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Introduction

Metarhizium anisopliae, Beauveria bassiana and Verticillium lecanii are

insect pathogenic fungi currently being developed as commercial biological control

agents. These deuteromycetous fungi are ubiquitous, opportunistic pathogens

capable of infecting a wide range of insect hosts. The application of chemical

pesticides has been the principle method for insect control in conventional

agriculture. Evidence has shown that the excessive use of chemicals can be harmful

to the environment, human health and insects can develop resistance to the chemicals

(Strasser et al. 2000). The use of entomopathogenic fungi offers an effective and

environmentally safer alternative to chemical insecticides.

The mode of infection of most entomopathogenic fungi is to penetrate the

insect cuticle by enzymatic and/or physiological mechanisms (St. Leger 1993).

Conidia come in contact with the insect, and adhere to the cuticle surface via

enzymatic processes, hydrophobic forces, and/or by producing a mucilaginous coat

(St. Leger 1993). The attachment of the fungal spores to the host surface is initiated

by hydrophobic interactions between hydrophobic and the waxy surface of the

insect cuticle (Boucias et al. 1988). Fungal hydrophobins are moderately

hydrophobic, secreted proteins with eight cysteine residues arranged in a particular

manner in their amino acid sequence (Kershaw and Talbot, 1998). Once attached,

the conidium germinates and penetrates the insect cuticle with cuticle degrading

enzymes and mechanical force (St. Leger, 1993).

The infective propagule of insect pathogenic fungi is the conidium, which is

produced terminally from specialized cells differentiated from the vegetative





mycelium. Commercial development of these fungi will involve the mass

production and harvesting of conidia that can then be applied for insect pest control

in agricultural or forest applications. We have observed that during culturing, strains

may irreversibly lose the ability to produce conidia, a phenomenon termed

pleomorphic deterioration. Pleomorphic deterioration has also been observed in

phytopathogenic fungi and industrially important fungi. The shift from a conidiating

culture to a purely mycelial culture can occur spontaneously as mycelial sectors or

gradually during repeated subculturing. Pleomorphic deterioration is often

accompanied by other changes in phenotypic characters such as loss of virulence.

There are two particular problems for commercial development of

entomopathogenic fungi where cultural stability is essential. First, there may be

decreased production of the infective propagules, and second there is a potential

instability in pathogenicity. The elucidation of the environmental factors that affect

conidiation and pleomorphic deterioration will allow cultural manipulation to

optimize conidiation and circumvent pleomorphic deterioration. Knowledge of the

genetic aspects of conidiation and pleomorphic deterioration may provide a means

to control conidiation and prevent pleomorphic deterioration through genetic

engineering.

The following chapters will investigate various aspects of conidiation and

pleomorphic deterioration in three species of entomopathogenic fungi, Metarhizium

anisopliae, Beauveria bassiana and Verticillium lecanii. The first section is a

literature review of pleomorphic deterioration in fungi, including the environmental

factors involved and the existing hypotheses regarding the genetic basis of





conidiation and pleomorphic deterioration. This chapter provides an introduction of

the topic, the background that forms the purpose and basis for further research, and

introduces some* of the concepts and ideas that have been previously presented in the

literature. It also provides justification for further investigation of this topic, both

from the applied perspective of implications for industry, and a more academic

enhancement of our understanding of the developmental genetics of fungi.

The two subsequent chapters focus on the environmental factors involved in

pleomorphic deterioration and conidiation in entomopathogenic fungi. Chapter two

deals with conidium production by insect pathogenic fungi on various commercially

available agar media. The nutrient composition and depth of the growth medium

were varied and conidial counts were used to assess how the different solid-substrate

conditions affected conidiation. These experiments were done primarily as a

diagnostic tool to find the conditions that were optimal both for growth and conidia

production. The third chapter is an analysis of whether pleiomorphic deterioration

occurs in the insect pathogenic fungi M. anisopliae, B. bassiana and/or V. lecanii,

and whether the depth of the medium contributes to the rate at which pleiomorphic

deterioration occurs in different strains and species? Bioassays with locusts were

also conducted to assess whether pleomorphic deterioration is associated with loss

of virulence in M. anisopliae.

