avrBs2 and avrSsJ of X, campestris pv. vesicatoria, 

and avrD of P. syringae pv. tomato have functional or nonfunctional alleles in other 

races or pathovars (De Wit, 1992). Even more variable are responses to thepthA and 

avrbd genes of Xanthomonas. These genes are 98.4% identical at the peptide level 

and yet they govern 3 different phenotypes, namely cankers on citrus, watersoaking on 

cotton, and HR on many hosts (Vivian et al. 1997). Finally, the disease resistance 

gene RPMI of Arabidopsis confers resistance to P. syringae strains carrying either of 

two A VR genes, avrS and avrRpmh The proteins encoded by these ̂ 4 KR genes have 

no significant sequence similarity (Bisgrove et al. 1994). Evidence also exists for the 

presence of nonfunctional relics of AVR genes in both Pseudomonas mA}Uinthomonas 

(Gabriel, 1999). 

As more bacteriaMKR genes are characterized, more evidence accumulates 

that the products of these genes have an important role in the fitness and/or virulence 

of a plant pathogen. Increasingly, homologs of identified A VR genes are being found 

in other bacterial species. For example, homologs of avrE of P. ^ngae pv. tomato 

were originally identified as the critical virulence factors DspE and DspF in Erwinia 



amylovora. These hotnologs were dispensable for the eiicitation of an HR on nonhost 

species, hence their identification as disease specific (Dsp) loci. The DspEF locus 

also functions as an avirulence locus when transferred to P. syringae pv. glycinea. 

And avrE restores pathogenicity to dsp mutant strains of £1 amylovora (Bogdanove et 

al. 1998; White etal. 2000). 

The diversity of bacterial avirulence is not surprising. Presumably the primary 

function of an A VR gene is to act as a pathogenicity or virulence factor on a 

susceptible host. Such factors could have very different functions, and subsequently 

have no sequence or structural homology. Members of the avrBsJ gene family show 

significant homology, suggesting functions are conserved. A VR genes from 

Pseudomonas, on the other hand, are quite varied. However, it appears that many 

different strains have "common" /4KR genes. The fact that plants genes, although 

typically having structural conservation, are capable of detecting such varied products 

is testament to the evolutionary battle being waged among bacterial plant pathogens 

and their hosts. 

Fungal Avirulence Genes 

The small genome size of bacteria and the availability of efficient molecular 

biology techniques allowed the cloning of many AKR genes from bacterial pathogens 

by genetic complementation. Such a shotgun strategy for fungi, however, is not that 

practical by virtue of their larger genomes and complications with fungal 

transformation. In fact, many phytopathogenic fungal species, in particular the 



obligate biotrophs, do not have transformation procedures. Additionally, even if fungi 

can be transformed, transformation frequencies are typically low. Map based cloning 

is not applicable for the Imperfect Fungi (such as C. fulvum and Rhynchosporium 

secalis), which lack a sexual stage and thus cannot be crossed (Knogge, 1996). 

However, there are some similarities among plant pathogenic bacteria and some fungi 

that have been exploited. Like bacteria, the infection cycle of some pathogenic fungi 

do not include mechanical penetration of the host leaf. C. fulvum is known to enter its 

host via the stomates. Pathogens such as the flax rust fungus, and the oomycete 

parasite Peronosporaparasitica, colonize intercellular spaces of the host and make 

intimate contact with host cells through the formation of cellular invaginations called 

haustoria (Parker and Coleman. 1997). Because the avirulence products are likely 

exported to the plant cell (like bacterial export), studies with these fungi can take 

advantage of the presence of thei4KR gene products in the plant apoplastic fluid. 

Indeed, the majority of fungal /4KR genes cloned to date are from fungi that colonize 

the intercellular spaces of plant tissue. 

Unlike bacteria, clusters of ^4genes have not yet been observed in fungi. 

However, genetic linkage, with distances of 20 cM or more, has been shown between 

AVR genes inM grisea. Linkage betweengenes has also been detected inM. 

lini. In some cases the genes appear tightly linked, indicating the possibility thatAFK 

genes in fungal genomes, like^ genes in plants, may be clustered. Mapping of more 

AVR genes is needed for this to be definitive (Dioh et al. 2000; Zambino et al. 2000). 



A VR genes from a number of fungi are currently being researched. In addition 

to A VR genes of R. secalis, C. Julvum, and M. grisea, the A VR gene AvrLml of 

Leptosphaeria maculans (cultivar specificity to canola) (Ansan-Melayah et ai. 1995), 

and A VR genes from P. sojae, P, infestans, and M lini (giving cultivar specificty to 

soybean, potato, and flax, respectively) are currently being mapped (Whisson et al. 

1994; Whisson et al. 1995; Van der Lee et ai. 1997; Timmis et al. 1990). However, 

thus far, only A VR genes of R. secalis, C. Julvum, and M grisea have been 

successfully cloned (See Table 1.3). Accordingly, in the next sections, several of 

these cloned fungal A VR genes will be discussed. First, the unique features of MP/ of 

R. secalis will be mentioned, followed by discussion of several A VR genes of C 

fiilvum. Thei4KR gene products of R. secalis and C. Julvum were initially 

characterized from plant apoplastic fluid. In contrast to R. secalis and C. Julvum, the 

cloned A VR genes of M. grisea have been characterized using a map-based cloning 

approach. A broad discussion concerning the characteristics, putative functions, and 

future perspectives of i4genes of M. grisea will be considered. 

nipl of Rhynchosporium secatis 

Several fungal pathogens secrete small proteins that are the products of AVR 

genes. Upon penetration into the plant apoplast, these peptides can induce a 

resistance-gene specific HR. Examples include the necrosis-inducing proteins (NIPs) 

of the barley pathogen R. secalis (Bonas and Van den Ackerveken, 1997). A 

deuteromycete (imperfect fungus), R. secalis is the causal agent of scald, a leaf spot 
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Table 1.3: Selected Fungal Avirulence Genes. 

A VR gene Pathogen Specificity Homolopv 

Avr9 Cladosporiumjulvum 

Avr4 C. fulvum 
rupl Rhynchosporium selcais 
A VR-Pita Magnaporthe grisea 

PWLl M. grisea 

PWL2 M. grisea 

AC EI M. grisea 

Tomato C/-9 genotypes 

Tomato Cf-4 genotypes 
Barley RrsJ genotypes 
Rice Pi-la genotypes 

Weeping lovegrass (species) 

Weeping lovegrass (species) 

Rice Pill-t genotypes 

Cystine-knot peptide (structural) 
(Vervoort et al. 1997) 
None (Joosten et al. 1994) 
Toxin (Rohe et al. 1995) 
Neutral zinc metal loprotease 
(Orbach et al. 2000) 
None (Sweigard et al. 1S>95: 
Kang et al. 1995) 
None (Sweigard et al. 1995; 
Kang et al. 1995) 
Polyketide synthase 
(Bohnert et al. 2001) 
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disease of barley (Boiler, 1995; Rohe et al. 1995). Infection of R. secalis is unusual in 

that it is restricted primarily to the subcuticular region of host leaves. Following 

penetration through the plant cuticle, hyphae grow extracellularly between the cuticle 

and the outer epidermal cell walls, where the fungus remains throughout its life cycle. 

The host cell walls are not extensively damaged and typically remain intact between 

the growing hyphae and the plant plasmalemma. The lack of physical penetration of 

the host cell demands the disruption of host cells to stimulate the release of nutrients. 

The means to cause host cell death is accomplished with the production of at least 3 

NIP proteins (NIPl, NIP2, and NIP3). In addition to being toxic to leaves of all barley 

cultivars tested, these small peptides (<10 kDa) are also toxic to leaves of other cereals 

and some dicotyledonous plants, such as bean (Rohe et al. 1995). Wevelsiep et al. 

(1993) demonstrated that the toxicity of NIPl is caused by its stimulatory effect on the 

activity of the plant plasmalemma H*-ATPase from barley. Current work is 

addressing whether amino acid changes affecting the avirulence function of NIPl also 

alter the ATPase-stimulating ability (Rohe et al. 1995). 

Some barley cultivars do have resistance to R. secalis. However, resistance is 

not analogous to the rapid local cell death at penetration sites (HR) (Rohe et al. 1995). 

Barley lines demonstrating resistance exhibit a rapid and transient accumulation of 

mRNAs encoding peroxidase and Pathogenesis-Related (PR) proteins of the PR-5 type 

(Hahn et al. 1993). In addition to functioning as a non-specific phytotoxin, NIPl was 

found to induce a response in barley plants carrying the resistance gene RsrI that was 

comparable to that of resistance responses of barley. These findings suggested that 
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NIPl is the product of xheAVR geneAvrRrsl, which corresponds to barley R gene 

Rrsl in the gene-for-gene model (Rohe et al. 1995). The designation nipl as the gene 

encoding the NIPl protein has taken precedence over the use oiAvrRrsl. 

1\\enipl gene consists of two exons separated by a 65 bp intron. The deduced 

protein sequence contains 82 amino acids, including a 22 amino acid secretory signal 

peptide (Rohe et al. 1995). The 82 amino acid product is processed to yield a 60 

amino acid mature protein that is cysteine rich, containing 10 cysteine residues (Rohe 

et al 1995; Knogge, 1996). Two other groups of small fungal proteins are also 

distinguished by a high content of this amino acid, the hydrophobins (90-150 amino 

acids, eight cysteines) and the elicitins (98 amino acids, 10 cysteines) (Rohe et al. 

1995). Elicitins from several Phytophthora species are encoded by a multigene family 

and induce necrosis and resistance in the non-host plant tobacco (Pemollet et al. 

1993). If the cysteines of hydrophobins are engaged in disulfide bridges, the predicted 

structural features of hydrophobin resemble the "toxin-agglutinin fold" topology, as 

described for diverse proteins from different sources, including wheat germ agglutinin 

and neurotoxins from snake venom. The activity of such proteins occurs by specific 

binding to membrane-bound receptors. XKR genes are anticipated to have similar 

activity (Rohe et al. 1995). 

nipl encodes a factor that determines aviruience on resistant barley, as well as 

determining virulence on susceptible cultivars of barley. Races of R. secalis that are 

avirulent on resistant barley (Rrsl) carry two classes oi nipl alleles. Both classes 

encode eiicitor-active proteins that differ at three amino acid positions. Races virulent 



on Rrsl barley typically lack the nipl gene. Additional studies have shown two races 

secrete nipl gene proteins containing a fourth amino acid change at different positions 

(Knogge, 1996). A transformant of/?, secalis carrying a disrupted copy of nipl had a 

reduced level of virulence compared to parental type on a susceptible barley plant. 

Thus, races lacking the nipl gene appear to be less virulent than races carrying this 

gene. It is currently unclear whether the dual functions of NIPl as a virulence and 

avirulence factor are mediated through same plant receptor or whether the elicitor 

receptor (one triggering resistance) is distinct from toxin receptor (one conditioning 

disease) (Roheetal. 1995; Knogge, 1996), 

Although NlPl and woAVR proteins of C fuivum, AVR4 and AVR9, lack 

any sequence similarity (other than a high number of cysteines) they do appear to be 

expressed at similar times of the infection cycle. High levels of expression have been 

detected during the growth and development stages of each respective fungus in a 

susceptible cultivar. In resistant plants NIPl was not detected, suggesting the nip 

genes are active primarily during periods when virulence factors would be 

advantageous for initiation and completion of the disease cycle (Wevelsiep et al. 1991; 

Rohe et al. 1995). 

Ciadosporium fuivum Avirulence Gtnts Avr4andAvr9 

Like^. secalis, C. Julvum, the causal agent of tomato leaf mold (also known as 

tomato wilt) is an imperfect filamentous fungus. Colonization occurs when the fungus 

infects the plant through the stomates and grows through the intercellular space 



between the mesophyli cells. Two weeks after the onset of infection conidiophores 

develop through the stomates and release new conidia, which can infect the same host 

or new host plants (Honee et al. 1995). Spread of the fungus in the tomato leaf is 

restricted to the intercellular spaces, and consequently a large interface exists between 

plant and fungus (Joosten et al. 1997). All molecules involved in communication 

between the fungus and its host plant are therefore present in the apoplastic fluids 

(AFs). Additional low-molecular weight proteins are present in AFs isolated from 

tomato leaves infected with C fulvum. These proteins have been names ECPs. for 

extracellular groteins, and have been proposed to function as avirulence factors on yet 

unidentified resistant tomato genotypes (Lauge and De Wit. 1998). Several /4KR 

genes have been cloned from C. fulvum. Extensive analysis of two genes in particular, 

Avr4 andi4vr9, has identified various aspects of these genes that may contribute to 

their gene-for-gene interaction with the corresponding resistance genes of tomato, Cf4 

and Cj9, respectively. 

Avr9 was the first/4KR gene to be examined in the C.^/vu/n-tomato 

interaction. The AVR9 elicitor was purified from apoplastic fluid by Scholtens-Toma 

and De Wit (1988) and shown to be a 28 amino acid peptide. Van Kan et al. (1991) 

characterized the cDNA of Avr9 and Van den Ackerveken et al. (1992) cloned the 

Avr9 structural gene and demonstrated that it encoded a preprotein of 63 amino acids 

with a signal peptide for extracellular targeting. The secreted 40 amino acid protein 

was shown by Van den Ackerveken et al. (1993) to be processed by plant factors into 

the 28 amino acid active form of the protein. Boiler (1995) has presented evidence 



that fungal proteases also participate in the processing of the N-terminus of the 

protein. 

The AVR9 peptide has a rigid, barrel-shaped structure containing three 

antiparallel |3-sheets connected by two loops and three disulfide bridges, linking all six 

cysteine residues in a cystine knot (Vervoort et al. 1997). Based on its tertiary 

structure, AVR9 can be classed into a superfamily of structurally related peptides with 

a common cystine knot motif, which is found in several proteinase inhibiting peptides, 

ion channel blockers, and mammalian growth factors, such as TGF-|3. The tertiary 

structure most closely matches that of the potato carboxypeptidase inhibitor (Kooman-

Gersmann et al. 1996; Vervoort et al. 1997). If AVR9 has a function analogous to 

other cystine-knotted peptides, it could act to inhibit or stimulate the function of plant 

metabolites by interfering with a specific ion channel or nutrient pump. A role for 

AVR9 in amino acid metabolism or uptake is also possible (Kooman-Gersmann et al. 

1997). 

Activation of the/I vrP promoter occurs immediately after the fungus has 

passed through the stomatal opening (Honee et al. 1994). Six (TA) GATA regulatory 

sequences, that serve as recognition targets for Aspergillus nidulans AREA and 

Neurospora crassa NIT2 (Fu and Marzluf, 1990) transcription factors involved in 

nitrogen metabolism, exist in x\\&Avr9 promoter. Expression of several genes 

associated with pathogenicity, including P. infestans ipi genes (Pieterse et al. 1994), 

the MPGI gene of M grisea (Talbot et al. 1993b), as well as the Avr9 gene (Van den 

Ackerveken et al. 1994) are induced in vitro by starvation conditions. Nutrient 



deprivation elevates the expression of virulence genes in several phytopathogenic 

bacteria, and the invasive growth stage of Saccharomyces cerevisiae requires growth 

on poor or limiting nitrogen sources (Lau and Hamer, 1996). Taken together, the 

findings concerning the expression of Avr9 imply a virulence function, although such 

a capacity has not been identified (Oliver and Osboum, 1995). 

Surprisingly, high-affinity binding sites for AVR9 are present on plasma 

membranes of both the resistant and susceptible tomato genotypes (Kooman-

Gersmann et al. 1996). The presence can be explained if the structure of Cf-9-like 

resistance proteins from both resistant and susceptible cultivars are similar in the 

region interacting with AVR9, but differ in the domain involved in signal 

transduction. It is also possible that AVR9 binds to a plasma membrane protein 

interacting with Cf-9 in resistant plants that has not been identified. Such an unknown 

protein would be present only in resistant plants as a component of the signaling 

transduction pathway leading to HR induction (Knogge and Marie, 1997). Strains of 

C. fiilvum that are virulent on tomato containing the Cf-9 gene completely lack the 

Avr9 gene (Van Kan et al. 1991). 

For a gene-for-gene interaction, the secreted protein of Avr4 must reach the 

complementary R gene receptor (Cf-4) which is assumed to be located on the plasma 

membrane of the host cells. For reception at the host plasma membrane, AVR4 must 

pass through the ceil walls of both the fungus and the plant. This passage, through the 

apoplast, makes the AVR4 protein prone to degradation by extracellular host and 

fungal proteases, which are abundantly present (Joosten et al. 1997). For example. 



one of the principal PR proteins induced in tomato leaves is an alkaline endoprotease 

(Vera and Conejero, 1988). Analysis of the open-reading frame (ORF) oiAvr4 

revealed that the primary translation product is 135 amino acids, including a signal 

peptide for extracellular targeting. Following removal of the signal peptide, the 

protein is processed at the N-terminus. Plant and/or fungal protease processing leads 

to a mature protein of 105 amino acids, containing 8 cysteine residues. Circumvention 

of the C^-</-mediated resistance by Avr4 seems to be the result of single base pair 

changes in the ORF of theAvr4 gene, rather than deletion of the gene (Joosten et al. 

1994; Joosten et al. 1997). 

Northern blot analysis has shown that all Avr4 alleles are transcribed during 

infection, suggesting a possible role in virulence (Honee et al. 1994; De Wit, 1995). 

Unlike i4vr9,/Ivr</ lacks 5' upstream nitrogen regulatory elements, indicating that 

expression of this gene is regulated in a different manner (Joosten et al. 1997). 

Although the promoter regions of Avr4 andAvr9 show no significant homology, 

analysis of transformants of C. fulvum containing an/lvr4 or Avr9 promoter-Guir 

fusion indicated that the localization and timing of expression of both /IKR genes are 

very similar. For both genes, expression appears to be highest in mycelium growing 

in close contact with the vascular tissue of the host (Van den Ackerveken et al. 1993). 

AVR4 and AVR9 proteins were only found in significant amounts from susceptible 

cultivars, and were not detected in resistant plants (Wevelsiep et al. 1991). While both 

genes are highly expressed in colonized tomato leaves, the amount of AVR4 elicitor 

that is present in the AF is relatively low when compared to the amount of AVR9 



94 

elicitor present. It seems Hkely that the AVR4 protein is less stable than AVR9 

(Joosten et al. 1997). 

In nature, loss QiAvr4 or Avr9 might interfere with the fitness of the fungus. 

No direct evidence supporting a fitness or virulence role for either gene has been 

established. However, in the case of Avr9, it appears that strains lacking the gene do 

not migrate out of the different geographic locations where they emerged. The Cf-9 

gene introduced into tomato breeding lines in 1979 still provides good protection 

against C.fulvum, suggesting that if new virulent races appear they are less pathogenic 

(Honee et al. 1994; De Wit, 1995; Knogge and Marie, 1997)). 

Avinilence Genes of Magnaporthe grisea 

AVR genes of the rice blast fungus are important in determining the pathogen 

host range, and are the focus of several efforts to understand plant-pathogen 

interactions. Single gene segregation of determinants of host-species specificity were 

first reported in M. grisea when Yaegashi (1978) crossed a field isolate that infected 

weeping lovegrass but not finger millet with three different isolates that infected finger 

millet (Eleusine coracana) but not weeping lovegrass [Eragrostis curvula). The 

ability to infect weeping lovegrass segregated one-to-one among the progeny, as did 

the ability to infect finger millet, in all three crosses. Most progeny of the crosses 

displayed characteristics of one or the other of the parents in being restricted to finger 

millet or weeping lovegrass, although some could infect both hosts and others could 

infect neither. From the data it was apparent that the weeping lovegrass pathogen 



differed from the three finger millet pathogens at two linked loci (avirulence gene 

loci), one determining weeping lovegrass pathogenicity, the other determining finger 

millet pathogenicity (Valentet al. 1986). Subsequently, at least 25AVR genes have 

described in M. grisea (Notteghem et al. 1994). Of the genes described, 15 originated 

from a parental isolate pathogenic on rice and 10 from a parental isolate 

nonpathogenic to rice but pathogenic on another grass host (Knogge, 1996;Dioh et al. 

2000). 

Although numerous A VR genes of M. grisea have been characterized 

genetically, very few have been cloned. AVR genes such as nipl, Avr4, and Avr9 have 

been cloned using reverse genetic approaches in which the gene products were 

isolated from apoplastic fluids and then characterized. In contrast, such reverse 

genetic approaches have not succeeded for intracellular fungal pathogens such as M. 

grisea (Orbach et al. 2000). Attempts to isolate 4KR proteins from cultures of these 

fungi have not been effective. Thus, positional cloning approaches have been used 

predominantly to isolate ^4 KR genes of M. grisea conferring both cultivar specificity 

and conferring host species specificity. 

Extensive crosses involving the weeping lovegrass pathogen 4091-5-8 and the 

rice pathogen 0-135 have identified several genes controlling pathogenicity and host-

specificity (Valent et al. 1991, Orbach et al. 1996). Three unlinked A VR genes, A VRl-

C039, A VR-M201 and A VRl-YAMO were inherited from strain 4091-5-8, which 

cannot infect rice and is restricted to pathogenicity on weeping lovegrass. The three 

g&aes, AVR1-C039, AVR-M201, 2X{dAVRl-YAM0, condition avirulence on the 
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cultivars C039, M201, and Yashiro-mochi, respectively (Valentet ai. 1991). 

Surprisingly, this data suggests xhziAVR genes specific for rice cultivars are common 

among nonpathogens of rice. Four other A VR genes, A VR-Pita, A VRl-MARA, A VR-

TSUY, and A VRl-MINE have also been characterized, with xheAVR genes 

corresponding in a gene-for-gene manner with resistance loci of the rice cultivars 

Yashiro-mochi, Maratelli, Tsuyake, and Minehikari, respectively. The avirulence 

phentoype of strains carrying X KR-Pi/a or AVR-TSUY appears unstable, as 

spontaneous mutants, virulent on the rice cultivars carrying the corresponding R genes, 

occur at a high rate. AVR-TSUY, like several other A genes, maps near a telomere 

(Nitta et al. 1997). In general, A VR genes from rice pathogenic isolates of M. grisea 

exhibit more genetic instability thanAKR genes from weeping lovegrass pathogens 

(De Wit, 1992). 

Studies by Sweigard et al. (1993) indicated twoAKiR genes of M. grisea map to 

telomeres. Since then, four of the eight A VR genes mapped in A/, grisea to date have 

been located near chromosome tips. Two of the A VR genes examined were positioned 

near sub-telomere regions that are known to be rich in repeated sequences in many 

eukaryotes (Farman and Leong, 1995; Dioh et ai. 2000). Recent results have also 

revealed that repetitive DNA elements may be present at/I KR gene loci and are not 

distributed randomly among the chromosomes of M, grisea; rather, they appear to be 

clustered in regions (Nitta et al. 1997). In contrast, genes expressed during infection 

and vegetative stages have a relatively random distribution across the entire 

chromosome. However, in some chromosomal regions genes and repetitive DNA tend 
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to cluster. Because most of the repeated DNAs are transposon-like elements, it is 

possible that gene-rich regions are more vulnerable to insertion by active transposons 

during the course of evolution (Nishimura et al. 1998; Zhu et al. 1999). Additionally, 

certain regions of the chromosomes of Af. grisea appear to be hot spots for 

recombination. Farman and Leong (1998) identified three recombination clusters near 

the A VR1-C039 gene, suggesting the region may experience preferential 

recombination. 

It now appears that certain chromosomal regions may be sinks for transposable 

elements. The repetitive elements MAGGY, Pot2 and the Mg-SINE element, of A/. 

grisea, are all found embedded in AT-rich DNA regions. Such element clusters could 

develop from a tendency of preferential integration into these regions due to better 

accessibility for recombination (Nitta et al. 1997). The high proportion of different 

repeated sequences linked \oAVR genes observed is consistent with previous data 

obtained at M. grisea avirulence loci (Dioh et al. 2000). For example, the A VR gene 

A VRl-MARA appears to be located in a large region (>50 kbp) of AT-rich sequence 

(M.A. Mandel, personal communication). The placement of/I KR genes in such 

volatile regions could provide the fungus with a mechanism to lose its /4 KR gene, and 

subsequently avoid interaction with the cultivar^ gene. McClintock (1984) proposed 

that genomic stress may activate transposable elements, based on the concept that such 

transposition could increase the genetic variability necessary for organisms to adapt to 

different conditions. Deletion at subtelomeric regions, transposon insertion, or 

recombination among repetitive DNA elements could, depending on the genetic event. 



render the A VR gene product non-functional or result in the loss of the gene. 

Subsequently the rice cultivar would be unable to induce defense gene expression due 

to the failure to detect znAVR gene product. If the cultivar carries only one R gene 

specific to the fungal isolate, successful infection could then occur. In this way, stress 

in the form of host incompatibility might lead to loss of a genetic element (in this case 

the A VR gene). Subsequently, the stress would be alleviated and the fungus could 

successfully infect a formerly resistant host. 

PWL Gene Family 

The PWL gene family exemplifies the notion that resistance at the plant species 

level can also be directed by single fungal genes that function in a manner very 

similar, if not identical, to cultivar-specific A VR genes. The PWL genes encode 

glycine-rich, hydrophilic proteins with putative secretory signal sequences. Some 

members of the family are functional and block pathogenicity on weeping lovegrass, 

while others appear nonfunctional. The single species-specific 4 KR genes PWLl and 

PWL2 were isolated from a finger millet and a rice isolate, respectively (Knogge. 

1996). 

A map-based cloning approach was used to isolate (Kang et al. 1995; 

Sweigard et al. 1995). The gene is host-specific, as it governs pathogenicity towards 

weeping lovegrass, but not towards rice or barley. The gene encodes a protein of 145 

amino acids including a putative signal sequence of 21 amino acids. Analysis of the 

protein sequence shows it to have a high percentage of glycines (18%) and charged 



amino acids (27.5%) (Knogge and Marie, 1997). The putative signal peptide suggests 

that the protein encoded by PWL2 is secreted (Sweigard et al. 1995). Low stringency 

hybridizations using PWL2 have resulted in the cloning of PWLl, PWL3, and PWL4. 

PWLl, PWL3, and PWL4 encode proteins of 147,137, and 138 amino acids, 

respectively (Kang et al. 1995). Like PWL2, all have a putative signal sequence of 21 

amino acids, and a high number of glycines (17-19% of all residues), suggesting 

relatedness (Knogge and Marie, 1997). PWL gene mutation frequencies are 

significantly higher than the rest of the Af. grisea genome, arguing that the PWL gene 

family is dynamic and rapidly evolving (Knogge, 1996). 

