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ABSTRACT 

This dissertation describes the characterization of a novel transposable element 

isolated from the plant pathogenic fungus Magnaporthe grisea. The sequence of 

MGR583, a previously reported repeated DNA fragment, was completed and shown to 

have features characteristic of non-LTR retroelements (LINEs). These include an element 

length of 5.9 kb, the lack of flanking long terminal repeats, the presence of short (6-13 bp) 

direct repeats flanking many element copies, and two principal open reading frames 

(ORFs). The first ORF is 570 amino acids in length and contains homology to the^ag-

ORFs found in many retroelements. The second ORF is 1,295 amino acids in length and 

has strong homology to reverse transcriptases (RT) ORPs found in non-LTR 

retroelements (LINEs). In accordance with these results, the name of the repeat was 

changed to MGL iov Magnaporthe grisea LINE. Analysis of the 3' terminus of MGL 

showed 90% homology to the 3' terminus ofMg-SINE, suggesting an evolutionary 

relationship between these two elements. A survey of the distribution of MGL in 

populations ofM. grisea showed the element to be present in all isolates tested. Copy 

number was not uniform between isolates, with approximately fifty copies present in rice 

isolates and between less than 10 and up to 50 copies in the 17 non-rice isolates tested. A 

PCR-based assay was designed and used to screen A/, grisea isolates for polymorphic 

MGL insertion loci. Thirteen polymorphic MGL insertions were scored and used to 

construct a phylogenetic tree that included 11 non-rice isolates and 20 rice isolates. The 

results strongly suggested that development of virulence on rice was a single event 



correlated with the acquisition of virulence on several other grass species. In addition, the 

observation that rearrangements occurred at one of the insertion loci in some rice isolate 

strains support the proposal that there is considerable plasticity in the genomes of these 

isolates. Finally, a yeast transposon [Tyl) system was used to express and test the second 

ORF for RT activity. No activity was detected for any of the A/GZ RT constructs tested. 
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I. INTRODUCTION 

The filamentous phytopathogenic fungus Magnaporthe grisea (Hebert) Barr 

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

disease, a disease found on a variety of grass hosts. The most important host for M 

grisea, economically and agronomically, is the cultivated rice plant Oryza sativa. Rice 

blast is of worldwide consequence, having been identified in ail rice growing areas and 

having the potential to cause yield losses of 10 to 50% (Ou, 1985; Lee, 1994). The 

primary control method is the use of blast resistant cultivars. Rice breeding programs are 

fiustrated, however, by the difficulty in developing cultivars able to maintain blast 

resistance over a long period. Cultivars bred to be resistant to known races of the fungus 

often succumb to blast infection only a few years after introduction (Ou, 1980; Ou, 1985; 

Lee, 1994). The difficulty in developing cultivars with durable resistance is principally a 

result of the high degree of variability present in field populations of M grisea (Orbach et 

al. 1996; Shull and Hamer, 1996; Talbot et al. 1993b; Bonman et al. 1987). A 

consequence of this variability is that rice cultivars are exposed to a variety of 

pathogenicity phenotypes in the field. Once exposed to a susceptible host, a previously 

rare strain can be selected for by the cultivar. Understanding the mechanisms generating 

the variability seen in M grisea populations has the potential to provide information useful 

in the development of cultivars with greater resistance durability. In addition, 

understanding these mechanisms will provide insight into what appears to be a remarkable 

biological phenomenon. 
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In apparent contradiction to the high level of variability seen in the field, M. grisea 

strains have evolved into distinct lineages with little if any recombination occurring 

between them (Hamer et al. 1989a; Dobinson et al. 1993; Hamer et al. 1993). On a broad 

scale these lineages are defined with respect to their hosts, with individual strains able to 

infect only one or a few grass species. Within the rice pathogenic strains, fiirther 

specificity exists at the cultivar level. Using DNA fingerprinting techniques, lineages of 

rice isolates have been identified, each pathogenic on a distinct set of cultivars (Levy et al. 

1991b; Hamer et al. 1993). Given this lack of recombination in the field, we must invoke 

mechanisms other than meiotic recombination to explain the variability seen in rice 

pathogenic field isolates. 

One mechanism for generating variability in non-recombining organisms is through 

transposable elements. Transposable elements can generate genetic variability through 

insertions and by causing genomic rearrangements, such as deletions, inversions and 

translocations (Finnegan, 1989). Transposable elements have been isolated fi-om a variety 

of fiingi and it has been proposed that they may be a primary source for generating 

variability in A/, grisea (Hamer et al. 1989a; Kachroo et al. 1994; Kachroo et al. 1995; Wu 

and Magill, 1995; Skinner et al. 1993). 

To investigate the role transposable elements may play in M. grisea variability, 

there has been a concerted effort to characterize M grisea transposons fi-om repeated 

DNA sequences (Hamer et al. 1989a). Through these efforts a variety of transposable 

elements have been characterized fromM. grisea (Dobinson et al. 1993; Farman et al. 
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1996b; Shull and Hamer, 1996; Kachroo et al. 1995; Sone et al. 1993; Kachroo et al. 

1994; Farman et al. 1996a). In addition, the repetitive sequence MGR583 (Hamer et al. 

1989a)has been partially sequenced and characterized (Orbach, unpublished). This 

element was present in 40 to 50 copies in all rice pathogenic strains analyzed and low copy 

number in strains isolated from grasses other than rice. Further, the element was 

transcribed in the single rice pathogen investigated. Analysis of the sequence showed the 

presence of a single open reading frame with homology to reverse transcriptases in non-

LTR retroelements. 

The goal of this dissertation was to complete the structural analysis of MGR583 

and to initiate further studies on its genetic and biochemical properties. Three principal 

areas of research were included in this project. The first of these was the complete 

characterization of the structural features of this element. The second was a study of the 

distribution of this element in the species M grisea and its potential for constructing 

phytogenies ofM grisea populations pathogenic on rice and other grasses. Third was an 

investigation of the putative reverse transcriptase encoded by this element and its ability to 

function as an RNA dependent DNA polymerase. 

In this introductory chapter I will provide a review ofM grisea, blast disease, and 

of transposable elements. Included will be a discussion of the current state of knowledge 

of transposable elements as related to fungi overall and to phytopathogenic fiingi in 

particular. I will conclude with a historical perspective of this project and an overview of 

work done by others that will be included in following chapters. 
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Magnaporthe grisea 

Taxonomy 

M. grisea is a filamentous fiingus in the phylum Ascomycota. The nameM 

grisea describes the perfect stage of the imperfect fungus Pyricularia grisea (Hebert, 

1971; Yaegashi and Udagawa, 1978). M. grisea has a life cycle typical of most 

filamentous ascomycetes. The vegetative stage is haploid with septate mycelia containing 

a single nucleus per cell. Asexual spore production is by conidiation. M grisea is 

heterothallic with meiosis occurring subsequently to the fusion of one isolate from each of 

the two M grisea mating types. The genome size is approximately 38 megabases (Mb) 

and is organized into six chromosomes ranging in size from three to 12 Mb (Skinner et al. 

1993; Orbach et al. 1996). Some rice pathogens also carry smaller chromosomes ranging 

from 0.47 Mb to 2.2 Mb in size. 

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

grasses. Individual strains are restricted to one or a few host species. Analysis of isolates 

pathogenic on different grasses suggests that pathotypes are genetically isolated, with little 

or no recombination occurring between strains pathogenic on different host species. This 

separation of lineages is supported by a variety of markers including isozymes, 

mitochondrial and ribosomal DNA polymorphisms, and repeated DNA polymorphisms 

(Leung and Williams, 1986; Shull and Hamer, 1996; Hamer et al. 1989a; Dobinson et al. 

1993; Biju-Duval et al. 1997; Borromeo et al. 1993). 
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Blast disease 

Blast disease occurs when a grass host is successfully parasitized by a strain of M 

grisea. While the most economically significant host is the cultivated rice plant O. sativa, 

blast disease has been identified on more than forty hosts in the grass family Poaceae. 

Though many of these grasses have little agronomic importance, incidences of blast 

disease on com (Bailey and Eijnatten, 1961), millet (Sundaram et al. 1972), and barley 

(Okada and Yaegashi, 1985), have been reported. Of special concern is the 1985 

discovery of blast disease on wheat in the state of Parana, Brazil, where severe yield losses 

were documented (Igarashi et al. 1990). In the years since the initial identification, blast 

disease has become the limiting factor to Brazilian wheat production (Urashima et al. 

1993). 

Elice blast is considered the most important disease caused by M. grisea because of 

the importance of rice as a food crop, the wide geographical distribution of the disease, 

and the capacity of the disease to create large losses in yield (Ou, 1985). Since the first 

description in China in 1637, rice blast has been identified in all principal rice growing 

regions of the world, making it one of the most widely distributed of all plant diseases 

(Ou, 1980). While quantified yield loss data due to rice blast is limited, some numbers do 

exist that give good indication as to the effect that blast disease can have on a susceptible 

crop. In Japan in the 1950's, for example, annual yield losses due to blast disease varied 

from 1.4% to 7.3% (Goto, 1965). More recent experiences show that, during a blast 

epidemic, yield losses as high as 50% can be expected (Ou, 1985; Lee, 1994). 
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Infection begins with the attachment of a conidium to the host surface using a 

secreted mucilage for adhesion (Hamer et al. 1988). M grisea can infect the leaves, 

nodes, and panicle of a susceptible host plant. After attachment, the conidium germinates 

and the germ tube grows for a short distance before beginning differentiation into an 

appressorium. Using the strength of its melanized cell walls and water absorbed from the 

atmosphere, the mature appressorium generates internal turgor pressure (Chumley and 

Valent, 1990). This pressure is used to force an infection peg through the cuticle into the 

plant epidermal cells (Howard et al. 1991). Penetration of the infection peg into the 

intracellular space allows fungal growth and hyphal invasion of epidermal and mesophyll 

cells near the infection site. Within a week, lesions and conidiophores develop at each 

infection site. A typical leaf lesion can produce 4,000-6,000 conidia a day for two weeks 

or longer (Ou, 1980). Conidia are released from the conidiophores by dew or rain and are 

disseminated by air currents. The combination of large spore numbers and a rapid 

infection cycle can, with little warning, result in severe and quickly spreading disease 

epidemics. This is especially true in agricultural settings with densely planted fields that 

containing one or a few cultivars (Leung and Taga, 1988). 

Control of rice blast is principally through resistant cultivars augmented with 

chemical and cultural control practices. Breeding programs aimed at developing stable 

disease resistance have met with varied successes, however. This is primarily due to the 

rapid loss of resistance in many newly introduced cultivars. While some cultivars are 

grown for many years without significant losses due to blast disease, others are at risk for 
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infection by new races ofM grisea within two years after release (Lee, 1994). As a 

result, a primary goal of modem rice breeding programs is to improve the durability of 

resistance in the field. The success of these programs will depend on gaining an increased 

knowledge ofM grisea biology and the ability of isolates to alter cultivar specificity. 

M grisea rice pathogen variability and population structure 

Analysis of field populations of A/, grisea shows a large amount of genome and 

pathotype variability in the rice pathogens. Hundreds of distinct races have been reported 

worldwide (Bonman et al. 1986) and electrophoretic analysis of isolate karyotypes reveals 

a variety of chromosome sizes and number (Talbot et al. 1993b; Orbach et al. 1996). 

Hybridization experiments using repeated DNA fi-agments also show a high degree of 

polymorphism between strains (Hamer et al. 1989a). 

The variability found in rice pathogenic field populations ofM grisea is correlated 

with a high degree of genetic instability in the laboratory. This instability is most easily 

seen as a high degree of variability in the morphology, fertility, and pathogenicity of isolate 

cultures (Valent and Chumley, 1991). One of the more unstable genes is the Buf gene of 

the melanin biosynthetic pathway. Approximately 0.5% of conidia produced by some rice 

pathogenic strains have a mutation in this gene (Chumley and Valent, 1990). Instability 

has also been observed in the loci PWL2, a gene required for pathogenicity on weeping 

lovegrass (Sweigard et al. 1995), and SMO, a gene involved in spore formation (Hamer et 

al. 1989b). 

The degree to which this instability manifests itself in the field is still an issue of 
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some debate. The extent to which isolate instability contributes to the generation of new 

pathotypes is just beginning to be understood. Contradictory studies do not help the 

matter. Early studies in Asia showed exceptionally high rates of new strain appearance 

with reports of six to ten new races occurring from a single lesion on rice (Ou and Ayad, 

1968). Later work, however, conflicted with these results and indicated relative stability 

of individual strains in the field (Latterell and Rossi, 1986; Bonman et al. 1987). 

Analysis of repetitive DNA polymorphisms is providing insight into this problem. 

DNA fingerprint analyses suggest that rice pathogenic strains ofM grisea have evolved 

within several genetically isolated lineages. Levy et al. (1991b) analyzed 42 U.S. field 

isolates representing the eight major pathotypes observed in the years 1959-1988. This 

analysis identified eight distinct lineages. The average fingerprint similarity within lineages 

was 90% while the similarity between lineages ranged fi"om 30-82%. Each of 88 

subsequently analyzed field isolates fit into one of the eight lineages (Hamer et al. 1993). 

Similar results were obtained using a DNA fingerprint analysis of isolates fi-om a 

Columbian blast nursery with more than 50 identified M. grisea pathotypes (Levy et al. 

1991a). In this study, 151 isolates were placed into six distinct lineages with similarities 

like those seen in the U.S. study. Each of these lineages was again associated with a 

subset of cultivars and associated pathotypes. These studies suggest that, while individual 

rice isolates of M grisea can be genetically unstable, the pathotype variability provided by 

that instability is limited. 

The interactions occurring in the field between closely related rice pathogenic 
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strains within individual lineages are still unclear. A high correlation between 

pathogenicity on rice and female sterility suggests that meiotic recombination is not a 

source of variation for these isolates (Itoi et al. 1983). However, other mechanisms for 

the generation of variability are known to occur in the ascomycetes. The first of these, the 

formation of heterokaryons, is also the basis for the second, the parasexual cycle. 

Heterokaryons are single organisms that maintain more than one genome. While 

the genomes of a heterokaryon are often maintained in separate nuclei, karyogamy can 

result in the formation of a single nucleus. Heterokaryons most often result from hyphal 

fusion between two individuals. The formation of a heterokaryon can provide a selective 

advantage to the individuals in several ways. First, the numerical ratio of the different 

nuclei in a heterokaryon can adjust to meet the demands of a particular environment. This 

was first shown for Penicillium cyclopium where it was noticed that on certain media 

heterokaryons grew faster than the component homokaryons (Jinks, 1952). Analysis of 

the heterokaryons showed that the proportion of nuclei varied with the concentration of 

nutrients in the medium. Second, heterokaryons can complement phenotypic deficiencies 

present in a homokaryon. In biochemical mutants of Neurospora crassa, it was shown 

that two different mutants, individually incapable of grovi^h on minimal medium, could 

grow if inoculated simultaneously onto this medium (Beadle and Coonradt, 1944). 

First described in Aspergillus nidiilans, the parasexual cycle is a multiple step 

process that results in the generation of genetically novel homokaryons from the 

breakdown of a diploid nucleus formed in a heterokaryon (Pontecorvo, 1956). The first 
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step is tile fusion of the two nuclei in a heterokaryon to create a diploid nucleus. Within 

this nucleus nutotic crossing over may occur. The diploid nucleus may then breakdown 

due to chromosome non-disjunction and formation of an unstable aneuploid. Through a 

succession of steps in which individual chromosomes are lost, a haploid number is 

reformed. The important result of the parasexual cycle is that fungi lacking conventional 

sexual reproduction are provided with a means to generate genetically diverse progeny. 

The role of heterokaryons and the parasexual cycle for the generation of genotype 

variability in the field is unclear. The ability to form heterokaryons and to undergo the 

parasexual cycle has been shown in the laboratory for several fungi, including M grisea 

(Genovesi and Magill, 1976; Rizwana and Powell, 1995; Hocart et al. 1993). The 

formation of heterokaryons in the field, however, appears to be an extremely rare event 

(Caten and Jinks, 1966). Further, the same evidence that supports the lack of meiotic 

recombination in the field also supports the lack recombination through the parasexual 

cycle. If the parasexual cycle was a fi-equent occurrence in the field, the distinct pathotype 

lineages would not be observed. It is possible that heterokaryon formation and the 

parasexual cycle are rare events occurring only between closely related individuals. The 

resolution provided by DNA fingerprint analysis for populations within lineages is still not 

great enough to discount these processes entirely. 

If meiotic recombination, heterokaryon formation, and the parasexual cycle are not 

responsible, other mechanisms must be involved in generating the genetic variability seen 

in M. grisea populations. Many of these mechanisms have been reviewed by Kistler and 
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Miao (1992). Some, such as dispensable chromosomes, have been shown to exist in M 

grisea (Orbach et al. 1996). Yet, as discussed below, large scale genetic changes do not 

need to be invoiced to explain the alteration of the virulence phenotype in some plant-

pathogen interactions. In interactions governed by the gene-for-gene theory, the 

disruption of a single gene is all that is required for a pathogen to overcome host 

resistance. The gene-for-gene interaction has been found to exist between M grisea and 

O. saliva (Silue et al. 1992; Leung et al. 1988; Valent et al. 1991; Valent and Chumley, 

1991; Zeigler et al. 1995). The ability of transposable elements to generate gene 

disruptions and deletions combined with the ubiquity of these elements in nature make 

them a logical place to look to explain changes in cultivar specificity in M grisea rice 

pathogens. 

Transposable Elements and Genomic Variability 

Transposable elements are discrete regions of DNA that can move from one 

location in a genome to another. First described by Barbara McClintock (1956), 

transposable elements have since been identified in a wide array of prokaryotic and 

eukaryotic organisms. As more transposable elements were identified, a classification 

system was established that placed elements into two primary classes based on the method 

of movement (Finnegan, 1989). 

Classification and characteristics of transposable elements 

Class I Elements 

Class 1 elements, the retroelements, are those DNA elements that transpose 
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through an RNA intermediate. The general transposition cycle of these elements begins 

with transcription into an RNA copy. Using the RNA as a template, an enzyme called 

reverse transcriptase is used to create a cDNA copy of the element. This cDNA copy then 

inserts into another location of the host genome. Three principal groups of Class I 

elements exist. Elements in the first two groups contain a coding sequence for reverse 

transcriptase production and are differentiated by the presence or absence of flanking long 

terminal repeats (LTRs). Those elements that contain the repeats are the LTR 

retrotransposons while those that lack these repeats are the non-LTR retrotransposons or 

LINEs (Long Interspersed Nuclear Elements). The third group of Class I elements is 

SINEs (short interspersed nuclear elements). These elements lack ORFs and to complete 

their transposition cycle are dependent on reverse transcriptases produced by other 

elements. 

LTR Retrotransposons 

LTR retrotransposons are the best studied of the Class I elements. These elements 

are closely related to the retroviruses and, except for the lack of an infectious form outside 

the host, have a similar transposition cycle. Elements in this group are further classified by 

their relationship to one of two Drosophila LTR retroelements, gypsy or copia (Doolittle 

et al. 1989). Gypsy group elements are most closely related to the retroviruses and 

include Tyi firom Saccharomyces cerevisiae (Clark et al. 1988), del fi-om Lilium henryi 

(Sentry and Smyth, 1989), and Tfl fi-om Schizosaccharomycespombe (Levin et al. 1990). 

Elements in the copia group include Tyl in Saccharomyces cerevisiae (Cameron et al. 
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1979), lAF and VL30 in rodents (Keshet et al. 1990), and THE-\ in Homo sapiens 

(Paulson et al. 1985). 

LTR retrotransposons are five to seven kilobases (kb) long and contain two 

principal open reading frames (ORFs), ORFl {gag) and 0RF2 {pot). ORPl is 300 to 500 

amino acids in length and has homology to the gag gene of retroviruses (McClure, 1991). 

In retroviruses, this protein functions in the packaging of both the element's mRNA 

intermediate and of viral proteins. Studies using Tyl confirm the packaging properties of 

the gag protein in the LTR-retroelements. Tyl expression leads to the production of virus 

like particles (VLPs). VLPs are assemblies of the ORFl product that package the 0RF2 

gene products, template mRNA, and a specific cellular tRNA that primes DNA synthesis 

by reverse transcription (Voytas and Boeke, 1993). VLPs have also been reported for the 

LTR retrotransposon Cft-\ in the filamentous fungus Cladosporium fulvum (McHale et al. 

1992). 0RF2 is greater than 1,000 amino acids in length and codes for the reverse 

transcriptase needed for element movement. Integrase, protease, and RNaseH domains 

are also contained within 0RF2 (McClure, 1993). In LTR retroelements, ORFl overlaps 

0RF2 with a +1 frameshift between the two (Gabriel and Boeke, 1993). 

Movement of LTR retroelements begins with transcription using an RNA 

polymerase II promoter contained in the 5' LTR (Varmus and Brown, 1989). The 

processing of the mRNA and resulting proteins are best studied in Tyl. Following 

transcription, the Tyl mRNA is translated to form two protein products, ORFl and an 

ORFl: 0RF2 fusion. The fusion protein is the result of a frameshift fifteen base pairs 
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upstream of the ORFl stop codon (Clare et al. 1988). Both products are then packaged 

into VLPs (Garfinkel et al. 1985). Following packaging, the 0RF1:0RF2 fusion is 

cleaved at a proteolytic cleavage site near the C terminus of ORFl using the protease 

activity provided by the 0RF2 product (Merkulov et al. 1996). Priming of reverse 

transcription occurs immediately 3' of the 5' LTR. Following reverse transcription the 

element integrates into the genome using the integrase activity of the ORFl product. The 

5' LTR is regenerated during the integration process. 

Non-LTR Retrotransposons 

The non-LTR retroelements, or LINEs (Long Interspersed Nuclear Elements), 

lack long terminal repeats, are generally 6 kb in length, have two ORFs, and usually 

contain an adenosine rich region near the 3' end (Gabriel and Boeke, 1993; Hutchison III 

et al. 1989). The LINEs are evolutionarily separated from the more closely related 

retroviruses and LTR retroelements (Xiong and Eickbush, 1990; McClure, 1991). The 

best studied is LI in Homo sapiens, a highly repetitive element found in more than 

100,000 genomic copies (Fanning and Singer, 1986). Others include / and jockey from 

Drosophila melanogaster (Fawcett et al. 1986; Priimagi et al. 1988), and cin4 from Zea 

OToyj (Schwarz-Sommer et al. 1987). 

The two ORFs encode proteins with sizes and functions related to the ORFs of the 

LTR retroelements. Unlike the LTR retroelements, however, little work has been done to 

understand the transposition intermediates of the LINEs. As a result, the function of the 

ORFl product has not been defined. No VLPs have been observed for the LINEs. Some 
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investigation has been done on the human LI ORFl product, p40. These studies show the 

presence of a leucine zipper motif and the ability of p40 to form cytoplasmic complexes 

with LI mRNA (Hohjoh and Singer, 1996; Holmes et al. 1992). A similar ability to form 

ribonucleoprotein particles has been seen for the ORFl product from mouse LI, despite 

the absence of a leucine zipper motif in this sequence (Martin, 1991). The high degree of 

ORFl divergence between the mammalian elements and elements from other organisms 

makes the applicability of these results to other elements unclear. 0RF2 encodes a 

protein greater than 100 icDa with a reverse transcriptase domain. Reverse transcriptase 

activity has been demonstrated biochemically for the 0RF2 protein product of several 

elements (Mathias et al. 1991; Gabriel and Boeke, 1991; Ivanov et al. 1991). Domains 

with RNaseH and endonuclease similarity are also found in the 0RF2 of some LINEs 

(McClure, 1993; Johnson et al. 1986). For LI, the endonuclease activity of the 0RF2 

protein is essential for the transposition (Feng et al. 1996). The lack of endonuclease 

domains in other elements, however, suggests this is not a requirement for all non-LTR 

retroelements. Interestingly, it has been observed that most elements lacking 

endonuclease domains have sequence specific insertion sites (Feng et al. 1996). 

Movement of LINEs begins with transcription by RNA polymerase II using 

promoter sequences in the 5' region of the element (Swergold, 1990; Severynse et al. 

1992). Little is understood about the insertion of the transcribed element into the genome, 

although a nick priming model has been proposed (Luan et al. 1993). In this model a 

nicked insertion site directly primes reverse transcription at the 3' end of the transposon 
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mRNA. Following reverse transcription, the genomic DNA is fiilly cleaved and the 5' end 

of the retroelement ligated to the cleaved strand to form the left end of the junction. 

SiNEs 

The third group of Class I elements is the SINEs. SINEs are typically less than 

500 bp in length, are transcribed by RNA polymerase in and contain no ORFs (Okada, 

1991). Most SINEs are derived from tRNAs. A notable exception is the Alu element of 

humans which is derived from 7SL RNA, the RNA scaffold of the signal recognition 

particle that binds to nascent signal sequences and arrests translation. The tRNA SINEs 

have a composite structure with the tRNA homologous region at the 5' end of the element, 

followed by a spacer region and an AT-rich 3' terminus. It has recently been discovered 

that the 3' AT rich regions of some SINEs have strong homology to non-LTR 

retroelements from related species, raising interesting questions about the evolutionary 

relationship of these two groups (Ohshima et al. 1996; Boeke, 1997). Like the non-LTR 

retroelements, the insertion mechanism is not understood. As the 3' ends of these two 

elements are similar, however, it is possible the SINEs use a mechanism similar to the non-

LTR elements. 

Class n Elements 

The class II elements transpose directly from one location in a genome to another 

as a DNA fragment. These elements are represented most basically by the procaryotic 

insertion sequence elements (Galas and Chandler, 1989). More complicated eukaryotic 

elements include P and mariner in D. melanogaster, Ac/Ds elements in Z. mays, and Tel 
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in Caenorhabditis elegans (Finnegan, 1989; MuUer-Neumann et al. 1984). Most Class II 

elements carry a coding region for transposase, a gene product required for transposition 

and have short inverted repeats at their termini. 

Repetitive nature of transposable elements 

Transposable elements are often highly repeated in a genome. This is especially 

true for the Class I elements, due to their replicative movement, with a new copy being 

generated with each transposition event. Tyl, for example, approaches 1-2% of the wild 

type S. cerevisiae genome (Willce and Adams, 1992) and the LI elements in mammals can 

account for as much as 10% of their host's genome (Hutchison UI et al. 1989). Human 

Alu sequences are found in numbers approaching 1,000,000 (Boeke, 1997). In 

combination, transposable elements comprise the genomic middle repetitive DNA (Britten 

and Davidson, 1971; Doolittle, 1985). This middle repetitive DNA can often account for 

a significant portion of a genome. In Drosophila melanogaster, for example, 20% of the 

genome comprises middle repetitive DNA (Young, 1979) and in Pisum sativum 85% of 

the genome is middle repetitive (Murray et al. 1981). 

Genetic consequences of transposable elements 

A primary consequence of transposable elements is the insertion of an element into 

a new region of a genome. Many times transposon insertions occur in intergenic regions 

and have little or no obvious effect on the fitness of the host (SanMiguel et al. 1996). If 

insertion is into the regulatory or coding region of a gene, however, the gene's function 

may be disrupted. Disruption of gene function by transposon insertion can have significant 
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effects on the host phenotype. In humans, LI insertions have been implicated in diseases 

such as hemophilia A (Kazazian Jr. et al. 1988), cancer (Morse et al. 1988; Miki et al. 

1992), and muscular dystrophy (Holmes et al. 1994). Transposon insertion into 5' 

flanking sequences can place adjacent genes under element control by replacing 

endogenous regulatory sequences with element-encoded promoters and/or regulatory 

sequences. This can cause gene expression to be increased, decreased, or altered with 

respect to tissue specificity (Weil and Wessler, 1990; Robins and Samuelson, 1992). An 

insertion of mutator^ a Class II transposable element in maize, into the promoter of the 

alcohol dehydrogenase I gene (adhlX for example, resulted in organ specific alteration of 

adhl expression (Chen et al. 1987). Insertions into introns or exons can alter mRNA 

splicing patterns or lead to the synthesis of truncated proteins with altered cellular 

localization (Liu et al. 1996; Wessler et al. 1987). Class I element insertions into the waxy 

gene of maize have been shown to result in the presence of alternatively spliced M/axy 

transcripts. One insertion was shown to result in 30-fold greater expression in pollen than 

in the endosperm (Marillonnet and Wessler, 1997). 

Beyond single gene alterations created by insertions, transposable elements can 

create changes in a genome by causing rearrangements. Mitotic crossing over between 

repeated copies of a transposable element can result in chromosome inversions, 

translocations, deletions, and duplications (Brown et al. 1996; Sutton and Liebman, 1992). 