After establishing the occurrence of pleiomorphic deterioration in

entomopathogenic fungi, regardless of culture conditions, I investigated the

underlying genetic processes involved. In an attempt to identify the gene or genes

that are affected during pleiomorphic deterioration, an analysis of intracellular





protein patterns was carried out. The next two chapters consider protein patterns in

conidiating cultures (cultures that show substantial conidia production as well as

mycelia) and mycelial cultures (cultures that produce primarily mycelium and few to

no conidia) of M. anisopliae (Chapter 4), B. bassiana and V. lecanii (Chapter 5).

SDS-soluble proteins were extracted and separated in two dimensions, by isoelectric

point using Rotofor isoelectric focusing unit (BioRad) followed separation by

molecular weight using SDS-PAGE. Two of the major proteins found in a

conidiating culture and the one found in a mycelial culture were N-terminally

sequenced. None of the protein sequences showed any homology to other proteins in

GenBank indicating that these are potentially novel proteins. Further analysis will be

required to see if they are associated with genes affected during pleomorphic

deterioration.

It is also possible that genes involved in conidiation and that are affected

during pleomorphic deterioration are conserved in fungi. The regulatory genes

involved in conidiation have been cloned and subsequently sequenced in Aspergillus

nidulans, and homologous genes have been found in Penicillium chrysogenwn.

Primers were constructed using those sequences to find if homologous genes existed

in M. anisopliae. Knowledge of regulatory genes in M. anisopliae would allow

construction of a regulatory gene with a promoter of choice to regulate conidiation

and ensure stable and consistent production of conidia. The results suggest that the

regulatory genes (if they exist) are different in M. anisopiae than those found in A.

nidulans and P. chysogenum.





In chapter 6, 1 used amplified fragment length polymorphism (AFLP) to

assess genetic variability among three isogenic strains of M. anisopliae isolate 54A

lb. Amplified fragments from a mycelial culture that had pleiomorphically

deteriorated during repeated subculturing, a conidiating culture and a mycelial

sector, were generated using 1 5 primer sets. Using one primer set (E+ CG and M +

CAG) four fragments were detected in mycelial cultures and that did not occur in the

conidiating culture. Re-amplification and partial sequencing of these fragments

suggest that pleomorphic deterioration is associated with transposon activity.

Amplification of fragments surrounding these sequences may identify the gene or

genes changing during pleomorphic deterioration as well as the transposon involved.





Chapter 1

Review: Pleiomorphic Deterioration in Fungi

Abstract

Fungal strains in research and industry are continuously and repeatedly subcultured.

In some fungi, repeated subculture leads to the deterioration of cultures from those

that produce conidia or spores to those that produce mostly vegetative mycelia. The

phenomenon by which fungal strain lose the ability to produce conidia or spores,

regardless of medium composition and often irreversibly, is termed pleiomorphic

deterioration. Pleiomorphic deterioration may be accompanied by other phenotypic

changes such as the loss of virulence in pathogenic fungi and decreased production of

important metabolites in certain industrially important fungi. Attempts have been

made to explain pleiomorphic deterioration in terms of a single gene mutation.

However, the high rate of pleiomorphic deterioration, the absence of detectable

reversion and as well as other phenotypic changes imply that this explanation is

inadequate. Pleiomorphic deterioration has been observed by many researchers who

work with fungi but is generally ignored. We review genetic mechanisms that may be

involved in pleiomorphic deterioration of fungi so that an adequate explanation of this

phenomenon may be sought, on a case by case basis, for fungal species. Pleiomorphic

deterioration in fungi may be viewed as a nuisance in industrially important fungi but

it may also be viewed as a mechanism for evolutionary change.





Introduction

Fungal stains are routinely subcultured for laboratory research or for industrial

applications. During subculturing some cultures deteriorate; that is they lose, often

irreversibly, the ability to produce conidia. This phenomenon is termed pleomorphic

deterioration and was originally called the 'dual phenomenon' first characterized in

asexual plant pathogenic fungi (Hansen, 1938). Also associated with pleomorphic

deterioration may be other phenotypic changes such as a decrease in growth rate, loss

of virulence in pathogenic fungi and inability to produce certain economically

important metabolites. Cultural instability has been widely noted in a number of

agriculturally and industrially important fungi as well as in Streptomycetes (Table 1.1)

(Hansen 1938; Jinks, 1963; Kelleher, 1969; Sermonti, 1969; Roper, 1971; Ball, 1973;

Johnston, 1976; Burnett, 1984; Hayden, etal. 1992; Kistler and Miao 1992;

Purwantara, et al, 1998). We believe that the phenomenon of pleomorphic

deterioration of fungal cultures is far more frequent than reported in the literature and

deserves attention beyond that of a nuisance phenomenon for mycologists. The major

purpose of this review is to bring attention to pleomorphic deterioration and try to

elucidate genetic mechanisms that could contribute to this phenomenon.