Southern blotting and pathogenicity tests indicated that rice pathogenic field 

isolates of M grisea that do not infect weeping lovegrass (24 out of 27), contain one 

or more copies of PWL2 (Knogge and Marie, 1997). And strains collected from 

different grasses such as Digitaria, pearl millet, finger millet or wheat harbor at least 

one sequence ranging from strongly to weakly homologous to PWL2. It is not known 

whether the homologs detected in the rice field isolates are functional, but it is 

intriguing that the majority of isolates unable to infect weeping lovegrass carry a 

PWL2 homolog. Isolates that have gained the ability to infect weeping lovegrass 

appear to do so by either deleting approximately 30 kb of the genomic region 

containing PW12 or by mutating the gene (Kang et al. 1995; Knogge and Marie, 

1997). 

An examination of spontaneous laboratory pwlZ mutants revealed that the 

mutants had deletions of thePIfI2 gene and surrounding genomic regions, rather than 
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insertions or nucleotide base changes. Interestingly, spontaneous pwl2 mutants are 

readily isolated from nonpathogenic progeny of crosses. The deletion of the gene 

could be explained by homologous recombination between flanking repetitive DNAs. 

The genomic region near contains a high number of both high-copy and low-

copy repetitive DNAs (Sweigard et al. 1995). Upstream of the coding sequence of 

PWL2, three 47 bp imperfect direct repeats exist, whose function is unknown. At least 

two copies of this repeat appear necessary for functionality of PWL2. At the 3' end, 

PWL2 contains two copies of a 19 bp overlapping perfect direct repeat (Knogge and 

Marie, 1997). It is not known whether these repeated elements could promote 

recombination events at the locus. 

No apparent fitness penalty, under laboratory conditions, was observed in 

strains with spontaneous deletions of the PWL2 gene. However, the widespread 

prevalence of PWL2 in field isolates implies that the functions of this gene may not be 

totally gratuitous under natural field conditions (Sweigard et al. 1995). Another 

member of the family, PWLl, was shown by segregation analysis to also control 

pathogenicity toward weeping lovegrass (Valent et al. 1986). Data was from an 

analysis of seven complete tetrads of a cross between a weeping lovegrass pathogen 

and a goosegrass pathogen. In an effort to identify cytological features of weeping 

lovegrass affected by PWLl, it was found that the allele oiPWLl that confers 

nonpathogenicity correlated with browning of plant cells around developing colony 

margins (Heath et al. 1990a). 
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No relationship between the presence of PWL gene sequences in fungal strains 

and their ability to infect weeping lovegrass has been observed, arguing that not all 

members of this family function as avirulence products. Indeed, two homologs, PWL3 

from a finger millet pathogen and PWL4 from a weeping lovegrass isolate, did not 

affect the ability of strains carrying one, or both, of the homologs. to infect weeping 

lovegrass. The absence of avirulence activity of PWL4 appears to be the result of 

improper expression of the gene, as the gene displays avirulence function when put 

under the control of either the PWLl or PWL2 promoters. Replacement of the PWL3 

promoter with the PWLl or PWL2 promoter did not activate avirulence function, 

indicating the gene is nonfunctional (Kang et al. 1995; Knogge. 1996). 

Other Avirulence Genes of Magnaporthe grisea 

A cross involving the fertile rice pathogen Guy 11 and an African isolate. 

ML25. identified three A VR genes by tetrad analysis. These three genes. ACEl 

(AVR1-Irat7), AVRl-MedNoi, dxid AVR1-Ku86 show cultivar specificity toward 

several rice cultivars. ACEl confers avirulence toward the rice cultivars DJ8-341, 

Carreon. and Irat7. AVRl-MedNoi confers avirulence toward rice cultivars MedNoi 

and CicaS. ^\y\\^AVRl-Ku86 confers avirulence toward rice cultivar Ku86 (Silue et al 

1992b; Dioh et al. 2000). For all of these genes, map-based cloning approaches have 

been utilized, although only one has been cloned. ACEl encodes a large 

multifunctional enzyme possessing several domains characteristic of polyketide 

synthases. It has been proposed that the XCEi gene product does not serve as the 
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signal that is recognized by resistant plants, but rather produces a secondary 

metabolite. If confirmed, i4C£i will represent a new class of fungal avirulence genes 

(Bohnert et al. 2001). 

Obstacles facing researchers of Af. grisea include the degree of repetitive DNA 

in the genome, as well as variability in the genetic to physical map distances. While 

mapping the AVR1-C039 chromosomal region, Farman and Leong, (1998) found a 

14-fold variation in the relationship between genetic and physical distance. Poor 

correlation of physical to genetic distance previously reported in M grisea was 

observed over relatively short distances. Such variations between physical and genetic 

distances complicate map-based cloning attempts. The use of several other 

techniques, such as RecA-mediated Achilles' Cleavage (RecA-AC) (See Fig. 1.4) 

(Farman and Leong, 1998) and Long-Range Inverse Polymerase-Chain-Reaction (LR-

INV-PCR) (See Fig. 1.5) (M.A. Mandel, personal communication), with map-based 

cloning approaches may facilitate the cloning of AVR genes of M grisea. 

In addition to the physically mapped A VR genes, evidence exists for a number 

of other X KR genes. For example, Zeigler et al. (1995) identified strains of M. grisea 

that are avirulent on the rice cultivar C039 yet lack the A VR1-C039 locus. These 

observations indicate that additional avirulence genes exist that display a cultivar-

speciftc interaction with C039. Other A VR genes, such as A VRI-MARA, have been 

mapped, but have not been cloned due to unfavorable features near the avirulence 

locus. AVRl-MARA maps to chromosome 2b, between molecular markers A12B5 and 

grh25 in the restriction fragment length polymorphism (RFLP) map constructed from 
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cross 4360, between parental strains 4224-7-8 and 6043. This gene confers avirulence 

to the rice cultivar Maratelli. Physical mapping of the A VRl-MARA locus has 

revealed that two large deletions have occurred in the virulent allele (Mandel et al. 

1997). Similarly, Fanrnan and Leong (1998) identified a 20-kbp deletion/insertion 

polymorphism between the parents used to map AVR1-C039 locus. Whether large 

deletions oiAVR genes of M grisea are a common event remains to be determined. 

Like several other M grisea A VR genes, repetitive DNA elements have been 

mapped near the i4KRi-M4^ locus. For example, the locus was originally mapped 

near an RFLP observed with the repetitive DNA portion of the retroelement, 

grasshopper (grh25). grh has long terminal repeats (LTRs) characteristic of retroviral 

and retrotransposon LTRs (Dobinson et al. 1993). Efforts to clone the locus were 

unsuccessful and a severe under-representation of clones from the area of the locus in 

cosmid libraries was observed. A Bacterial Artificial Chromosome (BAC) library of 

strain 4224-7-8 was constructed by Diaz-Perez et al. (1996) and also screened. 

However, no clones have been identified that contain significant portions of the locus. 

This may be in part due to the AT-rich nature of the locus (65-70% AT) (Mandel, 

personal communication). 

In contrast to the avirulent locus ofAVRl-MARA, the virulent locus, avrl-

MARA was readily cloned from a cosmid library of strain 4392-1-6, a strain from a 

breeding line that does not includey4 Analysis of cosmids spanning the 

virulent locus identified two segments that are absent in the virulent locus but present 

in the avirulent locus (Mandel et al. 1997). The region corresponding to the smaller 
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deletion (of approximately 14 kbp) has been shown not to contain \\\& AVRl-MARA 

gene The other deleted region, whose size is currently unknown, must therefore 

represent the genomic sequences containing A VRl-MARA. Interestingly, the border of 

the larger deletion is marked on one side by a fragment of MGR586 (M.A.Mandel, 

personal communication). If homologous recombination occurred among two 

MGR586 fragments, a "looping-out" of the region containing A KRi-M4A4 could 

occur, thereby transforming an avirulent isolate to a virulent isolate on the rice cultivar 

Maratelli. 

AVR-Pita 

Of the A VR genes cloned from M. grisea, A VR-Pita is the only one for which 

the corresponding rice R gene has also been cloned. AVR-Pita gene encodes a 

predicted 223 amino acid polypetide, with the stop codon located 48 bp from the start 

of telomeric repeat sequences. AVR-Pita shares homology to proteins with known 

biochemical function. It has significant similarity to fungal neutral metalloproteases 

ixomAspergillis spp. and Penicillium citrinum (Tatsumi et at. 1994; Matsumoto et al. 

1994; Altschul et al. 1997). Moreover, it appears to encode a neutral zinc 

metal loprotease, because of both the amino acid sequence similarity to fungal 

metalloproteases and the appearance of a motif typical of neutral zinc 

metal loproteases. AVR-Pita was most similar (27% identities and 44% conserved 

residues) to NpII, a neutral zinc metal loprotease from Aspergillus oryzae (Tatsumi et 

al. 1994). Protease activity has not been confirmed biochemically, but mutagenesis of 
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a residue predicted to be critical for protease function abolished avirulence function of 

the gene (Tatsumi et al. 1994: Orbach et al. 2000). Recently, Jia et al. (2000) 

demonstrated that the putative processed AVR-Pita,76 protein of 176 amino acids, but 

not the unaltered AVR-Pita223 protein of 223 amino acids, initiated the Pi-ra-dependent 

HR when produced inside rice cells by transient expression. 

Expression oiAVR-Pita is infection-specific, and high levels of expression 

occur during the later stages of the infection cycle. The timing of expression coincides 

with the penetration process of A/, grisea (Jia et al. 2000). In axenically grown 

cultures, no detection of expression of A VR-Pita in mycelia was observed, similar to 

results with the PWL2 gene (Orbach et al. 2000). Based on its expression in the host, 

it seems likely that recognition of AVR-Pita occurs inside the plant cell. Bryan et al. 

(2000) hypothesized that AVR-Pita is secreted into the plant cytoplasm during or after 

penetration and interacts directly with the Pi-ta resistance protein. In support of this 

idea, recombinant AVR-Pita protein applied by spray inoculation externally or by 

vacuum infiltration into the extracellular spaces in leaves, failed to elicit a response in 

rice seedlings containing Pi-ta. Jia et al. (2000) also speculated that AVR-Pita binds 

directly to the Pi-ta LRD (leucine-rich domain). The LRD has repeats that may 

represent residual LRRs partially lost through evolution. If the LRD functions like 

that of the LRRs of many resistance genes, a direct connection between the two 

proteins could occur. This specific interaction could subsequently lead to recognition 

and activation of the host defense response pathway. 



108 

How would a physical interaction between Pi-ta LRD and AVR-Pitai76 trigger 

the host defense response? Jia et al. (2000) propose that the binding of Pi-ta to AVR-

Pitai76 leads to a conformational change that would allow the Pi-ta protein to interact 

with or stimulate downstream proteins in the signal transduction pathway. Bryan et al. 

(2000) also suggested another possibility-that AVR-Pita,76 may cleave the Pi-ta 

protein to an active form. Alternatively, the susceptible allele of Pi-ta might be 

nonfunctional because it is degraded by AVR-Pita,;^. In such a scenario Pi-ta would 

act to inhibit HR and the degradation of Pi-ta might activate other proteins to trigger 

the defense response. Arabidopsis RPMl gene represents the dicot R gene most 

closely related to Pi-ta, and interestingly the RPMl protein appears to be degraded 

with the onset of HR and the resistance response (Jia et al. 2000). 

Studies of field isolates of M grisea show a general conservation of A VR-Pita. 

Use of the A VR-Pita gene as a probe demonstrated that restriction fragments were 

conserved within single genetic lineages in Columbia (Montenegro-Chamorro, 1997) 

and the Philippines (Zeigler et al. 1995). These results suggest that in some blast 

strains/lKR-P(Ya may reside in a chromosomal location other than the telomere, 

thereby accounting for variance in gene stability between laboratory and field strains. 

More detailed studies will be required to determine the relative frequency of the gene 

at telomeric locations in field isolates of M. grisea. Of strains exhibiting a loss of 

avirulence, the majority displayed deletions ranging from 100 bp to greater than 10 

kbp. Genetic instability so close to the telomere is not unexpected as there are 

precedents for instability at telomeres (Sprung et al. 1999; Lemmers et al. 1998). 
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Location of a gene in a genetically unstable region may represent a mechanism for the 

pathogen to alter its host range. Interestingly, one gain of virulence mutant had a Pot3 

transposon insertion (Kang et al. 2001), arguing that transposable elements are able to 

play a role in genetic change. 

Conclusions Regarding Avirulence Genes 

If the product of an i4 KR gene acts to signal a plant carrying a corresponding R 

gene to activate its defense system, thereby preventing successful colonization and 

infection, why would theAKR gene be maintained by natural selection? If the/lKR 

gene had no important function one would assume it would be selected against and 

eventually lost from the population. And if^lKR genes can be lost with no drastic 

detrimental effect on the pathogen, why do pathogens in nature continue to harbor 

them? One idea is that certain i4KR genes may indeed contribute to virulence or 

pathogen fitness (Keen, 1990). In this way, A VR genes could have either 

housekeeping (fitness) or have pathogenicity functions, encoding products such as 

enzymes involved in the degradation of plant substrates, toxins, or suppressors of the 

host defense responses (Lauge and De Wit, 1998). Such functions could improve the 

ability of the pathogen to successfully colonize and parasitize its host. It appears that 

many A VR genes do have a pathogenicity or fitness function (Gabriel, 1999; White et 

al. 2000). 

If fungal i4KR genes have the pleotrophic function of conditioning disease on 

susceptible hosts and conditioning resistance on other hosts, how great a disadvantage 
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does the pathogen suffer from the loss of the pathogenicity/fitness (avirulence) factor? 

Within the overall population of a pathogen, and disregarding how the population is 

partitioned (host of origin, site, or season), the observation that common pathotypes of 

M grisea typically are virulent on only a few host genotypes (can infect fewer hosts) 

compared to rare pathotypes (can infect numerous hosts) is consistent with a fitness 

disadvantage of accumulation of virulence (loss of AVR genes). Pathotypes 

compatible with all widely grown cultivars of rice have historically been considered 

an unnecessary level of virulence. That is, ability to infect a large number of different 

rice cultivars likely occurs at the expense of other important traits. However, the fact 

that some pathotypes are able to infect many different cultivars suggests that not all 

A VR genes confer a significant or detectable fitness penalty as a consequence of loss 

of function (Mekwatanakam et al. 2000). The prevalence of such highly virulent 

isolates may be the result of favorable, and susceptible, genetic backgrounds of the 

host. Conversely, it is possible that isolates that are able to infect many different 

cultivars might be prevalent in areas where many different resistant hosts exist, such 

that only strains lacking mostilKR genes would be able to find hosts. It is noteworthy 

that for the barley powdery mildew pathogen (JE/ysiphe graminis) in Europe, no 

significant deleterious effect of lost avirulence alleles could be detected. Over a 5 year 

period, during which the use of the principal R genes changed significantly, isolates 

collected showed a constant number of virulences. That is, the absence of AVR genes 

did not appear to curtail the frequency or population of highly virulent isolates 

(Andrivon and de Vallavieille-Pope, 1993). As more fungal avirulence genes are 
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cloned and characterized, an assessment of their contributions, as well as estimations 

of resistance gene durability will be possible. 

In cases where an incompatible interaction occurs, how does theAK^ gene 

product interact in a gene-for-gene manner with the R gene product? It appears that 

many A VR genes encode proteins that bind to plant response receptors (R gene 

products) in or on the plant cell. The members of the avrBs3 avirulence gene family 

of Xanthomona; encode functional NLS motifs and ADs, indicating the gene products 

are targeted to the host cell nucleus (Yang and Gabriel, 1995). Numerous A VR gene 

products of pathogenic bacteria have now been shown to be localized (and recognized) 

within the host plant cell, such as the products of avrRpt2 and avrB (Leister et al. 

1996), and avrBsS (Van den Ackervecken et al. 1996). Additionally, Chen et al. 

(2000) has demonstrated that the avrRptZ gene product promotes its virulence (on 

susceptible cultivars) from within the host cells. Other studies have shown that A VR 

gene products and R gene products can physically interact within the cell. Using a 

two-hybrid system. Tang et al. (1996) demonstrated that the Pto kinase of tomato 

physically interacted with the AvrPto protein of P. syringae pv. tomato. Shan et al. 

(2000) also demonstrated that the AvrPto protein is localized to the plant plasma 

membrane, a likely area for R gene products. 

A VR genes may also be retained in the genome of a pathogen if those genes 

contribute to the fitness. In the most dramatic case, it may not be possible for the 

pathogen to lose the function of an /I KR gene. For example. Vera Cruz et al. (2000) 

provided evidence that the fitness penalty (reduced aggressiveness and lack of 



112 

persistence of the strain in the field) resulting from mutation of the X oryzae pv. 

oryzae gene avrXa? is sufficiently high to reduce the potential for disease epidemics 

on a rice line carrying the R gene Aa7. In contrast, there was no apparent penalty 

associated with loss of avrXalO function, and epidemics occurred on the rice line with 

the XalO R gene. However, it is quite possible, if not probable, that avrXalO has a 

function that contributes to fitness and that loss of the gene is disadvantageous in the 

absence of selection against it. When a phenotype for the loss of an A VR gene is not 

observed it may simply represent a circumstance where the gene contributes to overall 

pathogenic fitness in a manner not detectable with current screens and assays. 

Defense responses triggered by AYR genes appear to be programmed 

responses, suggesting that, if the gene also has a role in pathogenicity, it must be 

to trigger and bring about events in the plant cell other than defense. As A VR genes 

are found principally in pathogens believed to be biotrophic, their selective value must 

then be associated with the pathogenicity unique to biotrophs. That is, they function 

pleotrophically to condition pathogenicity on all hosts tested (often with increased 

pathogen growth in planta) in the absence of a cognate (gene-for-gene) R gene 

(Gabriel, 1999). For instance,/?/^, the first member of i\\&Xanthomonas 

avrBs3/pthA gene family to be accredited as essential for pathogenicity, is necessary 

for the production of necrotic cankers on all species of citrus attacked by X. citri 

(Swarup et al. 1991). And avrA and avr£ of P. syringae pv. tomato have important 

pathogenicity effects on susceptible tomato (Lorang et al. 1994). In such a way, A VR 

genes may present a selective advantage by encoding pathogenicity factors that confer 
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an enhanced virulence on susceptible hosts (Staskawicz et al. 1995). Other >1VR 

genes, such as several of those found in X campestris pv. malvacearum, do not 

display obvious selective value when weighed individually, but when evaluated 

together demonstrate weak, yet additive and synergistic effects of pathogenicity on 

cotton (Yang et al. 1996). An /4gene of a fungal pathogen, assuming it does not 

have an apparent direct effect on pathogenicity, may still have an important fitness 

advantage, such as spore dispersal or survival (such as overwintering or during periods 

where there are no host plants available) (Lauge and De Wit, 1998). 

The evolutionary success of many plant pathogens may rest with their ability 

to evade host recognition. Tandemly repeated motifs inpthA and other members of 

ihe avrBsJ gene family provide hot spots for recombination and thus may accelerate 

evolution of this gene family in Xanthomonas. Intragenic recombination between 

inexact repeats not only introduces genetic variation, but also has the potential to 

amplify mutant repeats. Both intergenic and intragenic recombination among 

members of ihe avr/pth gene family of X. campestris pv. malvacearum have been 

suggested as the mechanism driving the high rate of race change (Yang and Gabriel, 

1995). Such mutations may lead to the disruption of the avirulence phenotype while 

avoiding loss of the virulence or fitness function of the gene. Spontaneous loss-of-

function mutations have also been observed in several studies. Not surprisingly, these 

mutations can involve gene deletions or transposon insertion. Although anAVR gene 

that no longer functions in a gene-for-gene manner could be reactivated through 

reverse mutation, events whereby new avirulence specificities, pathogen races, or 
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avirulence genes are generated are likely rare (Yang and Gabriel, 1995). However, 

Statler (1985) reported that mutational analysis revealed spontaneous gain>of-function 

mutations that generated new avirulence specificities and new pathogen races at 

approximately the same frequency as loss-of-function mutations in M. lini. A growing 

body of evidence suggests that most microbial genes conditioning pathogenicity, 

including ihe hrp, pathogenicity, dxvlAVR genes, exist in most pathogenic isolates 

because of horizontal gene transfer, often involving movement of gene clusters in 

"pathogenicity islands". Since horizontal transfer is a stochastic process, many A VR 

genes are likely to be pathogenicity genes, following their transfer to strains in which 

their function may be either gratuitous or detrimental (Gabriel, 1999). For instance, 

Jackson et al. (1999) reported a 30-kb region of a 154-kb plasmid from P. syringae pv. 

phaseolicola contained the previously identified /4KR genes avrD, avrPphC and 

AvrPphF, as well as 3 potential pathogenicity genes. The putative virulence gene 

products are predicted to encode hydrophilic proteins and have a hrp-bo\ promoter 

motif, indicating regulation by HrpL, a characteristic of bacterial A VR genes. Thus, a 

cluster, or island, ofAVRznd potential pathogenicity genes, resides on a plasmid that 

may be horizontally transferred to other Pseudomonads. An example of the potential 

for transfer of gratuitous A VR genes has already been observed. Copper sprays are 

widely used in some areas to control disease, and copper resistance has been found 

linked voAVR genes on self mobilizing plasmid recovered from strains of Al 

campestris pv. vesicatoria in Florida (Stall et al. 1986). 
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Support for horizontal transfer has been based on the presence of some A VR 

genes on plasmids. Additionally, inverted repeats similar to the terminal sequences of 

the Tn3 family of transposons have been found at both ends of AVR genes of 

Xanthomonas spp. in the avrBs3/pthA family, indicating ancestral transposition may 

have occurred (Kim et al. 1998). Further evidence is found in the discrepancy of 

G+C content oi AVR genes versus the overall G+C content of the strain. For example, 

the G+C content of every A VR gene cloned from P. syringae is low for the species 

(Gabriel, 1999). The prevalence of horizontal transfer, whether in prokaryotes or 

eukaryotes suggests there is good reason to believe that many A VR genes are 

gratuitously present in pathogens following horizontal transfer from other species. In 

susceptible plant cultivars (those lacking the corresponding^ gene), the "avirulence" 

gene of the pathogen may act as a pathogenicity factor. It may also become an elicitor 

of host defense responses if the plant is able to recognize and interact with such a 

factor. 

Plants and plant-pathogenic bacteria have co-evolved during a long period 

existence and interaction. A model by Alfano and Collmer (1996) asserts that the 

proliferation and distribution of bacterial virulence/avirulence genes among strains of 

a given taxon, may have arisen from two driving forces. First, alteration of the plant 

targets of virulence genes would decrease the pathogenic ability of the pathogen. 

Second, a plants gene that recognizes a virulence gene, and subsequently activates 

plant defense responses, would abolish the value of the corresponding virulence gene. 

Therefore, a successful pathogen would have evolved multiple virulence genes. Each 



116 

one of the virulence genes has the potential to become mAVR gene if a plant can 

recognize the gene product. The correlation of bacterial A VR genes with mobile DNA 

elements provides a basis for the rapid appearance of new strains by acquisition of 

genes that contribute to pathogenicity or by elimination of genes that have become 

liabilities (Kimetal. 1998). 

Because of the large number of i4KR genes cloned from bacteria pathogens, 

most models and conclusions of the functions and interactions oiAVR genes are based 

on findings with bacteria. Until more genes are cloned from fungi it will be difficult 

to determine if there are general trends for the functions of fungal A VR genes on 

susceptible hosts. That is, whether or not fungal A VR genes condition pathogenicity 

on susceptible cultivars or species, or whether the genes contribute to the fitness of the 

pathogen. The A VR gene nipl from R. secalis provides the only example of a fungal 

A VR gene product that contributes to successful infection on susceptible barley 

cultivars. However, the activity of NIPl is likely not representative for most fungal 

A VR gene products, as NIPl does not apparently activate the hypersensitive response 

of plants, but instead activates a different resistance response. A VR genes of C Julvum 

have not been shown to have either fitness or pathogenicity characteristics, but it is 

quite possible that these genes, such as Avr4 and Avr9, provide a selective advantage 

for strains carrying them. 

The A VR genes of M grisea, such as the PWL genes and A VR-Pita, also have 

not been shown to have function other than their avirulence phenotype. The presence 

of PWL homologs in both rice and non-rice infecting strains of Af. grisea argues for an 



117 

advantageous function of a PWL gene (Kang et al. 1995). Although the PWL genes 

limit the host range of rice pathogenic isolates, the activity of the PWL genes could 

improve infection and colonization. It would be of interest to determine whether an 

absence of functional PWL genes in rice pathogenic isolates affects either infection 

severity on rice or the persistence of the isolates in the field. A VR-Pita is predicted to 

have protease activity and several researchers have offered possible outcomes of 

protease activity, should it exist (Jia et al. 2000; Orbach et al. 2000; Bryan et al. 2000). 

Because v4KR-P/Va, like theP(fX genes, seems expressed exclusively during the 

infection cycle, it seems likely that the primary function of the gene is to improve or 

facilitate infection of the host. 

Understanding how znAVR gene triggers specific resistance genes should 

provide insight into effective R gene combinations for pyramiding strategies. In the 

longer term, understanding the molecular basis ioxAVR gene activation of plant 

resistance should lead to the development of new strategies for durable disease control 

that utilize the plant's natural defense system. One way to use specificity genes is to 

introduce genes for avirulence from a pathogen directly into plants having the 

corresponding genes for resistance. De Wit (1992) introduced this method as the two-

component sensor system. In such a scenario the activation of the A VR gene in the 

plant would lead to the induction of the host cellular defense responses, and 

subsequently a successful resistance response. However, for such a tactic to 

successfully work, several criteria would have to be met. First, pathogen specificity 

would need to be very broad such that resistance would be effective against any 
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pathogen inducing expression of the chosen promoter. Second, the defense response 

launched by the R gene encompasses more a response than the expression of a single 

defense gene, such as chitinase. Finally, the defense response would theoretically 

occur only in infected tissue (Bent, 1996). Several attempts at such a defense-

response-inducing strategy have been undertaken, with encouraging results (Lauge 

and De Wit, 1998). 