The phenomenon has been well studied in yeast. Roeder and Fink (1980) analyzed a 

series of revertants arising from the S. cerevisiae strain his4-9I2, a histidine auxotroph 
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resulting from a Tyl insertion into the his4 gene. Revertants contained several 

chromosomal alterations, including deletions, intrachromosomal and interchromosomal 

translocations, and an inversion. Each of these rearrangements associated with the Tyl 

element resulted in a His* phenotype at greater rates than were seen in the strains with 

his4 point mutations. 

Genomic rearrangements can have short and long term eflFects on the host 

organism. Deletion of a locus can have effects similar to those created by insertions. For 

example, a deletion in the human LDL receptor gene, the result of a recombination event 

between two Alu elements, is a common cause of increased blood cholesterol levels 

(Lehrman et al. 1985). The effects of genome rearrangements need not always be 

detrimental, however. In the long term, rearrangements can provide the genetic resources 

needed for evolutionary development. Study of the globin gene family in mammals 

suggests that the development of that family is partly the result of a duplication resulting 

from the crossover of the LI elements flanking the ancestral gene (Finnegan, 1989). In a 

larger context, transposon generated genome changes may also result in the development 

of full biological pathways (McDonald, 1990). In maize the Class II transposable element 

doppia has been implicated in the evolution of a pigmentation process controlled by the 

R-r complex (Walker et al. 1995). This complex controls the production of anthocyanin 

pigment in plant parts and the aleurone layer of seeds through a family of related 

transcriptional activators. The complex comprises a series of repeated homologous genes 

arranged in both direct and inverted repeats. The P portion of the complex is a single R 
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gene that regulates pigmentation in plant parts. The S portion of the complex regulates 

seed pigmentation. It comprises a truncated inactive R gene called q and two functional R 

genes, S1 and S2. SI and S2 are homologous and in inverted orientation. Sequence 

analysis of the entire complex points to a single progenitor gene that, following a 

duplication event resulted in the two loci. Further analysis of the S portion points to the 

involvement of doppia in a series of rearrangements that resulted in the current structure 

of the S region. 

Repetitive DNA and Transposable Elements in Mycelial Fungi 

The industrial, agronomic, and medical importance of many filamentous fiingi has 

led to an increased emphasis on understanding the nature of the genetic variability 

observed in many of these fungi. Many of these organisms lead predominantly asexual life 

styles in the field and thus, like M grisea, mechanisms other than meiotic recombination 

must be responsible for the generation of genetic variability. Recently, a concerted effort 

has been made to characterize the repetitive DNA in filamentous fungi with a special focus 

on isolating transposable elements. 

Transposable elements isolated from mycelial fungi 

To date, more than thirty transposable elements have been isolated from mycelial 

fungi. Transposable elements have been cloned from four of the major fungal phyla; 

Basidiomycetes, Ascomycota, Zygomycota, and Oomycota. The cloned elements include 

both Class I and Class II types. 
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Class I Elements 

Examples of each of the three major families of Class I elements have been isolated 

from mycelial fiingi (Table 1.1). Most of these elements belong to the gypsy class of LTR 

retroelements. Only two copia type LTR elements have been cloned as well as four non-

LTR elements and three SENEs. A single element, £'^-Rl defies placement into a single 

Class I group (Wei et al. 1996). Like SINEs, has no ORFs. Like the LTR and 

non-LTR retroelements, however, £g-Rl is transcribed by RNA polymerase II and is 

polyadenylated. It is unclear if this element represents a novel class of retroelement or is 

itself the result of a genetic rearrangement. Transposition has been observed for only two 

of the fungal Class I elements. Tad and Fosbury (Kinsey, 1990; Shull and Hamer, 1996). 

The repetitive nature of the Class I elements makes it difficult to assess potential 

activity based solely on sequence analysis. While many characterized elements do show 

incomplete ORFs, it is not possible to rule out intact ORFs in other genomic copies. It is 

therefore impossible to know how many of the fungal Class I elements are capable of 

transposition. The single exception is PrtI, a single copy gypsy class element from 

Phycomyces blakesleeanus (Ruiz-Perez et al. 1996). Sequence analysis of this element 

showed an incomplete 0RF2 sequence. Prtl is therefore no longer an active transposon. 

Some elements such as Cft-I (McHale et al. 1992) and Grh (Dobinson et al. 1993) do have 

complete reverse transcriptase ORFs, but have not been seen to move. This may be due 

to undistinguishable mutations that inhibit transposition. Alternatively, their lack of 

observed movement may be the result of tightly controlled regulation. Further work to 
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distinguish between these two options is needed. 

Class n Elements 

The first cloned Class II element was Foil (Daboussi et al. 1992). Since the initial 

characterization a number of elements have been cloned that closely match its structure. 

This Fotl family of elements is most closely related to the Tel and Mariner elements of 

Caenorhabditis elegans and D. melcmogaster (Plasterk, 1996). These elements have 

terminal inverted repeats (IRs) 40-50 bp in length and contain a single ORP of 

approximately 550 amino acids in length. The putative proteins encoded by the ORFs have 

strong homology to transposase, a protein responsible for element movement. Elements 

insert at TA sequences, with a duplication of this sequence a result of insertion. The Fotl 

like elements are the largest group of fungal Class II elements. The only ORF containing 

Class II element isolated that does not belong to this class is restless (Kempken and Kuck, 

1996). This element is more closely related to \.h&hATfamily of eukaiyotic transposons. 

Members of this family include the maize activator (Ac) element and the D. melanogaster 

hobo transposon (Calvi et al. 1991). 

Besides those Class II elements with ORFs, several short transposable DNA 

repeats have been isolated. Of some interest is vader, a highly repetitive 437 bp element 

from Aspergilus awamori (Amutan et al. 1995). Isolated as an insertion in the nitrate 

reductase structural gene, the small element moves without benefit of a self encoded 

transposase. Further analysis revealed a vader copy associated with Tan-1, a single copy 

Fotl-WkQ element (Nyyssonen et al. 1996). This vader copy lies between two inverted 
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repeats identical to those of Tan-1 and adjacent to a complete Tan-l element. It was 

proposed that vader uses the transposase of Tan-1 for movement. Like the Class I 

elements, movement has been demonstrated for only a few of the Class n elements. These 

are Fotl (Daboussi et al. 1992), vader (Amutan et al. 1995), impala (Langin et al. 1995), 

and restless (Kempken and Kuck, 1996). 

Techniques used for isolating fungal transposable elements 

Several strategies have been used for isolating transposable elements from the 

mycelial fiingi. Each of these methods takes advantage of unique characteristics possessed 

by these elements. These characteristics include the ability to disrupt gene function, the 

repeated nature of many transposable elements, and the strong conservation of sequences 

between elements within a family. Each of the isolation strategies has distinct advantages 

and disadvantages. The optimum method to be used is best determined by the ultimate 

goals of each investigation. 

Gene Disruption 

The most direct cloning strategy relies on a basic characteristic of transposable 

elements, the ability to disrupt gene activity through insertion. Several negative selection 

screening techniques have been developed that rely on the inactivation of a gene whose 

mutant phenotype can be easily scored. The best developed of these systems use the 

nitrate reductase structural gene, niaD, as the disruption target. Disruptions of this gene 

can be easily screened for by the ability to confer resistance to chlorate (Cove, 1976). 

This assay was first used for the cloning of Fotl (Daboussi et al. 1992). Other elements 



34 

isolated using this screen are impala from F. oxysporum (Langin et al. 1995), vader from 

A. awamori (Amutan et al. 1995), and Fosbury from A/, grisea (Shull and Hamer, 1996). 

A second isolation system uses the am gene, coding for glutamate dehydrogenase. This 

system was used to clone Tad from Neurospora crassa (Kinsey and Helber, 1989). 

Negative selection techniques have the significant advantage of selecting active 

transposable elements. This is especially useful when identifying transposons for use in 

transposon tagging experiments. 

Repetitive PNA Analysis 

Transposable elements comprise a significant amount of the repetitive DNA in a 

genome. A screen for identifying non-ribosomal repetitive DNA from genomic libraries 

was described for the analysis ofM grisea genomic sequences (Hamer et al. 1989a). 

These clones can then be analyzed for potential transposons. The technique employs two 

successive hybridizations of a genomic library constructed for the strain of interest. One 

hybridization uses a labeled rDNA clone as the probe. The second hybridization used 

labeled total genomic DNA to probe the library. Following autoradiography, clones 

containing repetitive DNA show more intense hybridization than clones with single copy 

DNA. Subtracting the rDNA results from the genomic probing identifies those clones 

with non-ribosomal repetitive DNA. 

Repetitive DNA analysis has been used to characterize a variety of elements, 

including Pot3 fromM grisea (Hamer et al. 1989a; Farman et al. 1996a), Foretl from F. 

oxysporum (Julien et al. 1992), Afiitl from Aspergillus fumigatus (Neuveglise et al. 1996), 
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Maggy from M grisea (Farman et al. 1996b), and the MARS elements from Ascobolus. 

immersus (Goyon et al. 1996). The variety of elements characterized using this technique 

have shown it to have little bias towards specific classes of elements. The technique does 

has several potential limitations. First, there is no selection for active elements in this type 

of screen. Second, fragments of elements can be cloned. Both of these are limitations 

when trying to fiilly characterize a transposable element. Many of the elements cloned 

using this technique, however, have been useful in analyzing fungal populations (He et al. 

1996; Shull and Hamer, 1996; Levy et al. 1991b) 

Sequence Flomologv 

A third strategy utilizes conserved transposon sequences to screen fungi for novel 

elements using heterologous hybridization or PCR. For example, the reverse 

transcriptase gene from Cft-I was used as a probe to isolate Skippy from an F. oxysponim 

genomic library (Anaya and Roncero, 1995). Using another strategy, Tooley and 

Garfinkel (1996) designed degenerate PCR primers specific to sequences conserved in 

reverse transcriptase sequences. These primers were then used to amplify, from 

Phytopthora infestans genomic DNA, a fragment with strong homology to reverse 

transcriptase sequences in gypsy type LTR retroelements. Like repetitive DNA screening, 

use of homology does not select for active elements. It can be usefiil, however, when 

looking for specific classes of elements in a fungal genome. 

Serendipity 

Some fungal transposable elements have been identified as part of studies not 
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specifically designed for their isolation. Often these studies involve the study of biological 

phenomena closely related to transposon activity. For example, several elements have 

been identified as the cause of naturally occurring mutations. Peel was identified as an 

insertion in the lignin peroxidase gene of the wood rotting basidiomycete Phanerochaete 

chrysosporitim (Gaskel et al. 1995) znAMg-SINE was isolated as the cause of a 

polymorphism in another M grisea transposon, Pot2 (Flood et al. 1992). Other elements 

have been identified in projects intended to study the biology of populations within a 

species. Cgtl and grh were both isolated in projects designed to identify population 

specific DNA sequences (He et al. 1996; Dobinson et al. 1993). Repa was isolated as an 

RFLP in a gene for vegetative incompatibility (Deleu et al. 1992). 

A few elements have been identified during experiments completely unrelated to 

transposon activity. Prtl was isolated while probing a P. blakesleeanus genomic library 

with the phytoene dehydrogenase gene from Myxococcus xanthus (Ruiz-Perez et al. 

1996). Eg-Kl was isolated fi-om the powdery mildew ftmgus Erysiphe graminis as part of 

a screen looking for genes expressed during fiingal attack on barley (Wei et al. 1996). 

Other elements have been isolated as sequences flanking other genes. Feel, Tao-1, and 

guest were isolated as sequences flanking a toxin producing locus, an alpha-glueosidase 

gene, and a histidme-3 gene respectively (Panaccione et al. 1996; Nyyssonen et al. 1996; 

Yeadon and Catcheside, 1995). Given their repetitive nature and ubiquitous presence, it is 

not surprising that transposons should appear in these types of studies. 
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Transposable elements in phytopathogenic fungi 

A number of transposable elements have been isolated from fungi pathogenic on 

plants. Efforts to clone elements from these fiingi have generally involved two goals. The 

first of these is to understand the high degree of variability seen in many of these 

organisms. The second involves the use of repetitive DNA elements for the understanding 

population histories of strains within a species. 

Understanding Variabilitv 

A high degree of variability has been reported for many plant pathogenic fungi 

(Burnett, 1984; Dinoor et al. 1988; Braithwaite et al. 1997). Many of these organisms 

spontaneously produce sterile, nonpathogenic mycelium when cultured in vitro. In the 

field, the rapid appearance of novel, virulent forms in response to resistant varieties of 

crops can be a frequent occurrence. As many of these plant pathogenic fiingi are asexual 

in the field, transposable elements have been suggested to be contributors to this 

variability (Daboussi and Langin, 1994; McHale et al. 1992). Characterization of 

transposable elements from these organisms will simplify the development of experiments 

designed to assess the effects that these elements have on their hosts. 

The gene-for-gene interaction that many phytopathogenic fiingi have with their 

plant hosts presents a unique opportunity by which transposons can have a significant 

impact on the phenotype of their fiingal hosts. First described by H. Flor (1956), the 

gene-for-gene hypothesis was developed to account for the nature of virulence and 

resistance in the interaction between flax and the rust fungus Melampsora lini. The theory 
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states that the outcome of many interactions between plants and pathogens is a 

recognition event between the products of a single gene in each organism, the resistance 

gene in plants and the avirulence gene in the pathogen. According to the theory, each 

avirulence gene has a complementary resistance gene. It is only in those cases where 

complementary avirulence and resistance genes interact that a resistant response by the 

host can be initiated (Lamb et al. 1989; Briggs and Johal, 1994). An incompatible, or 

resistant, reaction is thus a result of the positive interaction between the avirulence gene 

product and the resistance gene product. 

An important consequence of the gene-for-gene theory is that the plant, to initiate 

a defense response, is dependent on the pathogen's expression of a single gene. 

Elimination of the avirulence gene product allows the pathogen to escape detection by a 

previously resistant host. This could occur by the disruption of gene expression or by the 

deletion of the avirulence locus. Each of these processes could be caused by transposable 

elements. Transposable elements, therefore, represent a potential mechanism by which a 

pathogen may overcome host resistance. 

Population Analysis 

Understanding the distribution of repetitive DNA elements between populations of 

a fungus can provide information about strain evolution and population structures. Other 

population analysis techniques, such as restriction fragment length polymorphisms, 

vegetative incompatibility groups, mitochondrial DNA polymorphisms, isozymes, and 

ribosomal DNA sequences have been used with some success in fiingi (Flood et al. 1992). 
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Occasionally these markers do not show enough polymorphism to resolve closely related 

populations. Using transposons as DNA fingerprint probes can reveal a high degree of 

variability even between closely related isolates. 

A population analysis done with transposons can be basic or complex. Most 

simply, an analysis can be made of which populations of a fungus contain a particular 

element. Some elements are present only in isolates specific on certain hosts. CgTI, for 

example, is present only in one of two biotypes of C. gloeosporioides (He et al. 1996). 

In M. grisea, grh is present only in strains virulent on Eleusine grass species (Dobinson et 

al. 1993). In Botrytis cinerea, Boty is present in strains isolated fi-om grapes and tomatoes 

but not in lentil isolates (Diolez et al. 1995). For each of these cases it is proposed that 

those strains containing the transposons represent genetically distinct lineages in the 

populations of their host organisms. Other elements are limited in geographical 

distribution. In F. oxysporum f sp. elaeidis, the transposon palm has been identified in a 

few geographically distinct subpopulations (Mouna et al. 1996). An exception to this was 

the South American isolates which have the same pattern as some isolates fi-om the Ivory 

Coast. The presence of isolates in South America may therefore be explained by the 

introduction of an Afiican isolate. 

A more complex analysis can be done by looking at the distribution of a particular 

element within different isolates using DNA fingerprint analysis. The most extensive work 

in this area has been in M. grisea and F. oxysporum (Hamer et al. 1993; Daboussi and 

Langin, 1994). In M grisea, Pot3 (originally known as MGR586) has been extensively 
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United States (Levy et al. 1991b). This analysis identified eight distinct clonal lineages 

among these isolates. These results provide important insight into the clonal nature ofM 

grisea rice pathogens. Similar studies have also been done in F. oxysporum (Tantaoui et 

al. 1996; Kistler et al. 1991; Manicom and Baayen, 1993). Fotl, for example, was used 

in a study of Moroccan populations of the date palm pathogen F. oxysporum f sp. 

albedinis (Daboussi and Langin, 1994). These studies suggested that these isolates 

belonged to a clonal lineage with the Moroccan isolates being derived fi^om a single clone. 

In each of these cases the variability between even very closely related isolates provided 

information about population structures not obtainable using other techniques. 

Cloning and Preliminary Analysis of 1VIGR583 at the DuPont Co., 

1988-1991 

The repeated DNA fragment MGR583 was cloned and initially characterized by 

Hamer et. al. (Hamer et al. 1989a). MGR583 was cloned using two hybridizations of a A 

library of the rice isolate 0-137. The first hybridization used "P-labeled 0-137 genomic 

DNA as a probe. This analysis allowed the identification of all X clones in the library 

containing repeated DNA fragments. The second hybridization used ^^P-labeled rDNA as 

the probe. Combination of the results fi^om the two hybridization experiments allowed 

the identification of all A clones containing non-ribosomal repetitive DNA fi^agments. 

Several of these X clones were selected for further analysis. 
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One of these clones, ^MGR12A, was further characterized by sub-cloning the 

repeated portion of the clone as two Sail fragments. One of the resulting plasmids, 

containing a 5.0 kb Sail fragment, was given the name pCB583. The repeated DNA 

element contained within this plasmid was subsequently named MGR583. pCB583 was 

then used in a Southern hybridization to probe BcmiiU. digested genomic DNA from a 

variety ofM grisea isolates. Analysis of these results revealed two important properties 

of MGR583. First, MGR583 was present in high copy number in all eight rice pathogenic 

isolates ofM grisea examined. Dot blot analysis showed the copy number to be 

approximately 46 in these strains. In the eight non-rice isolates tested, MGR583 copy 

number was significantly reduced, although at least one copy was present. Second, 

MGR583 hybridized to a highly conserved 2.0 kb BamUl fragment present in all M. grisea 

strains tested, both pathogenic and nonpathogenic on rice. This 2.0 kb Bam¥il fragment 

was cloned from strain 0-135 as pCB607 and used to probe the same strains tested with 

pCB583. As expected, the probe hybridized to the conserved 2.0 kb BamlQ. fragment in 

each strain. 

Expression of MGR583 was tested by using pCB583 as the hybridizing probe in a 

Northern analysis of poly(A)+ RNA isolated from 0-137. In this experiment, MGR583 

hybridized to three transcripts of sizes 7.3 kb, 3.0 kb, and 2.5 kb. A similar analysis was 

done using poly (A)+ RNA isolated from AY. grisea strain 4091-5-8, a laboratory strain 

with a very low MGR583 copy number that is not pathogenic on rice. No MGR583 

hybridizing transcripts were seen in the 4091-5-8 RNA. 
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Following the publication of this work sequencing of MGR583 was initiated (L. 

Farrall and M.J. Orbach, unpublished). Sequencing began with pCB607, the MGR583 2.0 

kb conserved BcanHi fragment cloned from strain 0-135. This sequence contained a 

single large ORF. The ORF began 290 bp from one 5amHI site and continued through 

the entire fi-agment. To continue sequencing the MGR583 repeat, sub-clones 

corresponding to the sequence downstream of the ORF were obtained from two separate 

copies of MGR583. These two copies were sequenced in tandem until homology between 

the two was lost, indicating the arrival at unique sequence unrelated to MGR583. 

Combining this sequence with the sequence of pCB607 revealed the continuation of the 

ORF throughout MGR583, terminating just 180 bp away from the proposed end of the 

element. From the upstream BarriiU. site to the end of the element was 3261 bp. 

The putative MGR583 ORF was 2,789 bp in length, encoding a hypothetical 

protein of 929 amino acids. Comparison of the peptide sequence to various protein 

databases showed the strongest homology to be to reverse transcriptases found as part of 

non-LTR retroelements (Valent and Chumley, 1991). No further work was done with this 

sequence. Hybridization analysis suggested approximately three to four kilobases of 

MGR583 upstream of the ORF remained to be sequenced. 

The newly available MGR583 clones and sequence also allowed for a more 

detailed analysis of MGR583 transcription (Orbach, unpublished). Poly(A)+ RNA from 

0-137 and 4091-5-8 was probed with DNA fragments representing distinct portions of 

MGR583. Analysis of the data from these experiments confirmed presence of the three 
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previously identified transcripts. The two smaller transcripts (3.0 kb and 2.4 kb), 

however, hybridized only to MGR583 sequence upstream of the sequenced ORP. All of 

MGR583 tested hybridized to the large 7.5 kb transcript. No transcript specific to the 

ORF was seen in these experiments. In addition, a fourth transcript approximately 0.4 kb 

in length was identified. This transcript was exceptionally intense compared with the 

others and hybridized only to the far 3' end of MGR583. It was proposed that this 

transcript may represent a priming RNA needed for initiation of the reverse transcription 

of the putative retroelement. 

Goals of this Dissertation 

There were three principal goals of this dissertation. First, was the completion of 

the characterization of MGR583. This included the completion of the 5' sequence, the 

definition of element termini, transcript analysis, and an investigation of the element for 

features and motifs found in transposable elements. Second, was a preliminary 

investigation into the utility of the element for analyzing populations ofM grisea strains. 

Presence of the element was first scored for forty strains representing a variety of hosts 

and geographical regions. These strains were then scored for the presence element 

insertions at specific loci. These results will assess the ability of the element to provide 

useful insight into the genetic relationship of M grisea field isolates. Third was a 

biochemical analysis of the reverse transcriptase ORF found in MGR583. 
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Table 1.1 Class I transposable elements cloned from mycelial flingi. Nd indicates the data 

is not available due to incomplete characterization of an element, a: size of long terminal 

repeats in base pairs, b: size of the complete element in kilobase pairs, c: size of the direct 

flanking repeats in base pairs, d; length of the fiili element in kilobase pairs, e; sequence at 

the 3' end of the retroelement. For LTR elements, LTR size is in bp. The fiill size for all 

elements is in kb. 



Table 1.1 

LTR Retroelements 
LTR 

Element Host Organism Size'^ 
Ty3/Gypsy Class 

Grh Magnaporthe grisea 198 
Maggy Magnaporthe grisea 253 
Fosbury Magnaporthe grisea nd 
Pogo Neurospora crassa nd 
Prtl Phycomyces blakesleeanus nd 
Boty Botrytis cinerea 596 
Yltl Yarrowia lipolytica 714 
Cftl Cladosporium fitlvum 427 
Foretl Fusarium oxysporum nd 
Skippy Fusarium oxysporum 429 
Palm Fusarium oxysporum nd 
Repa Podospora anserina nd 
Ailitl Aspergillus Jumigatus 281 
Mars4 Ascobolus immersus nd 

Phytopihora injestans nd 

Tyl/copia Class 
Mars2 Ascobolus immersus nd 
Mars3 Ascobolids immersus nd 

Full 
Size! Reference 

5.2 (Dobinson et al. 1993) 
5.6 (Farman et al. 1996b) 
nd (Shull and Hamer, 1996) 
nd (Schechtman, 1990) 
4.7 (Ruiz-Perez et al. 1996) 
6.2 (Dlolezet al. 1995) 
9.4 (Schmid-Berger et al. 1994) 
7.0 (McHale et al. 1992) 
nd (Julien et al. 1992) 
7.8 (Anaya and Roncero, 1995) 
nd (Mouna et al. 1996) 
nd (Deleu et al. 1992) 
6.9 (Neuveglise et al. 1996) 
nd (Goyon et al. 1996) 
nd (Tooley and Garfinkel, 1996) 

nd (Goyon et al. 1996) 
nd (Goyon et al. 1996) 

4^ lyt 



Table l.l-Continued 

Non-LTR Retroelements 
DR 

Element Host Organism Sizie^ 
Tad Neurospora crassa 14 
Marsl Ascobolus mmersiis nd 
Cgtl Colletothchum gleospohoides 13 

SlNEs 
Host Organism 

Mg-SINE Mag^iapohhe grisea 472 
MGSRl Magfjapohhe grisea 760 
EGH24 Erysiphe graminis nd 

Novel 
Element Host Organism 
Eg-K\ Erysiphe graminis 

Full 3' 
Size" End^ Reference 
7.0 (TTAA)3T (Cambareri et al. 1994) 
nd nd (Goyon et al. 1996) 
5.7 (CAAA)4 (Heetal. 1996) 

3' End Reference 
(TAC)6TA (Kachroo et al. 1995) 
nd (Sone et al. 1993) 
nd (Rasmussen et al. 1993) 

Size 
700 bp 

Rgferengg 
(Wei et al. 1996) 
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Table 1.2 Class II transposable elements isolated from mycelial fiingi. a: length of the full 

element in kilobase pairs, b: length of the inverted terminal repeats in base pairs, c: length 

of the transposase homologous open reading frame as the number of amino acid residues 

in the reading frame, d: size of the element in base pairs. 



Table 1.2 

Element Host Organism Size'^ ITR' 
TcUmariner type 
Fotl Fusarium oxyspontm 1.9 44 
Pot2 Magnaporthe grisea 1.9 43 
Pot3 Magnaporthe grisea 1.8 42 
Impala Fusarium oxysporum 1.3 27 
Fed Cochliobolus carbomm 1.8 64 
Tanl Aspergillus awamori 1.8 43 
Antl Aspergillus niger 4.8 37 
Tao-1 Aspergillus oryzae nd nd 
hop Fusarium oxysporum 3.5 96 

hA T family 
Restless Tolypocladium inflatum 4.1 

Short repeats 
Element 
Guest 
Vader 
Peel 

Host Organism 
Neurospora crassa 
Aspergillus awamori 
Phanerochaete chrysosporium 

QEEE Reference 

542 (Daboussi et al. 1992) 
535 (Kachroo et al. 1994) 
554 (Farman et al. 1996a) 
nd (Langin et al. 1995) 
nd (Panaccione et al. 1996) 
555 (Nyyssonen et al. 1996) 
325 (Glayzer et al. 1995) 
nd (Nyyssonen et al. 1996) 
nd (Daboussi and Langin, 1994) 

20 nd (Kempken and Kuck, 1996) 

Reference 
98 (Yeadon and Catcheside, 1995) 
437 (Amutan et al. 1995) 
nd (Gaskel et al. 1995) 

4^ 
00 
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n. CHARACTERIZATIONOFA/GZ,, ANON-LTRRETROELEMENT 

FROM MAGNAPORTHE GRISEA 

Introduction 

The filamentous phytopathogenic fungus Magnaporthe grisea (Hebert) Barr 

[anamoq)h Pyricularia grisea. Sac. (Rossman et al. 1990)] is the causal agent of one of 

the most devastating disease of rice, the blast disease. Contributing to the seriousness of 

the disease is the high degree of variability seen in isolates pathogenic on rice and those 

pathogenic on other gramineous species (Orbach et al. 1996; Shull and Hamer, 1996). In 

the field this variability is manifested by the appearance of virulent strains on previously 

resistant cultivars (Ou, 1980; Ou, 1985). The appearance of these strains often occurs 

within several years of introduction of resistant cultivars, diminishing the effectiveness of 

conventional breeding programs. 

It has been proposed that the variability seen among A/, grisea isolates may be the 

result of transposable elements in the M. grisea genome (Hamer et al. 1989a; Kachroo et 

al. 1994; Kachroo et al. 1995; Wu and Magill, 1995; Skinner et al. 1993). Transposable 

elements can generate genetic variability through insertions and by causing genomic 

rearrangements, such as deletions, inversions and translocations, possibly through 

recombination between copies of the element dispersed in the genome. To investigate 

whether transposable elements may play a role in generating M. grisea variability, there 

has recently been a concerted effort to characterize M grisea repeated DNA sequences. 
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This has resulted in the identification of several transposable elements. These include two 

elements that transpose via a DNA intermediate, Pot2 (Kachroo et al. 1994) and Pot3 

(Farman et al. 1996a), and four retroelements. Two of the retroelements, grh (Dobinson 

et al. 1993) and Maggy (Tosa et al. 1995) are members of the long terminal repeat (LTR) 

class of retrotransposons and two are SINES (Kachroo et al. 1995; Sone et al. 1993). 