Senescence is another concept that may be confused with pleomorphic

deterioration. Senescence is generally considered to be the progressive loss of growth

potential that culminates in death (Griffiths, 1992). For example, all isolates of

Podospora anserina from nature eventually die (Rizet, 1953) and this a result of

instability of mtDNA leading to degeneration of mitochondrion function (Benne and





Table 1.1. Examples of pleomorphic deterioration and other phenotypic changes

associated with pleomorphic deterioration during in fungi and Streptomycetes.

Species Phenotypes associated

with pleomorphic deterioration

Reference

Ashbya gossypii

Aspergillus glaucus

Aspergillus nidulans

Claviceps sp.

Cryphonectria parasitica

Emericellopsis minima

Fusarium sp.

Magnaporthe grisea

Metarhizium anisopliae

Neurospora crassa

Penicillium chrysogenum

Podospora anserina

Streptomyces achromogenes

var. streptozoticus

Streptomycesfradiae

Streptomyces niveus

Ustilago hordei

Decrease in riboflavin yield

Decrease in growth

Decrease in growth

Decrease in lysergic acid yield

Decrease in growth

Decrease in synnematin levels

Loss of virulence

Instability of plant pathogenicity

Loss of plant pathogenicity

Virulence instability

Loss of insect virulence

None

Decrease in penicillin yield

Decrease in growth

Decrease in growth

Decrease in streptozoticin

production

Decrease in neomycin production

Decrease in novobiocin production

Increase in host range

Johnston, 1976

Jinks, 1963

Roper, 1971

Sermonti, 1969

Monteiro et al, 1995

Johnston, 1976

Burnett, 1984

Kistler & Miao, 1992

Kamp & Bidochka

(unpubl. Results)

Sermonti, 1969

Ball, 1973

Jinks, 1963

Sermonti, 1969

Sermonti, 1969

Sermonti, 1969

Kistler & Miao, 1992





Tabak, 1986). For the purposes of this review, we will focus on the irreversible

switching of a culture that normally produces conidia to one consisting primarily of

mycelia and/or with decreased conidial densities of the culture are significantly

lowered.

One of the major problems for industrial fungal fermentation is the growth of

suitable strains with optimum productivity that maintain consistent production

characteristics over a long time period (Esser, 1971). There are many examples in

industrially important fungi where the primary concern is not the loss of ability to

produce conidia, but rather other phenotypic changes that are associated with

pleomorphic deterioration. Strain degeneration is a major problem in antibiotic and

vaccine producing cultures (Rhigelato et al., 1968). Successive selection of higher

antibiotic-yielding clones, during strain improvement, often leads to pleomorphic

deterioration and growth deterioration (Sermonti, 1969). In Penicillium chrysogenum,

loss of conidiation is often accompanied by decreased yield of penicillin (Sermonti,

1969; Ball 1973). In ergot alkaloid fermentations with Claviceps sp., repeated

transfers of alkaloid producing strains does not reduce the capacity for growth but

results in a stepwise decline in alkaloid production (Kelleher, 1971). Ashbya gossypii

suffers decreased riboflavin yield in association with pleomorphic deterioration

(Johnston, 1976). Repeated subculturing leads to difficulties in maintaining

synnematin levels in Emericellopsis sp. (Johnston, 1976). Strain degeneration and

cultural instability in the form of sectoring has also been documented in Aspergillus

nidulans, which is a model organism for fungal genetics. Progressive strain

degeneration including pleomorphic deterioration, diminished growth and perithecial
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formation has also been observed in Aspergillus glaucus and Podospora anserina

(Jinks, 1963).