Hammond-Kosack et al.(1994) transferred i4vr9 under control of the 

constitutive 35S promoter of the tobacco mosaic virus. In this instance, transgenic 

plants suffered lethal consequences. The use of a promoter that produced constitutive 

Avr9 expression resulted in the onset of necrosis, demonstrating the need for a specific 

pathogen-induced promoter. Since those initial attempts, constructs have been made 

in which ihe Avr9 gene or the Cf-9 gene (Jones et al. 1994) is under control of the 

pathogen-inducible promoter, PgstI (Strittmatter et al, 1996) and they were transferred 

to tomato plants. Several transgenic lines of tomato showed resistance to strains of C. 

fiilvum lacking the/lvrP gene, indicating induction of the Avr9 transgene. Fungal 

growth was arrested due to the induction of HR, and the plant was therefore resistant 

(De Wit, 1997). Expression of others KR genes in planta has demonstrated that the 

genes function inside the plant cells. For example, if AvrB of P. syringae is expressed 

in Arabidopsis plants carrying RPMl by either transient or stable transformation, it is 

lethal (Gopalan et al. 1996). Leister et al. (1996) demonstrated that transient 

expression of avrRpt2 in plants elicited an HR in a gene-for-gene specific manner. If 
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specific and inducible promoters can be utilized, it appears that many A VR genes have 

the potential to be transferred into plants for use as a disease resistance mechanism. 

In general, it appears that/4KR genes have a conserved function, that being 

either pathogenicity or fitness. Unlike R genes, most of which exhibit structural 

conservation, A VR genes show great diversity structurally. Considering that A VR 

genes appear to represent host-species-specific pathogenicity factors, it is not 

surprising that avirulence products encompass a wide-range of structures. Bacterial 

AVR genes require a type III secretion system that likely delivers the i4KR gene 

product to the host cell. In a gene-for-gene interaction these protein signal molecules 

bind plant response receptors in or on the plant cell. Although fungi do not utilize a 

type III secretion system, there is evidence that fungal A VR gene products are also 

transferred to the host cell (Zhou et al. 2001). Many bacterial A VR genes studied have 

been demonstrated to have a fitness or pathogenicity effect on susceptible hosts. For 

fungi evidence is limited, as few AVR genes have been cloned. Although significant 

progress has been made in the characterization of AVR genes, numerous questions 

remain. For example, do the apparent requirements for specific localization motifs for 

A VR gene products indicate that the proteins are targeted to specific sites, possibly 

defense signaling complexes, within the host? Do the localization requirements for 

avirulence activity indicate that the host resistance-gene products are targeted? 

Continued examination of the gene-for-gene interaction should address these questions 

and provide viable prospects for the development of durable plant resistance. 
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11. IDENTinCATION AND CHARACTERIZATION O?AVRZ-MARA, A STABLE 
AVIRULENCE GENE OF THE PATHOGENIC FUNGUS MAGNAPORTHE 

GRISEA 

Abstract 

Genetic analysis of cultivar specificity in the rice blast i\mg\xs, Magnaporthe 

grisea, has identified A VR2-MARA, an avirulence gene that confers avirulence toward 

the rice cultivar Maratelli. A VR2-MARA was identified and mapped to Chromosome 

7, between markers cos 196 and cos209, through restriction fragment length 

polymorphism (RFLP) analysis. Walking from markers on both sides ofAVR2-MARA 

allowed the identification of sequences that were inseparable from the locus, but we 

were unable to clone the complete locus. In contrast, avr2-MARA, the virulent locus, 

was isolated. During our study we found that the segregation of avirulence on 

Maratelli corresponded with the segregation of avirulence for the rice cultivars M-103 

and M-201. AVR-M201, which confers avirulence toward the rice cultivar M-201, was 

identified several years ago (Valent et al. 1991), but never mapped. In our mapping 

cross, consisting of 65 progeny,/I andAKR-M20i are inseparable. 

Furthermore, we isolated two virulent mutants of A VR2-MARA via UV mutagenesis 

and both had also gained virulence on cultivars M-103 and M-201. This suggests that 

A VR2-AiARA, A VR-M201 (and A VR-M103) are the same avirulence gene. 

Introduction 

Rice blast disease, caused by the filamentous ascomycete, Magnaporthe grisea 

(Hebert) Barr (Rossman et al. 1990), remains the most agriculturally significant fungal 
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disease of rice, while also affecting numerous other grass species (Ou, 1985). 

Although intensive breeding efforts to develop stable resistance to rice blast have been 

attempted, the high degree of pathogenic variability of the fungus has often lead to 

disease outbreaks within several years of the introduction of a new rice cultivar (Lee, 

1994). Typically, the average agronomically usable life span of resistant cultivars is 

only 2-3 years in areas prone to blast disease (Leung et al. 1988). New races, or 

pathotypes, of the pathogen appear in the field with the ability to successfully attack 

and colonize previously resistant rice cultivars. Differences in cultivar specificity 

were first observed in 1922, and since then rice pathogens have been divided into 

hundreds of races, depending on the rice cultivars or grasses they are able to infect 

(Yamada, 1985). 

Grasses susceptible to certain races of M gn'sea include crops such as finger 

millet, barley, wheat, and maize (Ou, 1985; Urashima et al. 1993) as well as other 

graminaceous weeds growing near cultivated crops (Borromeo et al. 1993; 

Mekwatanakam et al. 2000). Molecular genetic analyses indicate thatM grisea 

represents a number of genetically distinct, asexually reproducing populations (Zeigler 

et al. 1994). Rice pathogens embody one population that is distinct from those 

populations able to infect other grasses such as the millets, wheat, and maize. The 

genetic variability of the fungus has hampered control methods and Baker et al. (1997) 

assessed worldwide crop losses due to M grisea between 1975 to 1990 at 11-30% 

(157 million tons). In monetary terms, it is estimated that rice blast costs farmers 5 

billion dollars (US$) a year (Ronald, 1997). 



149 

In contrast to susceptible varieties, resistant cuitivars of rice display typical 

plant responses of a rapid, localized cell death termed the hypersensitive response 

(HR), with characteristic features of an oxidative burst, increased expression of 

pathogenesis-related (PR) genes, lignin formation, and production of antimicrobial 

compounds (Cutt and Klessig, 1992; Goodman and Novarcky, 1994; Mehdy, 1994). 

In general, the highest levels of resistance are governed by one, or a few major genes, 

that are effective only towards avirulentA/. grisea isolates (Ou, 1985; Kiyosawa et al. 

1986). 

The rice blast system represents a classical gene-for-gene model (Flor, 1971) 

in which the resistant response in the host is induced following interaction between 

host and pathogen containing corresponding resistance (R) and avirulence genes 

iAVR) respectively (Zeigleret al. 1994). AVR genes may encode elicitor molecules 

that are detected, directly or indirectly, by the corresponding R gene product, or they 

may encode enzymes that generate small ligand molecules that act as the recognition 

factors. Upon recognition by the plant R gene product, the host defense responses are 

induced, thereby inhibiting pathogen spread and the development of disease. To date, 

at least 20 major genes conferring resistance to rice blast have been described, and 

several have been positioned on rice genetic maps (McCouch et al. 1994; Ghesquiere 

et al. 1997). The field efficacy of these ̂  genes, however, is likely dependent on the 

biological function of the corresponding/4KR gene. The advantageous function of an 

AVR gene, independent of its function to activated gene-mediated defense responses 
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by the host, as well the fitness and pathogenicity costs oiAVR gene loss or mutation, 

likely determines the relative durability of that resistance gene in the field. 

AVR genes are predicted to encode molecules whose function is to facilitate 

growth and/or pathogenicity (Leach and White, 1996; Lauge and De Wit, 1998; 

Gabriel, 1999). Intuitively, the primary function of an A VR gene of a pathogen is not 

to trigger resistance gene-mediated responses of the host plant. Examination of 

bacterial A VR genes has provided hints as to the principal functions oiAVR genes, 

although functions have been identified for only a small proportion of reported 

bacterial A VR genes. Structurally, bacterial AVR genes fail broadly into two types: 

those similar to avrBsJ of X. campestris pv. vesicatoria that are found in the genus 

Xanthomonas, and those that have been identified predominantly in P. syringae 

(Vivian et al. 1997). In terms of the types of avirulence-generated signals, two distinct 

signals appear to exist for pathogenic bacteria. Exported syringolides (C-glucosides 

with a novel tricyclic ring) are produced by enzymes encoded by the avrD locus of P. 

syringae pv.glycinea. For other bacterial species, the AVR protein itself is now 

thought to be the signal (Salmeron and Staskawicz, 1993; Keen et al. 1994; 

Hammond-Kosack and Jones, 1997). 

Several characterized bacterial /I KR genes appear to encode proteins involved 

in pathogen fitness or pathogenicity. For example, Vivian et al. (1997) showed that 

mutation of the avrBsZ locus in X. campestris pv. vesicatoria leads to a reduction in 

the growth rate of the bacterium in the normal host, pepper. The mutation of a 

homologous gene in X. campestris pv. alfalfae showed a similar growth rate reduction 
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in alfalfa. Thus, if avrBs2 is lost or rendered non-functional the pathogen appears to 

suffer a significant fitness penalty (Staskawicz et al. 1995). avrBs2 encodes a 

predicted protein with similarity to an enzyme responsible for the catalyzation of 

phosphodiester linkages, agrocinopine synthase of the plant ^2x[\o%&nAgrobacterium 

tumefaciens, and to an enzyme that hydrolyzes phosphodiester linkages, UgpQ of 

Escherichia coli (Swords et al. 1996). While the mode of action of avrBsZ is 

unknown, its role in successful colonization of pepper suggests its function is highly 

selected for. Vera Cruz et al. (2000) have also provided evidence that a fitness penalty 

(reduced aggressiveness and lack of persistence of the strain in the field) resulting 

from mutation of the Al oryzae pv. oryzae gene avrXa? is sufficiently high to reduce 

the potential for disease epidemics on a rice line carrying the R gene Xa7. 

Several other bacterial A VR genes have been shown to have virulence 

functions. For instance, prM, the first member of \3n&Xanthomonas avrBs3/pthA gene 

family to be shown as essential for pathogenicity, is necessary for the production of 

necrotic cankers on all species of citrus attacked by X citri (Swarup et al. 1991; Leach 

and White, 1996). And avrA and avrE of P. syringae pv. tomato have important 

pathogenicity effects on susceptible tomato (Lorang et al. 1994). Recently, it has been 

demonstrated that AvrPto has a virulence function (Chang et al. 2000; Shan et al. 

2000). P. syringae pv. tomato strains carrying the avrPro gene exhibited enhanced 

growth and greater necrosis on tomato lines lacking the Pto resistance gene. 

White et al. (2000) have suggested the function of some AVR proteins may be 

analogous to type-III-dependent factors of pathogenic bacteria, such as Yersinia, that 
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appear to disrupt signaling and structural pathways of the host general defense 

response. Electron microscopy analysis of Xanthomonas hrp mutants by Brown et al. 

(1995) demonstrated that these virulence factors appear to suppress non-specific host 

defense responses and interfere with signal transduction pathways of the host, as has 

been described for some Yersinia Yop proteins (Comelis and Wolf-Watz, 1997). 

Incidentally, avrRxv of Al campestris p\.maivacearum has sequence relatedness to 

the virulence factor YopJ from Y. pseudotuberculosis (Mills et al. 1997). Although 

avrRxv has not been shown to have a virulence function, its similarity to a product of a 

mammalian pathogen is intriguing. Other A genes known to have a part in 

aggressiveness or fitness in host plants are avrRpml from P. syringae pv. 

maivacearum, and avrRpt2 from P. syringae pv. tomato (Innes et al. 1993).. 

Virulence functions and a role in bacterial fitness have also been demonstrated for a 

functional A KR gene homolog in Erwinia amylovora (Kim et al. 1998). 

Unlike bacterial A VR genes, very few fungal A VR genes have been cloned. 

Two have been cloned from Cladosporium ftilvum, the tomato wilt pathogen. 

Extensive analysis of these two genes, >lvr4 (Joosten et al. 1994) and Avr9 (Van Kan 

et al. 1991), has identified features that may contribute to their gene-for-gene 

interaction with the corresponding resistance genes of tomato, Cf4 and Cf9, 

respectively. However, unlike many bacterial AKR genes, no primary function has 

been determined for either of the genes. Another fungal A VR gene, nipl, has been 

isolated from the barley pathogen Rhynchosporium secalis and has been shown to 

encode a phytotoxic peptide Thus, nipl encodes a factor that determines avirulence 
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on resistant cultivars. and virulence on susceptible cultivars of barley. Races lacking 

nipl appear to be less virulent than races carrying this gene (Rohe et al. 1995). 

AVR genes such as nipl, Avr4, ̂ ndAvr9 have been cloned using reverse 

genetic approaches in which the gene products were isolated from apoplastic fluids 

and then characterized. In contrast, such reverse genetic approaches have not 

succeeded for intracellular fungal pathogens such as M grisea (Orbach et al. 2000). 

Although more than 25 AVR genes have been identified in M. grisea (Notteghem et al. 

1994), only a fraction have been mapped (Sweigard et al. 1993; Valent and Chumley, 

1994; Nitta et al. 1997). Of the genes described, 15 originated from a parental isolate 

pathogenic on rice and 10 from a parental isolate pathogenic on another grass host 

(Dioh et al. 2000). 

Several of the A VR genes of M. grisea have been termed unstable, due to the 

appearance of spontaneous virulent lesions during laboratory infection assays (Valent 

and Chumley, 1994). For example, A VR-Pita demonstrated frequent spontaneous 

mutation to virulence on rice cultivars containing the^ genePZ-ra (Orbach et al. 

2000). The close proximity oiAVR-Pita to the telomere is likely to contribute to the 

high frequency of spontaneous mutations to virulence. Four of the eight/4KR genes 

mapped in M grisea to date have been located.near chromosome tips. Two mapped 

A VR genes are positioned in sub-telomeric regions that are known to be rich in 

repeated sequences in many eukaryotes (Dioh et al. 2000). However, other/I genes 

of M grisea, in particular those that were crossed into a rice-pathogen background, 

appear to be stable. One such A VR gene, A VRl-MARA, has been shown to interact 
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with the rice cultivar Maratelli in a gene-for-gene manner. It exhibits stability, with 

very rare mutations to virulence. AVRl-MARA maps to chromosome 2 of the 

integrated map (Nitta et al. 1997), and physical mapping of the A VRl-MARA locus has 

revealed that two large deletions have occurred in the virulent allele (Mandel et al. 

1997). It appears i4KRi-M4^ is located in a large region (>50 kb) of AT-rich 

sequence (M.A. Mandel, personal communication). 

Genetic analysis identified a second A VR gene of M grisea, A VR2-MARA. that 

also interacts in a gene-for-gene fashion with Maratelli. This gene, which was derived 

from a finger millet pathogen, also appears stable; repeated screens for spontaneous 

mutations to virulence failed to identify lesions on Maratelli. The presence of this 

finger millet pathogen gene that confers cultivar-specificity towards a rice cultivar 

suggests ihaA A VR2-MARA encodes an important function for A/, grisea in its 

interaction with finger millet. We present here the characterization of A VR2-MARA. 

A map-based cloning approach was used to identify the chromosomal location of the 

AVR2-MARA locus, and subsequently characterize the locus, as well as the virulent 

locus. Mutagenesis oiAVR2-MARA was carried out to investigate the stability of the 

gene. During the course of the study, a correlation of the presence of Al7i2-MA/iA 

and resistance by the rice cultivars M-103 and M-201 was observed. 

Materials and Methods 

Fungal strains 

The A/, grisea strains used in this study are described in Table 2.1. Strain 

designations are as follows; strains named O- are field isolates from rice and field 
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Table 2.1: Strains used in this study 

Strain source Host 

0-135 
4091-5-8 
4136-4-3 

4314-R-24 
4360-17-1 
4392-1-6 
G-22 

G-17 
4360-R-13 
4375-R-26 
70-15 
302-UV6 MC#2 
318-UV6 MC#2 
4321-R- progeny 
4321-R-9 

4321-R-302 

4321-R-318 

AZ20-R-
AZ21-R-

1-25 
1-25 

Field isolate from rice in China. avrl-MARA, avrZ-MARA, MAT/-/ 
Laboratory strain, infects weeping iovegrass and finger millet, MAT 1-2 
Laboratory strain, mating-type tester, MAT 1-1 

Laboratory strain, infects weeping Iovegrass, rice, A VR2-MARA, MAT 1-1 
Progeny of cross between 4224-7-8 and 6043, A VRl-MARA, avt2-MARA 
Laboratory strain, infects weeping Iovegrass, rice, A VR2-MARA, MATl-1 
(WGG-FA40), pathogenic on finger millet and weeping Iovegrass, 
nonpathogenic on rice, MAT 1-1 
(K76-79), pathogenic on weeping Iovegrass, nonpathogenic on rice, MAT 1-2 
Rice pathogen, contains A VRl-MARA. avr2-MARA. MAT 1-2 
Rice pathogen, contains A VRl-MARA, MAT 1-2 
Laboratory strain derived from the field isolate Guyl 1. pathogenic on Maratelli 
UV mutant of progeny 4321-R-302 {AVR2-MARA. MAT 1-1) 
UV mutant of progeny 4321-R-318 (A VR2-MARA, MAT 1-2) 
Progeny of a cross of 0-135 x 4314-R-24 (65 progeny) 
4321 \trogeny,AVR2-MARA, avirulenton Maratelli. M-103. and M-201. 
MAT 1-2 
4321 progeny,/tKiR2-A/i4^, avirulent on Maratelli, M-103, and M-201, 
MAT 1-1 
4321 progeny,/I KiR2-M4^, avirulent on Maratelli, M-103, and M-201, 
MAT 1-2 
25 randomly isolated progeny of a cross of 302-UV6 MC#2 x 4321-R-9 
25 randomly isolated progeny of a cross of 318-UV6 MC#2 x 4392-1-6 

Reference 

Valent et al. 1991 
Valentetal. 1986 
Valent and 
Chumley,1987 
Valentetal. 1991 
Sweigard et al.l995 
Sweigard et al.l995 
Valentetal. 1987 

Valent et al. 1987 
Sweigard et al. 1993 
Sweigard et at. 1995 
Zhu et al. 1997 
This study 
This study 
Valentetal. 1991 
Valentetal. 1991, 
This study 
Valent et al. 1991, 
This study 
Valent et al. 1991, 
This study 
This study 
This study 
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isolates obtained from grasses other than rice are name G-. The fertile laboratory 

strain 4091-5-8 was a progeny strain from a cross between a Japanese field isolate that 

infects weeping lovegrass, G-17, and a Japanese field isolate that infects finger millet 

and goosegrass, G-22 (Valent et al. 1986). Strain 4091-5-8 is a pathogen of weeping 

lovegrass and finger millet, but does not cause disease on any of 15 rice cultivars, 

including Maratelli, tested. The field isolate 0-135 infects both rice and weeping 

lovegrass (Valent etal. 1991). 

Fungal crossing and growth conditions 

Crossing methods were similar to those described by Valent et al. (1986) and 

Crawford et al. (1986). Crosses were performed by placing small agar sections of 

mycelium, from two strains, 3 to 4 cm apart on oatmeal agar medium. Mating plates 

were maintained at 19 °C to 22 °C under continuous fluorescent light for 14 to 25 

days, depending on the growth of each strain and the subsequent development of 

perithecia. Individual mature perithecia were transferred to 4.0 % water agar media. 

Dissection of perithecia and isolation of asci and ascospores was done using an 

Olympus SZH-ILLB dissecting microscope (Olympus Optical Co. Ltd., Japan) with 

magnification ranging from 7.5 to 64 X. Perithecia were dragged over the agar 

surface to remove conidia and other debris and then crushed between a pair of fine 

tipped tweezers to squeeze open the perithecia. The globular mass of asci was 

transferred to a new 1.5% water agar plate and a fine glass needle was used to separate 

asci. Asci were teased open with the glass needle, releasing ascospores. 100 (il of 

0.25% gelatin was placed on the plate and the ascospores were spread over the 
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surface. Plates were incubated at 28 °C for 24-48 hours. Isolated germinated 

ascospores were individually transferred to oatmeal agar media plates. This procedure 

yielded random ascospores from several different perithecia. A sterile filter disc was 

placed in the wells of strains in preparation for storage. Strains were grown 10 to 14 

days on oatmeal media and allowed to overgrow the filter disc. Discs were placed into 

sterile glassine stamp envelopes and placed into a desicator 14+ days, before transfer 

to-20°C. 

Fungal Transformation 

Fungal transformation was performed as described (Sweigard et al, 1995). 

Cosmids of the 4091-5-8 cosmid library used to transform protoplasts of strain 0-135 

contained a selectable marker encoding hygromycin B resistance, the HPH gene on 

the pMOcosX cosmid vector (Orbach, 1994). For transformation with smaller 

genomic fragments, a second fff'^-containing vector, pAMllZl was utilized (See 

Table 2.2). Cosmid fragments were isolated and ligated into digested pAM1121. 

Because pAM1121 has a pBluescript backbone, numerous restriction enzyme sites are 

available for subcloning. Transformation of M. grisea protoplasts with the pAM1121 

construct, or the construct with insert, followed protocols as described by Sweigard et 

al. (1995). Fungal transformants were selected on complete regeneration top agar 

plates + hygromycin at 150-200 (ig/ml. 

DNA hybridizations and probe preparation 

All Southern hybridizations were performed essentially as described in 

Sambrook et al. (1989). For mapping telomeres, the M03 telomeric repeat 



Table 2.2: Plasmids used in this study 

Plasmid Relevant characteristics Reference or source 

pBluescript II, KS4- Cloning vector, Ap" Stratagene 
pAM39 3.2 kb EcoRl fragment in pBluescript KS-, linked ioAVRI-MARA Mandel et al. 1997 
pAM886 2.0 kbKpnMSall fragment in pBluescript SK+. linked \oAVRl-MARA M.A Mandel, pAM886 

unpublished 
pAM910 600 bp RAPD product of primer 732 cloned into pCR2.1 This study 
pAM923 cos209 (4091-5-8) BamHl end fragments clone: contains 2.3kb This study pAM923 

BamWMHindiW fragment and 1.0 Vb BamyWIHindWX fragment 
pAM965 1.9 kb HindWX fragment of BAC 21G1 (4224-7-8) in pBluescript SK-t- This study 
pAM980 1.3 kb HindWX fragment of BAC 11B16 (70-15) in pBluescript SK4- This study 
pAM981 1.8 VhHindiXX fragment of BAC 11B16 (70-15) in pBluescript SK-f- This study 
pAM983 3.5 kb HintHXX fragment of BAC 11B16 (70-15) in pBluescript SK-f- This study 
pAM1061 1.8 kb HindlXX fragment of cosl3H10 (4091-5-8) in pBluescript SK-t- This study 
pAM1062 2.7 kb Sad fragment of cosl5Hl 1 (4091-5-8) in pBluescript SK-f This study 
pAM1063 3.3 kb EcoKW fragment of coslSHl 1 (4091-5-8) in pBluescript SK+ This study 
pAM1092 2.1 kb XhoX fragment of coslSHl 1 (4091-5-8) in pBluescript SK+ This study 
pAMllO? 4.5 kb £'coRI fragment of BAC 11B16 (70-15) in pBluescript SK-f This study 
pAMim 2.7 kb PCR fragment of 0-135 genomic DNA in pCR, contains the This study 

avr2-MARA locus 
pAM1121 HpaX fragment containing the HPH gene of pCB1004 in the SmaX M.A. Mandel, 

site of pBluescript SK-f unpublished 
pAM113] 1.8 kh HindXXX fragment of pAM1061 cloned into pAMl 121 This study 
pAMn46 6.5 kb Apal fragment of cosl3H10 (4091-5-8) in pBluescript SK-f This study 
pAMn49 6.5 kb ApaX fragment of pAMl 146 in pAMl 121 This study 
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oligonucleotide, 5'-(AACCCT)4-3' was end-labeled and used as a probe. Labeling 

was performed using T4 kinase, by mixing 1.8 ^l of the M03 oligonucleotide (at 10 p 

mole/^l), 5.0 ^1 of lOX kinase buffer, 31.2 (il of ddH20,2.0 ^1 of T4 Kinase, and 10.0 

^1 of y-^^P-ATP. This reaction was incubated at 37 "C for 45 minutes, followed by a 

15 minute incubation at 65 °C to inactivate the kinase enzyme. The reaction was run 

through a G-25 Sephadex (Pharmacia Biotech) column. The single-stranded eluted 

probe was added to a MSI membrane blot that had been prehybridized for 2 hrs at 42 

°C. Overnight hybridization at 42 °C was followed by three washes. The first wash 

was performed at room temperature for 10 minutes with a solution of 2X SSPE, 0.1% 

SDS. The second wash was performed at 34 "C for 10 minutes in a solution of 2X 

SSPE, 0.1% SDS. The final wash was performed at 37 "C for 10 minutes in a solution 

of2X SSPE, 0.1% SDS. 

Genetic Mapping of A yR2-MA/lA: Bulked Segregant Analysis 

Segregation ofAyii2-AiA/lA was defined in the 4321 cross by determining the 

avirulence/virulence phenotypes of the 65 progeny on rice cultivar Maratelli. To 

identify markers linked to the locus, bulked segregant analysis was used. 

Pooled DNAs of virulent progeny, were bulked into three groups of 9,9, and 

10 strains. For the avirulent progeny, DNAs were bulked into three groups of 10,10, 

and 11 strains. Aliquots of DNA (2.5 ^g) of each individual isolate were mixed 

together, followed by dilution in deiontzed water to a final concentration of 12.5 ng/^l 

RAPD markers were amplified by using single oligonucleotide primers and 

DNA from the bulks and the parental strains as templates. The majority of the lO-mer 
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oligonucleotides were from the commercially available primer kits from the 

University of British Columbia RAPD primer synthesis project (Dr. John E. Carlson, 

project director). Reaction conditions were as follows: 2.0 ^l of 12.5 ng/^l bulked 

DNA, 1.0 \i\ 25 mM MgClj. 2.5 nl lOX Taq buffer, 0.5 ̂ l 10 ^M dNTPs, 0.5 ^l 10 

Primer, 1.0 ^1 Taq polymerase, and 17.5 ^1 dHjO, for a total reaction volume of 

25.0 ^1. Amplification conditions were as follows; an initial denaturation at 94 °C for 

30 seconds, followed by 35 cycles of 30 seconds at 94 "C, 60 seconds annealing at 35 

"C, 2 minutes extension at 72 "C, and a final extension of 10 minutes at 72 °C. Initial 

RAPD reactions with UBC primers revealed that amplification was successful only for 

primers of 70%, or greater, GC content. Subsequently, only primers containing at 

least 70% GC residues were used. 

Of the 25 ^1 reaction, 15 ̂ l was run out on a 0.7% agarose gel. Typically the 

primers amplified between 4 to 8 bands per primer. Visual inspection of the gels 

resulted in the identification of polymorphisms between the bulked DNAs. In such 

cases, the amplification was repeated with the bulks and parental strains to confirm the 

presence of the polymorphism. RAPD products were cloned into pCR2.1 (Invitrogen, 

Carisbad, CA). 