Previously absent from the list of described M. grisea mobile elements was a 

member of the non-LTR, or LINE (long interspersed nuclear elements) class of 

retroelements. These elements have been shown to cause genetic variability in several 

cases (Hutchison UI et al. 1989; Kazazian Jr. et al. 1988; Morse et al. 1988). The first 

retroelement of this type to be described was the Li family in mammals (Fanning and 

Singer, 1986). Since then, non-LTR retroelements have been isolated fi^om a diverse 

range of organisms including insects (Besansky, 1990; Fawcett et al. 1986), plants (Leeton 

and Smyth, 1993; Schwarz-Sommer et al. 1987), amphibians (Garrett et al. 1989), 

protozoans (Gabriel et al. 1990), and fungi (Cambareri et al. 1994). Members of this 

class are usually present in high copy number (Dombroski et al. 1991), vary in length from 

four to seven kilobases (kb), and have an A rich 3' end. Most have two open reading 

frames (ORFs); the first, ORFl, has homology to retroviral gag proteins, and the other, 

0RF2, encodes a reverse transcriptase polypeptide (Mathias et al. 1991). Non-LTR 

elements are also characterized by the presence of short direct repeats of variable length 

(ranging from 3-49 bp) flanking element insertions that represent target site duplications 

formed upon element insertion (Gabriel and Boeke, 1993). 
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In this chapter, I investigated the sequence, expression, and conservation of the M. 

grisea repeated DNA element MGR583. MGR583 is repetitive DNA element previously 

isolated from theM grisea Chinese rice pathogen 0-137 (Hamer et al. 1989a). Earlier 

work showed MGR583 to be present at high copy number in M grisea rice pathogenic 

field isolates, to contain a 2.0 kb BamlQ. fi-agment highly conserved among M grisea 

strains isolated from rice, and to hybridize to three distinct transcripts in the one rice 

pathogenic isolated tested (Hamer et al. 1989a). Initial sequencing of MGR583 revealed 

the presence of an ORF with strong homology to reverse transcriptase ORFs of non-LTR 

retroelements (Valent and Chumley, 1991). Completion and detailed analysis of the fiall 

MGR583 sequence confirms its classification as a non-LTR retroeiement. To reflect this 

change I have given the element the name MGL, for Magnaporthe grisea LINE. In 

addition, the results obtained about the expression characteristics of the element lead to 

interesting possibilities about regulation of MGL movement in vivo and a possible role in 

contributing to genome instability in M grisea. 



Materials and Methods 

Nucleic acid isolation and manipulation 

Restriction digestion and DNA modification enzymes were purchased from BRL 

(Life Technologies, Gaithersburg, MD) and used under the conditions specified by the 

supplier. Small scale plasmid DNA isolations from bacteria were done by the boiling lysis 

method (Holmes and Quigley, 1981; Ausubel et al. 1987). Fungal DNA and RNA were 

isolated fromM grisea mycelium as previously described (Sweigard et al. 1992; 

Timberlake, 1986). Purification of poly(A) RNA was performed according to Sambrook 

et al. (1989). Southern and northern hybridizations were essentially as described by 

Sambrook et al. (1989) using either Magnacharge (MSI) or Hybond-N nylon membranes 

(Amersham). Hybridization probes were labeled with by the random primer method 

(Feinberg and Vogelstein, 1983). 

DNA sequencing and analysis 

DNA sequencing was carried out using the dideoxy termination method (Sanger et 

al. 1977). Plasmid templates were sequenced with Sequenase (US Biochemicals) while 

cosmid templates were cycle sequenced with Taq DNA polymerase using the Pro mega 

finol Sequencing Kit (Promega). Sequencing of large DNA fragments was accomplished 

using deletion clones constructed either with convenient restriction enzymes or by the 

exonuclease III deletion method (Henikoflf, 1984). DNA sequences were assembled and 

translated using the programs of the University of Wisconsin Genetics Computer Group 

(GCG) Version 8.0 (Devereux et al. 1984). 
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Construction of the MGL restriction site map 

To test the conservation of MGL restriction sites, genomic DNA from multiple rice 

pathogenic strains was subjected to digestion and hybridization using a combination of 

MGL fragments as probes. In these analyses, an MGL fragment flanked by restriction sites 

conserved in the majority of genomic copies resulted in a single predominant band after 

autoradiography when probed with that fragment. Restriction sites tested were obtained 

from the previously mapped MGZ, copy contained in pCB583 (Hamer et al. 1989a) and 

from the RT sequence (M.J. Orbach, unpublished). 

Protein sequence analysis 

All amino acid analysis was done using programs of the University of Wisconsin 

Genetics Computer Group (GCG) Version 8.0 (Devereux et al. 1984). Codon bias tables 

and GC composition were generated using the Codonfrequency and Composition 

programs. Eighteen M. grisea genes present in the Genbank database were used in each 

analysis. They included Cut I (Sweigard et al. 1992), reductase (Vidal-Cros et al. 

1994), MPGl (Talbot et al. 1993a), XY}^22 (Wu et al. 1995), )CrN32 (Wu et al. 1995), 

ERG2 (Keon et al. 1994), NUT I (Froeliger and Carpenter, 1996), PWLl, PWL2, PWL3, 

PWL4 (Kang et al. 1995), PIGl (J.A. Sweigard, L. Farrall, and B.S. Valent; GenBank 

Accession No. U38821), acetolactate synthase (J.A. Sweigard, L. Farrall, and B.S. Valent; 

GenBank Accession No. U3920I), PMKl (Xu and Hamer, 1996), cAMP kinase (Mitchell 

and Dean, 1995), and CHSl,CHS2,CHS3, and CHS4 (A. Vidal-Cross, M. Boccara, and 

M. Gaudry; Genbank Accession Numbers X96413, X96414,X96415, and X96416). 
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Library screening 

A cosmid library of strain 4392-1-6 was screened for MGL containing cosmids by 

colony hybridization (Ausubel et al. 1987). A total of 980 ordered colonies were screened 

using pCB699 as a probe. A lambda cDNA library of strain 6043 (provided by Barbara 

Valent) was screened for MGZ, hybridizing clones by lambda screening procedures 

(Benton and Davis, 1977). The library was probed separately with the plasmids pCB699 

and pCB692 which contain MGL fragments. 

In vitro transcription and translation Analysis. 

In vitro transcription and translation analysis was performed using the TnT 

Coupled Rabbit Reticulocyte Lysate System from Promega (Madison, WI). Translation 

products were labelled with labeled cysteine. All constructs were made in the pSP64 

Poly(A) Vector (Promega). Completed reactions were separated on a 6% SDS-PAGE gel 

and visualized using fluorography. Following electrophoresis, the polyacrylimide gel was 

fixed in 50% methanol: 10% acetic acid for 30 minutes, washed in water for 30 minutes, 

and finally saturated with fluorophore for 30 minutes. The gel was then placed on a 

nitrocellulose filter and dried prior to autoradiography. 

Characterization of MGL termini 

To characterize the 5' terminus of MGL, twelve cosmids containing MGI repeats 

were isolated from a library ofM grisea strain 4392-1-6 screened with the probe 

pCB699. Using the restriction map of MGL as a guide, the conserved HindUl site near 

the 5' end of the element was identified in the two plasmids. Using this Hindlll site and a 
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unique site upstream of the MGL sequence, a fragment was cloned that was predicted to 

contain the 5' terminus of mMGL copy. The resulting fragments in pAM16, pAM29, and 

pAM31 were sequenced, from the HindGl site, using the -40 forward pBluescript primer. 

From alignment of these three sequences, a primer was designed (5' ATT GGT GTG TTT 

GGG TG 3') to sequence the 5' termini of MGL copies directly from (4392-1-6) cosmids. 

To sequence the 3' ends and adjacent flanking DNAs in the A/CZ, hybridizing 

(4392-1-6) cosmids, an oligonucleotide primer was designed (5' GTG AAC TAA CCC 

CCT AAG CAG 3') that corresponded to the sequence 75 nt upstream from where 

homology ended between repeat copies in two previously clones from the strain 4396-1-1 

clones (M. J. Orbach, unpublished). This primer was used to sequence the 3' termini of 

MGL copies contained in cosmids of the 4392-1-6 library. 

Plasmids used in this study 

A variety of plasmids containing various MGL fragments were used in this study. 

The plasmids are as described below and shown in Figure 2. IB. All pAM plasmids were 

constructed as part of this study. 

pCB583. This plasmid contains the 5.0 kb Sali fragment from MGZ,-containing lambda 

clone A,MGR12 of the 0-135 library cloned into pUC18 (Hamer et al. 1989a). 

pCB607. This plasmid contains a copy of the conserved 2.0 kb BarriH^L MGL fragment 

cloned into pBSKSII+ (L. Farrall, unpublished). 

pCB699. This plasmid contains a 1.5 kb HmcAll fragment conserved mMGL. The 

fragment was sub-cloned from pCB583 into pUCl 18 (Orbach, unpublished). 
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pCB682. This plasmid contains a nearly intact A/GL copy from strain 4396-1-1 cosmid 

clone #17. The insert is a 5.7 kb HindlSl fragment cloned into pBSKSn+ (Orbach, 

unpublished). 

pAM16. This plasmid contains the 5' most portion of the MGZ, copy in pCB583 together 

with the flanking sequence. It was constructed by cloning the 0.8 kb Sst\.HmdSl 

fragment of pCB583 into pBSKS-. 

pAM20. This is a series of plasmids containing the 5' half of MGL copies cloned from 

cosmids in the 4392-1-6 library. The plasmids were constructed by identifying the £coRI 

fragment of cosmids with homology to pCB699 and cloning the fragment into pBSKS-. 

Plasmids containing fragments isolated from different cosmids are identified by adding the 

cosmid of origin to the pAM20 designation. For example, pAM20-8B6 contains an 

£coRI fragment with pCB699 homology from the cosmid at location 8B6. 

pAM767. This plasmid contains the 3.9 kb Hm(RSL\Sati fragment of MGL. It was 

constructed by ligating the 1.2 kb HindGl J^del fragment from pAM36 and the 2.7 kb 

Nde\:Sa[\. fragment from pCB583 into to the HindniSall sites of pSP64 PoIy(A) 

(Promega). 

pAM769. This plasmid contains the 1.8 kb Ssp\:Sall fragment of MGL. It was 

constructed by ligating the 1.8 kb Ssp\:SaIl fragment from pCB682 into the Hindni and 

Safi sites of pSP64 Poly(A) (Promega). The Hindm. site of the vector was prepared for 

ligation by filling in the 5' overhang with DNA polymerase I Klenow large fragment 

(Ausubel et al. 1987). 
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pAM821. This plasmid contains the 1.3 kb SspliEcoKV fragment ofMGL. It was 

constructed by digesting pAM769 with EcoRV and Sail, filling in the Sail 5' overhang 

with DNA polymerase I Klenow large fragment, and re-ligating the 4.3 kb plasmid. 

pAM862. The plasmid contains the 2.5 kb Hmdni:BamHl fragment of MGL. The 

plasmid was constructed by digesting pAM767 with Bamlril and re-ligating to create a 5.5 

kb plasmid. 

pAM867. This plasmid contains the 3.9 kb HindOl'.SallMGL fragment with an artificial 

stop codon created 1,234 nt after the ORf 1 start codon. It was constructed by digesting 

pAM767 with Ndel, filling in 5' overhangs with DNA polymerase I Klenow large 

fragment, and re-ligating the plasmid. 
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Results 

MGL restriction map 

To estimate the size of MGL and to assist in further analysis of the element, an 

MGL restriction map was constructed containing sites conserved in copies present in the 

genome of the rice isolate 0-137 (Figure 2.1 A). The completed map showed MGL to be 

approximately 6.0 kb in length with a conserved HindBl site near each end. Alignment of 

the sequenced portion of the RT ORF to the restriction map allowed the assignment of 

polarity to MGL, with the 3' end of the element being closest to the C terminus of the ORP 

(Orbach, unpublished). Most of the tested restriction sites were found to be highly 

conserved. The single exception was a previously identified polymorphic HindUL site 

approximately 1.5 kb from the 5' most HindSl site of the element, as is shown in the map 

in Figure 2.1A (Orbach, unpublished). Southern analyses testing the conservation of this 

site agreed with the previous estimation that approximately half of the MGL copies in O-

137 contained a Hindni site at this location. An example showing this polymorphism, as 

well as the conservation of other A/GZ, sites is shown in Figure 2.2. In this analysis, the 

1.5 kb HindRS. fragment from the 5' region o^MGL, cloned from a copy containing the 

polymorphic site, was used as a probe against 0-137 genomic DNA digested with a 

variety of enzymes. In the digestions using HindSS. two intense bands are seen. The 1.5 

kb band results from digestion of MGL copies with this HindUl site. The larger band 

results from those MGL copies without the site, with the size of determined by the 

digestion at a conserved restriction site farther downstream. 
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The conservation ofMGL restriction sites in a variety ofM grisea rice isolates 

was tested. Analysis of twelve rice isolated strains showed conservation oiMGL 

restriction sites in all strains. Again, the single exception was the HincRR site 1.5 kb from 

the 5' end of the element. Probing HindSl digests of these strains with pCB699 showed 

the intense 1.5 kb and 6.0 kb bands indicative of this polymorphism (Figure 2.3). 

Interestingly, several other polymorphic HindSi. sites were observed in some strains in this 

analysis. Specifically, these polymorphisms resulted in fragments of approximately 3.0 kb 

and 4.3 kb. Unlike the originally described HindSl polymorphism, these bands were 

present only in a subset of the rice isolates. 

Screening of the 4392-1-6 cosmid library hrMGL copies 

A portion of the 4392-1-6 cosmid library was probed with pCB699 to identify 

cosmids that contained at least one copy ofMGL. This laboratory hybrid strain is 

comprised of approximately 50% rice pathogen origin and 50% non-rice pathogen origin 

(B. Valent, unpublished). Fifty-nine of 1,920, or 3.1%, tested colonies hybridized to the 

pCB699 probe. As a comparison, the same library has also been probed with two single 

copy sequences. Rsy^, a gene involved in the pigmentation pathway hybridized to 0.1% 

(4/4320) probed colonies (Orbach, unpublished) and the fragment 737.2, a single copy 

sequence closely linked to the avirulence gtne Avr-Mara, hybridized to 0.1% (5/4416) of 

probed colonies (Mandel, unpublished). 

The MGL termini 

The consensus 3' end of MGL was the sequence 5'-TTAACTAATA-3' followed by 



a variable number of trinucleotide (CTA) repeats (Figure 2.4). The repeat began 392 bp 

downstream of the 3' most conserved HincRB. site. The number of CTA repeats in these 

copies ranged from five to eight. Nine of the ten sequenced termini agreed with this 

consensus. The tenth copy analyzed, that in pCB69I, was truncated by 76 nt relative to 

the other copies. Analysis of the sequence flanking the truncation showed it to be identical 

to the 3' end of the Class II transposon Pot3 (Farman et al. 1996a). Thus, the truncation 

of the pCB691 MGL 3' terminus appeared to be the result of a Pot3 insertion into the 3' 

end of this particular copy. 

The consensus 5' end oiMGL was the sequence 5'- CAAGCATCCT-3' (Figure 

2.5). This sequence began 67 bp upstream of the 5'-most conserved HindW. site of the 

element. Ten of eleven sequenced termini agreed with this consensus. A single element 

copy, that in pAM16, lacked the first two bp of the 5' end. Analysis of the sequence 

flanking the MGL sequence in this plasmid showed strong homology to PotS. The Poti 

sequence abutting the A/GZ, DNA began at bp 162 of Pot3 and continued towards the 3' 

end. Thus, this copy of MGL appeared to have inserted into a Pot3 copy, truncating two 

nucleotides at the 5' end in the process. Truncation at the 5' end is a common feature of 

some non-LTR retroelements (Hutchison HI et al. 1989). It was not possible to confirm 

this hypothesis, however, as the original clone from which this MGL copy was isolated did 

not contain a fiill MGL copy (Hamer et al. 1989a). This prevented confirmation of an 

MGL insertion into Pot3 by looking for Pot3 sequence flanking 3' terminus of this copy. 

Both termini were sequenced for seven MGL copies. Of these, four had direct 
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repeats ranging from 6 to 13 bp flanking the element (Figure 2.6). Short direct repeats 

flanking element ends are a feature of retrotransposons and are believed to be the result of 

a duplication of the target sequence upon insertion of the element into the genome (Luan 

et al. 1993). There was no similarity in the insertion site sequences of these four copies, 

either in the exact sequence of the insertion loci or in the nucleotide composition 

surrounding the insertions. It is unclear why the remaining three copies lack the direct 

repeat. One possibility is that there has been recombination between different copies of 

the element. Recombination would result in elements with termini originating fi-om two 

different MGL insertions. 

Sequencing of the 5* half of MGL 

The 3.0 kb of sequence between the conserved 5' HindW. and central £coRJ sites, 

was sequenced for three MGZ copies. Two of the copies, contained in the plasmids 

pAM20-8B4 and pAM20-8B6, were isolated from strain 4392-1-6. The final copy, 

contained in pCB583, was cloned from rice pathogen 0-137 (Hamer et al. 1989a). The 

MGL copy in pAM20-8B4 was sequenced in both directions while the copies in pCB583 

and pAM20-8B6 copies were each sequenced in a single direction. Comparison of the 

three copies showed them to be at least 98% identical with no deletions or insertions 

between them. The three sequences were aligned and a 2.7 kb consensus sequence for the 

5' half, between the HindlTl and £coRI sites, QiMGL was generated. Computer analysis 

of this sequence identified two predominant ORFs that were tentatively labeled ORPIA 

and ORFIB. Both OElFs were in the same orientation, with the 5' end of each closest to 
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the 5' end o^MGL. ORFl A was 570 amino acids and length and overlapped ORFIB by 

four nucleotides. 

Conflrmation of the 3' MGL sequence 

A preliminary MGL complete sequence was generated by combining the 5' 

Hmdni.EcdBl data with the 3' BamBl Jimdni sequence of Orbach etal. (unpublished). 

The two sequences overlapped by 150 bp between the Bcan^ site and the downstream 

£coRI site and were 100% homologous in this region. Initial analysis of the sequence 

showed three principal ORFs, ORFl A, ORFIB, and the RT ORF (0RF2). ORFIB 

continued across to £"coRI site, terminating 13 bp upstream of the 0RF2 start, for a total 

length of 360 amino acids. 

The presence of three ORFs was unusual in several respects. First, most Class I 

retroelements have only two ORFs (Gabriel and Boeke, 1993). Second, preliminary 

analysis of the ORFIB amino acid sequence revealed motifs normally found in the N-

terminal region of non-LTR reverse transcriptase sequences (McClure, 1991; Feng et al. 

1996). Third, the length of 0RF2 was significantly shorter than the corresponding ORF in 

similar elements (Gabriel and Boeke, 1993). It was therefore suspected that an error 

existed in the sequence, creating a false stop between ORFIB and 0RF2. 

To test for the presence of the predicted ORFs and whether there may be errors in 

the DNA sequence, the region containing ORFIB and 0RF2 was subjected to in vitro 

transcription and translation analysis. Two constructs, pAM769 and pAM821, were used 

for this analysis (see Figure 2.2B). Both of these plasmids contain fragments that span the 
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0RF1B:0RP2 junction, with pAM821 containing a 500 bp truncation of the insert in 

pAM769. In this analysis, both constructs would be expected to produce proteins of 25 

kD if ORFIB was a true ORP. If, as suspected, ORFIB represented the N-terminal 

region of 0RF2, pAM769 and pAM82I would be expected to yield proteins products of 

67 kD and 47 kD respectively. The results of this analysis supported the second 

hypothesis, that ORP IB and 0RF2 were translated as a single protein, indicating an error 

in the sequence between the two ORPs (data not shown). A series of sub-clones were 

then constructed and used to re-sequence this region. Sequencing of these fragments 

revealed the presence of two additional G's 90 bp downstream from the £cc»RI site. 

Generation of a complete MGL sequence 

A final consensus sequence Tor MGL was generated by combining the 5' terminal 

sequence, the 2.7 kb Hind01:Ecd  ̂sequence, the revised 2.95 kb BamVl:Hmdl\l 

sequence of Orbach et al., and the 3' terminal sequence (Figure 2.7). Analysis of the 

complete sequence showed the element to be 5951 bp in length, not including the variable 

number of CTA repeats at the 3' end. The element had an overall GC content of 59.2%, 

slightly higher than the 53.5% GC content of eighteen M grisea genes in the Genbank 

database. The element had two principal ORFs oriented in the same direction. ORPl, 

from nt 1II to nt 1822, was 570 amino acids in length with a predicted weight of62.3 

kDa. ORF2, from nt 1819 to nt 5705 was 1,295 amino acids in length with a predicted 

weight of 144.3 kDa. Together, the ORFs represented 94% of the sequence. The ORF 

sequences had a GC content of 59.4%, slightly higher than the 56.4% found in the coding 
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regions of eighteen other M grisea genes. 

The two open reading frames overlapped by four nucleotides, with the tetra-

nucleotide ATGA forming the start codon of 0RF2 and the TGA stop codon of ORPl. 

It is possible that the first methionine of 0RF2 did not represent the true translation start 

point for this reading fi-ame. There is a second in-frame ATG codon located 24 nt and a 

third 72 nt after the first, each of which could be the start of the 0RF2 protein product. 

While, the true start codon can not be determined without direct sequencing of the protein 

product, the sequence context of the initiation codons can be used to estimate the 

appropriateness of the three potential starts for initiating translation. Analysis of the 

sequence surrounding these three start codons revealed the greatest match to the 

consensus sequences for optimum protein initiation in Neurospora crassa (Bruchez et al. 

1993) and other M grisea genes to be the third ATG of 0RF2 (Figure 2.8). Both the first 

and second ATGs are immediately preceded by a T residue, which is used only 3% of the 

time in N. crassa, and is not used in any of 18 M grisea genes analyzed to date. The 

context of the first start codon for ORFl fits well with that of N. crassa and the other M 

grisea genes. 

There was little difference in codon bias between the two ORFs and other iW. 

grisea genes (Table 2.1). Codons rarely used by M grisea nuclear genes were also rarely 

used by ORFl and 0RF2 ofMGL. ORFl did show a few differences in codon bias 

compared to M. grisea genes. One such example was in codon usage for aspartic acid, 

where the GAT codon is used 42% of the time in the nuclear genes yet only 5% of the 
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time in ORFl. ORf 2 utilized this codon 26% of the time. In addition to individual codon 

frequency, the base usage at the third wobble position was also compared. For the two 

MGL ORFs C was found in the third position 34% of the time, G was found at 31% of the 

sites, A at 20% of the sites, and T at 15% of the sites. Individual analysis of the two ORFs 

showed a similar result. This third position preference, C>G> A>T, is similar to other M. 

grisea genes (C>G>T>A), except for the slight preference of A over T. 

Analysis of the ORF2 amino acid sequence 

Comparison of the 0RF2 amino acid sequence to protein databases revealed 

strong homology to the reverse transcriptase (RT) domains in non-LTR retroelements. 

Specifically, the region of 241 amino acids beginning at residue 478 of the ORF showed 

similarity with a group of seven sequence motifs conserved in reverse transcriptase activity 

domains from a variety of origins (Figure 2.9) (Toh et al. 1983; Toh et al. 1985; Xiong 

and Eickbush, 1990; McClure, 1993). While this RT domain is common to all 

retroelements except the SINEs, the MGL 0RF2 domain exhibited the greatest homology 

to those found in the non-LTR retrotransposons. For example, the most characteristic 

amino acid sequence among reverse transcriptases is the (Y/F)XDD box found in domain 

V. For non-LTR retrotransposons the box can further be defined as (Y/F)ADD, with an 

alanine always being present at the second position. In MGL 0RF2 this (Y/F)ADD box 

was found at position 668. Additionally, an (S/A)PGXD motif found exclusively in 

non-LTR retrotransposons was found at residue 450. Similarity to the non-LTR 

retroelements was also be observed with respect to the spacing between the conserved 
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motifs. In the LTR retroelements, the conserved domains II, HI, and IV are directly 

adjacent to each other. In the LINE type elements and that oiMGL, spacing regions of at 

least 25 amino acids were found between each of these domains. Construction of a 

phylogenetic tree of RT domains from a variety of sources provided further support for 

the close relationship of this ORF with those found in non-LTR retroelements (Figure 

2.10). The seven RT motifs from a variety of Class I transposons as well as from fungal 

introns and mitochondrial sequences were aligned, compared, and a tree constructed using 

parsimony analysis (SwofFord, 1990). The resulting tree showed grouping of the MGL 

0RF2 sequence with non-LTR retroelements. The most similar sequences were those 

from non-LTR retroelements characterized from other fijngi, Cgtl and Tad (He et al. 

1996; Cambareri et al. 1994). TheM grisea retroelements grh and Maggy were also 

included in this analysis and, as expected, were most similar to the LTR retroelements 

Tyl and gypsy (Farman et al. 1996b; Dobinson et al. 1993; Clare and Farabaugh, 1985; 

Yuki et al. 1986). 

Retroelement RT ORFs encode large proteins that contain multiple domains with 

enzymatic activities in addition to that of the RT domain (Doolittle et al. 1989; McClure, 

1991). The presence of some of these domains can facilitate retroelement classification, as 

many are not present in all elements. The presence of these domains was looked for in the 

MGL 0RF2 sequence. One region was identified near the N-terminus with homology to 

endonuclease domains found in some non-LTR retroelements (Figure 2.11). Activity of 

this endonuclease domain has been demonstrated for the LI element from humans and has 
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been shown to be required for eflBcient transposition of that element (Feng et al. 1996). In 

MGL 0RF2 the endonuclease domain was found between residues six and 232. RNaseH 

homology was found between residues 960 and 1114 (Figure 2.12). RNaseH domains are 

found in the C terminal region of RT ORFs arising from all types of retroelements 

(McClure, 1991; Johnson et al. 1986; McCIure, 1993). A final region was a cysteine 

repeat found near the 0RF2 carboxyl terminus (Leeton and Smyth, 1993). In 0RF2 the 

segment present between residues 1196 and 1211, CAWCWLERSPEHPVHC, closely 

matched the consensus motif CXi.jCX7.gHX^C found in other elements (Figure 2.13 A). 

The function of this motif is unknown, although it is believed to be a zinc-finger involved 

in nucleic acid binding (Pieler and Theunissen, 1993; OTIalloran, 1993). Integrase and 

protease domains, domains commonly found in LTR retroelements were not apparent in 

the MGL 0RF2 sequence. 

Analysis of the ORFl amino acid sequence 

ORFl contained two copies of a cysteine motif, one exact and one degenerate 

(Figure 2.13 B), found in the gag or nucleocapsid ORF in retroviruses and also in the 

upstream ORFs of many retrotransposons, including most of the non-LTR members 

(Covey, 1986; Besansky, 1990; Schwarz-Sommer et al. 1987; Cambareri et al. 1994). 

This motif is believed to function as a zinc-finger in nucleic acid binding and in 

retroviruses, is required for assembly of retroviral core particles (Sen et al. 1977; Meric 

and Spahr, 1986). A second feature that ORFl shared with other gag-like ORFs was 

being relatively proline-rich (8%). This is compared with proline contents of 4.8%, 4.5% 
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and 5.3% for theM. grisea genes Xyn33, Erg2, and Cutl respectively (Wu et al. 1995; 

Keon et al. 1994; Sweigard et al. 1992). Further, within an 85 amino acid region 

beginning at codon 113, ORPl proline content was 14% and between residues 166 and 

198 25% of the amino acids were prolines. A. similar distribution of proline is seen in the 

non-LTR element R1 from Bombyx mori which contains 8% proline in its gag-like ORF 

and has a region of 82 amino acids near the N-terminus that are 24% proline (Xiong and 

Eickbush, 1988). 

MGL transcription 

MGL was originally reported to hybridize to three transcripts of 7.3, 3.0 and 2.5 

kb in poly(A) RNA isolated from liquid culture grown mycelia (Hamer et al. 1989a). The 

size estimates of these transcripts were refined, and their position on the MGL map 

approximated by the hybridization of MGL fragments to RNA isolated from 0-137 

(Figure 2.14) (Orbach, unpublished). All MGL fragments hybridized to the large 

transcript, suggesting that it represented a full MGL transcription product. The two 

smaller transcripts appeared to represent the 5' half of MGL, as they both hybridized to 

the 5'-1.4 kb HindUl fragment, and to the adjacent 1.2 kb HindiR-BamHl fragment. 

In an attempt to more precisely define the ends of the MGL transcripts and to 

assign direction, MGL hybridizing cDNAs were isolated from a X library of strain 6043. 

Following isolation of the cDNAs, the ends of each were sequenced. All transcripts were 

oriented in the same direction as the OElFs. No fiill length MGL cDNAs were isolated. 

This is a result of the method used for the construction of the library which prevents the 
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cloning of transcripts containing a A'b// site and there is a//o/I site at nt 3672 ofMGL. 

One transcript was isolated that represented the 3' half ofMGL, beginning at the MotI site 

and ending at the CTA repeat. This transcript contained six copies of the repeat followed 

by the poly(A) tail. Three other poly(A) sites were detected among the other cDNAs 

isolated. Two cDNAs, 1.6 kb in length, contained polyA after nt 1856, one cDNA, 1.1 kb 

in length was polyadenylated after nt 2000, and one of 2.3 kb after nt 2350. It is unclear 

whether these cDNAs correspond to the mRNAs observed on the Northerns. If the actual 

5' end of all three of these transcripts were at the 5' end ofMGL, they would represent 

transcripts of 1.9, 2.0 and 2.4 kb respectively. These would all be able to encode ORFI. 