Pleomorphic deterioration has also been observed in pharmaceutically

important, filamentous, spore forming Streptomycete bacteria (Table 1.1). Successive

selection of higher antibiotic producing clones of Streptomyces sp. during strain

improvement often leads to the deterioration of growth and sporulating ability of

isolates (Sermonti, 1969). Gradual loss of ability to produce spores is accompanied by

decay in antibiotic yield.

In agriculturally important plant and insect pathogenic fungi pleomorphic

deterioration is often accompanied by loss of pathogenicity (Morrow etal. 1989;

Hajek et al. 1990). Isolates of Phoma terrestris and Botrytis cinerea pleiomorphically

deteriorate upon repeated subculture with associated phenotypic changes such as

variability in virulence as well as morphological variability of pycnidia (Hansen,

1938). In Fusarium species, pleomorphic deterioration as well as increased colony

sectoring occurred during repeated subculture (Hansen 1938; Burnett, 1984).

Pleomorphic deterioration has also been observed in ectomycorrhizal fungi where

repeated subculture on agar media resulted in a decline in the ability of the fungus to

colonize plant roots and to provide sufficient phosphorus to the host plant (Thomsom

et al.j 1993). In Aspergillusflavus, repeated subculture resulted in a decrease of

aflatoxin production (Bilgrami etal., 1988).

In insect pathogenic fungi such as Metarhizium anisopliae, the conidium is the

infective propagule that would be utilized in a biocontrol application (Bidochka et al.,
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2000). Pleomorphic deterioration may be problematic in commercial production of

biocontrol fungi where consistent conidiation or sporulation is required (Smith, 1999).

The elufcidation of the environmental and genetic factors involved in

pleomorphic deterioration may provide further insight into the developmental

genetics of fungi. It will also allow for genetic manipulation for more stable strains in

commercial applications. The complexity of the morphological changes of unrelated

phenotypes associated with pleomorphic deterioration suggests that a single gene

mutation model cannot adequately explain this process (Johnston, 1976). Here we

will review environmental and potential genetic factors that may contribute to

pleomorphic deterioration in fungi.

Environmental factors affecting pleomorphic deterioration

There are many recent comprehensive reviews on morphological switching in

fungi and the effects of environmental conditions on conidiation (as cited in Moore,

1998). Therefore we will not attempt to provide a detailed review of the literature.

We would like to emphasize that not all changes in fungal morphology that are

induced by environmental conditions should be attributed to pleomorphic

deterioration. For example, Figure 1 . 1 shows an isolate of the insect pathogenic

fungus M. anisopliae growing on potato dextrose agar (PDA), a substrate on which

this species typically produces conidia. Conidiation of the colony may be qualitatively

estimated in M. anisopliae since the mycelia are white and the conidia are dark green.

The isolate was subcultured onto yeast peptone dextrose agar (YPDA), a nutrient rich

substrate that does not generally promote extensive conidial production in this fungus.
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PDA

B) YPDA C) PDA

Figure 1.1. A) Mycelial phenotype induced by a change in nutrient type from Potato

dextrose agar (PDA) to yeast peptone dextrose agar (YPDA) in an isolate of the insect

pathogenic fungus Metarhizium anisopliae. The culture retained a mycelial phenotype

when subcultured onto YPDA (B) but reverted back to conidiating phenotype when

subcultured onto PDA (C).
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We cannot assume that when grown on YPDA that this is a pleiomorphically

deteriorated culture. The YPDA culture was subcultured back onto PDA and again

onto YPDA, the culture resumed conidial production on PDA but not on YPDA.

Generally, morphological changes caused by environmental conditions can be

reversed. Pleomorphic deterioration that occurs upon repeated subculturing under a

variety of media suggests that there is heritable change that is often irreversible.

Fungal colonies may exhibit pleomorphic deterioration in the form of mycelial

sectors that arise spontaneously (Figure 1 .2). However, regardless of the media type

that these sectors are subcultured to, the mycelial phenotype persists and indicates the

heritable, genetic component of pleomorphic deterioration. Growth in vitro

potentially provides a selective advantage for mycelial cultures over those that

conidiate. The energy costs of conidial production could be devoted to vegetative

hyphal growth with no loss to the fitness of the genotype. Figure 1 .2 shows that the

mycelial sector extends beyond the periphery of the conidiating portion of the culture

and suggests that the sector is faster growing.