Genetic Mapping of >1VR2-MARA: RFLP Analysis 

A map-based approach was used to localize RFLP markers 

distributed on each of the seven chromosomes of M grisea were available in the 

laboratory (Sweigard et ai. 1993). A total of 33 different probes were used for RFLP 

analysis (See Fig. 2.1). To determine linkage of a marker to AVR2-MARA, a 
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radiolabeled probe was used with blots of the parental DNAs (4314-R-24 and 0-135) 

to identify a polymorphism between them. The segregation of these polymorphisms 

was determined by using the same radiolabeled probe against a Southern blot of all 65 

progeny of the 4321 cross. Segregation of the RFLP markers was compared to that of 

the avirulence phenotype to identify markers linked to AVR2-MARA. 

Chromosome Walking 

An ordered genomic Bacterial Artificial Chromosome (BAC) library of M 

grisea strain 4224-7-8 (Diaz-Perez et al. 1996) and an ordered 4091-5-8 cosmid 

library were available in the laboratory. The libraries were stored as individual clones 

in 96-well microtiter plates. DNA from individual clones of plates of both the BAC 

and cosmid libraries were gridded in an 8 x 12 array on nylon membranes by colony 

blotting (Sambrook et al. 1989). Clones were named according to their location in the 

microtiter plates. For example, clone 14D7 is from microtiter plate 14, row D column 

7. Library screening was performed using a modification of a protocol by Bowden et 

al. (1988). Chromosome walking was performed using endclones isolated from the 

insert DNA as probes for the next step. Endclones were prepared by digesting BAC 

clones with SiacII, and cosmid clones with BamHI, enzymes which do not digest the 

respective vectors, and recircularizing the vector + insert ends by ligation. This 

procedure results in a product that contains DNA from each end of the insert (An et al. 

1996). Release of end fragments from the vector was accomplished by digesting the 

BACs with SacII and ffindUl which is present at the vector-insert junction, and the 

cosmids with BamHI and Mnt/QI or SpAI, both of which are found near the vector-
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insert junction. In addition to the use of end fragments, internal fragments of BACs 

and cosmids were utilized when endclones contained repetitive DNA. 

Endclones were used as RFLP probes to determine their relative position with 

respect to the A VR2-MARA locus. Each endclone was used to screen for RFLPs 

between parental DNAs (0-135 and 4314-R-24) cut with 9 restriction enzymes iApal, 

BamHI, EcoRI, EcoRV, HindlM, Pst\, 5<a/I, Sad. and XhoX). Based on hybridization 

results, 4321-R- progeny were surveyed for RFLP inheritance. Meiotic crossover 

points were identified by detecting differences in the inheritance pattern of each probe 

with (hat of the previous probe in the chromosome walk and with that of ^4 VR2-MARA. 

While performing the chromosome walk, we became aware of a project to make a 

BAC clone contig map of chromosome 7 (Ralph Dean, North Carolina State 

University, personal communication) which is the chromosome on which /1KR2-

MARA is located. We obtained colony hybridization filters of their BAC library of 

strain 70-15 (Zhu et al. 1997) from the Dean lab, and used RFLP probes linked to 

A VR2-MARA to identify BACs that encompassed the region around the locus. These 

were used for identifying additional probes linked \oAVR2-MARA for locus mapping 

purposes. 

Cultivars 

The rice cultivars and grasses used in this study are described in Table 2.3. 

Maratelli is a temperate, japonica-type cultivar that has been grown for a long time in 

Italy, where it is considered to be very susceptible to local isolates of the rice blast 

fungus (Silue et al. 1992). M201, M-103, S-102, and L202 are temperate japonica 



Table 2.3: Rice cultivars used. 

Rice or grass cultivar Relevant characteristics Referenced) 

Maratelli 
Sariceltik 
M-103 

M-201 

S-102 
L-202 
C039 
Yashiro-mochi 
Newbonnet 
Katy 
Drew 
Lemont 
Weeping lovegrass 

Finger millet 

Temperate japonica-type rice cultivar 
Universally susceptible cultivar 
Temperate japonica-type rice cultivar, medium grain 

Temperate japonica-type rice cultivar, medium grain 

Temperate japonica-type rice cultivar, short grain 
Tropical japonica-type rice cultivar. long grain 
Indica-type rice cultivar 
Japonica-type cultivar 
Tropical japonica-type cultivar 
Tropical japonica-type cultivar, long grain 
Tropical japonica-type cultivar, long grain 
Tropical japonica-type cultivar 
Eragrostis curvula 

Eleusine coracana 

(Silue et al. 1992) 
(Mandel et al. 1997) 
(Johnson et al. 1990, 
Smith and Leong, 1994) 
(Camahan et al. 1982, 
Smith and Leong, 1994) 
(McKenzie et al. 1997) 
(Tseng et al. 1984) 
(Inukai et al. 1994) 
(Hayashi et al. 1998) 
(Johnston et al. 1984) 
(Moldenhauer et al. 1990) 
(Moldenhauer, et al. 1998) 
(Bollich et al. 1985) 
(Heath et al. 1990a; 
Heath et al. 1990b) 
(Somasekhara et al. 1991) 
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cultivars developed for use in California by the California Cooperative Rice Research 

Foundation, Inc., at the Rice Experiment Station, Biggs, CA. Seeds of cultivars M-

103, M-201, L-202, and S-102 were a gift from D.M. Brandon (Rice Exp. St., Biggs, 

CA). The origin of one or more ancestors of cultivar M-103 is from Japan, while the 

origin of one or more of the ancestors of M-201 is the Philippines (Smith and Leong, 

1994). Seeds of Maratelli were harvested from Maratelli plants grown in a greenhouse 

at the University of Arizona, as were seeds of the cultivar Sariceltik. 

Infection assavs 

Rice seeds were pre-germinated for 3 days on moist Whatman filter paper #4 

in sealed petri plates. Six to eight germinated seeds of 2 cultivars were planted in 

vermiculite in 4" pots. Plants were grown in a controlled environment chamber 

(Conviron E-15) with a 14-hr light (27 °C, 85% relative humidity) and 10 h dark (21 

°C, 85% relative humidity) cycle according to Valent et al. (1991). Plants were grown 

for 14 days prior to the infection assay. Humidity in the growth chamber was 

maintained at or below 85 % to inhibit sporulation and subsequent cross-

contamination of the plants. 

To grow M. grisea conidial inoculum for infection assays, either dehydrated 

mycelia stored on cellulose filter disks, or agar plugs from a growing culture were 

transferred to oatmeal agar. One to four disks or plugs were used to start each culture. 

After 10 to 14 days of growth, 8 mi of 0.25% gelatin was placed on the oatmeal agar 

plate and conidia were released by gently rubbing with a sterile glass rod. A total of 4 

X 10^ spores were transferred to 4 ml of 0.25% gelatin. The 4 ml spore suspension 



was applied with an air brush onto 14 day-old plants (at the 4"' leaf stage) in plastic 

bags. Typically 4 to 8 plants of each cultivar were sprayed. Bags were sealed for 18-

24 hrs, followed by transfer of the plants to the growth chamber where they were 

grown for six days under previously described conditions. Typically disease lesions 

were observable in 3 to 4 days after inoculation. Disease symptoms were scored 7 

days after infection, using a scale of 0 to 5 (Valent et al 1991), in which 0 = plants 

with no visible symptoms; 1 = plants with black flecks characteristic of the 

hypersensitive response (avirulent interaction); 2 = plants with 2- to 3-mm brown to 

black lesions (virulent interaction); 3 = plants with circular lesions with tan centers 

(virulent); 4 = plants with large, diamond shaped lesions with tan centers, often 

coalescing into continuous lesions (virulent); and 5 = plants severely diseased or 

dead. A clear separation of avirulent interactions (TO and Tl) from virulent 

interactions (T2, T3. T4, and T5) could be made. Additionally, any interactions that 

were not obvious were further tested. Leaves with lesions similar to Tl or T2 lesions 

were cut from the plant and transferred to 1.5% water agar plates and incubated at 28 

°C for 1-2 days to test for sporulation. Avirulent lesions (Tl) are unable to generate 

conidia, while T2+ lesions are able to produce conidia. Under a stereo microscope the 

presence, or absence of conidia was determined. The avirulent phenotype was 

assigned to M grisea strains that produced no lesions (type 0) or the hypersensitive 

response (type 1). 

Mutant Isolation 
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To generate virulent mutants of A VR2-MARA, conidia of avirulent strains were 

mutagenized with ultraviolet (UV) light. Conidia were isolated from cultures grown 

on oatmeal agar plates for 10-18 days. Five ml of 0.25% gelatin was pipetted over the 

plate and conidia were gently rubbed off the surface. The gelatin and conidia were 

filtered through two layers of cheesecloth to remove any large mycelial fragments. 

The volume of conidia was adjusted to 12 ml at a concentration of 2 x lO'* spores/ml 

for spraying onto plants following UV treatment. The 20-fold increase in spore 

concentration compared to what was normally used in an infection assay was based on 

the attempt to achieve a 95% or higher kill rate by UV treatment. For UV treatment, 

the spore suspension was placed into a small petri dish with a sterile stir bar. The 

spores were stirred at a low rate to prevent conidia from settling on the bottom of the 

petri dish. A handheld UV lamp (Model UVGL-25. UVP Inc.. San Gabriel, CA) was 

placed 9 cm above the petri plate. The petri plate lid was removed and the spores 

were exposed to UV light for 4 to 8 minutes to generate a kill rate of approximately 

95% based on a trial experiment where spores were exposed to UV for time periods 

varying from 0 to 12 minutes). For each infection assay with UV-treated spores, kill 

rates were determined by plating dilutions (10 % 10'\ and 10"*) of each time point on 

water agar plates and incubating for 48 hrs, followed by a count of viable (germinated) 

conidia. After spraying the plants with mutagenized spores, they were incubated for 

24 hrs in the dark to eliminate the possibility of light-induced DNA repair (Mishra and 

Bhattacharya, 1975; Suteret al. 1997). 
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Potential virulent mutants were isolated from lesions that appeared on 

Maratelli plants following infection mi\iAVR2-MARA UV-treated conidia. Some 

tests were done to confirm that the virulent strains were derived from the avirulent 

strains that had been treated with UV. The mating types of the isolated mutants were 

tested to confirm they were of the same mating-type as the strain from which they 

were to have originated from. Following the identification of the mating-types of the 

virulent mutants. DNA was extracted from 200 ml mycelial cultures of the mutants as 

described previously (Talbot et al. 1993; Dobinson et al. 1993). DNA of each mutant 

and the strain from which it was derived, as well as strains 4314-R-24.4091-5-8, and 

4136-4-3, were digested with restriction enzymes BamVl, EcoRI, HindVl, Pstl, Sad, 

and Xhol, run on a 0.7% agarose gel, and transferred to a MSI membrane. For the 

302-UV6 MC #2 mutant, the 1.0 kb BamHl/Sphl fragment of cosl96 and the 1.8 kb 

HindlU fragment of AM1061 were used as radiolabeled probes against the blot of 

digested genomic DNAs. For the 318-UV6 MC #2 mutant, the 1.0 kb BamlU/Sphl 

fragment of cos 196 and the 1.5 kb Xhol fragment of cos2H2 were used. 

Sequencing 

Sequencing was accomplished by either the chain-termination method using 

Sequenase version 2.0 and ATP or by using the Applied Biosystems (ABI) 

PRISM dye terminator kit (Perkin Elmer) and a DNA sequencer ABI Model 373A in 

the Laboratory of Molecular Systematics and Evolution (University of Arizona). 

Oligonucleotides for sequencing analysis were obtained from Invitrogen. 



169 

Sequence data was aligned using either GeneJockey II (Biosoft) or MacVector 

software (Oxford Molecular), and protein comparisons were done through the 

National Center for Biotechnology Information (Bethesda, MD) using the BLAST 

algorithm. 

Plasmids. DNA Libraries, and DNA Manipulations 

Plasmids used in this study are described in Table 2.2. Recombinant plasmids 

were made using pBluescript SK-i- (Stratagene) and PCR products were cloned into 

pCR2.1 (Invitrogen), unless otherwise stated. Escherichia coli strain DH5a MCR 

(Gibco BRL) orToplO (Invitrogen) competent ceils were used for transformation. 

The cosmid library was constructed with genomic DNA from strain 4091-5-8 in 

pMOcosX (Orbach, 1994), as described (Sweigard et al. 1995). For most 

manipulations of DNA, such as restriction enzyme digestions. DNA gel blot analysis, 

and ligation, the standard techniques described by Sambrook et al. (1989) and Ausubel 

et al. (1994) were used. 

Genomic DNAs of M grisea were prepared from mycelia grown in complete 

media (Valent et al. 1986) as described (Hamer et al. 1989; Sweigard et al. 1995). 

Briefly, mycelia from oatmeal plate cultures of A/, grisea were used to inoculate 200 

ml of liquid complete medium in 500 ml Erienmeyer flasks. The cultures were 

homogenized using a sterile Waring microblender. The flasks were incubated at 25 "C 

with shaking at 200 rpm. Cultures were grown for a maximum of 96 hrs and strains 

that exhibited a high degree of melanfzation were harvested after 48 hrs. Fungal 

genomic DNA was prepared as described (Sweigard et al. 1995), digested with 
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restriction enzymes, electroplioresed on 0.7% to 1.0% agarose gels, and blotted to 

Osmonic Magnacharge or MSI membranes. 

PGR 

For PGR reactions, a Perkin Elmer GeneAmp PGR System 2400 was used. 

Typical PGR conditions were as follows: 2 minute initial denaturing step at 94 °G; 30-

40 cycles of 30-60 seconds at 94 °C. 30-60 seconds annealing at 45-60 "C, and an 

extension approximating 1000 bp of amplification per minute at 72 °G; a final 10 

minute extension at 72°G; and final storage at 4 °G. 

Gontig of Ghromosome 7 of strain 70-15 between the markers cos209 and cos 196 

11 BAGS (06J14.02E02,11B16.12118.02G21.07L10.02A18.17P20. 

05K24.10G18. and 06N02) of strain 70-15 comprise a large contig of chromosome 7 

(See Fig. 2.2). A 2.3 kb BamK/HindlU fragment of pAM923 hybridized to BAG 

06J14 (-60 kb). The 1.9 kb HindlU fragment of pAM965 hybridized to BAGs 02E02 

(-105 kb) and 11B16 (-105 kb). The 1.0 kb BamHl/Sphl of cosl96 hybridized to 

BAG 07L10 (-100 kb) and cosl56 hybridized to BAG 06N02 (-105 kb). 

Results 

Demonstration of a second avirulence gene that interacts with rice cultivar Maratelli 

In a breeding line to generate female fertile rice pathogen strains (Valent et al. 

1991) it was found that the fifth generation parental strain (4314-R-24) was avirulent 

on cultivar Maratelli, while able to infect other rice cultivars including the universal 

suscept, Sariceltik (See Table 2.1). This breeding line began with a cross between the 
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laboratory strain 4091-5-8, a fertile strain which is a non-pathogen of rice, but 

pathogenic on finger millet and weeping lovegrass, and the Chinese rice pathogenic 

field isolate 0-135. Fertile strains at each generation were backcrossed to 0-135 to 

create female fertile strains that were also pathogens of rice. 

To test whether the avirulence phenotype of 4314-R-24 was a single gene and 

whether it differed from A VRl-MARA (Mandel et al, 1997), a series of crosses were 

performed. Each cross was designed to mate a strain containing the A VRl-MARA 

gene with a strain from the above-described breeding line that was avirulent on 

Maratelli. If both parental strains (See Table 2.1) contained the same AVR gene all 

progeny of the cross should be avirulent on Maratelli plants. However, if the two 

parents contained a different i4KR gene, avirulence:virulence should segregate at 3:1 

on Maratelli, as 75% of the progeny should contain one, the other, or both, A VR gene 

alleles, and 25% of the progeny should contain no avirulence allele. Cross All mated 

strain 4392-1-6 with 4375-R-26 and yielded 78 random progeny. In the A12 cross, 

two avirulent strains, 4314-R-24 and 4360-17-1, from distinct breeding lines, were 

crossed. Cross A13 mated 4392-1-6 with 4360-R-13 and yielded 74 random progeny. 

Cross A14 mated 4224-7-8 with 4314-R-24 and yielded 80 random progeny. The 

mating types of progeny of the A14 cross were tested. 31 progeny were MAT 1-1 and 

49 progeny were MAT 1-2. Mating types for the A12 progeny were also determined. 

For the A12 progeny, 33 were MAT 1-1 and 41 MAT 1-2, with 4 progeny failing to 

form perithecia with either mating type tester (4136-4-3 or 4091-5-8). Strain 4360-17-

1 contains A VRl-MARA and is avirulent on Maratelli, but virulent on the universal 
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susceptible variety, Sariceltik. Strain 4314-R-24 is also avirulent on Maratelli and 

virulent on Sariceltik, but does not come from a breeding line that is known to include 

A VRl-MARA. The 78 progeny of the A12 cross were tested for their ability to infect 

Maratelli and Sariceltik. All 78 progeny were virulent on Sariceltik. On Maratelli, 20 

progeny were virulent (26%) and 58 progeny were avirulent (74%). These results 

suggested a second A VR gene, specific to the cultivar Maratelli, was present in M. 

grisea. This A VR gene was designated A VR2-MARA. 

Progeny from another cross, cross 4321 (Valent et al. 1991), was available in 

the laboratory. These progeny were from a cross of 4314-R-24, and 0-135, a rice 

pathogen that is virulent on both Sariceltik and Maratelli. 65 progeny of the cross 

were tested on Sariceltik and Maratelli. All progeny were virulent on Sariceltik. On 

Maratelli, 30 progeny were virulent (46%) and 35 were avirulent (54%), a 1:0.86 ratio 

of avirulence:virulence (See Table 2.4). Chi square analysis of this data supported the 

hypothesis that a single A VR gene specific to the rice cultivar Maratelli was present in 

strain 4314-R-24. 

Mapping to test whether/t VRl-MARA is telomere linked 

Studies by Farman and Leong (1995) indicated that two avirulence genes of M. 

grisea map to telomeres. Since then, four of the eight avirulence genes mapped in M 

grisea have been located near chromosome ends (Dioh et al. 2000). To investigate 

whether \Sn&AVR2-MARA gene was associated with a telomere, a specific probe was 

utilized. The M03 oligonucleotide, containing four copies of a 6 bp telomeric repeat, 

detected polymorphisms among 0-135 and 4314-R-24 parental strains. The mobility 



174 

Table 2.4: Progeny of the 4321-R- cross and their reactions on rice cultivars. 

Progeny Sariceltik Maratelli M-103 M-201 Mating-tvpe 

4321-R-2 + + + + ND 
4321-R.3 + - - - ND 
4321.R-4 + - - - 1 
4321-R-5 + - - - 1 
4321-R-6 + + + + 2 
4321.R-7 + - - - 2 
4321-R-8 + + + + 1 
4321-R-9 + - - - 2 
4321-R-ll + + + + 1 
4321-R-12 + - - - 2 
4321-R-13 + - - - 2 
4321-R-14 + - - - 2 
4321-R-15 + + + + 1 
4321-R.16 + - - - 2 
4321-R-18 - - - 2 
4321-R-19 + + + + ND 
4321-R-20 + + + + 1 
4321-R-21 + + + + 1 
4321-R.22 + - - - 2 
4321-R-23 + - - - 2 
4321-R-24 + + + + 1 
4321-R-25 + + + + 2 
4321-R-26 + + + + 1 
4321-R-28 + + + + 1 
4321-R-29 + + + + 1 
4321-R-30 + + + + 1 
4321-R-31 + - - - 2 
4321-R-33 + - - - 2 
4321-R-34 + - - - 1 
4321-R-36 + - - - 2 
4321-R-37 + + + + 1 
4321-R-38 + - - - I 
4321-R-39 + - - - 1 
4321-R-40 + - - - 2 
4321-R-41 + - - - 1 
4321-R-42 + + + + 2 
4321-R.43 + - - - 2 
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Progenv Sariceltik Maratelli M-103 M.201 Matinp-tvpe 
4321-R^ + - - 2 
4321-R-46 + - - - 2 
4321-R-47 + + + + 1 
4321-R-48 + + + + I 
4321-R-49 + - - - 2 
4321-R-50 + - - - 2 
4321-R-51 + - - - 2 
4321-R-52 + + + + 1 
4321-R-56 + + + + I 
4321-R-57 + - - - 2 
4321-R-58 + + + + 1 
4321-R-61 + - - - 2 
4321-R-63 + - - - 2 
4321-R-300 + + + + ND 
4321-R.302 + - - - 1 
4321-R-303 + - - - ND 
4321-R.309 + - - - 2 
4321-R-310 + + + + 1 
4321-R.311 + + + + 2 
4321-R-312 + + + + 1 
4321-R-314 + - - - 2 
4321-R-316 + + + + 2 
4321-R-317 + + + + 2 
4321-R-318 + - - - 2 
4321-R-319 + - - - 2 
4321.R-320 + + + + I 
4321-R-321 + - - - 2 
4321-R-322 + + + + ND 

+ = virulent reaction on cultivar 
• = avirulent reaction on cultivar 
ND = not determined 
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of telomeric DNA fragments of the parental strains was examined via hybridization of 

the M03 probe to blots of restriction digested 4314-R-24 and 0-135 genomic DNA. 

The 9 enzymes iApal, BamYH, £coRI, EcoRV, HindUl, ftrt. Sail, Sad, Xho\) used to 

screen for telomeric RFLPs identified no more than 12 distinct telomeric fragments in 

each parental genome with each enzyme. The lack of commonly migrating telomeric 

fragments observed among the parental DNAs suggested that the telomeric-associated 

sequences were highly polymorphic. The M03 probe was used against blots of the 

65-4321 progeny DNAs digested withi4pal orHind^ll. In most cases, each strain 

exhibited 5-8 discrete hybridizing fragments. However, the polymorphisms present 

among the progeny strains did not correlate with the presence of the A VR2-MARA 

gene. 

Identification of linked markers lo AVR2-MARA using bulked-segregant analvsis 

Because the location of A VR2-h4ARA was unknown, the RAPD strategy of 

bulked-segregant analysis was employed to attempt to identify DNA markers linked to 

the locus. Three avirulent bulks, and three virulent bulks were prepared, each of 9 to 

11 individuals identical for alternate alleles oi AVE2-MARA. Initially, RAPD 

screening was performed on a single avirulent bulk and single virulent bulk using 

single 10-mers. Upon detection of a polymorphism between the two bulks, the RAPD 

reaction was repeated for the three avirulent and three virulent bulks under the same 

conditions. If the polymorphism segregated between the two classes of bulks, the 

RAPD reaction was repeated for ail 4321-R- progeny that comprised the bulks. 
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With 118 UBC lO-mer oligonucleotides, we amplified over 800 DNA 

fragments (0.4 to 2.8 kb) using 25 ng of A/, grisea genomic DNA. One primer, 

UBC732, generated a 600 bp amplification product that was present in the three 

avirulent bulks, but absent in the three virulent bulks. Hybridization analysis against a 

parental blot of 0-135 and 4314-R-24 with the fragment revealed it to be a single-

copy RAPD marker. Analysis of the 65 progeny of cross 4321 revealed that the 600 

bp RAPD product of primer UBC732 was present in 30 out of 35 avirulent progeny, 

while absent in 26 out of 30 virulent progeny. These results indicated that this RAPD 

marker was 9 recombination crossover points from i\\&AVR2-MARA locus. The 

RAPD product was cloned, generating pAM910, and subsequently used as a probe 

against a cosmid library of strain 4091-5-8. Twelve hybridizing cosmid clones were 

identified. At the same time the 600 bp RAPD marker was identified, a RFLP marker, 

cos209, was mapped to a position 6 recombination crossover points from A VR2-

MARA. Because of its closer proximity to the locus, cos209 was further characterized, 

while RAPD reactions and pAM910 were not further utilized. 

Genetic Mapping of i4 VR2-MARA : RFLP Analysis 

Despite the fact that crosses had established the presence of a second 

avirulence gene specific to the rice cultivar Maratelli, we used probes linked to the 

AVRl-MARA gene to confirm that no linkage to theAVRJ-MARA gene occurred with 

the parental strains or progeny and to demonstrate that AVR2-MARA was not just a 

translocated version of AVRl-MARA, A blot of 0-135 and 4314-R-24 was probed 

with pAM39 and pAM886 (See Table 2.2), two markers inseparable from A VRl-
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MARA. In both cases, the markers failed to hybridize to 4314-R-24 DNA, suggesting 

the A VRl-MARA locus was not present in the strains we used to identify A VR2-MARA. 

A total of 33 cosmid markers were used for RFLP analysis before cos209 was 

found to map 6 recombination crossover points ixom AVR2-MARA (See Fig. 2.1). 

cos209 maps to chromosome 7, and thus further RFLP efforts were based on the 

assumption \\\dLiAVR2-MARA was present on chromosome 7. Two other cosmid 

markers of chromosome 7, cosl56 and cosl96 (See Fig. 2.1; Fig. 2.3), most closely 

mapped to cos209. Both of these cosmids were RFLP-mapped in the 4321 cross, with 

cosl56 and cosl96 mapping 14 and 9 recombination crossover points from A VR2-

MARA, respectively. A bidirectional chromosome walk was initiated from markers 

cos209 and cos 196. 

The estimated size of the mapped genome of A/, grisea is 900 cM (Nitta et al. 

1997). This value is in agreement with the map sizes of 802 cM and 840 cM reported 

by Romao and Hamer (1992) and Sweigard et al. (1993), respectively, and yields an 

average of ^47 kilobases (kb) per cM. The average distance between markers on the 

genetic map is currently 282 to 348 kbp (Zhu et al. 1997). Because cos209 mapped 6 

recombination crossover points ixom AVR2-MARA we predicted that it was a 

significant physical distance (250+ kb) from thei4KR2-M4^ locus. A cosmid library 

of strain 4091-5-8 (from "nYMhAVRZ-MARA originated) was available in the 

laboratory, but we hoped to expedite the chromosome walk by using an ordered BAC 

library of M. grisea strain 4224-7-8 that was constructed in the laboratory (Diaz-Perez 

et al, 1996). Strain 4224-7-8 contains A VRl-MARA, but does not contain A VR2-
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MARA. However, due to the high degree of synteny among M. grisea strains (Nitta et 

al. 1997; Hamer et al. 2001) it was anticipated that the use of 4224-7-8 would allow 

greater physical coverage in fewer steps. 

Chromosome walk 

The chromosome walk was initiated by isolating end fragments of cos209. 

This was done by digestion withBamHl, and self-ligation to create pAM923. 

pAM923 was digested with Ba/nHI and Hind[Xi to release end fragments of the clone. 