ORF2 is not translated via ribosomal frameshifting 

The ability of ORFI and 0RF2 to be translated as a single protein product via 

ribosomal frameshifting was investigated. Production of a single fusion protein from two 

overlapping ORFs via ribosomal frameshifting has been demonstrated for some 

retroviruses and LTR retroelements (Atkins et al. 1990). While such fiision proteins have 

not been demonstrated for the non-LTR retroelements, the overlap of the two ORFs in 

MGL is suggestive of such a mechanism in this system. To test this possibility, three 

constructs containing the 0RFl;0RF2 overlapping region were analyzed using in vitro 

transcription and translation. One construct, pAM767, has a 3.9 kb fragment containing all 

of ORFI and 82 kDa of 0RF2. If ORFI is expressed without a frameshift event, a 62 kDa 

protein would be synthesized. A frameshift event would result in a fusion protein of 144 

kDa (62 kDa plus 82 kDa). The second construct tested, pAM862, was identical to 
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p AM767 except for it contains a truncated version of the 0RP2. Expression of this 

plasmid should result in the 62 kDa ORFl product and, if frameshifting occurs, a 91.6 

kDa fusion product. The final construct, pAM867, contains an artificial stop codon in 

ORFl. Expression of this plasmid should generate a 45 kDa truncated ORFl product. 

The results of the analysis did not provide evidence of a fi^ameshifl event (Figure 

2.15) While the ORFl product was present in each construct, no potential fusion protein 

was seen in any lane. In the pAM767 and pAM867 analyses, however, a faint band of 

approximately 80 IcDa was seen. This band was not seen in the pAM862 expression. As 

80 kDa is approximately the predicted size of the 0RF2 product contained in these two 

plasmids, it is possible that this band represents a separate translational initiation event for 

ORF2. The expected re-initiation fragment for pAM862 is the same size as a number of 

background products seen in this expression. Its presence could therefore not be 

confirmed using this construct. Translation re-initiation has been demonstrated for the 

expression of 0RF2 of the rat LI element which also has overlapping ORFs (lives et al. 

1992). The low amount of 0RF2 seen in the rat element study correlates with the low 

amount of 80 kDa product seen in this study. This indicates that translation re-initiation 

may be a rare event and could possibly be used to limit the amount of 0RF2 protein 

product present in a cell. 

Homology of MGL and Mg-SINE 

A nucleotide database search using the MGL sequence as a query showed the last 

226 bp MGL to be highly similar to the 3' half of the 472 bp Mg-SINE element (Figure 
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2.16). Beginning at nucleotide 5732 of MGL and nucleotide 233 of Mg-SINE the two 

elements were 90% identical. Included in this homology was the conserved CTA repeat 

found at the 3' most sequence of each element (Kachroo et al. 1995). SESJEs are short 

repetitive elements with no ORFs and are most often derived from tRNAs (Okada, 1991). 

Similarity between the 3' termini has been observed for elements isolated from related 

species and a close evolutionary relationship between the two types of elements has been 

proposed (Ohshima et al. 1996). This is the first description of two elements derived from 

the same species with identical 3' ends. 



72 

Discussion 

In this chapter evidence is presented that demonstrates that the M grisea repeated 

DNA element MGR583 is a member of the non-LTR group of the Class I retroelements. 

To reflect this classification, the element has been given the name A/GZ, for Magnaporthe 

grisea LINE. Like other elements in this group, MGL lacks long terminal repeats and has 

two predominant ORFs, both of which have motifs similar to other non-LTR 

retroelements. In the first ORF this is the gag-like cysteine repeat. In the second these are 

the endonuclease, reverse transcriptase, and RNaseH domains and the cysteine repeat. 

Further, phylogenetic comparison of the RT motif with the similar region firom a variety of 

other retroelements clearly indicates that the RT in MGL is most closely related to those 

of other non-LTR retroelements. 

The termini of MGL merit further discussion, as both are somewhat unusual The 

5' terminus of most MGL copies appears to be intact. Ten of the eleven 5' termini 

sequenced began at the same nucleotide. This contrasts with many other non-LTR 

retroelements. In the human LI element, for example, > 90% of the copies are truncated 

at this end (Hutchison III et al. 1989). Truncations at the 5' terminus of these elements 

result fi-om a failure of the reverse transcriptase to make a complete cDNA copy of the 

element. Why most MGL copies appear to be full length is unclear. It may be the result 

of a property of the MGL reverse transcriptase that maximizes the probability of making a 

fiill element copy. It is possible that theMGZ, reverse transcriptase has a unique ability to 
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crassa element Avith a reverse transcriptase highly homologous to that ofA/GZ, also lacks 

truncations at the 5' terminus. If the ability to complete a full length cDNA copy of the 

element is a property of the reverse transcriptase, than the lack of 5' truncations in these 

elements may be reflected in the homology between the two RTs. The conservation of 

the 5' end has important implications for the activity of the element within the nucleus as 

the 5' end of the non-LTR retroelements contains the promoter sequence needed for 

transcription (Severynse et al. 1992; McLean et al. 1993). Therefore, unlike in mammals, 

it is likely that most copies of the LINE in A/, grisea are capable of transcription, a critical 

step in the transposition of a retroelement. 

The 3' end ofMGL is also interesting due to the presence of the (CTA) tri

nucleotide repeat. Many non-LTR retroelements have a poly(A) region at the 3' end 

(Gabriel and Boeke, 1993). Several elements, however, have been characterized that 

have repeated sequences at the 3' terminus. These include the Drosophila elements LOA 

(AAT repeat) (Felger and Hunt, 1992) and /(TAA repeat) (Bucheton, 1990) and the two 

fungal elements. Tad of Neurospora crassa (imperfect TATTAATT repeat) (Cambareri et 

al. 1994) and Cgtl from Colletotrichum gleosporioides (CAAA repeat) (He et al. 1996). 

The fijnction of these repeats in element transposition is unclear. The location at the 3' 

terminus, however, indicates that they may be involved in the he priming of reverse 

transcription. 

MGL movement is a critical issue when contemplating the effects that the element 
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may have on genome instability. As transcription is a critical step in transposition, analysis 

of the MGL transcripts can provide important information about the potential movement 

of this element. The significance of ORFl transcription is unclear. This is mostly due to a 

lack of understanding about the fiinction of the ORJFl gene product for the non-LTR 

retroelements. Some analysis of the human LI ORFl protein product has been done, but 

with no conclusions about a possible function (Hohjoh and Singer, 1996; Holmes et al. 

1992). The significance of the fiill length transcript is more clear, as fiill element 

transcription is the first step in the transposition process (Hutchison EQ et al. 1989). Yet, 

as MGL movement has not been demonstrated, the act of transcribing the element does 

not appear to be sufficient to initiate element transposition. 

Given the constitutive expression of the full length transcript, a likely step to 

regulate transposition is the production of an active reverse transcriptase. The lack of a 

transcripts specific to the MGL 0RF2 may indicate that this is the level at which MGL 

transposition is regulated. The presence of 0RF2 product can not be completely 

discounted, however, as mechanisms have been shown that can generate multiple protein 

products off of a single transcript (Atkins et al. 1990). Ribosomal fi-ameshifting is one of 

these mechanisms. Known to result in the production of 0RF2 in the LTR-retroelements 

(Farabaugh, 1996), the lack of overlapping ORFs in most non-LTR retroelements 

indicates that this is probably not a common mechanism in these elements. The in vitro 

transcription and translation analysis of the overiapping region of the MGL ORFs supports 

its absence in this system. Another potential mechanism is through translation reinitiation 



75 

for 0RF2 on the full length mRNA strand. This mechanism has been demonstrated for the 

LlRn element of rat (lives et al. 1992). The TnT analysis provides tentative support for 

this mechanism in MGL, but further studies are needed to answer this question with 

greater certainty. A final conclusion about the production of the 0RF2 protein product 

will only come with the availability of 0RF2 antibodies and the resulting ability to look for 

the 0RF2 product in vivo. 

The strong homology of the 3' end oiMGL withjVfg-SINE is the first example of 

homology between a LINE and a SINE originating from a single species. This raises 

interesting questions about the relationship of these two elements and provides further 

support for the model of SINE evolution proposed by Ohshima et al. (1996). In this 

model SINEs were initially generated by recombination between a strong stop DNA with 

a primer tRNA and the DNA of a LINE. The tRNA:strong stop DNA structure is an 

intermediate during the reverse transcription of certain retroviruses and long terminal 

repeat (LTR)-type retrotransposons. The SINE thus results from the combination of the 

tRNA/strong stop DNA with the 3' end of the LINE. As the SINE transcripts now include 

the region used for LINE reverse transcriptase initiation, they are able to parasitize the 

activity of this enzyme for transposition. 

A prediction of this model is the existence of a "progenitor SEME", containing a 

full SINE copy at the 3' end of a LINE copy. This progenitor would result from the initial 

recombination of the tRNA/strong stop DNA complex into the 3' end of a LINE. A PGR 

strategy was utilized to search for such an element in MGL, but was unsuccessful. It is 
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possible that if such a progenitor element does exist it may remain in only a few M grisea 

strains. The ability of both elements to utilize the activity of the A/GZ RT also has 

implications for genetic changes in strains with both elements. If the RT is able to reverse 

transcribe the SINE as well as MGL, in essence the mutagenic capabilities of the RT are 

doubled. Thus, even small amounts of RT activity could result in significant mutation 

potential. 



Table 2.1 Codon usage in ORFl, 0RF2, and eighteen M grisea nuclear genes. See 

Materials and Methods for genes used in the construction of the M grisea bias table. 



Table 2.1 

Amino 
Acid Codon 

Gly GGG 
Gly GGA 
Gly GGT 
Gly GGC 

Glu GAG 
Glu GAA 
Asp GAT 
Asp GAC 

Val GTG 
Val GTA 
Val GTT 
Val GTC 

Ala GCG 
Ala GCA 
Ala GCT 
Ala GCC 

Arg AGG 
Arg AGA 
Ser AGT 
Ser AGC 

Lys AAG 
Lys AAA 
Asn AAT 
Asn AAC 

Met ATG 
He ATA 
He ATT 
He ATC 

Thr AGG 
Thr ACA 
Thr ACT 
Thr ACC 

Trp TGG 
End TGA 
Cys TGT 
Cys TGC 

M. grxsea 
Codon Bias 

Number Fraction 

ORFl 
Codon Bias 

Number Fraction 

0RF2 
Codon Bias 

Number Fraction 

80 0,15 
99 0.18 
139 0.25 
2 3 0  0 . 4 2  

212 0.72 
8 2  0 . 2 8  

117 0.42 
159 0.58 

77 0.22 
36 0.10 
96 0.27 
146 0.41 

66 0.14 
79 0.16 
114 0.24 
221 0.46 

59 0.17 
23 0.07 
21 0.04 

1 0 6  0 . 2 2  

210 0.77 
64 0.23 
73 0.24 

231 0.76 

167 1.00 
27 0.10 
95 0.35 
150 0.55 

69 0.20 
54 0.16 
82 0.24 

140 0.41 

85 1.00 
10 0.43 
29 0.31 
64 0.69 

4 0.13 
8 0.25 
6 0.19 
14 0.44 

20 0.45 
24 0.55 
1 0.05 

18 0.95 

11 0.30 
8  0 . 2 2  
6  0 . 1 6  

12 0.32 

17 0.27 
14 0.22 
5 0.08 

27 0.43 

5 0.09 
5 0.09 
4 0.08 

1 0  0 . 2 0  

9 0.36 
16 0.64 
6 0.33 
12 0.67 

4 1.00 
6  0 . 2 1  

11 0.39 
11 0.39 

19 0.44 
9 0.21 
3 0.07 

1 2  0 . 2 8  

8 1.00 
1 1.00 
1 0.08 

11 0.92 

25 0.26 
23 0.24 
15 0.15 
34 0.35 

36 0.49 
37 0.51 
17 0.26 
48 0.74 

25 0.32 
12 0.15 
23 0.13 
19 0.24 

39 0.26 
33 0.22 
19 0.13 
61 0.40 

19 0.15 
11 0.09 
5 0.07 

22 0.30 

22 0.40 
33 0.60 
10 0.24 
31 0.76 

19 1.00 
11 0.27 
11 0.27 
19 0.46 

25 0.35 
11 0.15 
10 0.14 
25 0.35 

40 1.00 
0  0 . 0 0  
4 0.20 

1 6  0 . 8 0  
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Table2.\-Contirmed 

M. qrxsea ORFl 0RF2 
Amino Codon Bias Codon Bias Codon Bias 
Acid Codon Number Fraction Number Fraction Number Fract; 

End TAG 2 0.09 0 0.00 1 1.00 
End TAA 11 0.48 0 0.00 0 0.00 
Tyr TAT 64 0.33 1 0.17 12 0.39 

Tyr TAG 128 0.67 5 0.83 19 0.61 
Leu TTG 71 0.16 9 0.26 14 0.12 
Leu TTA 19 0.04 4 0.12 9 0.07 

Phe TTT 73 0.32 3 0.43 22 0.63 

Phe TTC 152 0.68 4 0.57 13 0.37 

Ser TCG 110 0.23 14 0.28 22 0.30 

Ser TCA 78 0.16 6 0.12 2 0.03 
Ser TCT 73 0.15 4 0.08 5 0. 07 
Ser TCC 92 0.19 12 0 .24 18 0.24 

Arg CGG 41 0.12 8 0.15 36 0.29 

Arg CGA 50 0.14 8 0.15 10 0. 08 

Arg CGT 71 0.20 12 0.22 11 0.09 

Arg CGC 104 0.30 17 0.31 38 0.30 

Gin CAG 190 0.60 17 0.74 18 0.41 
Gin CAA 128 0.40 6 0.26 26 0.59 

His CAT 66 0.39 8 0.47 9 0.28 

His CAC 102 0.61 9 0.53 23 0.72 

Leu CTG 122 0.27 5 0.15 26 0.21 
Leu CTA 32 0.07 1 0.03 22 0.18 

Leu CTT 84 0.18 7 0.21 16 0.13 

Leu CTC 130 0.28 8 0.24 34 0.28 

Pro CCG 84 0.22 15 0.33 39 0.49 

Pro CCA 74 0.20 12 0.27 11 0.14 

Pro CCT 84 0.22 8 0.18 11 0.14 

Pro CCC 132 0.35 10 0.22 19 0.24 
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Figure 2.1 MGL restriction map and plasmids containing A/GZ fragments that are used in 

this study. 

A. Restriction map o^MGL. Sites indicated are found in the majority of genomic copies 

in all strains examined. The exception is the starred HindiR site which is found in 

approximately 50% of MGL copies. H, HindUl\ P, PstV, X, Xhol\ B, BcrniHl-, S, Sail. 

B. Plasmids used in this study. Dashes at the end of a plasmid construct indicate that the 

cloned fragment contains MGL flanking DNA. 
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Figure 2.2 Conservation oiMGL restriction sites in the rice isolate 0-137. 

A. Five ng of 0-137 genomic DNA was digested either with single restriction enzymes or 

a combination enzymes and separated on a 0.7% agarose gel. Hybridization to the 

plasmid pCB699 was done at 65°C overnight. Follovdng hybridization the membrane was 

rinsed once at 65°C in 2X SSPE:0.1% SDS for five minutes and twice at 65°C in 0.2X 

SSPE:0.1% SDS for twenty minutes. Lane 1, HindUl-, lane 2, EcoRl\ lane 3, Sali\ lane 4, 

HindSl and £co/?I; lane 5, HindSS. and SafL; lane 6, HindSl and lane 7, Safl and 

iSls/I; lane 8, EcoRL and &/!. Standard sizes are in kilobase pairs. 

B. MGL restriction map demonstrating the hybridization probe. H, HindUl-, E, £coRI; S, 

Sail. The polymorphic HindHl site is marked with an asterisk. 



Figure 2.2 

H H* Sst E S H 
M G L  — '  '  l i t  

B. 
Probe 

1.4 kb 



84 

Figure 2.3 Presence of a polymorphic HindSl site inM grisea rice isolates. 

A. Five of genomic DNA strain from each was digested with HindHl and probed with 

pCB699. Hybridization was done at 65°C overnight. Following hybridization the 

membrane was rinsed once at 65"C in 2X SSPE.0.1% SDS for five minutes and twice at 

65°C in 0.2X SSPE;0.l% SDS for twenty minutes. Lane 1, 0-70 (Philippines); lane 2, O-

135 (Taiwan); lane 3, 0-137 (Taiwan); lane 4, 0-142 (China); lane 5, 0-172 (Arkansas); 

lane 6, 0-188 (Texas); lane 7, 0-190 (Korea); lane 8, 0-219 (Ivory Coast); lane 9, 0-232; 

lane 10, 0-250 (India); lane 11, 0-256 (South Africa); lane 12, 0-281 (Egypt); lane 13, 

Guy 11 (French Guyana). 

B. MGL restriction map demonstrating the probe used in the hybridization. H, HindUl, E, 

EcoRl] S, Sail. The polymorphic HindUl site is marked with an asterisk. 
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Figure 2.4 The 3'terminus of A/GZ,. Dots represent unsequenced regions. Each 

sequence is identified by the plasmid or cosmid from which it was characterized (as 

described in M&M). The consensus sequence for the 3' terminus oiMGL is labeled 

"CON" and is underlined. 



Figure 2.4 

2e5 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 

2h8 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 
3e5 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 

lb8 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 

8a7 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 

8b6 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 

8b4 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 
8c4 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 
692 GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 
691 GGACCCCGGA CATATCAGGA CCCCGGACAC TTTTCCTGCA CAATACTACT 
CON GATACCCCTC GGGAGGTTGC TAACGGCCGG CTAACAAGCC GGGCCGAGCC 

2e5 CGGCGTTAAC TAATACTACT ACTACTACTA CTACTAT 

2h8 CGGCGTTAAA TAATACTACT ACTACTACTA CTACTGCCAT TTCTGCATAA 
3e5 CGGCGTTAAC TAATACTACT ACTACTACTA CTACTAAGCC TTCCATCTTT 

lb8 CGGCGTTAAC TAATACTACT ACTACTACTA ATTGGAGAAC CTCAGTGTAT 

8a7 CGGCGTTAAC TAATACTACT ACTACTACTA CTATGCATAT TATATTTGAA 
8b6 CGGCGTTAAC TAATACTACT ACTACTACTA CTACTCTTGT CGGTGTAACT 
8b4 CGGCGTTAAC TAATACTACT ACTACTACTA CTATCAGAAT CACATGAGTG 
8c4 CGGCGTTAAC TAATACTACT ACTACTACTA CTACTACTCG AAGAACCGTC 
692 CGGCGTTAAC TAATACTACT ACTACTACTA 

691 TCCAATTTCA ATTGCAACGC CAGCGTTGTT CAATTTACCT CAATGCAATT 
CON CGGCTGGAAC TAATA(CTA) 

2e5 

2h8 GNTGGCAATC AGTTCACA 
3e5 CAGGGTTCTT GTT 

lb8 TAGGCGCTAT 
8a7 AGCCCCATCG GTTATGGTTT GATCGTCGGT TCGTCACACT TAATTT.... 

8b6 TCGTTGATTG T 
8b4 GTTCGGGAAT CGAGGGAAAG 
8c4 GGGTGGTTCT CAGCCTAATT TCCTTTCTTT AAA 
691 CGGATATATG TACATCAGAC ATTTCTGCAT CCTCCTGACA GGTGCGTGCA 
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Figure 2.5 The 5' terminus o^MGL. Dots represent unsequenced regions. Each sequence 

is identified by the plasmid or cosmid from which it was characterized. The consensus 

sequence for the 5' terminus of MGL is labeled "CON" and is underlined. 
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Figure 2.5 

583 CCGTTTATTC TGTCGTGTAG TGTCGATTTT GGGACATATA TATTAATGCA 

8b4 ACTCGCGG GATGTGCGGC 
8d6 AC 
3alO CCGGCTGCGG ACCACGCCGA CCGCGCGACC TCGCGGGGAT GCTGCGGCAC 

8b6 CATCCGA NTCCGTGAGN 

8c4 TCTGGATGCC AGAATGCTTC GGCATTGTAT CTATCTTTGG GNACAGGAGC 

2a5 A AAGTGAAAAT ACCACGAGCC 

lb8 TTGATGGAGT CATGGTTCAC TGCTCGTAAA CGCAGCCGCT GTCAACGGGC 

2e5 TAGTCCTGCA TACAGGGAAT CGTGGTAATT TTGNGGAGCG AAATGGAGTT 

2h8 ATTTTTGAAG ATTCTTGCTC CAAACTTTCC AATGAAACCA GTACACTGAA 
8a7 TATATAATAT ACGCAAGGTG GATCCAGCTG CACTGTGCAA GCAACAGCCT 

583 ACCTTTCGTA TGCTTTTCTT TTTGCTTGAG CATCCTCCAC CATTCATGGG 

8b4 AATAACCTCG CCATCCTAAC CCCCCACAAG CATCCTCCAC CATTCATGGG 
8d6 TATAACCTCG CCATCAACCC CCNACACAAG CATCCTCCAC CATTCATGGG 

3al0 TATAACCTCG CCATC—AAC CCCCCACAAG CATCCTCCAC CATTCATGGG 
8b6 TCGGGTAGTT GGGTCTCTTG TCGGNGCAAG CATCCTCCAC CATTCATGGG 

8c4 TTTGGCTGAC CTTCCGGNAC NACAACCAAG CATCCTCCAC CATTCATGGG 
2a5 ATTCCTTCTG GGTGGGAAAT CACTCTCAAG CATCCTCCA 

lb8 CACGGCATAC ATTCGGAGAA CCTCAGCAAG CATCCTCCAC CATTCATGGG 

2e5 YAAAGAYACA GACACTATAG TTGGAGCAAG CATCCTCCAC CATTCATGGG 
2h8 AATCAGCTTC TTGCTGCCAT TTCTGACAAG CATCCTCCAC CATTCATGGG 
8a7 GGGAGATCAT TTTATGCATA TTATATCAAG CATCCTCCAC CATT 
CON CAAG CATCCTCCAC CATTCATGGG 

• 

583 TCAGACCCAC CTTTGTTAGC GATTCACACC CAAACACACC AATAAGCTT. 

8b4 TCAGACCCAC CTTTGTTAGC GATTCACACC CAAACACACC AATAAGCTT. 
8d6 TCAGACCCAC CTTTGTTAGC GATTCACACC CAAACACACC AATAAGCTT. 
3al0 

8b6 

8c4 TCAGACCCAC CTTTGTTAGC 

2a5 

lb8 TCAGACCCAC CTTTGTTA 
2e5 TCAGACCCAC CTTTGTTAGC 
2h8 
8a7 
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Repeat 
size 

CTGCCATTTCTGCAAGCA 2H8 CTACrACTGCCATTTCTG 12bp 

TTGGAGCAAffCA IBS CrACTATTGGAG 6bp 
TATGCATATTATACAA(?CA 8A7 CTACTATATGCATATTATA 13 bp 

TCTTGTCGGTGCAAGCA 8B6 CTACITATCTTGTCGGTG llbp 

Figure 2.6 Direct repeats flanking four MGL insertions. MGL sequence is in italics. Each 

sequence is identified by the cosmid from which it was characterized. 
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Figure 2.7 Complete MGL sequence. The amino acid sequence of the two predicted 

translation products are shown below the DNA sequence in one letter code. The asterisks 

denote termination codons of the open reading frames. All indicated restriction sites are 

conserved in the majority of MGL copies, except the Hindlll site marked with an asterisk 

at position 1461. This site is present in approximately half of the MGL copies present in 

rice isolated strains of M. grisea. Domains with retroelement homology are underlined 

and identified as C (cysteine repeat); EN (endonuclease domain); RT (reverse 

transcriptase domain); RH (RNaseH domain). See text for details of each domain. 
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Figure 2.7 

CW.GCATCCTCCACCATTCATGGGTCAGACCCACCTTTGTTAGCGATTCACACCCAAACA 
l + * + + + so 

Hindi!I 
CACCAATAAGCTTAACAGCTGAAGAATTTTCGCCCTCCGCGCGGTCGTCATGGCCTCACC 

51 + + + 120 
QRFl M A S P 

AGAGGTCTCAAACCGCCGCGCGCGCCCGCAGAGCACGCCGCACGGTTTGCCGCAGGGCCA 
121 + + + + + + lao 

E V S M R R A R P Q S T P H G L P Q G Q  

GGCCGAGTCGGGACACGTATCTCTCGACACGCGCACCGCTAACGCGCCTCAGCCGGCTGG 
181 + + + + + + 240 

A E S G H Y S L D T R T A N A P Q P A G  

PstI 
CCGCGGAAGGTACTCCACCGTCCCGGCCCTGGCCATCAAAACACTGCAGCAGGAGTTGGA 

241 + + + + + 300 
R G R Y S T V P A L A I K T L Q Q E L E  

AAACGTGGAAACAGTCGGCAGCTGGCTCGAAGAGGTCTTTGCAGCCAAGCTCGAAAGTTT 
301 + + + + + 360 

N Y E T V G S W L E E V F A A K L E S L  

ACAGGCCCCGGAGGACGCCGCGCTTAGGAGAATTGTTCTTGAACTTGACGACGTGATCAG 
361 * + + + + + 420 

Q A P E D A A L R R I V L E L D D V r s  

CGGCTGGTTCCTCAGTCGCACCCTCCCTGAAAAAGAGCGTTCGCGCTCCCCGTCCGGTTC 
421 + + 480 

G W F L S R T L P E K E R S R S P S G S  

GCCGACCAGTTCCAGCGAAAGGCGCAGCATTTTAATTACGAGGACGGGCACGGCGTCGTC 
491 + + + + + 540 

P T S S S E R R S I L I T R T G T A S S  

GGCCTCTAAAGGCAGAGGCACGCCCACTAACAAATCGGTCACATGGGCCGAGCGAGCCGC 
541 + + + + + goo 

A S K G R G T  P T N K S V T W A E R A A  

CACGCCACCAGCGGCGGCCCCAACGCGAATTTTAACCCCGGCCACGCGCTCGTACCCGAT 
601 + + + + + 560 

T P P A A A P T R I L T P A T R S Y P I  

ACGTACGACGCCCGGCAATGCACCTGACAGCTCCGCAACTCCCTCCCAATCGGGCCGGGA 
661 + + + + + + 720 

R T T P G N A P D S S A T P 3 Q S G R D  

CCGCTCCCAAGCCCCGAAACGTTTGACAGAACAGCCGTCCAACCGCATCCTGATCCGCGT 
721 + + —+ 780 

R S Q A P K R L T E Q P S M R I L I R V  

AAATGACAAATTGCGGATGGTGACGAGGGAGCCATACGCGGTAACGACCAAATTGGCCGA 
731 + + + + + 940 

N D . K L R M V T R E P Y A V T T K L A E  

ATTGGTCTCGGTGCCACACAGTGAAATCCCAAACGCCAAGCGTACCCCCACGGGCTGGGG 
341 + + + + 900 

L V S V P H S E  R  P N A K R T P T G W G  

TGTTACGGTGGCCTCTGAGGAAACACGGCAAAAACTCCTCAACCCCAGCGCGGTCAAGGC 
901 + 1- + + 960 

V T •/ A S E E T R Q K L L N P S A V K A 
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Figure 1.1-Continued 

CATTATGGACGCATTGGACGCGCGGGAAGTCACTGTCCCGACAACCTGGCACACATACGC 
961 + + + + + 1020 

I M D A L D A R E V T V P T T W H T Y A  

CGTC7CTGGAGTGCCCCGAACGCTCAATTGCCTGGACGGAAGAAAGGACGTACATGAGGT 
1021 + + + + 1080 

V S G V P R T L N C L D G R K D V H E V  

ATCCAGGAGGAGATTACCGTGGCAGCAGGCCAGCAGCCAGTCAACTGGCATATTTCCAA 
1081 + + + + IHO 

I Q E E I T V A A G Q Q P V N W H I S K  

ACATGGTTACGACCCACATACGGCTGAGGGCACGTGGATAGTGTCCTTCCTTCAACCCGT 
11.41 * + + + + + 1200 

H G Y D P H T A E G T W r V S F L Q P V  

AAAGCCCTTTCAGCTTTTTGGAGTGTCGAAACGTGCGCGGAAGGTTGAAAAATCACGCAA 
1201 +  +  +  *  1260  

K P F Q L r G Y S K R A R K V E K S R K  

A.ATTACACACCACCACGACGGTTGCCAGGGATATTGCGAAATACGTCGCTGCGTACGGCA 
1261 + * + + I- 1320 

I T H H H D G C Q G Y C E  I R R C V R Q  
Mdel 

AGCGCGTTGCGGCATATGTGGTGAAGCAAAACATGCGACAGAGGAAGAGCCGTGCAAGGC 
1321 * + + * 1380 

A R C G I C G E A K H A T E E E P C K A  
C Domain 

AGCCCCCAAATGCGTTAATTGCCACGGCCATTTCCCATCCGGACATGAGAATTGCCCTGC 
1381 + + + + + 1440 

A P K C V N C H G H F P S G H E N C P A  
C Domain 

Hindlll-
CCGACCTTTGGTGGTAAATGGGAJ\GCTTGAACGACCTTCACAGCGTAAACTTAAGGGGAT 

1441 + + • + + 1500 
R P L V Y N G K L E R P S Q R K L K G I  

TCGCAGAATCGGACGTGCCAACCGTGCCGCGATTATCAACGACCGGGCCGAAACGGCCCG 
1501 + * + + + 1560 

R R I G R A N R A A X  I N D R A E T A R  
Xhol 

CCGAGAGCCAGCACCTGCAA.TCCCGGTCCTAAGCACCTCATCGCAGCATTCGCAAACCTC 
1561 + 1 1 Y 1620 

R E P A P A I  P Y L S T S S Q H S Q T S  
SstI 

GAGCTCCCGATCGAGCATTTCAAACAAAAGAGCGCGGCCATGCGAGGCGGCAGGGGCGGA 
1621 +  +  +  +  +  +  1680 

3 3 R S S I S N K R A R P C E A A G A D  
PstI 

CATCCGTAjOICTTCCTGCAGGTTGAACAGGAACGCGTGCACGACGAAATCGTTTGGGCAGC 
1681 + + + + + + 1740 

I R N F L Q V E Q E R V H D E I V W A A  

CGAAATGGAGGAGGACGCAGCGGCTGCCGAACCTTGCCCCGCTGATGGGATAGACTTGGA 
1,741 + + * + 1800 

E M E E D A A A A E P C P A D G I  D L E  
Asel 

AGCAACCCGTCGATTAATATGACGAAjATACTCGCTCGGCAATATGCAGCGGGAATGCCTC 
1801 * + + + 1860 

A T R R L I •• 
0RF2 MTKYSLGNMQRECL 

EN Domain 
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Figure U-Continued 

GACGTAGTTTGGGCCAACGTAGGTAAAAGGATGGGTGTGCATCTGAGCCTATTGGAGTTG 
1861 + + + + + + 1920 

D V Y W A M V G K R M G V H L S L L E L  
EN Domain 

Hpal 
TGCCACCAGAGAAAGGTGGACCTGGTTAACGTTCAAGAGCCATGGTGCGGGCTAAATACG 

1921 + + + + + 1980 
C H Q R K V D L V N Y Q E P W C G L N T  

EM Domain 

ACTACACAAACGCACCCGGGCTATGATGTTTTTGCGCCAGTGGACGAATGGCACGCCAAC 
1981 + + + + + 2040 

T T Q T H  P G Y D V F A P Y D E W H A N  
EN Domain 

ACTTACGAAGCCATGACTGGGCTCCGGCCCCGGGTGCTCACCTACGTTAAGAAGGGGGCA 
2041 + + + + + + 2100 

T Y E A M T G L R P R V L T Y V K K G A  
EN Domain 

GCCCTAAGGGCCGCACAACGACGGCTACCGCAGGGCCAAAATACGCGGGACATACTCTGG 
2101 + + + + + 2160 

A L R A A Q R R L P Q G Q N T R D I  L W  
EN Domain 

Sspl Hpal 
CTCGAAATTAACGGAATATTGTTTGTTAACGTATATAGGGCTCCGGGCACTGAAGCCGCG 

2161 * * + V + 2220 
L E I H G I L F V N V Y R A P G T E A A  

EN Domain 

CTGGAAATGGTATGCAATACCG7GCCAAATGGACCCACGGTGCTAGGCGGCGATTTTAAC 
2 2 2 1  +  +  +  *  +  +  2 2 8 0  

L E M V C N T V P N G P T V L G G D F N  
EN Domain 

GTAGCGGCTGCTGCATACCAGCCGGGCCGCGCAAACGCACGCGGAGGGGACCAACTGACG 
2281 + + + + + + 2340 

V A A A A Y Q P G R A N A R G G D Q L T  
EN Domain 

GCATGGGCGCAAGCCCAGGGGATGAGTTTTACAGGAAATATCGGCGTGCCCACCCACCGC 
2341 + F 2400 

A W A Q A Q G M S F T G N I G V P T H R  
EN Domain 

GACGGGGGTTTACTGGATATGGTCTTTTCCAACCTCCCCAGCACAATAACTGTGGTTGAC 
2401 + + + + + + 2460 

D G G  L  L D M V F S N L P S T  I T V V D  
EN Domain 

AGCAGTCTTTACACAGGCTCCGACCACGAATCCCTTTATACCACGCTGCGGACGCGCGGC 
2461 + + + + + + 2520 

S S L Y T G S D H E S L Y T T L R T R G  
EN Domain 

GCCCCCCGCCCGGAGGCGATCAACGTTTCGGTTAGGGACGACCGGTTACCAAAGTTCGCG 
2521 + * + 2580 

A P R P E A I N V S V R D D R L P K F A  
BamHI 

GAGCTACTTGCTTTTGGCATGCAAGACATGCCGGACCCGGGATCCGCGGCCGATGCGTAC 
2581 + * + 2640 

E L L A F G M Q D M P D P G S A A D A Y  
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Figure 1.1-Continued 

GCATTGGACGCGTGGGTAGCTGAATTTACAACTTTATGGGAGCAAGTGACGTGGGTCGTG 
CS-Il + + + + -i- + 2700 

A L D A W V A E  F T T L W E Q V T W Y V  

GGTACGCCGGCGGGAAAAAGGGACAGCTCGGCTCCCTGGTGGACCGAAAACTGCCAGCGC 
2701 + + + + + + 2760 

Q T  P A G K R D S S A P W W T E N C Q R  
EcoRI 

GTCTGGTCCGAATTCCAGCGGGTTAAACGGAGCGCTGTAAATAGGGCAGACGCCTCTGCC 
2761 + + + + -i- + 2920 

• / W S E F Q R V K R S A V N R A D A S A  

GAGGAAAAAGCCTATACGAAAGGGGTGCGGGCCGCGAAGCGGGAGTACTGGAGGCACCGG 
2821 * + + + 2880 

E E K A R T K G V R A A K R E Y W R H R  

ATCGACCAACTGCGCGACGATAAGGATTTGTGGAACATGGTGGGCTGGCTGGGAGCCGGA 
2881 + + + + 2940 

I  D Q L R D D K D L W N M V G W L G A G  

CCACGCCTCCGGTCCCCGCCGCTGGTTATTAACGGCGAGCAAGTGAGCGAGCCTTTAGCA 
2941 + + + 1- 3000 

P R L R S P P L V I N G E Q V S E P L A  
PstI 

AAAGCGGAAGCACTGCAACGGGAGGTGCTTGGCCGATTTTCGGCGGAGGATGACCTGCAG 
3001 + + * ^ 3060 

K ' A E A L Q R E V L G R F S A E D D L Q  

GGAGACCCCTTGGAGGCCTGGTCGCCGGACGAGGCTAAAATCCCTTGGGACACCCAGGTT 
3061 + + 3120 

G D P L E A W S P D E A K I P W D T Q V  

AGTGCGGAAGAGGCGGAGCGCTCCTGCATTGGGGTTACGAGCACGTCCCCGGGCATCGAC 
3121 + + + + + + 3180 

3 A E E A E R S C I G V T S T S P G I  D  

GGAATAACCGTCCGGCTACTAAAAGCCGGATGGGCTTCGTTGGCCGAGCCGGTGCGCAGG 
3181 + + + + + + 3240 

G I T V R L L K A G W A S L A E P V R R  

CTCTACCAACGTTGCCTGGAACTCGGACATTTCCCAGCGCCTTGGAAGAAGGCCGAAGTC 
3241 + + + + + 3300 

L Y Q R C L E L G H F P  A P W K K A E V  
RT Domain 

GCGATGCTACCGAAAACGGGGAAGAAAGACCGGAGCAGCGTTCGATCCTGGCGGCCTATA 
3301 + + + + 3360 

A M L P K T G K K D R S S V R S W R P I  
RT Domain 

Xhol 
GCCCTCCTCTCCTGCATCGGAAAAGGCCTCGAGAGGCTCGTTGCACGCCGGATAGCTTGG 

3361 + + + + + 3420 
A L L S C I G K G L E R L V A R R I A W  

RT Domain 

GCCATACACGACAACGGGCTCCTTAGCTGCACCCACGGCGGTGCCCTACCCAAACGATCG 
3421 + + + + + 3480 

A  I H D N G L L S C T H G G A L P K R S  
RT Domain 

EccRV 
GCGACGGATCTGGTTTGTGCCCTCGCCCACGATATCGAGCAGGCTTTAGCTCGCGGGGAG 

34 81 * + * 3540 
A T D L Y C A L A H D I E Q A L A R G E 

RT Domain 
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Figure 1.1-Continued 

GAAGTTACCCTTGTCGCATGCGACGTCCAAGGCGCCTTCGACGCCCTCCTCCATGGGCGA 
3541 

3601 

3661 

3721 

37 91 

3041 

3901 

3961 

•1021 

•4081 

4141 

4201 

E V T  L V A C D V Q G A F D A L L H G R  
RT Domain 

Asel 
TTAATACGGAAAATGCGGAGCCTCGGGTTTAGTAAAATGCTCCTCAGGTTCGTGATTAAC 

^ H H + 

L I R K M R S L G r S K M L L R F V I N  
RT Domain 

Not I 
TTTTTAAGCGGCCGCCAGGCCCGAGTCCGGCTGGAGGGTACGACCACGGGCTTTAGGCGG 

C L S G R Q A R V R L E G T T T G R R R  
RT Domain 

CTTGGGTGCGGCACCCCGCAAGGGTCTCCCCTTTCCCCGATCCTATATATGCTATATTTG 
-4 H -I H + 

L G C G T P Q G S P L S P I L Y M L Y L  
RT Domain 

GCGTATCTCGTCAAAAACGGTACGAAGTGGCGGTTGGCATACGCAGACGACGTGCTTACA 
-I ^ H H + 

A Y L V K N G T K W R L A Y A D D V L T  
RT Domain 

TGGAAATCGTCACCCTCGTTGGAGGAAAACGTACGTTGGCTGGAAGATAAACTCCGGGAT 

W K S S  P S L E E N V R W L E  D K L R D  
RT Domain 

ATGCACGAAATTGCGGCGGAAGAGAAGATCCATTTTGCAGCGGAAAAGACAGAGGTGATC 
^ 

M H E  I A A E E K I H F A A E K T E V X  
RT Domain 

Asel 
CATATCACTAAGAAAAGGCACGGTCGCAACCCGGAAATCCGGATTAATGGTAGAACGGTT 

H I T K K R H G R N P E I R I N G R T V  
RT Domain 

Sail 
ACCCCGGTCCAACTACCGGGCGGTCGACGCGGACAAAGCGCCTCCGGGGCCGAGCGCTAC 

r- 1 h 1 1 —(-
T P Y Q L P G G R R G Q S A S G A E R Y  

RT Domain 

CCGGGCATGCGTTGGCTTGGTTTTTGGTTTAGCCGACGGCTAGACGGGCGCCGCCACGTG 

P G M R W L G F W F S R R L D G R R H V  
RT Domain 

GCCGA.AAGGGCTGCCAAAGCAATGGCGGTCGCTGCCCACCTCAAGAGCTTTGGGGCAGTA 
1 ^ 1 1 -H 

A E R A A K A M A V A A H L K S F G A Y  

AGATACGGACCGCCTGCGGCTGCACTTCGCAAGGCAGCGGTGGCATGCGTGGGTTCCTCG 
i ) 1 (• 1 ^ 

R Y G  P  P A A A L R K A A V A C V G S S  

GCCACCTACGCAGCCGAGGCATGGTACAACCCAGCGCACAAGCAAAGAGGACTCCTCAAA 

A T Y A A E A W Y M P A H K Q R G L L K 

GCATTGAAC.AAACCGCTGGTTTTAGCGGCACGGGCAATCCTCCCGGCGTATA.AAACCACC 

3600 

3660 

-+ 3720 

3780 

3840 

3900 

3960 

-+ 4020 

4080 

4140 

4200 

4260 

4320 

4380 
L M K L V L A S A L P A Y K T 
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Figure l.l-Continued 

CCCTCGTCCACTGTTCTCAGGGACGCAGGACTACCCTCGGCCCGCGTCGCGCTGGCCTAC 
4381 + + + + + A4A0 

P S S T V L R D A G L P S A R V A L A Y  

ACCCGCCTGAAATACGGCGCCCGACTAAGGCTCGCGGACAAGGGGCACCCCCTTGTCAGC 
4,141 + + + + + 4. 4500 

T R L K Y G A R L R L A D K G H P L V S  

CGCCTGCGTGAAACACCTCGTGCCCGCAACTCGGGCCATTCGGCCACGACCCTGCAAACG 
4501 + + * + + + 4560 

R L R E T P R A R N S G H S A T T L Q T  

GCTGCACAACTTCTCCCGCGGATCCGGAGACTAGAGTTGCGCGCACCTCGCAATGCCCCG 
4561 + + + + + 4620 

A A Q L L P R I R R L E L R A P R N A P  
BamHI 

GATTCTCGCACTGACCCCACCGGAGGAGTCCCGAAAGAGGAAGCGGCCCGCCGCTTTATC 
4621 + + * + 4680 

D S R T D P T G G Y P K E E A A R R r i  
EcoRV 

GAATGGCTGGACATGGTATCACCTGACGATATCGTGGTATATACGGATGGTTCGGAAAAA 
4681 * + + + + * 4740 

E W L D M V S P D D I V V Y T D G S E K  
RH Domain 

CACGAAAACAACTGCGTCCAAATAGGGTACGGATGGGCCGCTTTTAGGGCGGGCCTGGAA 
474 1 + + + + + 4800 

H E N N C V Q I G Y G W A A F R A G L E  
RH Domain 

TTTGCCGCACGTGCCGCATCTATTACGCCGGAAAGCCACGTTTTCGACGCCGAGGCGATT 
4801 + + + + + 4860 

F A A R A A S I T P E S H V E D A E A I  
RH Domain 

GGCGCCCTAAAAGGGCTACAGGCGGCAGCCAAGGCCCAGCCAGGCGCCCGGATCTGGATT 
4861 + + + + + J. 4920 

G A L K G L Q A A A K A Q P G A R I W I  
RH Domain 

TGTGTGGACAGCACCTCGGTTATTTGGGGTCTTAGAGGCGACGCGCCGCGTTCGTCCCAA 
4921 + + + + + + 4980 

C V D S T S V I W G L R G D A P R S S Q  
RH Domain 

TGGGCCTTTCTGGAGTTCCATAACCTTGTCGATCTACTCCGAAAACAAAGTACCGAGGTT 
4981 + + + + + + 5040 

W A F L E F H N L V D L L R K Q S T E Y  
RH Domain 

CGGGTCCGTTGGTGCCCTGGGCACCAGGGAATCCCGGGAAACGACCGGGCTGACGAGCTG 
5041 + + + 5100 

R V R W C P G H Q G I  P G N D R A D E L  
RH Domain 

GCCAAGGCCGGCTCCGCCGGACCGCCGGACCCAGACCCGAGGGCTCAGCAAACCACGTAT 
5101 + -I- + 5160 

A K A G S A G P P D P D P R A Q Q T T Y  
-RH Domain 

AGCGGTGCCGGCACGGTCCTCAGAGCCATTCTTTCGAATATAGAGAAGGACTGGTGGCGT 
5161 -I- 5220 

S G A G T V L S A I L 5 I E K • W W R 
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Figure 2.1-Continued 

•WlGAACTCTGTGAACGGTCCCCCGCATATAGGGAATGGAAATTCCAATACACACCGAGA 
5221 + + + + + + 5280 

K E L C E R S P A Y R E W K ' F Q Y T P R  

AAGGAGCCCGAGGAACTGCGTTTGCCAAGACCCCTACTGGGCCATTATTTGGCCATGAGG 
5281 + + + + + 5340 

K E P E E L R L P R P L L G H Y L A M R  

ACCGGCCACGGCGATTTCAAAGCCTACCATGACCGTTTCAACCACCAGGATGCAAACACC 
5341 + + + + + 5400 

T G H G  D F K A Y H D R F N H Q D A N T  

TCGTGTGCCTGGTGCTGGAAGCGGACCTCCCCTGAACACCCGGTGCACTGCCGCTTTTCG 
D 4  0 1  — —  — — *  ^ —  — —  — — - f . — — — — — - . . - I .  3 4 6 0  

S C A W C W K R T S P E H P V H C R F S  

CGGGCGGTGTGGAGAAACTGGCCGTGGCCTGACAACGACCGGCCGGTCGGGCCGCCAGAC 
5461 •* + + + 1 5520 

R A V W R M W P W P D N D R P V G P P D  
Hindlll 

CGCGCCCAACGCCGCAAATTCTTCCAGACAAGCCTCGGGCAACCGAAAAGCTTTGAGGCG 
5521 + + * 5580 

R A Q R R K F F Q T S L G Q P K S F E A  

TTTTCGATAGCCACCAACTACTTCAGCGCCCGCCCCAGAGCGGCCCGCCAGCGCCCCGCG 
5581 + + + + + 5640 

F S I A T N Y F S A R P R A A R Q R P A  

CGCCACGAACGCACTTTACGCCTAGGGACACCGATCGTAAACGACTCGAACTCTGACGAG 
5641 + + + 5700 

R H E R T L R L G T P I V N D S N S D E  

GAATAGACTTACTGCCTTTTCACCCACACTTCACGGCACAAGCCGCTAGACGAACCCTCC 
5701 + 5760 

£ ' 
Apal 

GTGCACCTTAGGCACGGGGTCGCGTCAGTGAACTAACCCCCTAAGCAGGACCGGGCCCGA 
5761 + + + + + + 5820 

ACCCGGTCAGGCACGATCCGCCTCTGCCCTCCTTGTTTTCCCCCTGTGTAAATAAAGAAG 
5821 + + + + + + 5680 

ATAGAACGCGCGCCGAGATACCCCTCGGGAGGTTGCTAACGGCCGGCTAACAAGCCGGGC 
5881 + + + + + + 5940 

Hpal 
CGAGCCCGGCGTTAACTAATACTACTACTACTACTACT 

5941 + * 5978 
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Figure 2.8 K crassa Kozak sequence and a comparison ofM grisea start sites and 

potential start sites for the principal ORFs ofMGL. The M. crassa Kozak sequence was 

determined by examining 77 nuclear genes (Bruchez et al. 1993). Nucleotides in the 

consensus were present in at least 50% of these sequences. In the case of the sixth 

position, A and C were found in 75% of the sequences. M grisea genes used for analysis 

of Kozak consensus sequences around start codons were; CUTI (Sweigard et al. 1992), 

THNreductase (Vidal-Cros et al. 1994), MPGl (Talbot et al. 1993a), XYN22 (Wu et al. 

1995), XYN33 (Wu et al. 1995), ERG2 (Keon et al. 1994), MUTI (Froeliger and 

Carpenter, 1996), PWLI (Kang et al. 1995), PWL2 (Kang et al. 1995), PIGl (J.A. 

Sweigard, L. Farrall, and B.S. Valent; GenBank Accession No. U38821), acetolactate 

synthase (J.A. Sweigard, L. Farrall, and B.S. Valent; GenBank Accession No. U39201), 

Pot2 (Kachroo et al. 1994), Pot3 (Farman et al. 1996a), grh (Dobinson et al. 1993), 

Maggy (Farman et al. 1996b), and cAMP kinase (Mitchell and Dean, 1995). 



Figure 2.8 

N. crassa Kozak CNNNCA (A/C) TATGGC 

cAMP Kinase TCGCCT C GATGCC 

ERG2 CAGCAA C CATGTC 
MPGl AATTCA A GATGTT 
THN Reductase GAATCA A AATGCC 
XYN22 AAAGTA C AATGGT 
XYN33 TCATTA T CATGAA 

CUTl TCGCAA C AATGCA 

NUTl CCGCAA c AATGAA 

PIGl CGGAAC c CATGGC 

Acet.Lact.Synt. ATTCCG A AATGCT 

PWL2 TTTTCA A AATGAA 

Pot3 CAACAG T AATGGA 

Pot2 ATTTTC C AATGAA 
grh ORFl CACGGA T AATGAG 
grh 0RF2 CAGGCC C AATGGG 
MAGGY ORFl TGCCCG C GATGCC 

MAGGY 0RF2 CCGACC T GATGAT 

PWLl CTGTCG C CATGCT 

ORFl CGGTCG T CATGGC 

0RF2 CGATTA A TATGAC 
0RF2 ( + 8) TCGGCA A TATGCA 
0RF2(+24) GTAAAA G GATGGG 
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Figure 2.9 Comparison of amino acid sequences of reverse transcriptase domains from 

various origins. For each element, gaps are indicated by dots and numbers in parentheses 

indicate the number of amino acids omitted from the sequence shown. The seven regions 

marked by lines are those indicated by Xiong and Eickbush (Xiong and Eickbush, 1990) as 

being conserved in reverse transcriptase amino acid sequences. Residues marked with an 

asterisk are highly conserved in all sequences. Alignment is based on that of Xiong and 

Eickbush (1990). Reverse transcriptase sequences used for comparison were the LTR 

retroelements grh (Dobinson et ai. 1993) and Maggy (Farman et al. 1996b) ofM grisea 

and the non-LTR retroelements CinA of Zea mays (Schwarz-Sommer et al. 1987), LI of 

Homo sapiens (Fanning and Singer, 1987), /ofD. melanogaster (Fawcett et al. 1986), 

Tad Q^Neurospora crassa (Cambareri et al. 1994), and Cgt\ of Colletotrichum 

gleosporioides QAq dX. 1996). 
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Figure 2.10 Phylogenetic tree of RT domains generated by random branch addition (ten 

replications) (Swoflford, 1990). The tree is rooted at the connection between the RT 

elements and the RNA-directed RNA polymerases as represented by TMV, tobacco 

mosaic virus RNA polymerase (Goelet et al. 1982). Alignment is based on that of Xiong 

and Eickbush (1990). The RT sequences included in the tree are HTV, human 

immunodeficiency virus (Ratner et al. 1985); gypsy fi-om D. melanogaster (Yuki et al. 

1986); Maggy fi-om M. grisea (Farman et al. 1996b); grh fi-om M grisea (Dobinson et al. 

1993); Tyl fi-om S. cerevisiae (Clare and Farabaugh, 1985); Copia fi-om D. melanogaster 

(Mount and Rubin, 1985); AlPa, Podospora anserina group II intron (Cummings et al. 

1990); AlNc, Neurospora crassa group II intron (Field et al. 1989); Trasl from Bombyx 

mori (Okazaki et al. 1995); RiDm fi-om £). melanogaster (Jakubczak et al. 1990); CgtJ 

fi-om Colletotrichum gleosporioides (He et al. 1996); Marsl fi-om Ascobolus immersiis 

(Goyon et al. 1996); Tad fi-om Neurospora crassa (Cambareri et al. 1994); Jockey firom 

D. melanogaster (Priimagi et al. 1988); Human LI (Fanning and Singer, 1987); Mouse LI 

(Loeb et al. 1986); Cin4 fi-om Zea mays (Modi et al. 1992); Del2 of Lilium speciosum 

(Leeton and Smyth, 1993); R2Dm fi-om D. melanogaster (Jakubczak et al. 1990); / fi-om 

D. melanogaster (Fawcett et al. 1986). 
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Figure 2.10 
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Figure 2.11 Endonuclease domain similarity in non-LTR 0RF2 sequences. Alignment is 

based on that of Feng et al. (1996). Endonuclease motifs are from the RT ORFs of Tad 

from N. crassa (Modi et al. \99T) Jockey from D. melanogaster (Priimagi et al. 1988); / 

of D. melaogaster (Fawcett et al. 1986); LI from humans (Fanning and Singer, 1987); 

Cin4 from Z mays (Modi et al. 1992). ApHS is the apurinic endonuclease from humans. 
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Figure 2.12 Alignment of RNaseH domains from representative retroelements. 

Underlined regions indicate sequences commonly conserved in RNaseH sequences 

(McClure, 1991). Sequences shown are from the RNAseH gene of E. coli (Kanaya and 

Young, 1986), the retrovirus HIVI (Ratner et al. 1985), the LTR retrotransposon copia of 

D. melanogaster (Mount and Rubin, 1985), and the non-LTR retrotransposons Cin4 of Z 

mays (Schwarz-Sommer et al. 1987) and R2Dm oiD. melanogaster (Burke et al. 1993). 
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MGL CAW-CWKRTSPE-HPVH-C 
Cin4 CCL-CNLSQESMPHLGKDC 
I CPF-CQGDISLN-HIFNSC 
LIHS CWRGCGEIGTLL-HCWWDC 

C C H C 

MGL CGICGEAKHATEEEPC CVNC—HGH—FPSGHENC 
I CKKCLRFGH—PTPIC CINCSETKH TNDGEKC 
Cin4 CYNCLSPDH—LAFRC CWQCLHFGH RARAC 
Tad CFRCWGIGH—TARFC CARCGEAKHEGDRFGEVNC 

C C H  C C C H  C  

Figure 2.13 Retroelement cysteine repeats in ORFl and 0RP2 o^MGL. 

A. Comparison of cysteine repeats found near the C terminus of MGZ, 0RF2 and the pol 

ORFs of other non-LTR retroelements. TheMG/. motif begins at residue 830 of 0RF2. 

B. Comparison of cysteine repeats found within ORFIA of MGZ and other non-LTR 

retroelement. The MGL motifs begin at residue 407. Sequences are from I of D. 

melanogaster (Fawcett et al. 1986), Cm4 of Z mays (Schwarz-Sommer et al. 1987), Tad 

oiN. crassa (Cambareri et al. 1994), and LI sapiens (Fanning and Singer, 1987). 
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Figure 1.14 MGL Transcription. 

Northern and by cDNA analyses, 

direction of each transcript. 

Each arrow represents a specific transcript mapped by 

The direction of the arrows represents the 5' to 3' 
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Figure 2.15 In vitro transcription and translation analysis of theMGZ 0RF1:0RF2 

overlapping region. 

A. Transcription and translation products were separated on 12.5% acrylamide gel prior 

to fluorography. 

B. Constructs used in this analysis. Predicted weights for each ORF are given for each 

construct. The star in pAM867 represents the site of the artificial stop codon. 
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233 CGTCAACTGCCGTCAGACGAATCCTCCGTGCGCCTGAAGGCACGGGGTCG 282 
I I  I I  I  I  I I  I  I  I  I  I  M  I  I  I  I  M  I  I  I  I I I  I I  I  I  I  I  I  I  I  I  I  I  I  

5732 CGGCACAAGCCGCTAGACGAACCCTCCGTGCACCT.TAGGCACGGGGTCG 5780 

283 CGTCAGTGAAC.AAACCTGTAAGCAGGACCGGGCACGAACCCGGTCAGGC 331 

I  I  I M  I  I I  I I  I  M  I I  I I  I I  M  I  I  I I  I  M  I  I  I  I  I  I  I  I  I  M  M  I  I  I I  
5781 CGTCAGTGAACTAACCCCCTAAGCAGGACCGGGCCCGAACCCGGTCAGGC 5830 

332 TCGATTCGCTTCTATGC. . .CCTTGTTTT-CCGCTGTGTAAATAGAGAAA 377 

I  I  I  I  I I I  I I  I I I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
5831 ACGATCCGC. . CTCTGCCCTCCTTGTTTTCCCCCTGTGTAAATAAAGAAG 5878 

378 ATAGAAAGCGCGCCGAGATACCCCTC. GGAGGTTGCTAACGGTCGGCTAA 426 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  I  I  I  I  I  I  I  I  I  M  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  

5879 ATAGAACGCGCGCCGAGATACCCCTCGGGAGGTTGCTAACGGCCGGCTAA 5928 

427 TGAGCCGGGCCGAGCCCGGCGTTAAATAATACTACTACTACTACTA 472 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
5929 CAAGCCGGGCCGAGCCCGGCGTTAACTAATACTACTACTACTACTA 5974 

Figure 2.16 Alignment of the 3' termini oiMGL mdMg-SINE. Mg-SINE sequence 

begins at nt 233 and is on the top. MGL sequence begins at nt 5732. Dots represent gaps 

added to generate the alignment. No homology exists between the two elements upstream 

of this point. 
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in. DISTRIBUTION OF THE RETROELEMENT MGL AND ITS USE IN 

UNDERSTANDING THE EVOLUTION OF HOST SPECIFICITY IN 

MAGNAFORTHE GRISEA 

Introduction 

Magnaporthe grisea is a fungal plant pathogen able to parasitize a wide variety of 

grass species, including the cultivated rice plant Oryzasativa (Ou, 1985). M grisea is 

comprised of many distinct pathotypes, each able to infect only one or a few grass species 

(Mackill and Bonman, 1986; Kato and Yamaguchi, 1980). Isolates pathogenic on rice 

have been demonstrated to show further host specificity at the cultivar level. The 

evolution of host species specificity in M grisea is of great interest and has been 

investigated using a variety of molecular markers (Leung and Williams, 1986; Borromeo 

et al. 1993; Levy et al. 1991b; Dobinson et al. 1993; Tosa et al. 1995). The results of these 

studies provide strong evidence that M grisea pathotypes have evolved in genetically 

isolated lineages. Further work shows that strain evolution has continued in the rice 

isolate lineage, with the development of a large number of clonal lineages, each able to 

infect a limited number of rice cultivars (Chen et al. 1995; Levy et al. 1993; Hamer et al. 