A 2.3 kb BamVllHindiYl end fragment mapped 6 recombination crossover points from 

A VR2-MARA, and was thus used to probe the BAC library of 4224-7-8. The 2.3 kb 

Barnm/Hindill fragment of pAM923 hybridized to 6 BACs (ICIO, 3G6, 7D9,15H11, 

B5B1, and B10A12). Endclones of the three largest BACs (3G6.15H11, and B5B1) 

were repetitive. Internal fragments of BAC B5B1 (-75 kb) were identified that were 

not repetitive. When one of these, a 1.8 kb Hindlll fragment, was used as a probe for 

a blot of the progeny DNAs from the 4321 cross, digested withi4/7(il, it mapped 4 

recombination crossover points closer to AVR2-MARA than did cos209 (See Fig. 2.4). 

When used as probe against the 4224-7-8 BAC library, the fragment hybridized to 2 

previously identified BACs (15H11 and B5B1) and 5 new ones (21G1,22A5, B2C10, 

B9F7, and B11F5). Endclones of three of the larger BACs (2101,22A5, and B2C10) 

were repetitive. However, a 1.9 kb HindUl internal fragment of BAC 2101 had an 

RFLP map position inseparable from the^il VR2-MARA locus, having crossed the final 

3 recombination crossover points from the B5B1 fragment. This 1.9 kb HindSi 

fragment was cloned into pBluescript SK+, creating pAM965. When used as probe. 
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the pAM965 fragment hybridized to three 4224-7-8 BACs: 16E4,21G1, and 30A11. 

The two new BACs. 16E4 and 30A11, are very similar and appear to differ by less 

than 10 kb (^80 and ^72 kb, respectively). Probing with endclones and internal 

fragments of both BACs failed to identify any fragments that crossed over thei4l^-

MARA locus, thereby identifying recombination crossover points on the opposite side 

of the locus. A 1.0 kb HindilMSacl end fragment of BAC 30A11 was inseparable 

from the locus. This fragment when used as a probe against the 4091-5-8 cosmid 

library, hybridized to two cosmids, 13H10 (-36 kb) and 35D10 (-34 kb). which 

appear to differ by less than 5 kb of sequence, based on hybridization and restriction 

digestions. Endclones and internal fragments of both 13H10 and 35DI0 failed to 

identify any fragments that crossed over \\\& AVR2-MARA locus, or any new cosmid 

clones. 

A chromosome walk was initiated from cosl96 (See Fig. 2.1; Fig. 2.4). 

cos 196 was located 9 recombination crossover points from A VR2-MARA on the 

opposite side from cos209. A 1.0 kb BamhUSphl endclone fragment of cosl96 was 

used as a probe against the 4224-7-8 library. 9 positive clones (7H11,9F3. lOFll. 

15C12,16G12.18D1,24D5,25B4, and 29C6) were identified. As this walk was 

proceeding, a physical map of chromosome 7 of strain 70-15 was published by Zhu et 

al. (1997) that was created using a 25 X coverage BAC library. Like 4224-7-8, strain 

70-15 does not contain the A VR2-MARA gene based on infection assays. A contig of 

chromosome 7 BACs was available, and this set was used to walk towards i}n&AVR2-

MARA locus from the cos 196 marker (See Fig. 2.2). 
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The 1.9 kb HindVl insert of pAM965 (inseparable Uom AVR2-MARA) was 

used as a probe against the 70-15 BAC library and 42 positive BAC clones were 

identified. The 1.0 kb BamVUUSphl fragment of cosl96 was also probed against the 

70-15 BAC library, identifying 35 BACs. Based on these results we concluded that 

the region of our chromosome walk was well represented in the 70-15 library. A 

contig of 11 BAC clones (Zhu et al. 1999) between the cos209 and cosl96 markers 

was provided by Dr. Heng Zhu and Dr. Ralph Dean (Clemson University). To define 

the approximate location oi\\\Qavr2-MARA locus on the 70-15 BAC contig map, a 

series of hybridizations were performed. cos209 was placed on the contig by probing 

the BACs with the 2.3 kb BamtiUHindVl of pAM923 (See Fig. 2.2). It hybridized to 

BAC 06J14 (-60 kb). The 1.9 kb HindVl fragment of pAM965 (inseparable from 

AVR2-MARA) hybridized to BACs 02E02 (-105 kb) and 11B16 (-105 kb). The 1.0 

kb Bam^lSphl fragment of cosl96 hybridized to BAC 07L10 (-100 kb). cosl56 

hybridized to BAC 06N02 (-105 kb). Based on the hybridization results of the 

various BAC (4224-7-8) and cosmid markers, the BACs 12118 (-85 kb) and 11B16 

were further characterized. These adjacent BACs were anticipated to span the region 

corresponding to A VR2-MARA. Both BACs were restriction digested with BamHI, 

£coRI, HindiSi, Pstl, and Xhoh separated on a 0.7% gel, and transferred to membrane. 

To identify repetitive DNA fragments, £coRl-digested genomic DNA of strain 70-15 

was used as a probe. Such fragments were identified and excluded for use as probes. 

Non-repetitive BAC fragments were used as probes against parental blots of 0-135 

and 4314-R-24 DNA. After identification of an RFLP, the probe was used to map its 
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segregation among the 4321 progeny. A fragment of BAC 12118 mapped 6 

recombination crossover points from A VR2-MARA and no fragments were found that 

were inseparable from the AVR2-MAItA locus. A 1.3 kb HindlU fragment of BAC 

11B16 was mapped to a position 2 recombination crossover points from i\\tAVR2-

MARA locus, on the "left" side of the locus (See Fig. 2.4; Fig. 2.5). This fragment was 

subcloned into pBS SK+, creating pAM980. This fragment was also probed against 

both the 4224-7-8 BAC library and the 4091-5-8 cosmid library. Two BACs, 17D3 

(^70 kb) and B11C2 (~65 kb), and two cosmids, 2H2 (^38 kb) and 15H11 (^35 kb), 

were identified. A 1.8 kb HindWl fragment of BAC 11B16 was cloned, creating 

pAM981. This fragment, when used as a probe, mapped inseparable from the/4KR2-

MARA locus. When used as a probe against the 4224-7-8 and 4091-5-8 libraries, the 

pAM981 insert fragment hybridized to the previously characterized BACs 16E4 and 

30A11, as well as the previously identified cosmids cosl3H10 and cos35D10. on the 

"right" side of the locus (See Fig. 2.3; Fig. 2.4). Based on these findings it was 

determined that the 11B16 BAC of the 70-15 library spanned the locus of A VR2-

MARA. A 4.5 kb £coRI fragment of 11B16, pAM1107, was mapped 5 recombination 

crossover points from A VR2-MARA. Thus, BAC 11B16 spans at least 5 

recombination crossover points in the 4321 cross. 

Because the genome of 70-15 does not contain the A VR2-MARA gene, we 

sought to identify fragments of the 4091-5-8 library clones that corresponded to 

11B16 BAC fragments that were inseparable from the locus. The 4 cosmids, 13H10, 

35D10,2H2, and 15H11, were digested with £coRI, EcoRV, HincKSL, Pstl, and Xhol, 



Figure 2.5. Progeny of the 4321 cross displaying polymorphisms near \\\c AVR2-MARA locus. 

Probe 4321.R -6 -8 -19 -20 -24 -25 =22 -40 -41 -47 -gO -g2 -31^ 

COS209 V V V V A  V  V V A A A A V  
1.8kbofBACB5Bl VVVVV V AAAVVI V 
l,9kbofBAC21Gl VVVVV V AAAVAVV 
l,0kbofBAC30All VVVVV V AAAVAVV 
l.SkbofBAC 11B16 VVVVV V AAAVAVV 
1.8kbofl3H10 VVVVV V AAAVAVV 

AVR2-MARA V V V V V  V  A A A V A V V  

1.8kbofl5Hll VVVVV V AAAVAVV 
3,5kbofBAC 11B16 VVVVV V AAAVAVV 
1.3kbofBAC 11B16 VVVVV A AAVVAVV 
4.5kbofBACllB16 AVAVV A AAVVAVA 
1.6 kb of BAC 12118 AAAAV A AAVVAVA 
cosl96 AAAAV A AAVVAVA 

A = Polymorphism of the 4314-R-24 parent (avirulent on Maratelli), V = Polymorphism of the 0-135 
parent (virulent on Maratelli), I = Inconclusive polymorphism 
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run on a 0.7% agarose gel, and transferred to a nylon membrane. Fragments of BAC 

11B16 of interest were individually used as probes against the membrane to identify 

fragments of the cosmids corresponding to the BAC fragments. Because strains 70-15 

and 4091-5-8 differed at the avirulent locus, we sought to clone fragments 

corresponding to the markers from BAC 11B16. The 1.8 kb HindUl fragment of 

pAM981, which is inseparable from \}n& AVR2-MARA locus, hybridized to a 1.8 kb 

Hind[\\ fragment of 13H10. This fragment was subcloned, generating pAM1061 (See 

Table 2.2). A 2.7 kb Sad fragment of 15H11 hybridized to the 1.3 kb HindWl 

fragment of pAM980, which maps 2 recombination crossover points from the left side 

of X VR2-MARA. The Sad fragment was subcloned, generating pAM1062. The 3.5 

kb HindiM fragment of pAM983, which is inseparable from {\\^AVR2-MARA locus, 

hybridized to a 3.5 kb £coRV fragment of 15H11. This fragment was subcloned, 

generating pAM1063. 

Comparison of the avr2-MARA locus of 0-135 and A VR2-MARA locus of 4091-5-8 

Two fragments of 4091-5-8 inseparable from AVR2-MARA, but from opposite 

sides of the locus, were used to determine the origin of the gene and compare the loci 

in a series of strains. A non-repetitive 0.7 kb EcoRWIKpnl fragment of pAM1063 and 

the 1.8 kb HindW. fragment of pAM1061 were, used to probe blots of genomic digests 

of strains G-22, G-17,4091-5-8,70-15, and 0-135. Because the gene was identified 

in the 4091-5-8 x 0-135 breeding line, and 0-135 is virulent on Maratelli, the gene 

came from the non-rice pathogen 4091-5-8. This laboratory strain is the result of a 

cross between field isolates G-17 and G-22, a weeping lovegrass and a finger millet 
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pathogen respectively (See Table 2.1). Hybridization patterns and polymorphisms for 

G-22 and 4091-5-8 were identical, suggesting ^\^stAVR2-MARA originated in strain G-

22, rather than G-17. In 4091-5-8, the two probes from opposite sides of the locus 

never hybridized to a common fragment. However, the two probes hybridized to the 

same 4.2 and 4.4 kb £coRI fragment in strains 70-15 and 0-135, respectively (See 

Fig. 2.6). These findings suggested that the avr2-MARA locus in these strains differed 

from an&AVRZ-MARA locus within theEcoRI fragments of 0-135 and 70-15. To 

determine the breakpoint at which theavr2-A£4^ locus and AVR2-MARA locus 

diverged, the two regions of each locus were sequenced. 

The 4091-5-8 clones pAM1061 and pAM1063 were sequenced (See Table 

2.2). 1840 bp of sequence was obtained on both strands of pAM1061. This clone of a 

HindiH fragment of cosmid 13H10 was 44.1% GC. 3320 bp of sequence was 

obtained for pAM1063. This clone of an £coRV fragment of cosmid 15H11 was 44.5 

% GC. Oligonucleotide primers were designed from the sequences of pAM1061 and 

pAM1063 and were used in a PCR with genomic DNA of 0-135. A 2.7 kb PCR 

fragment was amplified from 0-135 genomic DNA and cloned in the pCR2.1 vector, 

generating pAM1113. The inserts of both AM1061 and AM1063 hybridized to this 

clone, indicating that the pAMll 13 clone contained sequence homologous to 

fragments on both sides of \hQAVR2-MARA locus. Based on these findings it was 

concluded that pAM1113 represents the virulent \oox&,avr2-MARA, of 0-135. The 

sequence of pAMl 113 was 2684 bp in length and the GC content was 48%. Based on 

sequence comparisons of pAM1113 with pAM1061 and pAM1063 it was determined 
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Fig. 2.6 IdentificatioQ of fragments of strains 0-13S and 70-15 that hybridize 
to markers on each side of the AVR2-MARA iocus. (A) Hybridization with a 0.7 
kb EcoKVIKpnl fragment of AM1063 fitom the "left" side of the locus. The 
fragment hybridizes to a '*4.2 kb EcoKL fragment of 0-135 and a ~4.4 kb Ecotd 
fragment of 70-15. (B) Hybridization with a 1.8 kbf/iiuilll fragment of AM 1063 
from the "right" side of the locus. The fragment hybridizes to a ~4.2 kb £coRI 
fragment of 0-135 and a ~4.4 kb £coRI fragment of 70-15. 
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that a section of pAM1063 was not present in the pAMlllS clone (See Fig. 2.7). This 

section represents sequence unique to xhiAVIt2-MARA locus. Analysis revealed 833 

bp of sequence of AM1063 present in the locus oiAVUZ-MARA but absent in the 

avrZ-MARA locus. Identification of unique restriction enzymes sites of Alu\ and HinfV 

within the 833 bp allowed the isolation of a 764 bp AluHHinfi fragment that is unique 

to \\\& AVR2-MARA locus. This fragment was used as probe against a parental blot of 

0-135 and 4314-R-24 and polymorphisms were detected for ail 9 restriction enzymes 

utilized. Results also indicated the fragment contains a low copy repetitive sequence, 

at approximately 2 copies in 0-135, and 3-6 copies in G-17, G-22.4314-R-24, and 

4091-5-8 (data not shown). 

Interestingly, an open-reading-frame (ORF) of 216 amino acids was detected 

in sequence of pAM1061. A BlastX search (Altschul et al. 1997) revealed that this 

ORF had a significant e value (5.9 x lO'') with the ORF of ih&AVR-Pita gene (See 

Fig. 2.8) (Orbach et al. 2000). Additionally, sequence comparisons of upstream 

sequence of both the ORF of pAM1061 indAVR-Pita revealed that they shared 43% 

identity over 293 bp upstream of the putative start codons (See Fig. 2.9). 

Transformation/Infection Assavs 

During the course of the chromosome walk, cosmids inseparable from the 

AVR2-MARA locus were transformed into protoplasts of the virulent strain 0-135. 

Because i4KR genes are generally dominant, the transformation of a virulent strain 

with a functional copy of an avirulence gene allows for the selection of gain-of-

avirulence. Transformants that do not contain a functional avirulence gene will 
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Fig. 2.7 Comparison of the AVR2-MARA and avr2-MARA loci. AM1063 is a EcoRV fragment 
of cosmid ISHl 1, AM1061 is a Hindlll fragment of cosmid 13H10, tx>th of which are from a Iibrai> 
of strain 4091-5-8 (See Table 2.1). AMI 113 is a 2684 bp PGR product from strain 0-13S genomic 
DNA. A 358 bp region of AMI 113 shares no homology with either AM1063 or AM1061. A 
48 bp section of AM1061 corresponds identically with 48 bp of AMI 113. High homology exists 
between AMI 113 and AM1063 over 2.2 kb (97% identity). An ORF identified in AM1061 sequence 
encodes a putative 216 amino acid peptide with homology to AVR-Pita. 



AVR-Pita MLPYSLFFPHTVAISAFTNIGTFSHPVYDYNPIPNHIHGDLKRRAYIERY SQ 
AM1061 MHCLLVIILSLTALAASHKPVLKNENHISKPGR-VSPSPPKINGLYKPEAGHSRLRIKKRGSIGDS 

• • • • • • • 

AVR-Pi ta CSDSQASEIRAALK SCAELASWGYHAVKNDNRLFRLIFKT 
AMI061 CNREEKESIKEAMDRYSNEFPARVQVCAIYINKPCFFSSCKTMADKAYYAANKNGSLFRRFFKT 

* * * ** • • * *** 
• • • • • 

AVR-Pita DSTDIQNWVQKNFNEIYKECNR-DADEISLTCHDKNVYTCVREGVHNLAYALINEKEIVICPPFF 
AMI061 NDPDDAVAVRRVFYDVEKACDRKERDSFVFECDKSEGGSCTPDSTHAYVHDKQ EMYICPYFF 

it if if ir -k it it ic it it it ifk it •• 
•  • • *  •  • •  •  

AVR-Pita NNPVNSREITAGNQDTVILHEMVHIILKEWKDYGYEWDGIHKLDSTESIKNPDSYAIFAQCARYKYC 
AM1061 EHDLTER ASTLIHELTH HK D SECS C 

*  * * *  * *  *  * *  

Fig. 2.8 Comparison of the known peptide sequence of AVR-Pita and the putative peptide sequence of the AM1061 
ORF. The peptides share 22% identity and 13% conserved residues. The 10 red amino acids are the putative 
metalloprotease domain of AVR-Pita. The two histidines (H) are predicted to be zinc ligands. The glutamate (E) 
residue is predicted to be the active site for a putative metalloprotease (Orbach et al. 2000). 
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AATATAATTCGATAATATTATTAATGCTAAATAACGCATTAATAAACCAAATAAGTTTTACAT 
CGGTTTGGGTTGCTTTATCCCATGAGGGGCCTTCAAGCTTTAAATTAAAGCAAAGAATAT--CAA 
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A V R - P i t a  CTTCCTAAAGCTTTGAAAAAAGTCAAGCTGAAATAATAAATAAGTTGGCGTTGTTATAAAATCGA 
AM10 61 CCTGTTAGTCCCTTCATGTTTG-CATTTTGCATTAATCTAAAAAT-GGCAGAGTAACAACCATTC 

*  *  * *  *  * *  *  *  * *  *  * * * • •  *  * *  *  * *  *  * *  

A V R - P i t a  CCCGTTTCCGCCTTTATTGGTTTAATTCGGATAGAGAACATTTTGCTTATAATTCCAAACATACA 
AM 1 0 61 CCC AT AATT AAT ATT AT AATTTT ATC A A AACT A AT ATTGCCTTCCCTTAT ACTTGCAC ATATA - A 

*** * * * * *  • • • • • • • • •••••• •• •• • k'k'k "k 

A V R - P i t a  AACAATTATCCACTGACTGAAAATCGACAGTTTTGTTTGCACAATCAACATTATAATTACAATTA 
AM10 61 TATAATACACTTGCAAATACTTGTTTGCTTCAATATTCGC-CAACGAAACTTATTTGCCAACCCC 

*  * * *  *  *  *  *  *  *  * *  * *  * * *  * *  * * * *  *  

A V R - P i t a  AAAACTTCTGCACAATTAACA--TTATTTTTGCA--ATTATG 
AM10 61 CATATCCGTATACATTTGATACCTTATTTTTATATAACAATG 
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Fig. 2.9 Upstream sequence of AVR-Pita and the putative ORF of AM1061. Start codons are underlined. 
293 bp of sequence upstream of the A VR-Pita start codon was compared to 293 bp upstream of the putative 
start codon of the ORF of AM1061. The two sequences have 43% identity. 
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remain virulent. The fourcosmids linked to \\\&AVR2-MARA locus were individually 

transformed into protoplasts of strain 0-135. Nine transformants with cosmid 13H10, 

10 transformants with cosmid 35D10,8 transformants with cosmid 2H2, and 17 

transformants with cosmid 15H11 were individually tested on Sariceltik and Maratelli 

plants. Multiple transformants with each cosmid were tested, as previous studies have 

demonstrated that not all transformants produced when anAKR gene is transformed 

into a virulent strain exhibit an avirulence phenotype (Orbach et al. 2000). All 

transformants, with any of the four cosmids, tested were virulent on both Sariceltik 

and Maratelli, suggesting AVR2-MARA gene was not located on any of the four 

cosmid clones. 

Because pAM1061 contains an ORF with significant homology lo AVR-Pita, a 

plasmid (pAM1131) was constructed to test the ORF for function. pAM113l is 

comprised of the pAM1121 vector (See Table 2.2) and the 1.8 kb Hindill fragment of 

AM1061. An additional construct containing more sequence upstream of the putative 

start of the ORF, was also engineered. This construct, pAM1149, was comprised of a 

6.5 kb Apal fragment of pAM1146 cloned into pAM1121. Despite the fact that 

transformants of cosmid 13H10 had already been tested, and had been shown to be 

virulent, we speculated that smaller constructs might improve transformation 

efficiency and also express the avirulent phenotype more effectively. Eighteen 

transformants with pAM1131, and eight transformants with pAMll49, were isolated 

and tested on Maratelli. All transformants were virulent on both Sariceltik and 

Maratelli, indicating that pAM1131 and pAM1149, and thus pAM1061 and 
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pAM1146, respectively, did not coniaXnAVR2-MARA. However, it is possible that 

these constructs contain da\AVR gene that interacts with a different cultivar. The 

avirulence phenotype would not be detected until the correct cultivar is tested. 

Do other rice cultivars respond to A VR2-MARA1 

To ascertain the distribution of the R gene corresponding to A VR2-MARA, 

available rice cultivars were tested for their potential gene-for-gene interaction with 

ihs AVR2-MARA gene of M. grisea. The rice cultivars M-103, M-201. S-102, L-202, 

Lemont, Yashiro-mochi. C039, Katy, and Drew were each tested in infection assays. 

The parental strains 0-135 and 4314-R-24, as well as the avirulent progeny 4321-R-

302 and the virulent progeny 4321-R-322, were individually sprayed on the cultivars. 

It was anticipated that the presence of a ^ gene corresponding to A VR2-MARA in any 

of the cultivars would result in an avirulent response to 4314-R-24 and 4321-R-302. 

Likewise, the absence of a gene-for-gene interaction would lead to a virulent response 

to 0-135 and 4321-R-322. Of the cultivars tested, M-103, M-201, and Drew appeared 

to demonstrate a correlation between the presence ofAVR2-MARA in the pathogen and 

resistance in the host. To further test whether these cultivars may contain an R gene 

that interacts with A VR2-MARA, plants of each cultivar were inoculated with 8 

avirulent progeny (4321-R-4, -9, -16, -22, -31, -40, -61, -314) and 8 virulent progeny 

(4321-R-6, -15, -20, -25, -30, -42, -56, -316). Results with the 16 progeny 

demonstrated that cultivars M-103 and M-201 responded in the same way as Maratelli 

to avirulent and virulent progeny from the 4321 cross. No such correspondence was 

observed for the cultivar Drew. The remaining 56 progeny of cross 4321 were 
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inoculated on Maratelli (as a control), Sariceltik (as a control), M-103, and M-201. 

Results demonstrated an exact correlation of avirulence on M-103 and M-201 cultivars 

with avirulence of Maratelli to 35 of the 4321-R- progeny. Likewise, all 30 progeny 

virulent on Maratelli were virulent on M-103 and M-201 (See Table 2.4). 

Isolation of virulent mutants oiAVR2-MARA 

To investigate the stability of AVR2-MARA we screened conidia of avirulent 

strains of M. grisea for spontaneous mutation to virulence. During standard infection 

assays, 3 x 10® to 4 x 10® spores were used for each treatment. However, no 

spontaneous virulent mutants were identified or isolated during any of these assays. In 

total, over 8 x 10^ conidia were sprayed on Maratelli plants without the identification 

of a spontaneous virulent mutant. To generate mutants oiAVR2-MARA, conidia of 

avirulent strains were mutagenized with UV light. 

Conidia of several strains of M grisea containing the/I VR2-MARA gene 

including 4314-R-24,4321-R-31, -40, -50, -302, -314, -318, and -321 were exposed to 

UV light. In all, over 16 separate infection assays were performed with the 

mutagenized conidia of avirulent strains. Two putative UV virulent mutants, 302-

UV6 MC#2, derived from isolate 4321-R-302, and 318-UV6 MC#2, derived from 

isolate 4321-R-318, were isolated and analyzed for their ability to infect Maratelli and 

several other rice cultivars. Progeny 4321-R-302 and 4321-R-318 are both virulent on 

Sariceltik and avirulent on Maratelli, M-103, and M-201. However, the two mutants 

were virulent on Sariceltik, Maratelli, M-103, and M-201. 
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To ensure that the mutants were not contaminants of a virulent strain of M 

grisea, DNA hybridization analyses were performed with genomic DNA digests of 

4314-R-24,4321-R-302,4321-R-318,0-135, and each mutant individually. The 1.0 

kb Bamtfl/Sphl fragment of cosl96 exhibited RFLPs among parental and progeny 

strains and was thus used as the probe against blots containing either mutant. 

Hybridization results indicated that each mutant had identical hybridization patterns as 

its progenitor. The 1.8 kb HindUl fragment of pAM1061 was also used as a probe 

against the 302-UV6 MC#2 mutant and a 1.5 VbXhol fragment of cos2H2 was utilized 

as a probe against the 318-UV6 MC#2 mutant. These probes were used because they 

produced distinct and reproducible RFLPs when probed against genomic blots of 

4314-R-24,0-135, and the particular 4321 progeny DNA. Thus, the mutants were not 

only compared to a virulent isolate (0-135), but an avirulent isolate (4314-R-24) as 

well. In both cases, results confirmed that the mutants 302-UV6 MC#2 and 318-UV6 

MC#2 were descendants of 4321-R-302 and 4321-R-318, respectively. Mating types 

of the two mutants were determined to ensure that their mating-types were the same as 

the mating-type of their progenitor. 302-UV6 MC#2 is MAT 1-1, as is 4321-R-302 

(MAT1-1\ 318-UV6 MC#2 \s MAT 1-2, as is 4321-R-318 {MAT 1-2). 

Characterization of mating-types, and demonstration that the two mutants were fertile, 

proved useful for a set of crosses. 

Because we had obtained UV mutants of avirulent 4321 progeny that were 

now virulent on Maratelli, we speculated that we could determine whether 

MARA and AVR-M20I are the same gene by testing the mutants on Maratelli and M-
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201 plants. Although UV mutagenesis will create multiple point mutations, it seemed 

unlikely that the mutants would have mutations in two separate linked avirulence 

genes, especially considering the number of conidia mutated to identify virulent 

mutants. When tested on Maratelli, M-103, and M-201 plants, both mutants were 

virulent on all cultivars. 