1993). 

MGL is a non-LTR retroelement, or LINE, isolated from a rice isolate of M. 

grisea (Hamer et al. 1989a). The element is 5.9 kb in length and has two principal open 

reading fi^ames (ORFs). The second ORF, 0RF2, has a domain with strong homology to 
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sequences found in reverse transcriptase enzymes, and also to other domains found in the 

non-LTR retroelements. Analysis inM grisea rice isolates show the element to be 

structurally well conserved, present in copy numbers of approximately fifty per genome, 

transcribed, and polymorphic with regard to insertion sites between strains (Chapter 2, 

Hamer et al. 1989a). Previous work has also suggested thatA/G£ is present in allM 

grisea strains, but at low copy number in those not isolated from rice (Hamer et al. 

1989a). 

The work described in this chapter had two principal goals. The first was to 

expand the analysis ofMGL to strains ofM grisea isolated from non-rice hosts. This was 

accomplished by screening seventeen strains isolated from a variety of grass hosts for 

MGL copy number and for conservation of theMG^, structure observed in the rice 

isolates. MGL transcription was also examined in two non-rice isolates. The second goal 

of this chapter was to assess the utility of using the site of MGL insertions for the analysis 

of M. grisea strain diversity and evolution. This involved two steps. First was the 

development of a PCR assay to screen multiple strains for specific MGL insertion loci. 

Second was the construction of a phylogenetic tree based on the distribution of thirteen 

polymorphic MGL insertions. 

Several phylogenies developed using polymorphic transposon insertion sites have 

been successful in understanding the relationships of closely related individuals (Batzer et 

al. 1994; Egilmez et al. 1995). The results of these studies suggest that A/GZ, should be 

useful for understanding strain evolution in M grisea. First, all isolates tested to date 
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have at least a few A/GZ, copies (Hamer et al. 1989a). This distribution throughout the 

species makes it possible to obtain data for any isolate by characterizing an MGL insertion. 

Second, the ancestral state for MGL insertions can be inferred to be the absence of an 

insertion at any locus. BCnowing the ancestral state and the direction of mutational change 

simplifies the analysis of population relationships but is generally not possible for other 

types of markers, including the Class n transposons. Third, retroelement insertions are 

stable. This increases the likelihood that a locus occupied by an MGZ, copy in an 

individual will be present in all future descendants of that individual. This is again not the 

case for the Class II transposons. 

The analysis of MGL copy number in M. grisea non-rice isolates was also used to 

further investigate the relationship oiMGL ^dMg-SINE. Mg-SINE is a SINE (short 

interspersed nuclear repeat) found in high copy number in A/, grisea rice isolates (Kachroo 

et al. 1995). SDSIEs are retroelements of less than 500 base pairs that have a tRNA 

structure at their 5' terminus are transcribed by RNA Polymerase HI and have no ORPs 

(Okada, 1991). A close evolutionary relationship has been proposed for SINEs and 

LINEs (Boeke, 1997; Ohshima et al. 1996). In this model, SINEs evolved by the insertion 

of a tRNA-like structure into the 3' end of a LINE. The transcription of this SINE 

progenitor then included the 3' end of the LINE, and could use the reverse transcriptase of 

the LINE for transposition. This model is supported by a region of strong homology 

between the 3' termini of MGL and Mg-SINE. 
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Materials and Methods 

Fungal isolates used in this chapter 

M grisea isolates used in this chapter are described in Table 3.1. All isolates were 

provided by the laboratory of Barbara Valent (E.I. DuPont Co., Wilmington, DE). 

Nucleic acid isolation and manipulation 

Restriction enodnuclease and DNA modification enzymes were purchased from BRL (Life 

Technologies, Graithersburg, MD) and used under the conditions specified by the supplier. 

Small scale plasmid DNA isolations from bacteria were done by the boiling lysis method 

(Holmes and Quigley, 1981; Ausubel et al. 1987). Fungal DNA and RNA were isolated 

from M. grisea mycelium as previously described (Sweigard et al. 1992; Timberlake, 

1986). Purification of fungal poly(A) RNA was performed according to Sambrook et al. 

(1989). Southern and northern hybridizations were essentially as described by Sambrook 

et al. (1989) using either Magnacharge (MSI) or Hybond-N nylon membranes 

(Amersham). Hybridization probes were labeled with ^^P-dCTP by the random primer 

method (Feinberg and Vogelstein, 1983). 

Cloning of Mg-SINE specific sequence 

The central portion Mg-SINE, lying between the tRNA structure and MGL 

homologous sequence was cloned using PGR. This was accomplished using two primers, 

Mg-SINE(F74) (5'-CCT CCT CCC CGC TTA CCG T-3') and Mg-SINErev(205) (5'-

AGA GGG GCC TGT GTC CAA AC-3'), that correspond to Mg-SINE nucleotides 74 to 

92 and 202 to 221 respectively . The reaction included 10 pmol of each primer, 50 ng O-
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137 genomic DNA, 1 X PGR bufifer [50 mM KCl, 10 mM Tris-HCI pH 8.4], 1.5 mM 

MgCli, 0.2 mM dNTPs, and lU Taq. PGR conditions were 92°C for 2 minutes, 35 

cycles of [92°C for 30 seconds, 55 "G for 30 seconds, and 72 °C for 90 seconds] and a 

final extension oil2°C for 5 minutes. The amplified fi^agment was cloned into the vector 

pGRH (Invitrogen) as described by the manufacturer and given the name pAM809. 

Sequencing of MGL flanking sequences 

The DNA sequence flanking A/GZ insertions was characterized either by inverse 

PGR (Ochman et al. 1990) or by direct sequencing of MGL flanking DNA fi'om cosmids 

of the 4392-1-6 library. For direct sequencing fi-om previously identified MGL containing 

cosmids, primers specific to either the 5' or 3' end oiMGL were used in conjunction with 

the Promega finol Sequencing Kit (Promega, Madison, WI) as per the manufacturer's 

instructions. The primer used for obtaining 5' flanking sequence was #4546 (5' -ATT 

GGT GTG TTT GGG TG-3') which corresponds to MGL nt 51 to 67 while the primer 

used for obtaining 3' flanking sequence was #5173 (5' -GTG AAG TAA CCC CCT AAG 

GAG- 3') which corresponds to MGL nt 5788 to 5808. 

For inverse PGR, approximately 2 \ig ofM. grisea genomic DNA was digested 

with XbdL, which does not cut within MGL, for 4 hours at 37°C in a total of 50 ^1. 

Following digestion, the sample was extracted once with phenol and once with 

chloroform, precipitated with 5 ^l of 3MNaOAc and 10 EtOH, dried, and resuspended 

in 10 ^1 distilled water. The Xbal digested genomic DNA was then ligated under 

conditions that favor intramolecular ligation. Five fil of the resuspended DNA was added 
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to 593 fil distilled water, 150 jil 5X ligase buffer [250 mM Tris (pH 7.6), 50 mM MgCl,, 5 

mM adenosine triphosphate, 5 mM dithiothreitol) and 2 ^l (2 U) T4 DNA ligase. The 

ligation reaction was done overnight at 16°C. Following ligation, the circularized DNA 

molecules were precipitated and resuspended in 100 ^1 distilled water. A PCR reaction 

was then done using two MGL internal primers, each designed to amplify towards one of 

the MGL termini. The PCR reaction mix included 50^1 of the ligated DNA in a total 

reaction volume of 100 ^1. Reactions were similar to those describe above except that 30 

pmol of oligo #5173 and 30 pmol oligo #361405R (5'-GCC GTA CGC AGC GAC GTA-

3'), which corresponds to MGL nt 1310 to 1319, were used as the primers. PCR 

conditions were 92"'C for 90 seconds, 30 cycles of (92°C for 30 seconds, 50°C for 30 

seconds, and 72 "C for 5 minutes) and a final extension of 72°C for 10 minutes. PCR 

firagments were cloned into the vector pCRII (Invitrogen) as described by the 

manufacturer. Following isolation of PCR clones, MGL flanking DNA was sequenced 

using Sequenase 2.0 (USB, Cleveland, OH) and a primer specific to one of the MGL 

termini. To obtain 3'flanking sequence, oligo #5173 was used for sequence priming 

while 5' flanking sequence was obtained using oligo #4546. 

PCR analysis of MGL insertion loci 

PCR was used to test for the presence of MGL insertions at several loci in multiple 

M. grisea strains. Primers specific to sequence flanking various MGZ insertions were 

designed and used, in combination with an opposing primer specific to one of the MGL 

termini, in a PCR reaction. Primers representing 5' flanking sequence were used in 
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conjunction with the specific primer #361405R (5'-GCC GTA CGC AGC GAC 

GTA-3'). Primers representing 3' flanking sequence were used in conjunction with either 

oligo #5173 or oUgo A^GIfwd(5541) (5'-TTC CAG AC A AGC CTC GGG C-3'). PGR 

conditions for 3' flanking sequences were 92°C for 90 seconds, 30 cycles of (92"C for 30 

seconds, 55°C for 30 seconds, and 72°C for 45 seconds) and a final extension of 72°C for 

five minutes. PCR conditions for 5' flanking sequences were identical, except for using an 

extension time of 1.5 minutes during the cycling because of the greater distance of the 

MGL primer for the 5' terminus. 
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Results 

MGL copy number varies in M. grisea strains isolated from non-rice hosts 

The distribution of MGL inM grisea strains isolated from a variety of grass hosts 

was examined using Southern analysis. Previous work showed that MGL was present in 

approximately fifty copies inM grisea strains isolated from rice (Hamer et al. 1989a). To 

examine MGL copy number in other strains, genomic DNA from seventeen strains isolated 

from non-rice hosts was digested with £coRI and hybridized to the 3' portion of MGL. As 

MGL has a single £coRI site, and the probe used did not span this site, each band seen 

after autoradiography represented a single MGL insertion. 

Analysis of the results showed MGL to be present in each of the non-rice isolate 

strains tested (Figure 3.1). Unlike the uniform high A/GZ. copy number seen in the rice 

isolates, MGL copy number in the non-rice isolates varied considerably (Table 3.1). Seven 

isolates, G-48, G-58, G-65, G-68, G-160, G-161, and G-164, had an A/GZ, copy number 

similar to that seen in rice isolates. The remaining isolates showed fewer MGL hybridizing 

bands, with some, such as G-17 and G-156, having less than 10 MGL copies each. 

The limited number of isolates tested from a single grass species made it difiicult to 

assess correlation between A/GZ, copy number and host species pathogenicity. Two 

isolates were available for two grass species. In both cases the two isolates from a single 

host species had MGL copy numbers similar to each other. G-71 and G-126, isolated from 

Pennisetum glaucum had \av/ MGL copy numbers. G-68 and G-161, isolated from 

Pennisetiim polystachon had a high MGL copy number. Strains with high MGL copy 
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number were from a variety of hosts. For the seven non-rice isolates with an MGL copy 

number equal to that seen in rice isolates, six different grass hosts were represented. 

A correlation of MGL copy number with geographical origin was observed for the 

strains isolated from hosts other than rice. The strains tested represented a worldwide 

distribution. Of the high MGL copy number strains, however, none were isolated outside 

the Philippines. This finding is similar to the results obtained by Kachroo et al. (1997) in 

which a total of sixteen non-rice isolates were screened with MGR583 (the original 

cloned MGL copy) and all high copy number strains observed originated in the Philippines. 

In this study and that of Kachroo et al., however, the strains sampled were biased toward 

those of Philippine origin. Further screening of strains isolated from other regions should 

be completed to confirm any correlation between high MGL copy number and origin in the 

Philippines. 

MGL structure is conserved in M grisea strains not isolated from rice 

MGL structure is well conserved in rice isolated strains ofM grisea. When 

genomic DNA from these isolates is digested with enzymes that represent two internal 

conserved restriction sites and probed with an MGL fragment internal to these sites, a 

highly intense band is seen following autoradiography . The band results from the 

digestion of multiple MGL copies at the conserved sites and is of a size that reflects the 

distance between the two sites. One example of such a conserved fragment is a 2.0 kb 

region between two conserved BamYQ. sites found near the middle of the element (Hamer 

et al. 1989a). To understand the conservation of MGL in the species M grisea better, the 
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presence of this fragment was tested in seventeen strains isolated from non-rice hosts. 

Southern analysis showed conservation of the BamYQ. fragment in all strains tested 

(Figure 3.2). The hybridization probe used in the analysis contained anMGL fragment 

that spanned one of the conserved BcanlQ. sites. As a result, bands representing individual 

MGL copies can also be observed for each strain. As expected, those strains with a higher 

MGL copy number showed a more intense 2.0 kb band. The conservation of this fragment 

was despite A/GI. copy number. 

Conservation of MGL structure in the non-rice isolates was tested further by 

analysis of a polymorphism known to exist in the rice isolates. Rice isolate copies of MGL 

have two conserved HindSl sites, 5.8 kb apart. The first is near the 5' terminus and the 

second is near the 3' terminus. In addition. Southern analysis showed the presence of a 

third HindOl site, 1.9 kb from the 5' terminus, in approximately half the MGL copies in 

these strains (Orbach, unpublished). This HindSi polymorphism results in two intense 

bands of 6.0 and 4.0 kb when HindiJl digested rice isolate genomic DNA is probed with a 

3' fragment of MGL (Figure 3.3). The 4.0 kb band results from digestion of elements with 

the polymorphic HindSl site while the 6.0 kb band results from digestion of elements 

lacking the site. 

Southern analysis of HindUl digested genomic DNA from eight non-rice isolates 

showed the presence of this MGL polymorphism in each (Figure 3.4). Unlike the rice 

isolates, however, the intensity of the two bands was not consistent between the strains. 

This was especially evident for G-58, where the 4.0 kb band was very faint compared with 
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the 6.0 kb band. In addition, several strains contained a third band approximately 3.0 kb in 

size suggesting another polymorphic HindGl site. For three strains, G-48, G-68, and G-

161, this third band was of approximately the same intensity as the two larger bands. For 

G-164, the 3.0 kb band was less intense than the two large bands. Interestingly, the 

pattern seen for G-164 was similar to that seen for the rice isolates. This similarity may 

suggest a close relationship between this Echinochloa colona isolate and the rice isolates. 

Mg-SINE copy number in non-rice isolates 

The copy number of Mg-SINE was determined from the same non-rice isolates 

used in the MGL analysis. The homology between the 3' ends of MGL and Mg-SINE 

suggests a close relationship between the two elements (See chapter 2). Greater insight 

into this relationship can be provided by comparison of Mg-SINE copy number to MGL 

copy number in the non-rice isolates. To ensure hybridization only to Mg-SINE copies, 

the hybridization probe was designed to contain only the portion of the element with no 

MGL or tRNA homology (see Materials and Methods). 

Southern analysis of genomic DNA from non-rice isolates revealed an Mg-SINE 

distribution mostly similar to the A/GZ distribution (Figure 3.5). Mg-SINE copy number 

ranged from numbers equal to those present in the rice isolates to less than ten elements in 

most of tested strains. All strains with high Mg-SINE copy number also had high MGL 

copy number (Table 3.1). Four strains, G-65, G-68, G-161, and G-163, exhibited a high 

MGL copy number and a low Mg-SINE copy number. 
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MGL transcription 

MGL transcription was analyzed in six M. grisea strains of varying hosts and MGL 

copy number. Previous work detected MGL transcription in the one rice isolate tested, 

but not in the single non-rice isolate tested (Hamer et ai. 1989a). The identification of 

non-rice isolates with highA/GZ copy number, however, suggested thai MGL transcripts 

might also be found in these strains. To test whether A/GZ transcription could be tested in 

high copy number isolates, poly (A) RNA was isolated from liquid cultures of five M. 

grisea isolates and probed with a 5' fragment of MGL. Two strains, G-48 and G-I56, 

were non-rice isolates. G-48 has a high MGZ copy number while G-156 has a lowMGZ 

copy number. Two strains isolated from rice were also tested as well as a laboratory 

strain. Northern analysis showed significant MGL transcription in the isolates with high 

MGL copy number, including G-48, a Philippine strain isolated from Setaria italica 

(Figure 3.6). MGL transcripts were not detected in G-156, the single low copy number 

strain tested, although it is possible that transcription in this strain was too low to be 

detected using this type of analysis. 

MGL insertions deflne related groups of M. grisea isolates 

A total of 37 M grisea isolates were screened for the presence or absence of 

thirteen polymorphic A/GZ insertions using a PCR-based assay. Genomic DNA from each 

strain was analyzed using a primer specific to sequence flanking an MGL insertion in 

conjunction with an opposing A/GZ, specific primer. Together, these primers amplified a 

fragment of known size in the strain from which the insertion was originally characterized. 
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The presence or absence of the MGL insertion in other strains was determined by the 

ability of the flanking primer to amplify a fragment of the correct size from genomic DNA 

purified from these isolates. 

Two methods were used to characterize the sequence flanking specific MGI 

insertions, inverse PGR and direct sequencing of MGL containing cosmids from the 4392-

1-6 cosmid library. Of the two methods, inverse PGR was the simpler method for 

characterizing A/GL insertion sequences in strains ofM grisea for which libraries were 

unavailable. However, this method did result in the cloning and sequencing of several 

sequences unrelated to MGL insertions. Primers specific to these sequences were unable 

to amplify a fragment from the originating strain. A control PGR reaction with each newly 

synthesized flanking primer was therefore critical. Any newly synthesized primer specific 

to an MGL flanking sequence that did not amplify a fragment of the appropriate size from 

the strain from which the insertion was characterized was excluded from further analysis. 

In total, inverse PGR was used to characterize nineMGZ flanking sequences from five 

strains (0-184, Guy-11, G-I56, G-172, G-17, and G-126). Of these, three did not amplify 

a fragment from the strain of origin and were excluded from further analysis. Direct 

sequencing of cosmids was used to generate three additional flanking primers. In total, 

nine flanking primers originating from five different strains were generated (Table 3.2). 

These flanking primers were then used, with an opposing MGL specific primer, in PGR 

reactions to screen 20 rice isolates and 17 non-rice isolates 

All MGL flanking primers used in this analysis amplified a single intense band in 
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strains with an MGL insertion at the locus being tested. Three flanking primers, 8 A7-3', 

0-l84#l, and 0-184#6, amplified fragments of different sizes in different strains. One of 

these primers, 0-I84#6, amplified fragments of three different sizes in isolates from 

diverse hosts. The expected 1.4 kb fragment was seen for strains 0-184, 0-282, and O-

283. A 700 bp fragment was amplified from strains G-40, G-156, and G-163 and a 1.6 kb 

fragment was amplified from strains G-68 and G-161. The amplification of three distinct 

fragments in diverse strains was interpreted as resulting from three distinct MGL insertions 

into a similar region of the genome. 

Flanking primer 8A7-3' was of special interest because a similar fragment was 

amplified from all of the rice isolates tested. The only non-rice isolate to amplify a 

fragment using this primer was G-164, a high A/GZ- copy number strain isolated from 

Echinochloa colona that has low virulence on some rice cultivars (Mackill and Bonman, 

1986). The fragment amplified in G-164 by flanking primer 8A7-3', however, was 

approximately 100 bp larger than that seen in the rice isolates (Figure 3.7). To understand 

the cause of the increased fragment size in G-164, the PGR fragment amplified from this 

strain using flanking primer 8A7-3' and the: MGL specific primer 5173 was cloned and 

sequenced. Analysis of the sequence revealed the larger PGR fragment in G-164 to be due 

to a second MGL insertion into the 3' end of ih&MGL insertion present in the rice isolates. 

Therefore, G-164 has two MGL insertions at the locus defined by 8A7-3' primer. The first 

insertion is the same as that found in the rice isolates. The second is an MGL insertion 

into the 3' end of the first (Figure 3.8). 
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Like the flanking primer 8A7'3', primer 0-l84#l amplified a fi-agment in all rice 

isolates and in G-164. Eight of the rice isolates, including 0-184, amplified a fi^agment of 

the expected size of 350 bp. The remaining isolates, including G-164, amplified a 

fragment approximately 500 bp larger than that seen in the other isolates (Figure 3.9). 

The larger fi-agment was cloned from 0-256 and partially sequenced. Sequence and PCR 

analyses showed the polymorphism to be the result of a second MGL insertion at the locus 

defined by this flanking primer (Figure 3.10). In this instance the presence of only the first 

insertion results in amplification of the larger PCR fragment. The smaller fragment in 

eight rice isolates (including 0-184, the strain from which the insertion was characterized) 

resulted from a second MGL insertion in the flanking region 3' of the first. As a result of 

this second insertion, the distance between the 3' MGL primer and the flanking primer O-

184#1 was diminished. Therefore, all rice isolates and G-164 had the initial A/GZ, 

insertion characterized by 0-184#I. In addition, eight isolates had a second MGL 

insertion at this site. 

Results of the PCR reactions with theMGil flanking primers are shown in Table 

3.3. No flanking primer amplified a fragment in all thirty-seven strains. Some subgroups 

agreed with expected results based on the host specificity of the isolates. For example, 

both insertion sites analyzed from G-126 amplified fragments in the same set of five non-

rice pathogens. The two Eleusine isolates tested were both in this group. Further, the 

two Digitaria isolates tested, G-156 and G-163, were in the subgroup defined by the 700 

bp fragment amplified by the flanking primer 0-184#6. 
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The flanking primers 8A7-3' and 0-l84#l provide strong evidence for the close 

relationship of the rice isolates and G-I64. The second MGL insertion at the 8A7-3' locus 

further suggests that G-164 is now separated from the rice isolates. The results also 

confirm that some MGL insertions are polymorphic in the rice isolates. Several insertions 

were found only in subgroups of the rice isolates. For example, the 2H8-5' flanking primer 

amplified a fragment in only four strains. This suggests divergence of these strains from a 

single ancestor. Likewise, the second insertion at the locus defined by flanking primer O-

I84#l suggests a common lineage of the isolates with this insertion. 

Construction of a M grisea phytogeny using polymorphic MGL insertions 

The distribution of the MGL insertions scored using flanking primers was used to 

construct a phylogenetic tree for 31 M. grisea strains. In total, 13 polymorphic insertions 

characterized by nine flanking primers were used to construct the phylogeny. Strains that 

did not have any of the characterized insertions were not included in the phylogeny. A 

matrix describing the presence or absence of each insertion in each isolate was constructed 

and analyzed using the computer program PAUP version 3.0 (Swofford, 1990). A 

hypothetical strain with no MGL insertions was included in the analysis and used as a 

theoretical outgroup. 

Figure 3.11 shows the single most parsimonious tree generated using the A/GZ 

data. Four distinct lineages are seen in the tree. Three of these lineages contain only 

strains isolated from rice hosts. The fourth contains all of the rice isolates as well as a 

single non-rice isolate, the E. colona isolate G-164. To assess the accuracy of the four 
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lineages, a probe specific to the M grisea acetolactate synthase {ilvl) gene was used as a 

probe to analyze restriction fi-agment length polymorphisms (RFLPs) for the non-rice 

isolates and a single rice isolate (a similar analysis testing multiple rice isolates showed a 

common allele for these strains, data not shown). The results showed five alleles in the 

group of isolates tested (Figure 3.12 and Table 3.1). Comparison of these results to the 

tree showed that all isolates within each lineage had the same ilvl RFLP. Two lineages 

contained isolates with the same ilvl allele, the rice isolate lineage and the lineage with G-

22, G-71, G-126, G-166, and G-172. This suggests a close relationship between these 

two groups. The remaining two lineages each had distinct ilvl alleles. Further support 

for the major lineages is provided by repeated DNA analyses. The LTR retroelement grh 

is only present in Eleusine isolates (Dobinson et al. 1993). Both Eleusine isolates in the 

phylogeny, G22 and G-172, were grouped in the same lineage. The presence of repeated 

DNA unique to rice isolates suggests that all rice isolates are derived fi-om a single 

ancestor (Biju-Duval et al. 1997; Farman et al. 1996b; Farman et al. 1996a). This 

hypothesis is supported by the grouping of all rice isolates in a single lineage of the MGL 

phylogeny. 

The rice isolate lineage has several interesting features. Within this large lineage, 

three smaller lineages exist, two containing single isolates (Guy-11 and 0-128) and one 

containing the remaining rice isolates and G-164. Like some other non-rice isolates, G-

164 has an MGL copy number equal to that of the rice isolates. The presence of two rice 

isolate specific yWGZ, insertions in G-164 provides strong evidence that G-164 is derived 
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from a rice isolate. This hypothesis is given further support by the moderate virulence of 

G-164 on a single rice cultivar (Mackill and Bonman, 1986). Also interesting in the rice 

isolate lineage is the requirement for the deletion of an MGL insertion locus in order to 

construct the most parsimonious tree. The insertion defined by flanking primer 8C4-5' is 

seen in the majority of rice isolates and in G-164, but is lacking from Guy-11 and 0-128. 

The tree predicts that this insertion occurred prior to the diversification of isolates in the 

G-164/0-259 lineage, but after separation from Guy-11 and 0-128. However, three 

isolates in the G-164/0-259 lineage, 0-184, 0-190, and 0-254, also lack this insertion. 

This suggests deletion of the locus containing this insertion prior to the diversification of 

these three isolates. 

The phylogeny generated using polymorphic A/GZ, insertions shows that relatively 

few MGZ, insertions are required to dififerentiate isolates pathogenic on a variety of hosts. 

Even closely related rice isolates can be diflferentiated with only a few insertions. This 

provides further support for the lack of recombination between isolates in the field. If 

recombination was occurring, than a single most parsimonious tree would not be 

expected. Greater resolution could be added to the tree by including data for more MGL 

insertions. This is especially true for the rice isolates. The greatest resolution in the rice 

isolate lineage is around the two strains from which MGL insertions were characterized, 

0-135 and 0-184. Greater resolution could be generated by adding the characterization 

of other MGL insertions to the analysis. 
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Discussion 

In this chapter I expanded the analysis ofMGL to include strains ofM grisea 

isolated from grasses other than rice. This included a survey ofMGL copy number, MGL 

restriction site conservation, and analysis of MGL expression in a subset of non-rice 

isolates. In addition, in an attempt to understand the relationship between MGL and Mg-

SINE better, I investigated Mg-SINE copy number in these same strains. Finally, I 

performed preliminary experiments to determine the efficacy of using MGL insertions to 

better understand the evolutionary relationship of M grisea strains pathogenic on a wide 

variety of grasses. 

The presence of MGL in all of the isolates tested supports an introduction of the 

element into M. grisea at a time that predates the diversification of the species into 

different pathotype lineages. Perhaps contradictorily, MGL was shown to be structurally 

conserved in these same strains. Unlike structural genes, there should be little selection 

pressure to maintain MGZ, structure. The fact that conservation of MGL structure is seen 

may be evidence that there is some advantage to maintaining this structure. Alternatively, 

the conservation may indicate a recent divergence of the M. grisea pathotypes. 

Mg-SINE and MGL show similar, but not identical, distributions in M grisea. It 

has been hypothesized that SINEs and LINEs are closely related elements (Ohshima et al. 

1996). It has further been suggested that SINEs may utilize the reverse transcriptase 

produced by the LINEs for transposition (Boeke, 1997). The homology between the 3' 

ends of Mg-SIME and MGL provides suggestive evidence that this may be the case for 
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these two elements. A prediction of this hypothesis is that SINE amplification should not 

occur in the absence of LINE amplification. That is if the LINE reverse transcriptase is 

present and active on the SINE RNA, then it should also be reverse transcribing LINE 

RNA. Analysis of Mg-SINE and MGL copy number shows this to be the case in M 

grisea. Of the isolates screened, none were found that had a high Mg-SINE copy number 

and a low A/GZ copy number. Three isolates did have a high A/GZ, copy number and a 

\ov^ Mg-SINE copy number. These strains do not disprove the hypothesis, however. It is 

possible that Mg-SINE is not transcribed in these strains. 