A series of crosses were performed to assess the segregation of the mutation to 

virulence among the two mutant strains. Cross AZ20 was performed between 302-

UV6 MC#2 iMATl-l) and the avirulent progeny 4321-R-9 {MAT 1-2). Cross AZ21 

was performed between 318-UV6 MC#2 (MAT 1-2) and the avirulent strain 4392-1-6 

{MAT 1-1). 25 random ascospores were selected from each cross and designated 

AZ20-R-1-25 and AZ21-R-1-25, respectively. All progeny of each cross, as well as 

strains 4314-R-24,4091-5-8, and 0-135 were assayed for virulence on Maratelli, M-

201, and Sariceltik plants. From the AZ20 cross. 16 progeny were virulent and 8 were 

avirulent on Maratelli and M-201, indicating a ratio of 2:1, significantly deviating 

from the expected 1:1 segregation of virulence to avirulence. For the AZ21 cross, 13 

progeny were virulent and 11 were avirulent on Maratelli and M-201, indicating a 

ratio close to the expected 1:1 segregation of virulence to avirulence. Although the 

number of progeny examined may not have been large enough to get an accurate 

determination of avirulence/virulence segregation, part of the purpose of performing 

these crosses was to determine whether the mutation to virulence occurred at the 

AVR2-MARA locus. 
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Because the MATl locus is located on chromosome 7 (See Fig. 2.1) (Sweigard 

et al. 1993), linked xoAVR2-MARA, we compared the inheritance of mating-types to 

that of virulence and avirulence. The progeny of the AZ21 cross showed the expected 

segregation ratio of ^1:1 for mating types, although results of segregation of 

virulence:avirulence among the two mating-types were inconclusive (data not shown). 

However, the progeny of the AZ20 cross exhibited a 2.2:1 segregation of MATl-

l:MATl-2. Furthermore, of the 15 progeny that ^qkMATI-I, only one was 

avirulent, suggesting progeny containing the parental mating type (and virulence) had 

been disproportionately isolated. More progeny need to be isolated and tested it to get 

more accurate segregation data both for virulence and for the association with mating 

type that would be expected for a mutation a.tAVR2-MARA. 

Discussion 

In many plant-fungal interactions, genetic regulation of avirulence is 

maintained by a single gene (Knogge, 1996; De Wit, 1997). In Af. grisea, most A VR 

genes identified appear to determine specificity to a single rice cultivar, rather than to 

a species. However, Dioh et al. (2000) observed avirulence to six rice cultivars was 

under monogenic control, but only three avirulence loci comprised the avirulent 

interaction. Other groups have reported such co-segregation of avirulence toward 

different cultivars of the same plant species in the plant pathogen Phytophthora sojae 

(Whisson et al. 1995: Judelson, 1996; Gijzen et al. 1996). For such a result to 

accommodate the gene-for-gene model, two hypotheses may be proposed. First, A KR 
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genes could be tightly linked, thereby making detection of segregation difficult. 

Clusters oiAVR genes have not been reported in fungi, but genetic linkage, with 

distances of 20 cM or more, has been shown between A KR genes in M. grisea (Leung 

et al. 1988; Valent et al. 1991). Linkage between^41^ genes has also been detected in 

the fungal pathogen Melampsora lini, suggesting that some genes may be 

clustered (Zambino et al. 2000). Mapping of more A VR genes is needed for this to be 

definitive. The second hypothesis is that more than one rice cultivar share the same R 

gene product that interacts with a particular i4 KR gene product. Our research has 

identified an A VR gene of M grisea, A VR2-MARA, that appears to interact with R 

genes of different rice cultivars. 

A series of crosses were performed to confirm the presence of a second A VR 

gene specific to the rice cultivar Maratelli. Results demonstrated that A VR2-MARA 

was distinct from the previously \detA\f\edAVRl-MARA gene. From the segregation 

of avirulence on the rice cultivar Maratelli, it was determined that a single locus 

controls avirulence in strain 4314-R-24. Ail progeny of a cross between 4314-R-24 

and 0-135 were virulent on the rice cultivar Sariceltik, indicating the locus does not 

affect the ability of the fungus to successfully infect and colonize susceptible rice 

plants. This A VR gene, A VR2-MARA, is derived from strain G-22, a pathogen of 

finger millet and weeping lovegrass, but a non-pathogen of rice. The lineage of strain 

4314-R-24 begins with a cross between G-22 and G-17, a pathogen of weeping 

lovegrass, but a non-pathogen of rice. This cross produced strain 4091-5-8, a 

pathogen of finger millet and weeping lovegrass, but a non-pathogen of rice. Through 
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a series of backcrosses between 4091-5-8 and 0-135, with 0-135 as the recurrent 

parent, strain 4314-R-24 was produced that is virulent on the rice cultivar Sariceltik, 

but avirulent on the rice cultivar Maratelli (Valent et al. 1991). After demonstration 

i\\9XAVR2-MARA is a single gene distinct from AVRl-MARA, two approaches were 

taken to identify the physical position of x}n.eAVR2-MARA locus. A RAPD approach 

was utilized, as well as an RFLP strategy. 

The successful linkage of RAPD markers to both R genes (Kesseli et al. 1994; 

Waycott et al. 1999) and A VR genes (Dioh et al. 2000) has been reported previously. 

Using bulked-segregant analysis, we tested 118 RAPD 10-mer oligonucleotides on 

genomic DNA of the parental strains 0-135 and 4314-R-24, and 65 progeny from 

cross 4321, between them. We identified one RAPD marker linked to the A VR2-

MARA gene, although this marker is estimated to be ~420 kb from the locus. Because 

strains 0-135 and 4091-5-8 are not related, it is surprising that we failed to identify 

more RAPD markers linked to A VR2-MARA. We found that RAPD reactions would 

amplify products only when primers were at least 70% GC. Little is known of the GC 

content of individual chromosomes, or sub-chromosomal regions, and it is possible 

that primers high in GC may be less effective in amplifying products of particular 

genomic regions. Additionally, at least one aviruience gene, A VRl-MARA has been 

identified in an AT-rich region (Mandel et al. 1997) suggesting such regions may be 

underrepresented in product amplification with such GC-rich primers. If both the 

avirulent and virulent alleles were in AT-rich regions, amplification reactions would 

yield fewer bands, and thus would be less likely to detect a polymorphism. The 
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RAPD marker we amplified was nine recombination crossover points from \\\qAVR2-

MARA locus. At the same time the RAPD marker was detected, a RFLP marker was 

located six recombination crossover points from the locus. The RAPD approach, 

while having the potential to yield linked markers relatively quickly, may in some 

cases, be less useful than traditional RFLP map-based approaches. 

Several genetic maps of M grisea have been constructed (Ramao and Hamer, 

1992; Skinner et al. 1993; Sweigard et al. 1993; Dioh et al. 1996; Nitta et al. 1997) 

with the purpose of using map-based strategies to clone 4 K/? genes. Subsequently, at 

least 25 A VR genes have been described in M. grisea. Of the genes described, 15 

originated from a parental isolate pathogenic on rice and 10 from a parental isolate 

nonpathogenic to rice but pathogenic on another grass host (Dioh et al. 2000). These 

studies have laid the groundwork for the identification and isolation of these genes 

through map-based approaches. For example, the cultivar specificity genes PWL2 

(Sweigard et al. 1995), A VR-Pita (Valent and Chumley, 1994: Orbach et al. 2000), and 

AVR1-C039 (Farman and Leong, 1998) were isolated based on knowledge of their 

chromosomal locations. A VR-Pita was mapped to a telomere and cloning of the 

corresponding chromosome end fragment led to the isolation of the gene (Orbach et al. 

2000). We investigated the possible linkage of AVR2-MARA to a telomere by using 

the M03 oligonucleotide probe. M03 is comprised of four copies of a six bp telomeric 

repeat (Sweigard et al. 1993). Despite numerous RFLPs among the parental and 

progeny isolates, no linkage to a telomeric fragment was detected. While some^lKR 

genes of M grisea may be positioned at subtelomeric regions, others are not. For 
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example, PWL2 and A VR1-C039 were linked to intemal RFLP markers. 

Chromosome walks from the respective markers led to the isolation and cloning of 

PWL2 from an intemal region of chromosome I a.nd A VR1-C039 also from an intemal 

region of chromosome 1. Currently, a map-based approach is being utilized to clone 

AVRl-MARA (Mandel et al. 1997) from an intemal region of chromosome 2 (See Fig. 

2.1). In this study, we initiated a map-based approach to walk to ihe AVR2-MARA 

locus. 

Approximately 30 RFLP markers from the genetic map of Sweigard et al. 

(1993) were tested against parental and progeny blots to identify a marker linked to 

the A VR2-MARA locus. Marker cos209 of chromosome 7 was positioned 6 

recombination crossover points from A VR2-MARA. Chromosome 7 is the smallest of 

the 7 chromosomes, at approximately 4.2 Mb (Zhu et al. 1999). Few markers have 

been positioned on chromosome 7, and a significant distance between known markers 

existed. For example, cosl96 is 9, and cosl56 is 14 recombination crossover points 

from cos209. With an average of -47 kb per cM, cos209 is thus estimated to be -280 

kb from the A VR2-MARA locus, while the nearest other marker, cosl96, is estimated 

to be -420 kb from the locus. Additionally, Farman and Leong (1998) found 

significant variability between physical to genetic map distance, so accurate estimates 

of physical distances may not be possible. 

Although a cosmid library of strain 4091-5-8 {coniamng AVR2-MARA) was 

available, we initiated our chromsome walk using a BAC library (with larger average 

inserts than a cosmid library) of strain 4224-7-8, which does not contain A VR2-MARA. 
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The high level of synteny (Nitta et al. 1997) among M grisea strains was expected to 

allow a chromosome walk with BAC clones to cover more distance per step. The 

average size of the BAC clones is 78 kb (Diaz-Perez et al. 1996), while the size of the 

cosmid clones is less than 50 kb (Sambrook et al. 1989). From cos209, three 

recombination crossover points were crossed with one BAC, B5B1 (See Fig. 2.3,* Fig. 

2.4). The remaining three recombination crossover points were crossed with a second 

BAC, 21G1. Two BACs, 16E4 and 30A11, were identified using probes inseparable 

from tine AVR2-MARA locus. It was later determined that BAC 30A11 spanned the 

locus, as it hybridized to a markers identified from the opposite (left) side 

chromosome walk (See Fig. 2.4). Although the walk toward the locus was successful 

with the use of BAC clones, the walk was hindered by the high degree of repetitive 

DNA in the BAC clones. Frequently, BAC endclones were highly repetitive. For 

example, one endclone of 16E4 and one endclone of 30A11 were repetitive. The 

4224-7-8 BAC library was constructed using Mhc/IIL It is conceivable that this 

enzyme preferentially cut in repetitive elements of M grisea. For example, it is 

known that the repetitive element MGR586 contains several HindiHX sites, indicating 

that a library constructed utilizingmight contain a disproportionately higher 

number of clones that have repetitive ends. Such a bias can also be seen in the large 

number of copies of the repetitive element "MAGGY" found in the BAC end 

sequences produced by the Dean laboratory 

(http;//www.genome.clemson.edu/projects/riceJblast/index.html). 

http://www.genome.clemson.edu/projects/riceJblast/index.html
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Fragments of two cosmids, 13H10 and 35D10, identified using a BAC 

fragment inseparable from the locus, mapped 0 to 3 recombination crossover points 

from A VR2-MARA. Fragments of both cosmids that are inseparable from the locus 

failed to hybridize to any additional cosmids of the 4091-5-8 library. Both cosmids 

were transformed into protoplasts of the virulent strain 0-135. None of the nine 

transformants with 13H10, or the ten transformants with 35D10, were avirulent on 

Maratelli, suggesting these cosmids did not contain the A VR2-MARA gene. 

Inability to walk across the locus or identify clones containing thei4KR2-

MARA gene lead us to initiate a walk from the cosl96 marker (See Fig. 2.3; Fig. 2.4). 

At this time, a BAC library of strain 70-15, a physical map of the strain, and a BAC 

contig of chromosome 7 of strain 70-15, were made available by Ralph Dean (Zhu et 

al. 1997; Zhu et al. 1999). Analysis of this contig indicated that 11 BACs of the 70-15 

library spanned region between cos209 and cosl96 (See Fig. 2.2). These 11 BACs 

were provided by R. Dean, and were probed to identify those tightly linked ioAVR2-

MARA. cos209 and cosl96 were used to identify BACs between the two markers. 

Fragments of cosmids 13H10,35D10,2H2, and 15H11 that were inseparable from 

AVR2-MARA were used to identify BACs from each side of the gene, as well as to 

determine whether any of the BACs spanned the locus (See Fig. 2.4). 

Chromosome walks approaching 4 from both directions were able 

to identify markers that are inseparable from the locus. However, we have been 

unable to identify markers that span the avirulent locus or identify new cosmid clones 

that are inseparable from the locus. M.A. Mandel (personal communication) has 
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reported difficulty in a chromosome walk \oAVRl-MARA due to a large region of AT-

rich (65-70%) sequence. Interestingly, the markers pAM1061 and pAM1063, that are 

inseparable from the A VR2-MARA locus, are more AT-rich that the typical genomic 

sequence of M. grisea. The genome of M grisea has been estimated at ^56% GC 

(M.A. Meyn, unpublished results). The sequence of pAM1061 is 44.1% GC, while 

pAM1063 is 44.5% GC, both significantly lower than expected. pAM1113, 

containing the virulent locus is 48% GC. Whether i\\e AVR2-MARA locus has a higher 

AT content, or is AT-rich, remains to be determined. Alignments of pAM1061, 

pAM1063, and pAMl 113 (See Fig. 2.7) revealed a region of -360 bp of pAMl 113 

that does not align with either pAM1061 or pAM1063. In the case of the avrl-MARA 

locus, a fragment of MGL, a retrotransposon, marks the point at which the virulent 

strain diverges from the avirulent locus suggesting the possibility that a rearrangement 

at the avirulent locus may have involved movement of a transposable element. No 

such sequence was identified at i)n&avr2-MARA locus. Approximately 800 bp of 

pAM1063 was determined to be unique to x\[eAVR2-MARA locus. This fragment was 

isolated and utilized as a probe with the hope it could be used as a specific ̂ 4 

MARA locus marker. However, the fragment hybridizes to a low copy number repeat 

(2-6 copies) in both 0-135 and 4314-R-24, and thus is not useful for marking the 

avirulent locus. However, as the walk progresses we should be able to identify 

sequences unique to AVR2-MARA locus, thereby allowing us to characterize the 

locus among different geographical strains. 



Blast analysis of pAM1061 identified an ORF with homology \oAVR-Pita, a 

previously characterized avirulence gene of M grisea. Although the e-value of the 

ORF compared to AVR-Pita was only 5.9 x 10"^ there are regions of significant 

similarity including residues in a domain important for function of AVR-Pita. The 

AVR-Pita gene encodes a predicted 223 amino acid polypetide located 48 bp from the 

start of telomeric repeat sequences (Orbach et al. 2000). AVR-Pita shares homology 

to fungal neutral metal loproteases ixom Aspergillis spp. and Penicillium citrinum 

(Tatsumi et al. 1994; Matsumoto et al. 1994; Altschul et al. 1997). AVR-Pita was most 

similar to NpII, a neutral zinc metalloprotease from Aspergillus oryzae (Tatsumi et al. 

1994). Protease activity has not been confirmed biochemically, but alteration of a 

residue predicted to be critical for protease function abolished the avirulence function 

of A VR-Pita (Tatsumi et al. 1994; Orbach et al. 2000). The ORF of pAM1061 is 216 

amino acids in length and appears to share some residues oi AVR-Pita that are critical 

for protease activity. Although strain 0-135, when transformed with cosmid 13H10, 

did not gain avirulence function, we transformed it with pAM1131 (See Table 2.2). 

None of the transformants tested displayed a gain of avirulence. However, pAM1061 

contains only 260 bp of sequence upstream of the putative start codon of the ORF. 

260 bp may not be enough sequence to contain necessary promoter components. A 

second construct, pAM1149 which contains over 650 bp of sequence upstream of the 

predicted start codon, was transformed into 0-135, but also failed to provide a gain of 

avirulence. 
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Although transformants containing the ORF of pAM1061 did not display an 

avirulent phenotype, the homology to AVR-Pita is interesting. If the gene encoding 

the ORF of pAM1061 produces a transcript, it would be of interest to know when it is 

expressed and what its function is. It is possible that pAM1061 contains an avirulence 

gene that is a member of xhsAVR-Pita family but that interacts with a different rice 

cultivar or a different grass species. A method to test this possibility would be to 

perform infection assays on a series of rice cultivars with 4314-R-24.0-135 and O-

135 transformed with this gene to determine whether a cultivar can be identified that is 

specifically resistant to M. grisea strains containing the gene. The gene could also be 

inactivated by gene replacement methods to see whether that resulted in gain of 

virulence on any cultivars or host species. 

Progeny of the 4321 cross were tested on rice cultivars other than Maratelli to 

determine whether i4 conditioned avirulence on any other rice cultivars. 

Of 10 rice cultivars tested, AVR2-MARA locus segregated with avirulence on the 

rice cultivars M-103 and M-201. These two cultivars come from different breeding 

lines, and are also from different lines than Maratelli. The avirulence gene^ KR-A/20/ 

was characterized by Valent et aU (1991), but its genetic position was not determined. 

AVR-M201 was introgressed into the 4314-R-24 breeding line from strain 4091-5-8. 

Thus, it is possible that txibexAVR-M201 mAAVRl-MARA are the same avirulence 

gene, or these two genes are very tightly linked on chromosome 7. If A VR-M201 and 

A VR2-MARA are the same gene it would be of interest to know whether they interact 

with the same resistance gene (in both cultivars) or different resistance genes. The 
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disease resistance gene RPMl oi Arabidopsis confers resistances to Pseudomonas 

syringae strains carrying the avirulence genes avrB and avrRpml. The proteins 

encoded by these avirulence genes have no significant sequence similarity, yet interact 

with a common resistance gene (Bisgrove et al. 1994). It is possible that the opposite 

scenario could occur. That is, two different resistance genes could detect the same 

avirulence gene product. More likely, the resistant cultivars share a common 

resistance gene. The prevalence of such an R gene in cultivars from distinct breeding 

lines would be very interesting. The conservation of such R genes would suggest a 

selective pressure for the detection of the AVR2-MARA or AVR-M201 gene product. 

In an effort to both isolate mutants oiAVR2-MARA and determine whether 

A VR-M201 and A VR2-MARA are the same avirulence gene, rice plants were screened 

for the emergence of spontaneous virulent isolates from avirulent strains. During the 

course of infection assays, over 8 x lO'conidia of avirulent strains were sprayed onto 

Maratelli. However, no spontaneous virulent mutants were observed. In the case of 

AVR-Pita (Orbach et al. 2000) and PWL2 (Sweigard et al. 1995) spontaneous mutants 

were frequently observed on the rice cultivar Yashiro-mochi, and weeping lovegrass, 

respectively. In the case oi AVR-Pita, 11 independent mutational events associated 

with the gain of virulence were characterized. Eight mutants appeared to have lost 

function of ̂  VR-Pita due to loss of telomeric regions near, or including, the gene. 

The three other mutants were determined to contain point mutations in the virulent 

allele (Orbach et al. 2000). Interestingly, Kang et al. (2001) identified a gain of 
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virulence mutant that had a Pot3 transposon insertion, arguing for transposable 

elements playing a role in genetic change at avirulence loci. 

The lack of spontaneous mutations to virulence led us to use UV light to 

mutagenize conidia of several avirulent strains of the 4321 progeny. As with the 

efforts to isolate spontaneous mutants, efforts to identify UV-induced mutants proved 

difficult. Conidia of six different avirulent isolates, that were all virulent on Sariceltik. 

were mutagenized. Two putative mutants of A VR2-MARA were recovered from 

lesions on Maratelli. 302-UV6 MC#2 was derived from strain 4321-R-302, and 318-

UV6 MC#2 was derived from strain 4321-R-318. Both mutants were virulent on 

Sariceltik, Maratelli, and M201. Southern blot hybridization confirmed both mutants 

were derivatives of avirulent progeny. Both mutants were crossed with avirulent 

strains to determine the segregation of virulence. While a cross with the 318-UV6 

MC#2 mutant yielded an approximately 1:1 segregation of avirulence to virulence, the 

cross with 302-UV6 MC#2 did not yield such results. A 2:1 segregation of virulence 

to avirulence was observed. However, our results for the AZ20 cross appear to be 

skewed by a disproportionate number of progeny. 302-UV6 MC#2 is MATl-

I and virulent. The high number of progeny of the AZ20 cross that akMAT1-1 and 

virulent supports the hypothesis that the mutation to virulence occurred atAVR2-

MARA. Additional analysis of progeny of the cross is needed to generate more 

accurate segregation ratios. 

To confirm that the mutations in the two mutant strains are at x\[^AVR2-MARA 

locus, crosses of each mutant could be performed. Each mutant will be crossed with a 
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virulent 4321 progeny. Progeny of these crosses will be tested on Maratelli. 

Sariceltik, and M-201 cultivars. If the mutation to virulence was at a separate locus 

(not AVR2-MARA locus) for each mutant, then the mutants would still have an 

A VR2-MARA allele. If such a scenario occurred in 302-UV6 MC#2 and 318-UV6 

MC#2, the crosses to a virulent strain should produce avirulent progeny. 

We cannot rule out the possibility that the lack of spontaneous virulent mutants 

could be the result of two linked avirulence genes, both of which interact with 

Maratelli. This has been hypothesized for A VRl-MARA (Orbach, unpublished results) 

to explain why mutation to full virulence was accomplished in two rounds of 

mutagenesis, with only low virulence mutants being produced in a first round of 

mutagenesis. Also it was possible to make an avirulent strain fully virulent by 

creating a locus deletion strain that deleted approximately 100 kb around the A VRl-

MARA locus using gene replacement methods (U. Gunawardena and M. Orbach, 

unpublished). If two genes are involved, the chance of a spontaneous gain of 

virulence mutant would be extremely low since both genes would be required to be 

inactivated. As with i4 VRl-MARA, one way to test this possibility with A VR2-MARA 

would be to use a molecular approach to create a locus replacement strain by 

transformation-mediated gene disruption methods. This would be possible using 

flanking sequences that have been isolated from the cosmids inseparable from the 

locus which were obtained in the two chromosome walks approaching/4FK2-A£4^ 

from both sides. A strategy to determine the physical size of the A VR2-MARA locus 

would be of use, not only for efforts to create a locus replacement strain, but to also 
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assess additional chromosome walking attempts. Farman and Leong (1998) have 

utilized the RecA-AC technique to physically estimate genomic regions of Af. grisea. 

Research is underway to attempt this technique with strain 4091-5-8 to resolve the 

physical size of theAVR2-MARA locus. 

The function of AVR2-MAIIA is unknown. However, there is evidence that it 

may act as a host-species-specificity factor. Silue et al. (1992) tested more than 200 

diverse isolates of M. grisea on Maratelli. All isolates gave virulent infection types, 

suggesting that the isolates did not have theAVR2-MARA {orA VRJ-MARA) gene. 

However, the presence of a resistance gene in Maratelli that recognizes the product of 

AVR2-MARA suggests that this receptor is functional and must serve some purpose in 

Maratelli. It is possible that the presence of A VR2-MARA in finger millet isolates 

prohibits their infection on rice carrying the corresponding R gene. Other rice 

cultivars not carrying the corresponding R gene likely contain other ̂  genes that 

prohibit infection from finger millet isolates. Retention of AVR2-MARA gene in 

finger millet isolates could be due to it having an important function for pathogenicity 

or fitness during the infection of finger millet. In this way, the gene would have a 

species-specific pathogenicity function during an interaction with a finger millet 

cultivar. Virulence assays on finger millet cultivars with M. grisea isolates either 

containing, or \i.cV\ng,AVR2-MARA should provide clues to the function of the gene 

on its natural host. 
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CONCLUDING REMARKS 

The functions of>lKR genes, both documented and hypothesized, show a 

remarkable array of characteristics. Acting as cultivar-specificity or species-

specificity factors, as well as likely having pathogenicity functions on susceptible 

hosts, A VR gene products comprise a diverse class of pathogen gene products. This 

work has contributed to the understanding of fungal A VR genes. Only a few A VR 

genes from fungi have been cloned and characterized. Of these genes, even fewer 

represent A VR genes of M grisea that specifically interact with R genes of rice. In 

this dissertation I have described lines of investigation involving the A VR2-MARA 

avirulence gene of M grisea. First, the gene was identified genetically through a 

series of strain crosses, establishing that the presence of the gene resulted in an 

avirulent response on the rice cultivar Maratelli. A chromosome walk has resulted in 

the identification of markers inseparable from the A VR2-MARA locus. The virulent 

locus, avr2-MARA, has been isolated and cloned. Examination of various rice 

cultivars indicates i\\z\.AVR2-MARA also interacts in agene-for-gene manner with the 

rice cultivars M-103 and M-201. At this final stage of my research it is worthwhile to 

consider the results of this dissertation with regards to the known functions and 

characteristics of AVR genes discussed in Chapter One. 

A VR2-MARA has been mapped to a position on chromosome 7 between the 

markers cos209 and cosl96. Crucial to further studies of this gene is the isolation of 

the gene itself. Because the gene does not appear to be represented in cosmid clones 
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of our library, an estimation of the physical distance between markers at the locus 

would greatly facilitate efforts to clone the gene. Use of the RecA-AC technique 

should allow the determination of the size of the A VR2-MARA locus. Depending on 

results, several cloning strategies could be employed. Efforts to determine the 

physical size of the A VR2-MARA locus are in progress, as I have designed primers for 

the RecA-AC procedure (T.M. Harper, unpublished). Another method, Long-Range 

Inverse-PCR may prove useful in making steps across regions of chromosome 7 not 

represented in our libraries. Interestingly, markers inseparable from ihe AVR2-MARA 

locus have an AT content greater than typical sequence of M grisea. Attempts to 

clone a second avirulence gene that interacts with Maratelli, A VRl-MARA, have 

identified a large region of AT-rich sequence, within which the gene resides (M.A. 

Mandel, personal communication). Ifi4KR genes of M. grisea typically reside in AT-

rich regions it could be the result of horizontal transfer of the genomic fragments 

containing the/4gene. OrAVR genes could be preferentially located in AT-rich 

regions. Examination of ih&AVR2-MARA locus should provide data concerning these 

questions. 

During the chromosome walk io AVR2-MARA, DNA sequence analysis 

revealed a putative open-reading frame with homology to A VR-Pita. Although 

transformants with DNA fragments containing the ORF failed to complement a 

virulent strain to avirulence on Maratelli, the homology is intriguing. If the ORF 

encodes a functional AVR protein it is possible that it interacts with the product of an 

R gene of a different grass or rice cultivar. The ORF could also encode a product that 
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does not have any association or interaction with an R gene. It will be important to 

determine whether this putative gene is expressed, and if so, when during the fungal 

life cycle this occurs. An examination of the distribution of the ORF among 

laboratory and field isolates, as well as virulence assays on a variety of rice cultivars 

and grass species may indicate whether the gene has an avirulence function. 