The phylogeny suggests that MGL insertions can be a useful tool for investigating 

the evolution of host specificity in M. grisea. Data for thirteen polymorphic MGL 

insertions allowed the construction of a single most parsimonious tree. Comparing the 

resulting tree to data obtained from other markers suggests that the lineages are an 

accurate representation of past diversification in the species. The tree is limited in some 

respects. First, the four lineages are each distinct with no common insertions between 

them. This makes it impossible to discern which of the lineages are most closely related. 

Second, there is a lack of resolution for many isolates in the rice isolate lineage. Both of 

these limitations should be able to be resolved by the analysis of more MGL insertion sites. 

The phylogeny and MGL copy number data can be used to make predictions about 

the number of MGL amplification events that have occurred in M. grisea. The results of 

the MGL phylogeny in combination with the MGL copy number analyses suggests at least 

two MGL amplification events, one in the G-68/G-161 lineage and one in the rice isolate 
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lineage. Both of these lineages contain isolates with high h/lGL copy number. While the 

MGL phylogeny in itself does not rule out diversification following a single MGL 

amplification, the separation of the two lineages is given further support by a phylogeny 

generated using rDNA intergenic transcribed spacer (ITS) sequences (Biju-Duval et al. 

1997). In the ITS phylogeny, the rice isolates are in a lineage with isolates of Pennisetiim 

glaucum and other strains with low MGL copy number. Isolates of other Pennisetum 

species are in a separate lineage. Additional support for the separation of the two lineages 

is given by the ilv RFLP data. G-68 and G-161 have a diflferent allele thtin is found in G-

164 and the rice isolates, while some isolates with lowMGZ copy number have the same 

allele as the rice isolates. Further, G-68 and G-161 are the only two isolates in the 

phylogeny with high MGL copy number that have a low Mg-SINE copy numbers. This 

suggests that G-68 and G-161 were separated from the rice isolate lineage prior to Mg-

SINE amplification in that lineage. A third, more limited, burst of MGL transposition is 

suggested by the Paspalum paspalodes isolate G-65. This high MGL copy number isolate 

has a unique ilvl allele and was not included in the phylogeny as it did not contain any of 

the assayed MGL insertions. This isolate also has low Mg-SINE copy number. A fourth, 

smaller amplification is seen in the lineage with G-40, G-156, and G-163. Of these three 

isolates, G-40 and G-163 have a higher MGL copy number than G-156. 

There are still questions remaining to be answered about Mgrwea non-rice isolates 

with high MGL copy number. The ilvl RFLPs and mtDNA polymorphisms show that, 

other than G-68, G-161, and G-65, the non-rice isolates with high MGZ. copy number are 
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closely related to the rice isolates. The simplest explanation for these results is that these 

isolates separated from the rice isolates after MGL amplification. This hypothesis is not 

supported, however, by the HindOl polymorphism patterns seen in Figure 3.4. If 

divergence onto different hosts occurred after a single A/GZ amplification, similar banding 

patterns would be expected in this analysis. This is best demonstrated by the similar 

pattern observed for rice isolates and G-164, a non-rice isolate that evolved from a rice 

isolate (compare Figure 3.4 lane 8 to Figure 3.3). Two other HindHl patterns are 

observed in Figure 3.4, however, one that is similar between G-160 and G-163 and one 

unique to G-58. 

Taking these results into account a new hypothesis can be proposed for the 

evolution of the rice isolates. That is, that divergence onto new host species began to 

occur soon after the initiation of MGL amplification. Amplification continued in each new 

pathotype until the present day MGL copy numbers were achieved. The different HindSl 

patterns seen in Figure 3.4 reflect the frequency of transposition of different A/GZ copies 

within each new pathotype lineage. An interesting prediction of this hypothesis is the 

occurrence of a singular event that initiated MGL amplification. Little is now known 

about the regulation of retroelement transposition. It is likely that genomes maintain 

mechanisms, such as methylation, that minimize retroelement activity. A mutation in a 

gene involved in such a control system would allow transposition to occur. The high copy 

number of other M grisea transposons, such as Maggy (Tosa et al. 1995), Fosbury (Shull 

and Hamer, 1996), and Mg-SINE (Kachroo et al. 1995), in the rice isolates provides 
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further support the loss of such a control mechanism. If this is the case, than this would 

represent an interesting case in which the loss of mechanism designed to minimize 

mutation resulted in what appears to be a superior phenotype for a parasite, the ability to 

acquire virulence on new hosts. 
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Table 3.1 Origin, MGL Copy#, Mg-SINE Copy #, and ilvl allele ofMagnaporthe grisea 

isolates used in this study, a. Relative MGL copy number as determined by band number 

and intensity. H=Copy numbers approximately equal to those found in rice; M=Copy 

number less than seen in rice isolates but greater than ten; L=Copy number less than ten. 

Non-rice isolate copy numbers are from this study. Rice isolate copy numbers are from 

chapter 2 and (Hamer et al. 1989a). b. Mg~SINE copy as determined by band number and 

intensity. Designations are the same as used for MGL copy number. Non-rice isolate 

copy numbers are from this study. Rice isolate copy numbers are from unpublished work, 

c. ilvl allele as determined by RFLP analysis. Non-rice isolate data are from this study. 

Rice isolate data are from unpublished work and (Biju-Duval et al. 1997). 



Table 3.1 

Isolate Host 

G-17 Eragrostis cunntla 
G-22 Eleusine corocana 
G-40 Stemtaphnim secundatum 
G-48 Setaria italica 
G-58 Panicum repens 
G-65 Paspalum paspalodes 
G-68 Pemmetum polystachon 
G-71 Pennisetum glaucum 
G-126 Pennisetum glaucum 
G-156 Digitaria horizontalis 
G-160 Leersia hexandra 
G-161 Pennisetum purpureum 
G-163 Digitaria cilliaris 
G-164 Echinochloa colona 
G-165 Brachiaria mutica 
G-166 Rottboellia exaltata 
G-172 Eleusine corocana 
0-17 Oryza sativa 
0-42 Oiyza sativa 

MGL Mg-SIME ilvl 
Origin Copy Copy#'' allele" 

Japan L L A 
Japan L L B 
US(MS) M L C 
Philippines H M B 
Philippines H H B 
Philippines H L D 
Philippines H L E 
Philippines L L B 
US(GA) L L B 
Brazil L L C 
Philippines H H B 
Philippines H L E 
Philippines M L C 
Philippines H H B 
Philippines L L B 
Philippines L L B 
Uganda H - B 
China H - B 
Japan H - B 



Table i.\-CotUinued 

Isolate Host 
0-70 Oryza sativa 
0-111 Oryza sativa 
0-128 Oryza sativa 
0-135 Oryza sativa 
0-137 Oryza sativa 
0-142 Oryza sativa 
0-184 Oryza sativa 
0-188 Oryza sativa 
0-I90 Oryza sativa 
0-219 Oryza sativa 
0-245 Oryza sativa 
0-250 Oryza sativa 
0-254 Oryza sativa 
0-256 Oryza sativa 
0-259 Oryza sativa 
0-282 Oryza sativa 
0-283 Oryza sativa 
Guy-11 Oryza sativa 
6043 Oryza sativa 

MGL Mg-SINE ilvl 
Origin Copy CopyU^ allele' 
Philippines H H B 
China H - B 
Japan H - B 
Taiwan H - B 
Taiwan H - B 
China H - B 
US(TX) H H B 
Texas H H B 
Korea H - B 
Ivory Coast H H B 
Philippines H H B 
India H - B 
Korea H - B 
South Africa H - B 
Egypt H - B 
Brazil H - B 
Brazil H - B 
Fr. Guyana H - F 
Lab Strain M 
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Table 3.2 PGR primers used in this study. Flanking primers that include a M grisea 

isolate in the primer name were characterized using inverse PGR from the indicated strain. 

Other flanking primers were generated using sequence flanking MGL insertions 

characterized from the 4392-1-6 library. A. 0AM# refers to primer name given under the 

Orbach lab specific oligonucleotide numbering system. B. TheM grisea strain from 

which the MGL flanking sequence was characterized. MGL indicates that a primer is 

specific to MGL sequence. G. Th&MGL terminus that the primer flanks. For xheMGL 

primers this refers to the terminus toward which DNA synthesis is initiated. 
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Table 3.2 

Oligo 

Name or 
Strain 

Origin'' Ter. Sequence (5 ' -3 ' ) 

5173 na MGL 3' GTGAACTAACCCCCTAAGCAG 

MGLF5541 na MGL 3' TTCCAGACAAGCCTCGGGC 

361405R na MGL 5' GCCGTACGCAGCGACGTA 

G126#23 na G-126 5' ATAACAACGGGCCTAAGGG 

G126#26 na G-126 5' TAGGCCCAACAGGTAGAACG 

G156#ll na G-156 3' AATTGCTTGACTGTTTGGAA 

Guyll#l na Guy-11 3' AATGGTGGAGGATGCTTGAT 

8A7-3 ' 84 4392-1-6 3' CCGACGATCAAACCATAACC 

2H8-5' na 4392-1-6 5' TCTTGCTCCAAACTTTCC 

8C4-5' 90 4392-1-6 5' GCTTCGGCATTGTATCTATC 

0184#1 92 0-184 3' CCCCTTGCTAAATTACTGCC 

0184#6 93 0-184 5' CCCTCGAACCCAACCTACAT 
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Table 3.3 Polymorphic A/GZ. insertions in thirty-one M grisea isolates. Presence of an 

MGL insertion at a specific locus as determined by PGR is indicated by a "1". Absence of 

an insertion at a locus is indicated by a "0". Isolates that did not contain any of the 

thirteen insertions are not included in this table. These include G-I7, G-48, G-58, G-65, 

G-I60, and G-165. The insertions are: A. Insertion defined by primer G-126#23; B. 

Insertion defined by primer G-126#26; C. Insertion defined by primer G-156#l 1; D. 

Insertion defined by primer Guyl 1#1; E. Insertion defined by the primer 8A7-3'; F. The 

second insertion defined by primer 8A7-3'. The amplified fi-agment is 100 bp larger than 

that seen in isolates with a single insertion at this locus. By definition, all isolates with this 

insertion also have insertion E; G. The insertion defined by primer 2H8-5'; H. The second 

insertion defined by primer 0-184#l. This insertion results in an amplified fi-agment 400 

bp shorter than that seen in strains with a single insertion at this locus. By definition, all 

isolates with this insertion also have an insertion at locus I; I. The first insertion defined by 

8C4-5'. J. The insertion defined by the primer 8C4-5'; K. One insertion identified by 

primer 0-184#6. Amplifies a 1.5 kb fi"agment; L. A second insertion defined by primer O-

184#6. Amplifies a 700 bp fi^agment; M. A third insertion defined by primer 0-184#6. 

Amplifies a 1.9 kb fi-agment. 



Table 3.3 
Insertion 

Isolate A B c D E F G 

G-17 0 0 0 0 0 0 0 

G-22 1 1 0 0 0 0 0 
G-40 0 0 0 0 0 0 0 
G-68 0 0 0 0 0 0 0 
G-71 1 1 0 0 0 0 0 
G-126 1 1 0 0 0 0 0 
G-156 0 0 1 0 0 0 0 
G-161 0 0 0 0 0 0 0 
G-163 0 0 0 0 0 0 0 
G-164 0 0 0 0 1 1 0 

G-166 1 1 0 0 0 0 0 
G-172 1 1 0 0 0 0 0 
0-17 0 0 0 0 1 0 0 
0-42 0 0 0 0 1 0 0 
0-70 0 0 0 0 1 0 0 

0-111 0 0 0 0 1 0 0 
0-128 0 0 0 0 1 0 0 
0-135 0 0 0 0 1 0 1 
0-137 0 0 0 0 1 0 0 

0-142 0 0 0 0 1 0 0 
0-184 0 0 0 0 1 0 1 

H I J K L M 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 1 0 
0 0 0 0 0 1 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 1 0 
0 0 0 0 0 1 
0 0 0 0 1 0 
0 1 1 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 1 1 0 0 0 
1 1 1 0 0 0 
0 1 1 0 0 0 
1 1 1 0 0 0 
0 1 0 0 0 
1 1 1 0 0 0 
0 1 1 0 0 0 
0 1 1 0 0 0 
1 1 0 1 0 0 



Table iJi-Continued 

Insertion 

Isolate A B C D E F G 

0-188 0 0 0 0 1 0 0 

0-190 0 0 0 0 1 0 1 
0-219 0 0 0 0 1 0 0 

0-245 0 0 0 0 1 0 0 

0-250 0 0 0 0 1 0 0 

0-254 0 0 0 0 1 0 1 
0-256 0 0 0 0 1 0 0 

0-259 0 0 0 0 1 0 0 

0-282 0 0 0 0 1 0 0 
0-283 0 0 0 0 1 0 0 

Guy-11 0 0 0 1 1 0 0 

H J K L M 

0 1 0 0 0 

1 0 0 0 0 

0 1 0 0 0 

0 1 0 0 0 

0 1 0 0 0 

1 0 0 0 

0 1 0 0 0 

0 1 0 0 0 

1 1 1 0 0 

1 1 1 0 0 

0 0 0 0 0 
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Figure 3.1 MGL copy number in M grisea strains isolated from non-rice hosts. 

A. Southern results. Each band represents a single MGL insertion. Five ng of genomic 

DNA for each isolate was digested with £coRI and separated on a 0.7% agarose gel. 

Hybridization to the plasmid pCB699 was done at 65 °C. Following hybridization the 

membrane was rinsed once at 65°C in 2X SSPE;0.1% SDS for five minutes and twice at 

65°C in 0.2X SSPE.0.1% SDS for twenty minutes. Lane 1, G-17; lane 2, G-22; lane 3, 

G-40; lane 4, G-48; lane 5, G-58; lane 6, G-65; lane 7, G-68; lane 8, G-71; lane 9, G-126; 

lane 10, G-156; lane 11, G-160; lane 12, G-161; lane 13, G-163; lane 14, G-164; lane 15, 

G-165; lane 16, G-166. 

B. MGL restriction map showing the probe used in the hybridization. \i=Hmdni, 

E=£"coRI, B=5awHI, S=5a/I. The polymorphic HindSl site described in Chapter 2 is 

marked with an asterisk. 
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Figure 3.2 MGL conservation inM grisea strains isolated from non-rice hosts. 

A. Southern results. Five ng of genomic DNA for each was digested with BcmYQ. and 

separated on a 0.7% agarose gel. Hybridization to the plasmid pCB689 was done at 65°C 

overnight. Following hybridization the membrane was rinsed once at 65°C in 2X 

SSPE.0.1% SDS for five minutes and twice at 65°C in 0.2X SSPE;0.1% SDS for twenty 

minutes. Lane I, G-17; lane 2, G-22; lane 3, G-40; lane 4, G-48; lane 5, G-58; lane 6, G-

65; lane 7, G-68; lane 8, G-71; lane 9, G-126; lane 10, G-156; lane 11, G-160; lane 12, G-

161; lane 13, G-163; lane 14, G-164; lane 15, G-165; lane 16, G-166; lane 17, G-172. 

B. MGL restriction map showing the probe used in the hybridization. }i=Hmd[]l, 

E=£"coRI, B=5awHI, S=5a/I. The polymorphic HincHn. site described in Chapter 2 is 

marked with an asterisk. 
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Figure 3.3 Presence of a polymorphic Hind^IL site in rice isolate copies of MGL. 

A. Southern results. Genomic DNA was digested with HincMi and probed with pCB689. 

Data is courtesy of Marc Orbach. Lane I, 0-70; lane 2, 0-142; lane 3, 0-172; lane 4, O-

188; lane 5, 0-190; lane 6, 0-219; lane 7, 0-222; lane 9, 0-250; lane 10, 0-256; lane 11, 

0-281. 

B. MGL restriction map showing the probe used in the analysis. E=£coRI, 

B=5amHI, S=6a/I. The polymorphic HindSH site described in Chapter 2 is marked with 

an asterisk. 



Figure 3.3 
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Figure 3.4 Presence of the polymorphic HindSH site in non-rice isolate copies ofMGL. 

A. Southern results. Five ng of genomic DNA from each strain was digested with HindOl 

and separated on a 0.7% agarose gel. Hybridization to the plasmid pCB689 was done at 

65°C. Following hybridization the membrane was rinsed once at in 2X SSPE;0.1% 

SDS for five minutes and twice at eS'C in 0.2X SSPE;0.1% SDS for twenty minutes. 

Lane 1, G-48; lane 2, G-58; lane 3, G-65; lane 4, G-68; lane 5, G-160; lane 6, G-161; lane 

7, G-163; lane 8,G-164. 

B. MGL restriction map showing the probe used in the hybridization. H=Hindni, 

E=£icoRI, B=BamHl, S=San.. The polymorphic HindOl site described in Chapter 2 is 

marked with an asterisk. 
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Figure 3.4 
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Figure 3.5 Mg-SINE copy number in non-rice isolated strains of M. grisea. 

Southern results. The same filter used in Figure 3.2 was reprobed with the Mg-SINE 

probe pAM809 at 65 "C. Following hybridization the membrane was rinsed once at 65°C 

in 2X SSPE:0.1% SDS for five minutes and twice at 65°C in 0.2X SSPE;0.1% SDS for 

twenty minutes. Lane 1, G-17; lane 2, G-22; lane 3, G-40; lane 4, G-48; lane 5, G-58; 

lane 6, G-65; lane 7, G-68; lane 8, G-71; lane 9, G-126; lane 10, G-156; lane 11, G-160; 

lane 12, G-161; lane 13, G-163; lane 14, G-164; lane 15, G-165; lane 16, G-166; lane 17, 

G-172. 
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Figure 3.6 MGL transcription in five M. grisea strains. 

A. Northern results. Poly (A) RNA was separated on a 1.2% agarose denaturing gel. 

Hybridization to pCB699 was overnight at 42° C. The hybridized membrane was washed 

twice in 0.2X SSPE;0.1% SDS at 42°C 

B. Hybridization of the same membrane to theM grisea ilvl gene. The membrane was 

probed under conditions identical to those for the MGL probe. The diflFering intensities in 

each lane indicate that unequal RNA amounts were loaded. Significantly less Guy-11 

EINA was loaded in this analysis. 

C. MGL restriction map showing open reading fi"ames and the probe used in the 

hybridization. 
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Figure 3.7 MGL insertion polymorphism in isolate G-164 as detected by the flanking 

primer 8A7-3'. The 450 bp fragment in the rice isolates is the result of a single MGL 

insertion at this locus. The 550 bp fragment in G-164 is the result of a second MGL 

insertion at this locus. Fifteen ^il of the PGR reaction products using primer 8A7-3' and 

the opposing A/GZ. specific primer A</GZ,F554I were separated on 1.2% agarose. Lane 1, 

kb ladder size standard; lane 2, 0-17; lane 3, 0-42; lane 4, 0-70; lane 5, 0-l 11; lane 6, O-

128; lane 7,0-135; lane 8, 0-137; lane 9, 0-142; lane 10, 0-184; lane 11, 0-188; lane 12, 

0-190; lane 13, 0-219; lane 14, 0-245; lane 15, 0-250; lane 16, 0-254; lane 17, 0-256; 

lane 18, 0-259; lane 19, 0-282; lane 20, 0-283; lane 21, Guy 11; land 22, G-164; lane 23, 

kb ladder size standard. Isolates that did not contain any insertion at this locus are not 

included in the Figure. The size standards are in kilobases. 



Figure 3.7 

159 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 



160 

Figure 3.8 Model for the creation of the G-164 A/C7I insertion polymorphism detected by 

flanking primer 8A7-3'. In this model, the locus is occupied by a single MGZ copy. PCR 

analysis of this locus amplifies a 450 bp fragment. This is the insertion present in all rice 

isolates and in G-164. In G-164, a second A/GZ copy inserted into the 3' terminus of the 

first copy. As a result PCR using the same primers amplifies a 100 bp larger fi-agment. 
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Figure 3.9 MGL insertion polymorphism detected by the flanking primer 0-184#l. The 

900 bp fragment results from a single MGL insertion at this locus. The 450 bp insertion 

results from a second insertion at this locus. Fifteen ^l of the PGR reaction products using 

primer 0-184#l and the opposing A/(7I specific primer A/GZF5541 were separated on 

1.2% agarose. Lane I, kb ladder size standard; lane 2, 0-17; lane 3, 0-42; lane 4, 0-70; 

lane 5, 0-1II; lane 6, 0-128; lane 7,0-135; lane 8, 0-137; lane 9, 0-142; lane 10, 0-184; 

lane 11, 0-188; lane 12, 0-190; lane 13, 0-219; lane 14, 0-245; lane 15, 0-250; lane 16, 

0-254; lane 17, 0-256; lane 18, 0-259; lane 19, 0-282; lane 20, 0-283; lane 21, Guy-11; 

lane 22, G-164; lane 23, kb ladder size standard. The band in 0-190 is very faint in this 

figure, but is of equal size to that seen in the 0-184 lane. Isolates that had no MGL 

insertions at this locus are not included in the figure. 
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Figure 3.10 Model for the creation of the rice isolate polymorphism detected by flanking 

primer 0-184#I. All rice isolates and G-164 have an insertion at this locus. In some 

isolates a second MGL copy has inserted 3' of the first. The second insertion results in the 

amplification of PGR fragment 500 bp shorter than that seen in isolates with only the first 

insertion. 



Figure 3.10 

165 

MGL#1 

900 bp 

MGL#1 
MGL Insertion 

J 

MGL#1 

=5^5;= 
MGL#2 

450 bp 



166 

Figure 3.11 M grisea phylogeny created using polymorphic A/GZ, insertion loci. The tree 

was constructed by random branch addition (50 replications) using PAUP 3.0 (SwofFord, 

1990). "Root" is a hypothetical progenitor strain which does not contain an insertion at 

any locus. 
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0-254 Oryza sativa 
0-282 Oryza sativa 
0-283 Oryza sativa 
0-70 Oryza sativa 
0-137 Otyza sativa 
0-142 Oryza sativa 
0-188 Oryza sativa 
0-219 Oryza sativa 
0-245 Oryza sativa 
0-250 Oryzja sativa 
0-256 Oryza sativa 
0-259 Oryza sativa 
0-128 Oryza sativa 
Guy-11 Oryza sativa 
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Figure 3.12 Detection of RFLPs at the ilvl locus in eighteen M grisea isolates. Five |ig 

of genomic DNA for each isolate was digested with^omHI and separated on a 0.7% 

agarose gel. Hybridization to the plasmid pCB689 was done at 65''C overnight. 

Follov^dng hybridization the membrane was rinsed once at 65°C in 2X SSPErO. 1% SDS 

for five minutes and twice at 65°C in 0.2X SSPE;0.1% SDS for twenty minutes. Lane 1, 

G-17; lane 2, G-22; lane 3, G-40; lane 4, G-48; lane 5, G-58; lane 6, G-65; lane 7, G-68; 

lane 8, G-71; lane 9, G-126; lane 10, G-156; lane 11, G-160; lane 12, G-161; lane 13, G-

163; lane 14, G-164; lane 15, G-165; lane 16, G-166; lane 17, G-172; lane 18, 0-137. The 

band for G-156 is faint in this figure, but is of a size equal to that seen for G-163. 
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IV. THE SECOND OPEN READING FRAME OF MGL DOES NOT 

EXPRESS REVERSE TRANSCRIPTASE ACTIVITY THAT IS 

DETECTABLE AFTER HETEROLOGOUS EXPRESSION IN 

SACCHAROMYCES CEREVISIAE 

Introduction 

Retroelements require active reverse transcriptase for transposition. After 

transcription of the genomic copy of the element, reverse transcriptase is needed to 

synthesize a cDNA transcript that can insert back into the genome. The requirement for 

reverse transcriptase is so fundamental to these elements that ahnost all classes of 

retroelements have evolved to maintain their own copy of a reverse transcriptase open 

reading frame (ORF), with the short interspersed nuclear elements (SINEs) being the only 

known exception (Hutchison HI et al. 1989; Okada, 1991). 

MGL is a non-LTR retroelement isolated from the plant pathogenic fungus M 

grisea. MGL has two ORFs, the second of which (0RF2) encodes a protein with strong 

homology to the reverse transcriptase (RT) ORFs of other retroelements. The sequence 

of MGL 0RF2 suggests that it codes for an active RT. First, the ORF contains conserved 

domains that are required for RT activity and that are found in the appropriate order 

(Johnson et al. 1986; Xiong and Eickbush, 1990; McClure, 1993). Second, ihtMGL 

0RF2 RT domains are highly similar to reverse transcriptase domains from non-LTR 

retroelements for which activity has been demonstrated (Chapter 2 of this dissertation) 
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(Gabriel and Boeke, 1991; Ivanov et al. 1991; Mathias et al. 1991). Sequence homology, 

however, is not suflBcient to determine the activity of a putative protein. RT ORFs encode 

large proteins that include domains for multiple enzymatic activities (McClure, 1991; 

McClure, 1993). The RT domain oiMGL 0RF2 comprises only 19% of the total ORF. 

It is probable, therefore, that regions outside of the RT domain affect activity of the 

protein, either directly or by influencing folding of the final protein product. These 

regions show little homology between RT ORFs and are therefore not able to be 

characterized by sequence comparison. 

Investigation ofMGL 0RF2 activity may help to understand the movement of 

MGL, as an active RT is required for transposition. In laboratory cultures, M. grisea rice 

isolates show no detectable MGL movement. This is in spite of what appears to be 

constitutive MGL transcription in these isolates. One hypothesis for the absence of MGL 

transposition is that reverse transcriptase expression is regulated. In this case, normal 

growth conditions would not favor the production of 0RF2 and thus the mutagenic effects 

of MGL transposition would be controlled. In some environmental conditions, stress 

perhaps, the RT would be produced andA/GZ. would move. Determining if MGL 0RF2 

encodes an active RT will allow investigation into the regulation and effects of expression 

in vivo. 
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Materials and Methods 

Nucleic acid isolation and manipulation 

Restriction digestion and DNA modification enzymes were purchased fi-om BRL 

(Life Technologies, Gaithersburg, MD) and used under the conditions specified by the 

supplier. Small scale plasmid DNA isolations fi'om bacteria were done by the boiling lysis 

method (Holmes and Quigley, 1981; Ausubel et al. 1987). Sequencing was done by the 

dideoxynucleotide chain-termination method (Sanger et al. 1977) using the Sequenase 2.0 

kit fi-om U.S. Biochemicals. 

Yeast strains 

S. cerevisiae strain YH50 {MATcdiis3A200 ura3-167 trplAl leu2Al spt3-I01) 

was used for all experiments. The strain was kindly provided by Jef D. Boeke (Johns 

Hopkins University School of Medicine). The spt3 mutation decreases expression of 

native Tyl elements 10- to 20- fold (Winston et al. 1984). 

Plasmids used in this study 

(i) pSM40. The ^GALl-Tyl positive control plasmid (Dombroski et al. 1994). 

The plasmid contains the S. cerevisiae trpl gene allowing selection for tryptophan 

prototrophy. BCindly provided by J.D. Boeke. 

(ii) pSMSO. This plasmid contains the GALl promoter fused to an antisense HIS3 

gene including the native H1S3 promoter (Dombroski et al. 1994). The HIS3 gene 

contains an artificial intron in the same orientation (5-3') as transcription initiated from the 
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GALl promoter. The plasmid carries S. cerevisiae URA3 gene allowing selection for 

uracil prototrophy . Kindly provided by J.D. Boeke. 

(iii) pAM831. The ^GAL1-TYAJMGLLKT plasmid pAM831 was constructed by 

replacing the 3.4 kb TYB containing fragment of pSM40 with a 2.0 kb SatlApal 

MGL fragment. The site of pAM40 and the Apal site of the insert were blunt ended 

using SI nuclease (Ausubel et al. 1987). This insert contains the C-terminus of MGL 

0RF2 from nt 4045 to 5815 and lacks the RT motif It was taken from pAM748 (M.A. 

Meyn, unpublished). 

(iv) pAM854. The ^GALl-TyUMGLKl (hybrid) plasmid pAM854 was 

constructed by replacing the 3.4 kb Sall:Sstl TYB containing fragment of pSM40 with a 

3.9 kb Sa[i:Sstl fragment from pAM852 (Meyn, unpublished). This fragment contains the 

MGL region from nt 1961 to 5815. The 0RF2 construct in pAM852 is a hybrid 

comprising 0RF2 fragments from two A/GZ, copies, arising from pCB583 and pCB682. 

The ORF was designed so as to contain only fragments for which the exact sequence was 

known. The ORP used in this construct is truncated by 47 amino acids at the N-terminus. 