The results presented in this dissertation provide evidence lhAtAVR2-MARA is 

the same gene as A VR-M201, as described by Valent et al. (1991). The fact that 

AVR2-MARA appears to condition avirulence to multiple cultivars, of different 

breeding lines, is quite interesting. Characterized M. grisea A VR genes have typically 

shown species-specificity or cultivar-specificity, with only a few reported cases of 

multiple-cultivar specificity, although it is possible that such findings are simply based 

on limited testing of rice cultivars. Of particular interest is whether the different 

cultivars have the same R gene, or different R genes that recognize the same AVR 

product. In addition to Maratelli, M-103, and M-201, it is possible thsAAVR2-MARA 

conditions avirulence to other cultivars. Regardless, the presence of an R gene in 

distinct cultivars that interacts wiih AVR2-MARA suggests selection for the detection 

of the A VR2-MARA gene product. It will be of interest to characterize the loci of 

strains virulent on Maratelli, M-103, and M-201, to determine whether a shared 

alteration of \btAVR2-MARA locus has resulted in the loss of function. 

The stability oiAVR2-MARA, as observed by the lack of spontaneous 

mutations to virulence and the infrequency of UV mutants is interesting. The gene 

could have a function in interactions with finger millet, and thus loss of the gene 



would be detrimental to pathogenic finger millet isolates. To investigate this 

possibility, near-isogenic progeny of cross 4321 could be tested on different varieties 

of finger millet. An analysis of the distribution of the gene among field isolates of 

both grass and rice pathogenic strains may also shed light on the prevalence of the 

gene under field conditions. Furthermore, detection of a fitness effect of the gene may 

be possible with laboratory tests evaluating growth rates and other factors under 

variable conditions (temperature, humidity, etc.). Such tests would be easily 

performed with progeny with or without AVR2-MARA gene. The difficulty in 

obtaining mutants of A VR2-MARA could be due to a detrimental effect to the fungus 

with the loss of functional avirulence activity. When cloned, comparisons of mutant 

alleles with the functional gene should indicate the important domains of 

the gene. 

Although the A VR2-MARA gene remains uncloned, this study should facilitate 

the isolation of the gene. Numerous questions regarding this gene remain, such as its 

primary function, geographic distribution among isolates of M grisea, and the 

prevalence of the corresponding R gene in rice cultivars and other grasses. It is hoped 

that work completed in this dissertation will contribute to the analysis and 

characterization of AVR2-MARA. as well as the understanding of gene-for-gene 

interactions. 
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Characterization of Genes Encoding the C-8 Sterol Isomerase and Two 

Divergent Forms of C-14 Sterol Reductase from the Phytopathogenic Fungus 

Nectria haematococca MP VI (Appendix A) 

This manuscript, which will be submitted for publication, is the result of a 

collaboration between the laboratories of Dr. Marc J. Orbach, Dr. Hans D. VanEtten, 

and Dr. Durgadas Kasbekar. Research involving oiNectria haematococca, was 

performed exclusively by Travis M. Harper in Dr. Orbach's laboratory, with one 

exception. Dr. Esteban Temporini, working in Dr. VanEtten's laboratory, performed a 

series of Southern hybridizations to analyze the distribution of ERGl, STRl, and STR2 

among members of N. haematococca MP VI. 

The majority of research involving STRl and STR2 was performed in the 

laboratory of Dr. Kasbekar by Garlapati Srinivas, Kareddula Apama, and Dita 

Senfeldova. Additional data and analysis of STRl and STR2 was performed by Dr. 

Kasbekar in the laboratory of Dr. VanEtten. 

This manuscript was written by Travis M. Harper, based on his research data 

and the data provided by both Dr. Temporini and Dr. Kasbekar. Text, data, and 

figures provided by Dr. Kasbekar were edited and revised by Travis M. Harper to 

create this manuscript. 
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III. APPENDIX A. TRAVIS M. HARPER, GARLAPATl SRINIVAS. KAREDDULA. 

APARNA, DITA SENFELDOVA, ESTEBAN TEMPORINI, MARC J. ORBACH, HANS 

D. VANETTEN, AND DURGADAS KASBEKAR. 200L CHARACTERIZATION OF 

GENES ENCODING THE C-8 STEROL ISOMERASE AND TWO DIVERGENT 

FORMS OF C-14 REDUCTASE FROM THE PHYTOPATHOGENIC FUNGUS 

NECTRIA HAEMATOCOCCA MP VI. 
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Abstract 

Three genes involved in ergosterol biosynthesis (ERGl^STRl, and STR2) of the 

phytopathogenic fungus Nectria haematococca MP VI have been characterized. Two of 

these genes, STRl and STR2, encode divergent forms of C-14 sterol reductase, while the 

other gene, ERGl, encodes a C-8 sterol isomerase. All three genes are functional, as 
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demonstrated by their ability to complement their respective Afewroipora crassa ergosterol 

biosynthesis mutants. Complementation was based on the restoration of the pisatin-

resistant, tomatine-sensitive phenotype of wild-type N. crassa. Complemented strains were 

also shown to have restored ergosterol production. The deduced polypeptide of ERGl 

exhibits significant sequence homology with C-8 sterol isomerase proteins of other fungi. 

The proteins encoded by both STRl and SRT2 show significant amino acid sequence 

similarity to each other, but even greater similarity to the protein encoded by the N. crassa 

C-14 sterol reductase. This is the first report of redundancy of an ergosterol biosynthetic 

gene in a filamentous fungus. 

Key Words Nectria haematococca, Neurospora crassa. Sterols. Sterol biosynthesis, 

Pisatin, a-tomatine, Ergosterol 

Introduction 

Ergosterol represents the major sterol component of most fungal membranes 

and is believed to play a crucial role in the regulation of membrane fluidity and the 

activity of membrane-bound enzymes (Weete 1989). Additionally, ergosterol appears 

to have a regulatory role associated with cell division and growth maintenance (Parks 

et al. 1986; Dahl et al. 1987). For these reasons the ergosterol biosynthetic pathway 

has been a target for the development of antifungal compounds. Development of 

compounds that specifically affect fungal ergosterol synthesis, but do not alter the 

production of host sterols, have important applications in both agricultural and 
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medical disciplines. For example, such compounds could specifically antagonize the 

membrane biosynthesis of a plant pathogenic fungus without affecting the host plant 

(Lees et al. 1995). Ergosterol is the primary target of the morpholine class of 

fungicides (Mercer 1988; Mercer 1991). These compounds are of particular interest as 

they have shown little reduction in fungicidal effectiveness due to the development of 

resistance (Brent 1988). 

Two enzymatic steps of ergosterol biosynthesis (Fig. 3.1), C-8 sterol 

isomerization and C-14 sterol reduction, are both inhibited by various morpholine 

fungicides. The ability of certain morpholines, such as tridemorph, fenpropimorph, 

and fenpropidin, to act upon two separate steps of biosynthesis may be explained by 

the proposed mode of action of these compounds. Rahieret al. (1990) suggested 

morpholinium cations, formed by protonation of the morpholine molecule mimic, 

compete with the high energy carbocationic intermediates generated by these 

enzymes. Fenpropidmorph and tridemorph are used agriculturally (Kelly et al. 1990), 

while the morpholine amorolfine is used topically against human dermatophytes 

(Haria and Bryson 1995). Research has also suggested that the polyene class of 

antifungal drugs may also affect C-8 sterol isomerization (James et al. 1992). The 

development of resistance to polyene drugs, such as nystatin and amphotericin B, has 

been associated with changes in the C-8 sterol isomerase {ERG2) of the human 

pathogenic fungus Candida albicans (White et al. 1998). 

We have observed that ergosterol biosynthetic mutants have altered 

sensitivities to the pea phytoalexin, pisatin, and the tomato phytoanticipin, a-
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Figure 3.1. Schematic of the ergosterol biosynthetic pathway from squalene to 
ergosterol. A total of 11 genes are believed to be responsible for the conversion of 
squalene to ergosterol. The C-14 sterol reductase and C-8 sterol isomerase 
enzymes occupy distinct steps of the pathway, although they can both be inhibited 
by some common antifungal compounds. 
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tomantine (Sengupta et al. 1995). Phytoalexins are antimicrobial compounds produced 

in response to infection and phytoanticipins are preformed inhibitors (VanEtten et al. 

1994). Both types of compounds are believed to function as chemical barriers to 

infection. Pisatin is an isoflavonoid derivative and a-tomatine is a steroidal glycoside 

saponin (Ameson et al. 1968; Jadhav et al. 1981; Perrin and Bottomley, 1962). Prior 

work on C-14 sterol reductase (erg-3) mutants of Neurospora crassa has demonstrated 

that these mutants are more sensitive to pisatin and more tolerant of a-tomatine than 

the wild type strain (Sandrock et al.l998). A similar change also has been observed 

for C-8 sterol isomease ierg-l) mutants of M crassa (J. Gilbert and M.J. Orbach, 

unpublished). In addition, erg-3 mutants have an increased sensitivity to the 

isoflavonoids maackiain and biochanin A, a phytoalexin and a phytoanticipin, 

respectively, produced by chickpea. Since the relative sensitivity of phytopathogenic 

fungi to specific phytoalexins and phytoanticipins can determine host specificity 

(Osboume 1999, VanEtten et al. in press) an alteration in sterol composition might 

contribute to a change in the host range of a plant pathogenic fungus (Defago et at. 

1983). To explore this idea we sought to clone the C-8 sterol isomerase and C-14 

sterol reductase genes uom the phytopathogenic fungus Nectria haematococca mating 

population VI (anamorph Fusarium solani). These genes can be use to create 

ergosterol mutants of this fungus with an anticipated increases in sensitivity to pisatin 

and tolerance of a-tomatine. Wild type strains of A/1 haematoccoca are tolerant of 

pisatin and pathogenic on pea. while sensitive to a-tomatine and not pathogenic on 
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tomato tissue high in a-tomatine concentration (VanEtten et al. in press; Sandrock and 

VanEtten, 2001; Defago et al. 1983). 

C-14 sterol reductase genes have been cloned from Saccharomyces cerevisiae 

(Lorenz and Parks 1992), N. crassa (Papavinasasundaram and Kasbekar 1994; 

Prakash et al. 1999), Schizosaccharomycespombe (Smith 1995), and Sepioria 

lycopersici (Apama et al. 1998). C-8 sterol isomerases have also been cloned from 

several fungi, including Saccharomyces cerevisiae (Ashman et al. 1991; Arthington et 

al. 1991), Magnaportke grisea (Keen et al. 1994), Ustilago maydis (Bailey et al. 

1994), and M crassa (J. Gilbert and M.J. Orbach, unpublished). In this study, we used 

the sequence information from the cloned C-14 sterol reductase and C-8 sterol 

isomerase to clone the corresponding genes from N, haematococca. 

Materials and Methods 

Fungal strains and growth conditions 

N. crassa wild-type strain, OR23-74-1A (FGSC 987), erg-1 (UVl) (FGSC 

2721), and erg-3 (FGSC 2725) were obtained from the Fungal Genetics Stock Center 

(Kansas City, KS). N. haematococca laboratory and field isolate strains were 

provided by the VanEtten laboratory and are listed in Table 3.1. A/1 crassa strains and 

transformants were maintained as described by Davis and de Serres (1970). N. 

haematococca strains were grown in Vogel's medium N 1.5% sucrose (Vogel 1964) 

or M-2 media (Martin 1950) supplemented with FGS (0.05% Fructose, 0.05% 

glucose, and 2% sorbose), with supplementation (as described). For solid media, agar 
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Isolate Habitat^ Geographical origin 
Laboratory Isolates" 
1) 77-13-7 
2) 34-18 
3) 156-30 
Field Isolates 
4)SUF654 
5) SUE 665 
6)SUF1111 
7)SUF1116 
8)T8 
9)T23 
10) T70 
11) T406 
12) T547 
13) T77 
14) T78 
15) T95 
16) TllO 
17) T213 
18) T215 
19) T217 
20) T219 
21) 272 
22) T273 
23) T288 
24) T300 
25) T314 
26) T347 
27) T351 
28) T474 

Pea 
Pea 
Pea 
Pea 
Pea 
Pea 
Pea 
Pea 
Pea 
Alfalfa 
Alfalfa 
Tuliptree 
Cottonwood 
Cottonwood 
Potato 
Carnation 
Soil 
Unknown 
Unknown 
Soil 
Red Clover 
Shrimp 
Alfalfa 
Alfalfa 
Pea 

Japan 
Japan 
Japan 
Japan 
USA (NY) 
USA (NY) 
USA (MI) 
Taiwan 
New Zealand 
USA (PA) 
USA (PA) 
USA (SO 
USA (MI) 
USA (KY) 
USA (ND) 
Unknown 
USA (PA) 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
USA (MI) 
USA (NY) 
USA (NY) 

Table 3.1. List of haematococca isolates utilized in this study. 
'^"Habitat" refers to the organism where a strain was isolated from and does 
not refer to pathogenicity on that particular source. ° Laboratory strains are 
progeny from different crosses (Maloney and VanEtten 1994). 
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was added to 1.5%. Wild-type strains were stored on M-2 slants. Transformed strains 

were stored on M-2 slants containing hygromycin B (150 ^g/ml) at -20^C. 

a-tomatine (Sigma) was used at 90 (ig/ml and was stored in dimethyl 

formamide at 25 mg/ml. Pisatin was used at concentrations of 30 ^g/ml to 50 |ig/ml 

and was stored in dimethyl sulfoxide at 55 mg/ml. Pisatin was extracted from pea 

seedlings by the procedure of Sweigard and VanEtten (1987). Hygromycin B 

(Sigma) was used at 150 or 200 (ig/ml. 

PCR amplification of C-14 sterol reductase and C-8 sterol isomerase 

To isolate the N. haematococca sterol C-14 reductase gene, degenerate 

oligonucleotide primers (synthesized by the Centre for Cellular & Molecular Biology, 

Hyderabad, India) were designed corresponding to the amino acid sequences 

conserved between the M crassa and S. cerevisiae sterol C-14 reductase genes. The 

forward primer (5' ATIFFIMGIGARYTIAAYCCIMG 3'), encodes the amino acid 

residues IGRELNPR, which are residues 210-217 and 199-205 of theM crassa and 5. 

cerevisiae C-14 sterol reductase, respectively. The reverse primer (5' 

CCARTICICCIARRTARTTIATRTG 3') is complementary to the nucleotide sequence 

encoding the residues (HINY(L/F)GDW, which are residues 388-395 oiN. crassa, 

and residues 368-375 of S. cerevisiae, C-14 sterol reductases. These primers were 

used for PCR amplification from genomic DNA of iV. haematococca strain 156-30-6 

using the following conditions: 5 minutes initial denaturation at 94 "C, followed by 30 

cycles of 60 seconds at 94 °C, 60 seconds annealing at 45 °C, 2.5 minute extension at 

72 "C, and a final extension of 5 minutes at 72 °C. 
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A similar approach was used to isolate a portion of the M haematococca C-8 

sterol isomerase gene. Degenerate oligonucleotide primers were synthesized by 

Retrogen (San Diego). Primers were based on sequences conserved between the S. 

cerevisiae, M crassa, and M. grisea C-8 sterol isomerase genes. For example, the 

forward primer (5' GARTGGRTITTYAAYAAYGCIGG 3'), encodes the amino acid 

residues EWVFNNAG, corresponding to residues 117-124 of the N. crassa C-8 sterol 

isomerase. The reverse primer (5'AAIRRIARCATISRIGGIATCCAICC 3') is 

complementary to the nucleotide sequence encoding FFLMPPIWG. residues 213-221 

of the N. crassa C-8 sterol isomerase. Primers were used for PCR amplification of 

genomic DNA ofN. haematococca strain 77-13-7. The primers were used with the 

following PCR conditions: 5 minutes initial denaturation at 94 °C, followed by 35 

cycles of 60 seconds at 94 °C, 30 seconds annealing at 50 °C, 60 seconds extension at 

72 "C, a final 5 minute extension at 72 °C, followed by storage at 4 ®C. 

Isolation of genomic copies of the C-14 reductase and C-8 isomerase 

To identify and clone a genomic copy of the C-8 sterol isomerase gene, a 

pMOcosX cosmid library, of strain 34-18 (library provided by Xiaoguong Liu), was 

probed with a 351 bp PCR fragment, which by sequencing was confirmed to be 

homologous to the C-8 sterol isomerase gene of AT. crassa. 

For cloning of the C-14 sterol reductase gene, a 571 bp PCR fragment was 

obtained from genomic DNA of strain 156-30-6 with degenerate oligonucleotide 

primers (see above), labeled, and used to screen a pMOcosX cosmid library (Orbach 

1994) of iV. haematococca strain 156-30-6 (Coverlet al. 1996). Seven cosmid clones 
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were identified that hybridized to the PCR fragment. However, ahhough the PCR-

amplified DNA migrated as a single band, polymorphisms among the identified 

cosmids suggested the presence of more than one C-14 sterol reductase gene in the 

genomic library. To test this, the PCR-amplified DNA was ligated into the pCR2.1 

vector (Invitrogen) and 30 clones (designated as pCR clones) were screened by 

Southern hybridization. The seven cosmid clones could be classified into three groups 

(group A, B, or C) based on differences in their restriction digestion patterns. Twenty 

of the pCR clones hybridized to the group C cosmids (29F4,36A11 and 37C9). One 

of these clones was designated as pCRC. Two pCR clones hybridized to the group B 

cosmids (16B3,16D9 and 18F11), one of which was designated as pCRB, and one 

clone, pCRA, hybridized to the group A cosmid (3G8). The remaining seven pCR 

clones did not hybridize to any of the seven cosmids isolated from the library. 

Transformation of N. crassa spheroplasts 

Spheroplasts of the N. crassa erg-1 and erg-3 mutant strains were prepared by 

standard methods (Vollmerand Yanofsky 1986). The crassa erg-1 spheroplasts 

were transformed with either intact cosmid clones that conferred hygromycin 

resistance due to the selectable marker in the pMOcosX vector, or by co-

transformation with plasmid pMP6 (a gift from Mike Plamann) which contains the 

same hph marker gene as the pMOcosX cosmid vector. DNA in heparin solution (5 

mg ml'^ heparin in STC solution; 1.2 M Sorbitol, 25 mM Tris pH 7.0.25 mM CaCU) 

was added to spheroplasts and incubated on ice for 30 minutes. The solution was 

mixed thoroughly by inversion with 1 ml of 40% PEG in STC and incubated at room 
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temperature for 20 minutes. The transformation solution was mixed with 8 ml of 

regeneration top agar (IX Vogel's, 1 M Sorbitol, 1.5% agar, 2.0% Sorbose, 0.05% 

Glucose, and 0.05% Fructose) and the mix was spread on M-2 media containingl50 

l^g/ml or 200 ^g/ml hygromycin B and 35|ig/ml pisatin. As controls, transformation 

preparations were also spread on M-2 media, and M-2 media containing 150 (4g/ml or 

200 ^g/ml hygromycin B. Plates were incubated at 30°C, and transformed colonies 

appeared in 2-3 days. 

DNA methods 

For most experiments, the standard techniques described by Sambrook et al. 

(1989) were used. Plasmid fragments were subcloned into pBluescript vectors 

(Stratagene) and PCR products were cloned into pCR2.1 (Invitrogen). DNA 

fragments were sequenced using exonuclease IH deletion clones. Exonuclease III 

deletion dunes of various plasmid constructs were generated using the Erase-A-base 

system (Promega). Sequencing of both strands was accomplished by either the chain-

termination method using Sequenase version 2.0 and ATP or by using the Applied 

Biosystems (ABI) PRISM dye terminator kit (Perkin Elmer) and a DNA sequencer 

ABI Model 373A in the Laboratory of Molecular Systematics and Evolution 

(University of Arizona). Sequence data was aligned using either GeneJockey II 

(Biosoft) or Mac Vector software (Oxford Molecular), and protein comparisons were 

done through the National Center for Biotechnology Information (Bethesda, MD) 

using the BLAST algorithm. 
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Southern Hybridization 

Genomic DNAs were digested with restriction enzymes, separated on a 0.7% 

agarose gel, and transferred to a nylon membrane (Micron Separations Inc., MA). 

After UV cross-linking the DNA to the filter (Stratalinker 2400; Stratagene) blots 

were prehybridized for 2 hrs at 65 ®C in 6 X SSPE (0.5 M NaCI, 33 mM NaH2P04, 

and 3 mM EDTA), 5 X Denhardt's solution (0.1% Ficoll 400.0.1% 

polyvinylpyrrolidone, and 0.1% bovine serum albumin), 0.5% SDS, and 50 ^g 

denatured, sonicated salmon sperm DNA/ml. Hybridization was performed overnight 

(15+ hrs) at 65 °C in the prehybridization solution supplemented with a ^^P-labeled 

probe. Hybridization probes were labeled with by the random primer method of 

Feinberg and Vogelstein (1983). Following hybridization, the membrane was washed 

twice for 20 minutes at 65 ®C with 2 X SSPE, 0.1% SDS, followed by a 20 minute 

wash at 65 °C with 0.2 X SSPE, 0.1% SDS. 

Southern hybridizations were also performed on filters of contour-clamped 

homogenous eletric field (CHEF) electrophoresis gels (Funnell, 1996) to identify the 

chromosomes on which the ergosterol biosynthetic genes resided. Chromosomes of 

strains T2,44-100 and 196-10-7 were resolved and Saccharomyces cerevisiae and 

Schizosaccharomyces pombe were included as size markers. Hybridization probes 

included the 1.1 kb HindUl insert fragment of pAK3 (forSr^Ri), the 2.5 kb BamHI 

insert fragment of pETL (for SFiRS) and the 2.4 kb EcoRV-Ssd fragment of pAM706 

(forERGl). 
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To determine whether homologs oiERGl existed, low stringency Southern 

hybridizations were performed. A Southern blot of N, haematococca isolates was 

probed first with the 351 bp PCR product. A second hybridization with the 2.4 kb 

EcoVtNIKpnl fragment of pAM706 was also performed. In both cases low stringency 

hybridization was carried out at 55 "C. No additional hybridizing fragments were 

detected at 55 °C, suggesting that£ftGi homologs were not present in N. 

haematococca. 

Sterol Analysis 

Sterol analysis was performed using an unpublished procedure (Dr. Scott 

Soby, personal communication). 100 ml of glucose asparagine medium (GA) 

(VanEtten and Stein 1978) was inoculated withM crassa orN. haematococca and 

shaken at 220 rpm at room temperature for 24-48 hrs. Mycelium was vacuum-filtered 

onto a Whatman #42 filter and rinsed with distilled water. The mycelial pad was 

submerged in ethanol for 12-24 hours at room temperature to extract sterols. After 

pelleting the mycelium, the ethanol supernatant was evaporated to dryness. The 

resulting residue was resuspended in 200 (xl of methanol. The methanol extracts were 

analyzed by high performance liquid chromotography (HPLC) on a Waters HPLC 

system (Waters, Milford, MA) using Alltech Econopak (C-18 reverse column, 22.5 x 

250 mm) columns. HPLC-grade methanol was used as the solvent at 1.0 ml per 

minute for 10 min. Peak elution was monitored at 276 and 282 nm. 

For UV spectrophotometry, mycelium was grown in 50 ml liquid Vogel's 

medium with glucose, harvested by vacuum filtration, lyophilized, and ground with 
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glass beads in dHjO. CHCI3 was added to the homogenate (2.5 ml per l.O ml 

homogenate) and the mixture was vortexed. 2 ml of 0.9% aqueous KCI was added 

and the mixture vortexed. Aqueous and organic phases were separated by 

centrifugation and the lower organic phase was collected in a fresh tube and washed 

twice with 2 ml of 0.9% aqueous KCI. The sample was evaporated in a rotary 

evaporator and the residue of nonsaponified lipids was dissolved in hexane. The 

sample was diluted 1:200 in ethanol and its UV absorption spectrum (200-310 nm) 

was recorded in a Shimadzu spectrophotometer (Shimadzu, Hyderabad, India). 

Gas chromatography-mass spectrometry (GC-MS) was carried out on a 

Micromass Auto Spec M mass spectrophotometer using an Opus V3.1X data system. 

Protocols of Prasanna etal (1998) were followed for all samples. 

Results/Discussion 

Isolation of a N. haematococca C-8 sterol isomerase gene 

To identify and clone the C-8 sterol isomerase gene of N. haematococca, a PCR-

based approach was used with oligonucleotide primers, based on conserved sequences of C-

8 sterol isomerase genes in other fungi. A 351 bp fragment was amplified using genomic 

DNA of haematococc strain 77-13-7 as a template and this fragment was cloned and 

sequenced. Translation of this sequence revealed an open-reading-frame (ORF) with 

significant homology to theN. crassa C-8 sterol isomerase gene (J. Gilbert and MJ. Orbach, 

unpublished, Genbank accession no. U59671). The PCR fragment was used as a probe to 

screen a AT. haematococca cosmid library of strain 34-18, and five hybridizing cosmid 
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clones were identified. PCRs were performed on the 5 clones (8G-G9,9R-A3,12B-A10, 

15R-B7 and 15R-B8) as the templates with the same primers used to isolate the 351 bp PGR 

fragment from genomic DNA. Each of the 5 clones amplified a fragment of approximately 

351 bp. Two of these clones, 12B-A10 and 15R-B7. were transformed into the erg-1 C-8 

sterol isomerase mutant aiN. crassa, erg-1. This mutant strain is unable to convert 

fecosterol to episterol, and thus does not produce ergosterol (Fig. 3.1). erg-1 is also more 

sensitive to the pea phytoalexin pisatin than the wild-type strain. Transformed strains were 

selected on media containing both hygromycin (150 ^g/ml) and pisatin (35 ^g/ml), 

concentrations of hygromycin and pisatin inhibitory to the erg-1 mutant. Transformants 

containing either cosmid 12B-A10 or 15R-B7 allowed growth on hygromycin plus pisatin, 

while control transformations with the Hyg'^ plasmid, pMP6, alone yielded transformants 

only on plates containing hygromycin but not on those containing both hygromycin and 

pisatin. 

To localize the gene both cosmids were digested with several different 

restriction enzymes and each digested cosmid DNA was co-transformed into erg-1 

spheroplasts along with plasmid pMP6, followed by selection on plates containing 

hygromycin and pisatin. Transformants were obtained only with the £coRV. Kpnl 

and Pstl digested cosmid DNA, suggesting these restriction sites did not lie within the 

gene, while the DNA digested with BamHI, Ssth and Xhol failed to produce 

transformants. Gomplementing sequences were localized to a 3.8 kb EcoRV fragment 

of cosmid 15R-B7 that was cloned into pBluescript KS-, creating plasmid pAM704. 

Two subclones of pAM704, pAM705, containing a 1.4 kb EcoRV/AiftoI fragment and 
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pAM706, containing a 2.4 icb Eco^lKpnl fragment, were used to create exonuclease 

lU (Promega) deletion clones for sequencing. A region of 1396 bp was sequenced on 

both strands. An ORF of 224 amino acids, interrupted by a single 49 nucleotide intron 

at amino acid residue 113 was deduced (Fig. 3.2). The ORF has strong amino acid 

identity with the C-8 sterol isomerases of N, crassa erg-1 (65%). Magnaporthe grisea 

ERG2 (68%), Ustilago maydis ERG2 (53%), and Saccharomyces cerevisiae ERG2 

(47%). Based on the sequence and complementation of N. crassa erg-1, this N. 

haematococca gene was designated ERGl. TheM crassa, M. grisea, and U. maydis 

C-8 sterol isomerase genes all contain a single intron, although they are not 

positionally conserved. However, the introns of the N. haematococca and M crassa 

genes interrupt the identical glycine residue in their ORFs (Fig. 3.2). Although the 

positions of the introns are identical, the sequence and size of the introns of AT. crassa 

and M haematococca differ. The introns of N. crassa and N. haematococca are 87 bp 

and 49 bp, respectively, and have 22% identity at the nucleic acid level. N. 

haematococca ERGl terminates at a UAA stop codon at a position corresponding to 

the stop codon for M. grisea ERG2, U. maydis ERG2, and A/1 crassa erg-1 (Fig. 3.2). 

All C-8 sterol isomerase genes demonstrate greatest amino acid sequence similarity in 

the central and C-terminal regions, while the N-terminal regions differ in both length 

and sequence. The position of the predicted N. haematococca ERGl start codon is 

supported by the presence of multiple stop codons in all reading frames upstream of 

the predicted start codon. As predicted from the complementation experiments with 
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Nh 1 MPKTQPQSG ISRLLGILGLLTALLA 25 

Nc 1 MP K SS GNKPSGSGSSSGRSSSGSSCRCSCRCRCS GGW KFFAI F V 55 
Sc 1 MKFFPL L IGWGY 15 

Nh 26 SVFYVLEQNLDKFYIFDLEHLDDLSKRALAEHGSNTRAWEYIVTELNEKT 73 
Nc 56 PIA R ES V T H ISR ND K I K D DRNG--- 105 
Sc 16 IMNVLFTTW PTN M PKT NEICNSVISK NAAEGLST DLLQDVRDALASHY 70 

Nh 74 -PAHIN--LNEEWVFNNAGGAMGAMYIIHASVTEYLIVFGTArGTEGHTGRHTAD 128 
Nc 106 VAPYV --ND I I G 160 
S c  7 1  G D E Y  R Y V K  Q I L  S  L  V  V F 1 2 5  

Nh 129 DYFHILSGTQLAYVPGSYEPEVYPPGSIHHLRRGDVKQYKMPESCFALEYARGWI 183 
Nc161 TTE VVTR P 215 
Sc 126 T H I AL YATEA T MT KK YA S GGS LAQ ISO 

Nh 184 PPMLFFGFADGLSSTLDFPTLWHTTRITGREMISNLLKG-KF* 224 
Nc 216 Y T R SV - » 256 

Sc 181 C P L TF LY YR VYL A D GK QNK • 222 

Fig. 3.2 Alignment of fungal C-8 sterol isomerases. The predicted 
haematococca ERGl polypeptide is compared to \\\6 Neurospora crassa ERGl (J. 
Gilbert and M J. Orbach, unpublished) and 5. cerevisiae ERG2 (Arthington et al. 
1991) proteins, all of which encode C-8 sterol isomerases.. The number of amino 
acids is indicated to the right and left. Only those amino acids that differ from the 
N. haematococca sequence are given for the other species. Dashes indicate gaps. 
Nh, N. haematococca; Nc, N. crassa; Sc, S. cerevisiae. The position of the A/1 
haematococca intron is indicated by a highlighted codon for glycine (G) at amino 
acid 113, which the intron splits. The M crassa intron is represented by a 
highlighted glycine residue 145. Stop codons are indicated by asterisks. 
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restriction enzyme-digested cosmid DNA, Bam)XL, Xho\, and Sstl restriction sites were 

found in the DNA sequence encoding the ORF. 

We were interested in comparing the sequences immediately upstream of the 

ERGl start codon to those of other M haematococca genes. No published Kozak 

consensus sequence exists forM haematococca. To obtain a consensus, we compared 

the upstream sequence of 23 (excluding ERGl, STRl, and STR2) N. haematococca 

genes available in Genbank and from the VanEtten lab (X. Liu and H D. VanEtten, 

unpublished). The consensus sequence we obtained, 

(C/T)C(A/G)(A/C)(C/G)AIG(G/A/C)(T/C) matches well with that of the sequence 

around the predicted methionine start codon of ERGl (TCGCCATGCC). 

Additionally, the sequence of ERGl shares similarity with the Kozak consensus 

sequence for initiation of translation of N. crassa (CNNNCA(A/C)tATGGC). The 

lower case indicates that thymidine is rarely found in that position (Bruchez et al. 

1993). 

The hydropathy plot of the N. haematococca ERGl polypeptide is similar to 

that of the C-8 sterol isomerases of M grisea, S. cerevisiae, and U. maydis, with three 

hydrophobic domains in the same relative positions (data not shown). The first 

domain, represented by amino acids 16-28 in N.. haematococca has been proposed to 

be a membrane-spanning domain (Keon et al 1994). Although this enzyme has not 

been demonstrated to be membrane-bound in fungi, other enzymes of the ergosterol 

pathway (Zinser et al 1993), as well as C-8 sterol isomerase from rat liver have been 

shown to be localized in the membrane (Paik et al 1986). The second hydrophobic 
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domain is comprised of amino-acid residues tltat exhibit a high degree of identity in all 

of the C-8 sterol isomerases, and could form part of the catalytic domain of this 

protein. 

Screening N. haematococca for the C-14 sterol reductase gene 

To isolate the A^. haematococca C-14 sterol reductase gene of the ergosterol 

biosynthetic pathway, an approach similar to that for the C-8 sterol isomerase gene 

was used. Oligonucleotide primers based on conserved regions of C-14 sterol 

reductases of other fungi were used for PCR with N. haematococca 156-30-6 genomic 

DNA as template. A single band was amplified that co-migrated with the 557 bp 

product from control PCRs with N. crassa genomic DNA. An aliquot of the amplified 

DNA was labeled and used to screen an ordered N. haematococca 156-30-6 cosmid 

library. Seven hybridizing clones (3G8,16B3,16D9,18F11,29F4,36A11 and 37C9) 

were identified. 

Polymorphisms among the cosmid clones suggested that the PCR-amplified 

DNA could be composed of heterogeneous sequences. The PCR-amplified DNA was 

cloned into pCRZ.l, and 30 individual clones were analyzed. Based on hybridization 

patterns, the 30 clones were placed into three groups. One member of each group 

(pCRA, pCRB and pCRC) was sequenced (data not shown). The conceptual 

translation revealed that the pCRB and pCRC inserts both encoded amino acid 

sequences that were similar (67% and 57% identical, respectively) to the 

corresponding region of liteN. crassa C-14 sterol reductase (data not shown). The 

ORF derived from the pCRA insert sequence did not show similarity to C-14 
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reductase. These results suggested thatiV. haematococca MPVI might possess two C-

14 sterol reductase genes, one represented by the group B cosmids and the other by 

group the C cosmids. 

Characterization of Sterol Reductase 1 (STRl) 

To test whether the two different classes of cosmids contained genes with C-14 

sterol reductase activity, a complementation approach was employed. All group B and 

C cosmid clones were able to complement the pisatin-sensitive, tomatine-resistant 

phenotype of the N. crassa erg-3 mutant when transformed (data not shown). This 

suggested that AC haematococca may contain two functional, but non-identical, C-14 

sterol reductase genes that can be expressed in N. crassa. 

To characterize the group C complementing sequences, M crassa erg-3 

spheroplasts were transformed with different restriction digests of the group C cosmid 

29F4, selecting for restoration of the pisatin resistant phenotype of ergosterol 

producing strains. A restriction enzyme digest of 29F4 with Xhol did not inactivate 

the complementing sequences. Hybridization of Xhol digests of the group C cosmids 

with the insert of pCRC revealed a common 2.8 kb fragment. This Xhol fragment was 

cloned into pBluescript KS- and the resulting plasmid, pNHX6, complemented the N. 

crassa erg-3 mutant, indicating it contained a functional C-14 sterol reductase. 

Exonuclease III deletion clones of pNHX6 were constructed and 1,670 bp of sequence 

was obtained on both strands. 

From the sequence, we deduced an ORF of 485 amino acid residues 

interrupted by 2 introns (Fig. 3.3). The predicted first intron, at amino acid position 
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Nc 1 MAGKQNQAAPKKAVAPRQQHYEFGGPIGAFGITFGLPILVHVFNLFCNDISGCPAPSLLH 60 
NT 1 M L SS K SEE HGFPPASLVYFV S55 

N2 1 MTT R PL T V V MS LF G V A MD 43 
Sc 1 MVS LNPRTTEF L L SI VFTIIL QMIR DYFI 44 

Nc 61 PKSLDLAQLKREIGWPDNGVFGLFSWSATLWTLGYYALSLVQYRFLPGH-VEGTELSTGG 119 
N1 56 T S DK Q V QD FA V E SAA A IL IL V A E RS 115 
N2 44 RT TWEK RDQ P ED IW FC E SG LAA L FL V AKQ Y K RES 103 
Sc 45 KGFFQNFDIVELWNGIKPLRYY GNRELWTVYCLW GILAVLDVI RVMK VQ RD S 104 

Nc 120 R-LKYKLNAFNSAMCTLAILAAGTIAQGAEFPVWTFISDNFAQirSANILFAFALAIFVY 178 
N1 116 - R TLY SSF A I LT TI SY V T 174 
N2 104 P E RFN S TWQ AC V T lY T YL LLN ILS IISIY 163 
Sc 105 K- S I GIAMSTTLVLV IRWKLTDGQL ELQYLYENHVSLCIIS S F TYC 163 

Nc 179 VRSFD VKPGN-KDMRQLAAGGVTGSLIYDFYIGRELNPRITLPLIGQVDIKEFMEM 233 

N1 175 S V - EN E H NML WF WI E L WL L 229 
N2 164 D N V K -PE E K H N F MT FF E L AWL 218 
Sc 164 A IPLIFK N G REKI L NS NI WF L PL KM S L 218 

Nc 234 RPGLLGWIILNCAFIAKQYRLYGYVTDSILFITAIQAFYVFDGIYMEPAVLTTMDITTDG 293 
NI 230 MM F SWC Q N SIC LV V SWWN I 289 

N2 219 T AL DL Y T IS IV LV SY LE HTPSLDF GM 278 

Sc 219 ML LLI LSCLHHH LKT KIN ALVLVNFL G I VLN EGV M 278 

Nc 294 FGFMLSFGDWWVPFMYSTQTRYLSVHPQQLGAFGLIAVGAVLAAGYSIFRLSNSQKNNF 353 
NI 290 M LA I V L A VS PV AVMLSLIGL FY SA E 349 
N2 279 L LG I L C Y VH WLNFA lAT FSV LY A L 338 
Sc 279 LA LSL TLA S VE WVKWGIL IMFL FH HSA K SE 338 

Nc 354 RTNPEDPSVKHLTYLQTKTGSRLITSGWWGIARHINYLGDWLQSWPYSLPTGIAGYQILS 413 

NI 350 N K SQ K I K K LI Y I C L N 409 
N 2  3 3 9  D H  A F A N M  I R T L G  M  Y F  L F  S V P 3 9 8  
Sc 339 QG KLEN KSI R TK LCD AKSQ F I LSWC AT 385 

Nc 414 AGSNAP—GAITMLDGREWQGEARGWGIVFTYFYILYFAILLIHRDLRDDEKCSKKYGD 471 
NI 410 AQ E— LV R K MLI ER D HR E 467 
N2 399 AVTGV ITK V T EGVA ML AAW FM EG AA AE 458 

Sc 386 WFQTPL Y SL AT L QQ EH RL E 420 

Nc 472 DWEKYKKLVKWRIVPGIY* 489 
NT 468 R I RY I •» 485 

N2 459 VQ T L V * 476 

Sc 421 N E ERK PYK I YV * 438 

Fig. 3.3. Alignment of fungal C-14 sterol reductases. The predicted N. haematococca STRl 
and STR2 polypeptides are compared to the M crassa ERG3 (Papavinasasundaram and 
Kasbekar 1994) and 5. cerevisiae ERG24 (Lorenz and Parks 1992) proteins, all of which 
encode C-14 sterol reductases. The number of amino acids is indicated to the right and left. 
Only those amino acids that differ from the AT. crassa sequence are give for the other species. 
Dashes indicate gaps. Nc, A/1 crassa; NI, N. haematococca STRl; N2, M haematococca 
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STR2; Sc, 5. cerevisiae. The position of introns are indicated by highlighted codons reflecting 
the codon at which the intron begins. N. crassa erg-3 contains 1 intron, interrupting codon 26. 
N. haematococca STRl contains two introns, at positions 21 and 123. M haematococca STR2 
contains two introns, at positions 9 and 111. There are no introns in theS. cerevisiae ERG24 
gene. Stop codons are indicated by asterisks. 
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21, is at the same relative location as the single predicted intron in the N. crassa erg-3 

gene, whereas the second intron is positioned at amino acid residue 123. The 

predicted protein had 67% amino acid sequence identity with N.crassa ERG-3 and 

shares a high degree of identity with other fungal C-14 sterol reductases, such as 5. 

cerevisiae ERG24 (36%) and S. fycopersici ERG3 (55%). On the basis of these 

results we designated this gene as sterol reductase 1 {STRl). 

The nucleotide sequence around the predicted methionine start (GCAAGATGGC) of 

STRl matches the Kozak consensus sequence for initiation of translation in N. crassa, as 

well as our consensus sequence forM haematococca 

(C/T)C(A/G)(A/C)(C/G)AIfi(G/A/C)(T/C). In plasmid pNHX6 there are only 70 bp of 

sequence upstream of the AUG start codon to the AAoI site, which would seem insufficient 

for containing a 5' untranslated mRNA region and a promoter. However, complementation 

of the erg-3 mutant phenotype by cosmid 29F4, digested with Aiftol, suggests that all 

sequences needed for expression of STRl are present in those 70 bp. To define the actual 

end of the ORF, the downstream BamHl fragment (300 bp) was identified, subcloned, and 

sequenced. The 471 amino acid ORF was extended by five additional residues, followed by 

a stop codon. 

Characterization of sterol reductase 2 {STR2) 

To characterize the putative second C-14 sterol reductase gene, we localized the 

hybriding sequences from the group B cosmids. Restriction digestion of those cosmids, 

followed by Southern hybridization, revealed that each cosmid contained a 2.5 kb BarrDXL 

fragment which hybridized with the pCRB insert. This fragment was cloned into 
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pBluescript SK-t-.designated pETL, and sequenced completely on both strands. Analysis of 

the sequence revealed a 471 amino acid ORF that continues to the end of the insert, and is 

interrupted by two introns positioned at amino acid residues 9 and 111 (Fig. 3.3). Both 

introns in this ORF are at nearly identical positions as in STRl. The first intron interrupts 

the same proline residue that is interrupted by introns in STRl and N. crassa erg-3. The 

second intron interrupts a conserved asparagine codon that is immediately before the 

threonine codon interrupted in STRl. To define the actual end of the ORF, the adjacent 300 

bp BainFH fragment was identified, subcloned, and sequenced. The 471 amino acid ORF 

was extended by five additional residues, followed by a stop codon. The nucleotide 

sequence around the predicted methionine start codon of STR2 (CAGTATGAC) showed a 

6/9 match with the consensus for translation initiation in M crassa 

(CNNNCA(A/C)tATGGC). although the thymidine present before the start codon is highly 

unusual in the case of crassa genes. However, we identified three other genes of M 

haematococca that also have a thymidine present before the start codon (PEPl, PEP2, X. 

Liu and H D. VanEtten, unpublished, and CSN, Shimosaka et ai. 1996). The match with the 

M haematococca consensus, while less conserved then some other genes, has some 

conserved residues. 

The predicted protein surprisingly displayed greater sequence identity with the M 

crassa erg-3 polypeptide (57%) then it did with theM haematococca STRl (55%) (Fig. 

3.3). The predicted protein also shared amino acid sequence identity with the products of 

the S. cerevisiae ERG24 (35%) and S. lycopersici (48%) genes, respectively. When the 

group B cosmid 16B3 was transformed into N. crassa erg-3 spheroplasts it was able to 
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complement the pisatin-sensitive and tomatine-resistant mutant phenotype, restoring the 

mutant to a near wild-type phenotype (data not shown). Based on these results we 

designated this gene as sterol reductase 2 (STR2), 

STRl and STR2 show strong similarity to other fungal C-14 reductases. However, 

this is the first report of fungus containing two C-14 reducatases. We have shown that both 

genes are functional based on complementation of M crassa erg-3. Although the two genes 

show greater homology to the N. crassa erg-3 gene than to each other, the presence of the 

conserved intron positions provides evidence that STRl and STR2 are derived from a gene 

duplication of an ancestral C-14 reductase. The 5. lycopersici C-14 reductase gene contains 

an ORF for a protein that is interrupted by one intron of 57 bp, with splicing regulatory 

sequences that are similar to those reported ior Neurospora genes. Interestingly, the intron 

is located at the same relative amino acid position as the intron in the N. crassa C-14 

reductase ORF (Apama et al. 1998). The possibly rapid sequence divergence of the two 

genes may be the result of functional redundancy, with the copies diverging to function in 

the crgosterol biosynthetic pathway at distinct points. It Is possible that these genes are 

regulated differently and may function at different points in the A/1 haematococca life cycle 

The tubA and tubB alpha-tubulin genes of Aspergillus nidulans exhibit a 28% divergence 

between the two polypeptides. Interestingly, the two genes have different expression 

patterns and the genes are not able to complement one another (Doshi et al 1991). Because 

STRl and STR2 show a greater divergence, yet are able to complement one another, it will 

be of interest to examine their expression patterns. Alternatively, N. haematococca may 

have acquired one of the STR genes by horizontal gene transfer. In such a scenario the 
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second C-14 reductase may have been transferred to an ancestral strain of N. haematococca, 

where the newly introduced gene would have little selective pressure and be free to 

significantly diverge at the amino-acid level. It will be of interest to disrupt each gene to 

determine whether single gene knockouts have phenotypes. 

Sterol analvsis 

We have demonstrated that the N. haematococca ERGl, STRl, and STR2 genes were 

able to restore the pisatin-resistant phenotype, characteristic of wild type N. crassa, to their 

respective mutants. To demonstrate that this complementation was due to the restoration of 

ergosterol production, the M crassa erg-1 mutant transformed with the ERGl gene of N. 

haematococca restored was screened for sterol content using HPLC. Analysis of the wild-

type yv. crassa strain OR23-74-1 (Fig. 3.4A), the N. crassa erg-1 mutant (Fig. 3.4B). the 

wild-type N. haematococca strain 34-18 (Fig. 3.4C). and a transformant of the N. crassa 

erg-1 mutant with pAM706 (Fig. 3.4D), demonstrated expression of the N. haematococca 

ERGl gene in N. crassa and restoration of ergosterol biosynthesis. Sterol profiles for wild-

type N. crassa (Fig. 3.4A) and wild-type N. haematococca (Fig. 3.4C) show characteristic 

ergosterol peaks at a retention time of 5-6 minutes. Additional peaks, indicative of 

ergosterol precursors, are also seen. The erg-1 mutant lacks the ergosterol peak and appears 

to have several unique peaks, likely the result of ergosterol precursor accumulation. The 

N.crassa erg-1 mutant complemented with the C-8 sterol isomerase gene of N. 

haematococca (pAM706) contains a major sterol peak that correlates with the ergosterol 

peak, while this peak is absent in theM crassa erg-1 mutant (Fig. 3.4B and Fig. 3.4D). 
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Fig. 3.4 Profile of sterols extracted from; (A) wild>type N. crassa strain 
OR23-74-1, (B) N. crassa erg-I mutant, (Q wild-^  ̂AT. haematococca 
strain 34-18, and (D) a transformant of the N, crassa erg-l mutant with 
plasmid pAM706. Red arrows indictate ergosterol peaks. 
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STRl and STR2 were also evaluated for their abih'ty to restore production of 

ergosterol in the M crassa erg-3 mutant. GC-MS was used to analyze the N, crassa erg-3 

mutant, wild-type N. crassa strain OR23-74-1, and two transformants of the M crassa erg-3 

mutant; one with STRl and the other with STR2 (Fig. 3.5). The N. crassa erg-3 mutant was 

independently transformed with pNHX6 and cosmid 16B3. Results demonstrated that both 

the N. haematococca STRl and STR2 genes were able to restore ergosterol biosynthesis in 

the transformants. The UV absorption spectra of wild-type N. crassa and the two 

transformant sterol preparations had peaks at 271 nm, 281 nm, and 293 nm that are 

characteristic of ergosterol. The erg-3 mutant lacked such peaks, instead having a broad 

peak at 250 nm, indicating the absence of ergosterol. 

By using N. crassa as a heterologous transformation recipient we have shown that 

the cloned K haematococca ERGl gene and the two cloned C-14 sterol reductase genes, 

STRl and STR2, are able to restore ergosterol production to their respective N. crassa 

mutants. Although STRl has significantly greater amino acid identity with N. crassa ERG-

3 than STR2, both appear to restore ergosterol production in theM crassa erg-3 mutant 

equally well. 

Distribution of STR genes and ERGl in Nectria haematococca MP VI 

Because we were surprised to discover two C-14 sterol reductase genes in N. 

haematococca we wanted to determine the distribution of the three ergosterol biosynthetic 

genes among several N. haematococca strains. For example, do all AC haematococca strains 

have duplicated C-14 reductase genes, and is the C-8 sterol isomerase gene duplicated in 

any strains? A series of Southern hybridizations was performed in order to analyze the 
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Fig. 3.5 Profile of sterols extracted from: (A) AT. crassa erg-3 mutant (B) 
wild-type AC crassa strain ORA, (C) a transformant of the AC crassa erg-3 
mutant withSf  ̂(cosmid 16B3), and (D) a transformant of the AC crassa 
erg-3 mutant with STRl (plasmid pNHX6). 
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distribution of STRl. STR2, and ERGl among members of N. haematococca MP VI. 

£coRV-digested genomic DNA corresponding to ten laboratory isolates and twenty six field 

isolates were hybridized independently with the 1.1 kb HindiSl insert of pAK3 

(encompassing a portion of STRl), the 2.5 kb fiamHI insert of pETL (encompassing the 

majority of STR2), and the 450 bp S!acI-BamHI fragment of pAM706 (representing a 

conserved region of sterol isomerase genes) served as the C-8 sterol isomerase probe. 

Isolates utilized were verified to be members of N. haematococca MPVI by crosses (data 

not shown), and were obtained from a number of different geographical locations (USA, 

Japan, England, New Zeland and Taiwan) and biological sources (pea, alfalfa, tulip tree, 

cotton wood, potato, camation, red clover and shrimp), making this survey representative of 

the species as a whole (Table 3.1). 

The results showed that all isolates tested contained a single copy of each gene (data 

not shown). Based on the RFLP patterns for each of the probes, the isolates tested were 

classified into three groups for the STRl probe, two groups for the STR2 probe, and five 

groups for the ERGl probe. However, the RFLPs appear to be distributed randomly among 

the tested strains since there was no correlation between the different RFLP patterns and the 

geographic location or biological source from which the strains were isolated. 

All N. haematococca strains tested contained both the STRl and STR2 genes, while 

there was no evidence of redundancy of the ERGl gene. Because the homology of STRl of 

N. haematococa and ERGS polypeptide of M crassa (67.8%) is greater than that of STRl 

and STR2, we wanted to determine whether M crassa contains sequences that have greater 

homology to STR2. Independent hybridization of probes of all three genes against Southern 
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blots of AC crassa genomic DNA restriction enzyme digested with £coRI and Kpnl showed 

identical hybridization patterns. Thus, it appears that N. crassa erg-3 represents the most 

homologous gene for both STRl and STR2. 

Chromosomal location oiERGl. STRl. And STR2 

Because of their redundancy, we were interested in determining whether SfiRi 

and STR2 might reside on the same chromosome and thus might have been generated 

by gene duplication. To do this, we probed electrophoretically separated M 

haematococca chromosomes of three strains T2,44-100 and 196-10-7 with STRl and 

STR2 gene probes. Additionally, we used an ERGl probe to ascertain whether the 

ergosterol biosynthetic genes may be clustered. In each of the strains, the STRl probe 

hybridized to a chromosome of approximately 5 megabases (Mb) while the STR2 

probe hybridized to a chromosome of approximatetly 4.5 Mb (data not shown). The 

ERGl probe hybridized to a chromosome band of around 3.8 Mb in strains T2 and 44-

100, and to a 4.5 Mb band in strain 196-10-7. This clearly shows that the STRl and 

STR2 genes are unlinked, and in two strains, ERGl is unlinked to either STR gene. In 

strain 196-10-7, ihe ERGl and STR2 genes hybridize to the same chromosome band 

and are thus potentially linked to each other. The observation that the STRl and STR2 

genes are on different chromosomes suggests that if they are due to a gene duplication, 

it was not a local duplication. It would be of interest to obtain further sequences 

adjacent to these two genes to determine if there is any similarity in the region beyond 

the genes. 
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Conclusions 

We have isolated three genes of theM haematococca ergosterol biosynthesis 

pathway. Mutations in one, or more, of these genes could affect the response of the 

pathogen to the pea phytoalexin pisatin, or the phytoanticipin of tomato, a-tomatine. 

Data from the analysis of N. crassa has shown ergosterol content to have a crucial role 

in the ability of the fungus to tolerate certain plant compounds. It is quite possible that 

the phytopathogen N. haematococca has similar responses to such compounds. The 

host range of this plant pathogen appears dependent on the conservation of sterol 

membrane integrity. Future research is planned to examine whether the modification 

of the sterol composition of Nectria can alter its pathogenicity on different hosts. 

With essential genes of the ergosterol pathway cloned, it will be possible to disrupt the 

biosynthetic pathway of ergosterol to characterize the role membrane integrity plays 

on the ability of the pathogen to successfully infect its host. 

The unexpected finding of two functional C-14 sterol reductases is intriguing. 

It is possible that the two genes, although complementing the same N. crassa erg-3 

mutant, have distinct functions and/or are expressed at different stages of the N. 

haematococca life cycle. Individual knockouts of STRl and STR2 will allow us to 

assess their separate contributions. The fact that all strains of M haematococca tested 

contained both genes suggests they both have an important function at some point in 

the fungal life cycle. 
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