(v) pAM906. The ^GALl-TyllMGLKY (pCB683) plasmid pAM906 was 

constructed by replacing the 3.4 kb SaK:Sstl TYB containing fragment of pSM40 with the 

3.8 kb MGL ORP2 containing fragment from pAM900 (Meyn, unpublished). This 

construct contains the A/GZ region from nt 1816 to 5815 and was originally cloned from a 

lambda clone of a library of laboratory strain 4396-1-1. 

(vi) pAM907.The ^GALl-Tyl/MGLKl (2H8) plasmid pAM906 was constructed 
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by replacing the 3.4 kb Sall:Sstl TYB containing fragment of pSM40 with the 3.8 kb MGL 

0RF2 containing fragment from pAM901 (Meyn, unpublished). This construct contains 

the MGL region from nt 1816 to 5815 and was originally cloned from cosmid 2H8 of the 

laboratory strain 4392-1-6. 

Isolation of virus-like particles (VLPs) 

VLPs were isolated using a protocol modified from Muller et al. (1987). Yeast cells were 

transformed with one of the test constructs and selected for on SC-trp medium. The 

transformants were purified and individual colonies were used to inoculate 50 ml liquid 

cultures in SC-trp medium. The cultures were grown shaking at 30°C and 200 RPM until 

an ODgoo of 0.5 was reached. The cells were pelleted at 5,000 RPM (4,000 x g) for 10 

minutes in a Beckman JA-14 rotor for five minutes and resuspended in 50 ml of SC + 2% 

casamino acids containing 0.1% glucose. They were then grown shaking at 200 RPM at 

30°C for 24 hours. The entire cultures were then added to 200 ml YNB + 2% casamino 

acids containing 2% galactose and grown at 200 RPM at 22°C for another 24 hours 

which allowed expression of genes under GALJ promoter control. The induced cultures 

were spun at 5,000 RPM (4,000 x g) for 10 min in a Beckman JA-14 rotor, washed once 

with distilled water, and resuspended in 5 ml ice cold Buflfer B/EDTA (15mM KCl, lOmM 

HEPES pH 7.8, 5mM EDTA) containing 3niM dithiothreitol, 2mM phenylmethyl-sulfonyl 

fluoride (PMSF). All subsequent steps were performed at 4°C. Yeast cells were broken 

by vortexing with glass beads for five minutes. That procedure was repeated five times. 

The initial extract and two 2 ml washes were combined and centrifiiged for 60 min at 
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17,000 RPM (40,000 x g) in a Beckman JA-17 rotor. The supernatant was finally 

centrifiiged for 2 hours at 40,000 RPM (100,000 x g) in a Beckman Ti50 rotor to enrich 

for VLPs. The pellet was resuspended in 500 nl Buffer B/EDTA. Protein concentrations 

of the VLP preparations were determined using the BioRad Protein Assay (BioRad 

Corporation). 

Reverse transcriptase assay of VLP preparations 

Five |il of the VLP preparation were assayed in 30 nl reactions containing 10 mM MgCU, 

50mM Tris-HCl pH8.0, 2%P-mercaptoethanol, 50 ng/^l poly(rC)*p(dG),2.,g (Pharmacia) 

and 60|iCi/ml [a-"P]-dGTP (3,000 Ci/mmol) (NEN Research Products). The reactions 

were incubated at 30°C for 1 hour. Following incubation, 20 ^l of each reaction was 

spotted onto DE81 filter paper (Whatman) and air dried. The dried filters were washed 

with 2X SSPE (3 times for 20 min), rinsed with 95% EtOH and air dried. Incorporation 

of radiolabeled nucleotides was determined by scintillation counting of the washed filters. 

Results were reported as counts per minute per ng of VLP preparation used in the 

reaction. 

HISS pseudogene assay 

To assay for in vivo RT activity xh^HISS pseudogene assay of Dombroski et al. (1994) 

was performed. Cells transformed with pSM40 or a lylMGL 0RF2 expression construct 

and the indicator plasmid (pSM50) were selected on SC-ura-trp medium. The 

transformants were purified and three independent colonies were grown as large patches 

(2.5 cm diameter) on SC-ura-trp plus 2% glucose medium for 3 days at 30°C. To induce 
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expression of the ly/MGL constructs, the patches were replica plated to SC-ura-trp plates 

containing 2% galactose and incubated for five days at 22 °C. After induction, patches 

were scraped into 5 ml of distilled water. 500 ^il of the original dilution was plated onto 

SC-his plus 2% dextrose plates which allows for selection of cells with the His 

pseudogene. The remaining solution was serially diluted. 500 }il of a 10'^ dilution and 

500 |il of a 10"^ dilution were plated onto YPD media. Cells were grown for two days at 

30°C, counted, and the number of His+ colonies/total cells calculated. 
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Results 

Strategies used for the assay of MGL ORF2 RT activity 

Preliminary attempts to express MGL ORF2 as a fusion protein in Escherichia coli 

were unsuccessful. A truncated 0RF2 construct did produce a small amount of fusion 

protein, but the results were poor enough that expression of the full 0RF2 was not 

attempted. There are several potential explanations for the poor expression. One is the 

presence of rare E. coli codons \nMGL 0RF2 (Zhang et al. 1991). For example, 22 

(18%) of the leucine codons in 0RF2 are encoded by the codon CTA. In E. coli this 

codon is used only 2.6% of the time (Andersson and Kurland, 1990). Other suggestions 

for poor expression of eukaryotic genes in E.coli include gene toxicity, mRNA secondary 

structure (Lee et al. 1987), and poor protein stability (Tobias et al. 1991). Any one or a 

combination of these difficulties may have been a factor in the poor 0RF2 expression. 

As an alternative to expression in E. coli, two expression systems based on the Tyl 

retroelement of Saccharomyces cerevisiae were used to assay MGL 0RF2 for reverse 

transcriptase activity. Tyl is an LTR-type retroelement that has two overlapping ORFs 

(Kingsman and Kingsman, 1988). The first, TYA, encodes a gag-like protein. The 

second, TYB, encodes a protein with RT activity. Tyl expression in vivo begins with the 

transcription of a full length Tyl mRNA (Figure 4.1). This transcript is then used to 

produce two proteins, TYA and a TYA:TYB fusion protein. The fusion protein results 

from a +1 ribosomal frameshifl at a site near the C-terminus of TYA (Muller et al. 1987; 

Merkulov et al. 1996). The frameshifl is a regulated and infirequent event (Wilson et al. 
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1986). As a result, significantly less fusion protein is produced than TYA protein (Voytas 

and Boeke, 1993). Once translated, the TYA protein and the fusion protein assemble 

with Tyl mRNA into virus like particles (VLPs) in the cytoplasm of the yeast cell. 

Following assembly the fusion protein is cleaved and an intact TYB protein results (Muller 

et al. 1987). Purified VLPs contain RT activity and Tyl mRNA (Mellor et al. 1985; 

Garfinkel et al. 1985). 

The first assay used to test MGZ, ORF2 for activity took advantage of the ease 

with which VLPs can be isolated fi'om yeast cultures. Fusion of a Tyl element to the 

galactose inducible GALl promoter results in the production of a high intracellular 

concentration of VLPs when cultures are grown in galactose. The VLPs can be easily 

purified fi'om disrupted yeast cells using a series of centrifiigation steps (Bums et al. 1994; 

Mellor et al. 1985). The VLPs can then be assayed for RT activity (Goflf et al. 1981; 

Mellor et al. 1985). Using this system, RTs fi-om other systems can be tested for activity 

by replacing TYB with the RT ORF under investigation. Heterologous Tyl VLPs have 

been used successfully to detect RT activity from several retroelements including human 

LI (Mathias et al. 1991) and the trypanosome LTR retroelement CREl (Gabriel and 

Boeke, 1991). 

The second assay used to test MGL 0RF2 was an in vivo assay developed by 

Dombroski et al. (1994). This assay relies on the ability of Tyl TYB to reverse transcribe 

a HISS reporter construct in vivo (Figure 4.2). Two constructs are transformed into 

yeast HIS3 auxotrophs. One construct contains Tyl under GALl regulation. The second 
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construct contains an antisense HISS gene, including the native promoter, under GALl 

regulation. An intron is included in the construct to prevent background HISS expression. 

Under galactose induction, the antisense gene is transcribed and the intron processed out 

of the gene. In the presence of active reverse transcriptase, the HIS3 gene is reverse 

transcribed. The cDNA is then able to integrate into the yeast genome forming what has 

been described as a HISS pseudogene (Derr et al. 1991), resulting in a His" yeast cell. As 

in the VLP purification method, heterologous RTs can be assayed for activity in this 

system by replacing the TYB ORP with an RT ORF of interest. This in vivo assay has 

been suggested to be more sensitive to low amounts of RT activity than the in vitro assay 

described above and has been successfully used to test the human Li RT ORF for activity 

(Sassaman et al. 1997; Dombroski et al. 1994). 

Tyl'.MGL ORF2 expression constructs 

Three TyI:MGL 0RF2 fusions were constructed for the analysis of RT activity in 

S. cerevisiae (Figure 4.3). The same constructs were used for the in vitro and the in vivo 

analyses. In all cases the TYB ORF of Tyl in the plasmid pSM40 was replaced with MGL 

0RF2 sequences fused in frame to the Sail site near the N-terminus of TYB. One 

construct, pAM854, contains a hybrid 0RF2 sequence. The hybrid 0RF2 was assembled 

so as to include firagments of 0RF2 that have been completely sequenced. As no single 

complete 0RF2 had been sequenced, it was necessary to combine portions of 0RF2 from 

two separate MGL copies. The 0RF2 sequence in pAM854 is fused to the Tyl Sail site 

at residue 49 of the MGL ORF. The remaining two fusion constructs, pAM906 and 
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pAM907, contain full 0RF2 sequences cloned from separate MGL copies. Each of these 

0RF2 sequences include the first residue of the 0RF2 sequence. The TYBiA/GZ, 0RF2 

fusion region was sequenced for each construct to confirm that the fusion ORF was in 

frame. 

In addition to the test constructs, RT activity was also tested using two controls. 

The positive control was the complete Tyl copy in pSM40. A similar construct has been 

shown to provide RT activity using both the in vitro and in vivo assays (Dombroski et al. 

1994; Mathias et al. 1991). The negative control contained the C-terminal region ofMGZ 

0RF2 ligated to the TYB Sail site in pSM40. This portion of 0RF2 does not contain the 

RT domains required for activity (McClure, 1991). 

RT activity is not detected using the in vitro VLP preparation 

Assays of VLP preparations did not show RT activity for any of the MGL 0RF2 

constructs (Table 4.1). The positive Tyl control results (pSM40) were similar to those 

seen in other studies (Mathias et al. 1991). The pH and temperature conditions used for 

the RT assays were similar to those used for the analysis of activity for RTs cloned from 

other non-LTR retroelements (Mathias et al. 1991; Ivanov et al. 1991). In case the A/GZ-

RT activity was too low to be detected under these conditions, other temperatures and pH 

conditions were tried. None of these conditions yielded detectable RT activity ^or MGL 

0RF2 (Table 4.1). In addition, the detergent Nonidet P-40 (NP-40) has been observed to 

be required for the detection of RT activity from purified retrovirus (Temin and Mizutani, 

1970). While NP-40 is generally not required for the detection of RT from Tyl VLPs, the 
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presence of NP-40 in the reaction mix does increase detectable RT activity in these 

preparations (Mellor et al. 1985). To increase the probability of detecting low amounts of 

MGL RT activity, RT assays were done using 0.05% NP-40 in the reaction mix. No MGL 

RT activity was detected in these reactions. 

To ensure that VLPs were being produced in the TyllMGL fusions Northern 

analysis was used to check for the presence of MGL RNA in the VLP preparations. RNA 

was purified from ten micrograms of VLP protein, spotted on nylon membrane, and 

probed with pAM906. RNA was detected in each TyllMGL VLP preparation (data not 

shown). 

RT activity is not detected using the in vivo HIS3 pseudogene assay 

RT activity was not detected for any of the MGL 0RF2 test constructs using the in 

vivo HISS pseudogene assay (Table 4.2). Three separate colonies carrying an RT 

construct and pSM50 were assayed for each construct. The number of His+ colonies 

resulting fi"om the positive TyJ control were similar to those described in the literature 

(Dombroski et al. 1994). The TyJ MGL constructs did not produce any His+ colonies in 

any of the three assays. 
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Discussion 

In this chapter I tested three MGL 0RF2 constructs for RT activity using two 

separate assays. In neither case did any construct demonstrate RT activity beyond that 

seen with the negative control. This is in spite of, in one construct, a sequenced ORF that 

was known to be intact and to have a conserved RT domain containing residues critical 

for RT function. Possible explanations for this result are discussed. 

The simplest conclusion is that the three tested 0RF2 sequences do not encode a 

protein with RT activity. A lack of activity has been reported for several RT- like 

sequences isolated from algal organelles (Fassbender et al. 1994). The high A/GZ copy 

number in many M grisea isolates makes it difficult to generalize about MGL 

transposition based on the negative results obtained in this chapter, however. It is possible 

that other A/C7Z copies do contain 0RF2 sequences that would demonstrate RT activity in 

these assays. If this is the case, it raises questions about how MGL copies with non

functional RT sequences have come to exist in the M. grisea genome. One explanation is 

that random mutations in 0RF2 have eliminated RT activity in some MGZ, copies. 

Another explanation is that a functional RT has, in the past, acted in trans to reverse 

transcribe MGZ, mRNAs that lack an active RT. The MGL transcripts observed in high 

copy number isolates and the conserved nature of the 5' terminus in most characterized 

MGL elements suggest that many MGZ, copies are actively transcribed. If some of these 

mRNAs do not encode functional RT then active RT from another element might be 

utilized to complete the transposition cycle. In humans it has been suggested that RT 



183 

from retroelements only acts in cis with the mRNA from which it was generated (Boeke, 

1997). This hypothesis needs further testing, however, and the applicability of the results 

to other systems is not clear. It should be noted that functional RT need not come only 

from an MGL copy. RT is coded for by a wide variety of elements in fungi (Fassbender 

and Kuck, 1995). These include mitochondrial group II introns, mitochondrial plasmids, 

LTR retroelements, and non-LTR retroelements. In M. grisea, Maggy and Fosbury both 

contain RT like sequences and are found in isolates with high MGL copy number. 

Another explanation for the negative results described in this chapter is that the 5. 

cerevisiae expression system did not produce intact MGL 0RF2 protein product. As both 

expression protocols utilized a Tyl based expression strategy, an inability oiMGL 0RF2 

to be expressed by this system would give false negative results in both instances. 

Precedent suggests that the Tyl system is not RT specific. RTs from LTR and non-LTR 

retroelements have been successfully expressed and assayed using the VLP purification 

protocol and the in vivo assay (Mathias et al. 1991; Gabriel and Boeke, 1991; Sassaman et 

al. 1997; Dombroski et al. 1994). One possibility, however, is that a unique feature of the 

MGL 0RF2 protein is inhibiting proteolytic processing of the TYAJV/GZ, 0RF2 fusion 

product. The Tyl protease domain is present in each construct in the included portion of 

TYB and cleavage should occur near the C terminus of TYA (Muller et al. 1987; 

Merkulov et al. 1996). It is possible, however, that ih&MGL 0RF2 product inhibits this 

cleavage and the resulting TYA flision inhibits RT activity. Several RT assays have been 

done in which the RT is fused directly to TYA (Fassbender et al. 1994). The results of 
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these assays resulted in both positive and negative results, however, thus the ability of a 

TYA fusion to inhibit activity of an RT must be determined for each fusion. 

Alternatively, cleaved MGL 0RF2 protein may be produced in such small amounts 

that, in combination with low activity, active RT may not be detectable. The production of 

the TYA;TYB fusion protein via ribosomal frameshifting is a regulated event that occurs 

rarely (Clare et al. 1988). If the MGL RT has a low activity to begin with, it is possible 

that RT activity might not be detectable in these analyses. To address both of the 

possibilities, the VLP preparation could be repeated using Tyl expression vectors in which 

the protein of interest is fiised directly to a TYA construct that contains an artificial 

proteolytic cleavage site (Adams et al. 1994). After expression and VLP purification the 

fusion product can be cleaved by adding a specific protease. These vectors have been 

successfiilly used for the expression and purification of several eukaryotic proteins 

(Poggeler et al. 1996). Using these vectors to express A/GZ. 0RF2 would allow the 

production of an intact 0RF2 produa in amounts significantly greater than obtained when 

fused to TYB. 

A third possible explanation for the lack of activity is that the RT protein is not 

active under the conditions utilized in this analysis. RTs described in the literature show 

tolerance for non-optimal temperature and pH conditions (Mathias et al. 1991; Mellor et 

al. 1985; Ivanov et al. 1991; Gabriel and Boeke, 1991). The three temperature and two 

pH conditions used to test the MGL RT expressions suggest that sub-optimal reaction 

conditions are not the cause of the lack of observed activity. If MGL RT has specific 
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template requirements, however, the reaction conditions used could result in a lack of 

activity. Synthetic nucleic acid templates are the standared substrate used in RT assays 

(Goflf et al. 1981) and no examples of substrate specific RT activity could be found in the 

literature. However, the tri-nucleotide repeat at the 3' end oiMGL is intriguing firom the 

standpoint that the repeat is located the point at which RT priming would occur in vivo. If 

this sequence was needed to initiate RT activity the template used in the in vitro analysis 

might not be utilized by the MGL RT ORF. Biologically, the requirement for a specific 

template might be useful to prevent other retroelements fi'om parasitizing the activity of 

the MGL RT. For the N. crassa non-LTR retroelement Tad, active copies have been 

identified, and this element also has a tri-nucleotide repeat at the 3' terminus. Testing the 

Tad RT ORF for activity in the S. cerevisiae assays would be a useful test of possible 

template specificity created by the 3' repeat sequence. 
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Table 4.1 MGL 0RF2 reverse transcriptase activity in VLP purifications. Results are 

reported in CPM/hr/^g VLP. Standard assays conditions were at 30°C and pH 8.0. 

When individual conditions were altered, all other conditions remained as described in 

materials and methods. Each number is the average of two replications from a single 

expression. 



Table 4.1 

Assay 
Conditions 

pSM40 (Tyl) pAM831 
(TYAJWGLA 
RT) 

pAM853 
(TYAMGL 
hybrid) 

pAM906 
(TYAMGL 
pCB683) 

pAM907 
(TYAMGL 
2H8) 

37C 3405± 1153 23.9 ±7,4 25.4 ± 7.4 2,6 ±3.0 0 

30C 2871 ±234 41,7±7,5 49.2 ±37.1 16 ±0.64 0 

22C 1755 ±92 43.5± 15.1 6.0 ±8.4 23,9 ±7.4 1.6 ±2,2 

NP-40 3056 ± 476 27.5 ±38.9 12.3 ± 17.4 28,1 0 

pH 6,8 3526 ±566 155 ±94.8 72.4 ± 28.4 60,2 ± 16,1 11 ±4 
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Table 4.2 S. cerevisiae in vivo reverse transcriptase results. 'Strain name is followed by 

the name of the RT construct and the origin of the 0RF2 contained in the plasmid. Each 

number represents the mean of three separate assays. 
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Table 4.2 His"^ prototrophy 

Construct tested His" Frequency (per 10'^ cells) 

pSM40 (Tyl) 30 

pAM83 1(TYAJV/GZART) 0 

pAM854(TYA:A/GZ hybrid) 0 

pAM906(TYA:A/GZ pCB683) 0 

pAM907(TYA:A/GZ 2H8) 0 
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Figure 4.1 Tyl VLP production. Translation of the Tyl mRNA results in two proteins, 

pi (TYA) and p3 (TYA;TYB fusion). The two proteins assemble to form a particle 

containing Tyl mRNA. Following assembly, p3 is processed to produce active reverse 

transcriptase and other proteins (p2,p5,p6) (Gabriel and Boeke, 1993). 
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Figure 4.2 In vivo S. cerevisiae assay for analysis of RT activity. See text for details. 
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Figure 4.3 Constructs used for the analysis oiMGL 0RP2 reverse transcriptase activity. 

Each of the pAM constructs contain MGL 0RF2 sequence fused in frame to a Sail site 

near the N-terminus of TYB. Underlined regions have been sequenced. 



Figure 4.3 
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V. FINAL THOUGHTS 

In this dissertation I have described two principal lines of investigation involving 

the Magnaporthe grisea non-LTR retroelement MGL. The first was a characterization of 

the genetic and biocheniical properties of the element. This included an analysis of the 

structure of the element, identification of regions with retroelement similarity, 

characterizing A/GZ, transcripts, and a functional assay of 0RF2 for reverse transcriptase 

activity. The second was a study of the population dynamics of MGL within the species 

M. grisea. This included analyses oiMGL distribution, conservation, and copy number in 

M grisea strains isolated fi'om a variety of grass hosts, as well as the ability to investigate 

M grisea strain evolution using polymorphic MGZ, insertions. At this final stage it is 

worthwhile to consider the results of this dissertation in light of the problems of rice 

isolate stability discussed in Chapter One. 

The results presented in this dissertation provide evidence for three separate bursts 

of MGL amplification. A model describing the amplification of MGL in M. grisea is 

presented in Figure 5.1. The most interesting amplification in this model is the one leading 

to the development of virulence on rice, as this amplification is correlated with the 

development of virulence on a variety of new grass species. A prediction for this lineage 

is the occurrence of a singular event that led to amplification of MGL in a single M. grisea 

strain. Soon after amplification began, individual strains began to develop virulence on 

new grass hosts. The acquisition of new virulence phenotypes continued as MGL copy 

number continued to increase. Further, the event that originally led to amplification was 
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irreversible and MGL amplification continued in each new pathotype. Eventually, an 

isolate with moderate MGL copy number became virulent on rice. MGL transposition 

continued in this isolate. At the same time, however, rapid diversification onto new rice 

cultivars occurred. These early lineages on rice probably represent the origin of the clonal 

lineages observed by Levy et al. (1991b). 

The acquisition of rice virulence late in the amplification episode is supported by 

the similar A/GZ, HincRn. polymorphism patterns observed in Southern analyses. Further 

support is provided by the MGL insertion data. Two of seven insertions characterized 

from a rice isolate were found in all other rice isolates. If the rice isolates diverged into 

multiple lineages early in the amplification, MGL insertions common to all would be 

expected to be rare. The identification of groups of rice isolates with unique MGL 

insertions, however, provides evidence that transposition continued to occur after the 

development of the rice isolate lineages. It is possible that this continuous MGL 

transposition activity continued to disrupt avirulence genes, resulting in the development 

of new pathotypes. 

It is not clear if the correlation between MGL amplification and the acquisition of 

virulence on new host species is merely coincidental or \iMGL transposition directly 

contributed to the development of the new pathotypes. MGL amplification could result in 

the rapid development of virulence on new grass species if the resistance in the new host 

species was based on a gene-for-gene interaction. Insertion of an MGL copy into an 

avirulence gene would allow a strain to become pathogenic on the previously resistant 
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host if the gene was sufficiently disrupted. A better understanding of the mechanisms by 

which non-host species resist infection by M grisea would provide better insight into how 

a strain could rapidly develop virulence on new hosts. Also needed is a better 

understanding of how MGZ, transposition affects theM grisea phenotype. The effects of 

MGL amplification on host phenotype could be tested by stimulating transposition in vivo. 

The constitutive transcription of the elements suggests that transposition could be 

stimulated by reverse transcriptase. In preparation for these experiments, I have 

constructed two vectors, pAM55 and pAM74l (Meyn, unpublished) that can be used for 

induced expression in M grisea. Increased MGL movement could be assayed using a 

negative selection technique under conditions that induce expression of the MGL reverse 

transcriptase (Cove, 1976). 

The model of amplification presented makes several testable predictions. First, is 

that the MGL insertions found in low copy number isolates that have a similar ilvl allele as 

the rice isolates (G-22, G-71, G-126, G-166, and G-172) should also be present in all high 

copy number isolates in that lineage. Second, is that few of \.h.tMGL insertions in G-58 

should be found in the rice isolates. This is a result of the divergence of G-58 early in the 

amplification event. Both of these predictions are easily tested by characterizing MGL 

insertion loci fi^om the appropriate isolates. 

In addition to transposition, repetitive transposons generate genome instability by 

increasing the probability of genomic rearrangements. The karyotype polymorphisms that 

exist between the rice isolates provide strong evidence that genomic rearrangements are a 
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major contributor to the variability that exists in the rice isolates (Talbot et al. 1993b; 

Orbach et al. 1996). These rearrangements may be the result of recombination between 

MGL copies. At the same time, however, it is important to remember that a significant 

portion of the genome of rice isolates comprises repetitive DNA in addition to MGL. Six 

other repetitive transposons have been isolated from rice infecting isolates ofM grisea 

(Kachroo et al. 1995; Sone et al. 1993; Shull and Hamer, 1996; Farman et al. 1996b; 

Farman et al. 1996a; Kachroo et al. 1994). It seems unlikely that the rearrangements 

occurring in the rice isolates would involve A/GZ while excluding other repeats. 

One hypothesis to explain the karyotype variability and pathotype instability in the 

rice isolates is that these strains have a rate of mitotic recombination that is higher than in 

low copy number isolates. A high mitotic recombination rate would result in a variety of 

chromosomal rearrangements, including deletions. If an avirulence gene was lost as part of 

a deletion, then a strain would be able to infect a new set of host cultivars. 

A variety of mechanisms can result in an increased rate of mitotic recombination. 

Most simply, the higher recombination rate in these isolates may be a direct result of their 

high repetitive DNA content. Alternatively, a number of genes have been identified in 

other organisms that, when mutated, result in a hyper-recombination phenotype (Klein, 

1995). Many of these genes are involved in the DNA replication and repair processes 

(Wang et al. 1990). Mutations in two topoisomerases {TOP3 and HPRl) and a helicase 

iSGSl) result in increased rates of mitotic recombination between non-ribosomal repeated 

DNA sequences (Wallis et al. 1989; Watt et al. 1996; Aguilera and Klein, 1990). A similar 
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phenotype has been observed in Exoli and S. cerevisiae with mutations in genes involved 

in the DNA mismatch repair pathway (Petit et al. 1991; Datta et al. 1996). In mice, 

inactivation of the mismatch repair g&n&Msh2 gene results in increased mitotic 

recombination rates, methylation tolerance, and predisposes mutant individuals to 

malignant lymphomas (de Wind et al. 1995). Also intriguing are the phenotypes 

associated with mutations in the mammalian cell cycle regulator p53. Mutations in this 

gene and in related pathways have been associated with increased genomic instability and 

gene amplification (Bertrand et al. 1997; BouflQer et al. 1995). 

When MGR583 was first described in 1989 no transposable elements (TEs) had 

been isolated fi*om a filamentous fungus. A report of Tad was soon published, however, 

and as of this writing the number of described elements is well over thirty and growing on 

almost a monthly basis. Representatives of each of the major classes of eukaryotic 

transposons are found in the fiingal TEs. The increase in the number of described 

elements has occurred so quickly that it has left little time for reflection on how these 

elements are influencing the biology and evolution of their host organisms. 

M grisea and the transposons characterized fi"om it provide an excellent system 

with which we can begin to think about these questions and to test new theories 

experimentally. Transposons of all types have been isolated fi"om M. grisea. Some are 

specific to populations virulent on specific hosts while others are distributed throughout 

the species. Movement has been demonstrated for one, Pot3. Further, the presence of 

high transposon content in the rice isolates is correlated with a biological phenomenon, a 
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high level of genetic instability. A similar phenomenon has been described for a variety of 

fungal parasites pathogenic on plants (Dinoor et al. 1988; Braithwaite et al. 1997) and 

animals (Rustchenko-Bulgac et al. 1990). This suggests that genomic instability may be a 

selected trait in these organisms. M grisea has been developed as a model system for the 

study of fungal plant parasites. The opportunity now exists to expand this model system 

to include understanding the role that TEs play in the evolution and development of 

pathogenicity. 
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Figure 5.1 Model for three independent MGZ. amplification events inM grisea. The 

letter below each lineage refers to the ilvJ allele of the isolates in the lineage (See Table 

3.1). The model hypothesizes thatM grisea rice isolates diverged into cultivar specific 

lines late in the amplification that occurred in the "B" lineage. The presence of high Mg-

SINE copy number in the "B" lineage provides evidence that Mg-SINE amplification 

coincided with that of MGL in this instance. No isolates outside of this lineage with high 

Mg-SINE copy number have been identified. The non-rice isolates in the box are all low 

MGL copy isolates with the same ilvl allele found in high copy number isolates in that 

lineage. The model is based on HindQl polymorphism patterns (Figure 2.3 and 3.4), ilvl 

alleles (Figure 3.12), and the A/GZ, insertion site phylogeny (Figure 3.11). 
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