In order to minimize or reduce the rate of pleomorphic deterioration for

commercial production, knowledge of the type and amount of nutrient that promote an

optimum ratio of growth and conidia production are essential. Manipulation of

environmental conditions can be used to provide and maintain a certain degree of

cultural stability and may delay pleomorphic deterioration. For example, senescence

in Podospora anserina is the result of mitochondrial instability (Griffiths, 1992) and

the process is expedited by serial passage on agar media. However, strains passaged

in liquid medium do not senensce (Turker and Cummings, 1987). To our knowledge
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Figure 1.2. Colony sectoring in an isolate of the entomopathogenic fungus

Metarhizium anisopliae. This fungus produces dark green conidia while

mycelial sectors are lighter coloured
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experiments determining pleomorphic deterioriation in fungi after serial passage in

liquid medium have not been performed.

Processes that may result in pleomorphic deterioration can be expedited by

mutagenic agents. Ionizing and ultraviolet radiation or chemical mutagens such as

nitrous acid, base analogues and alkylating agents which increase mutation

frequencies are used in the generation of mutant strains with potentially higher

metabolite production (Johnston, 1976). Penicillin activity in one strain of P.

chrysogenum, was enhanced through successive mutagenesis with ultraviolet light,

methyl-bis-amine and dieoxybutane (Elander et al. 1973). This method was also used

to improve cephalosporin C titres from Acremonium chysogenum (Johnston, 1976).

The negative effects of the selected mutants is that they often show reduced vigor,

decreased growth rate and poorer conidiation, which eventually leads to titre reduction

at which point the strain must be re-isolated (Johnston, 1976). In any case,

pleomorphic deterioration is anthropogenically delivered through successive

subculture and may be expedited by mutagenesis.

Genetics of pleomorphic deterioration

Observations regarding pleomorphic deterioration in fungi cannot be

adequately explained by Mendelian inheritance of phenotypic characters (Kistler and

Miao, 1992). There are several genetic mechanisms that may explain cultural

instability and pleomorphic deterioration. These include cytoplasmic inheritance of

phenotypic traits, alteration of gene expression due to transposable element activity,

the influences of dsRNA viruses, alteration of gene expression caused by DNA
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methylation, phenotypic variability associated with chromosome length

polymorphisms and minichromosomes. Specific point mutations involving regulatory

genes involved in conidial development cannot be ruled out at this time. Researchers

should consider and possibly eliminate the following factors when faced with

pleomorphic deterioration of a culture.

Cytoplasmic Inheritance

The cytoplasmic inheritance of a heritable trait is inferred from transmission

patterns that differ from that expected for a nuclear controlled trait. Generally this

implies non-Mendelian inheritance patterns of organelle genes or other cytoplasmic

components. For example, the petite mutants of S. cerevisiae may lack mtDNA

(neutral petite mutants) or may have grossly mutated mtDNA (suppressive petite

mutants) that is inherited in non-Mendelian fashion. Other signals of cytoplasmic

inheritance include sudden changes in a trait, uniparental inheritance, and diverse

characters observed with the same nuclear genotype (Jinks, 1963). The spread of a

phenotypic change from contact between mycelia, has often been cited as presumptive

evidence for the cytoplasmic basis of change. The earliest example that may be

interpreted in this way is the fluffy variant of Coprinus macrorhizus where the

invasive spread of the phenotype occurred after mycelial contact, under conditions

where nuclear migration was unlikely but extranuclear substances could not be ruled

out (Jinks, 1963).
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Transposable Elements

Transposable elements are ubiquitous, mobile, repetitive DNA elements that

can contribute to genetic variability in fungi (Maurer et al. 1997). Fungal

transposable elements cause spontaneous genetic changes that have the potential to

cause widespread phenotypic effects. Examples include the retrotransposon Tad in

Neurospora crassa, which upon insertion into the glutamate dehydrogenase gene (am)

has a discernable mutant (null) phenotype (Kinsey and Helber, 1989). Other examples

include the retrotransposon CjT in Cladosporiumfulvum (McHale et al. 1989), the

transposon FoT in Fusarium oxysporum (Daboussi et al., 1992), and restless in

Tolypocladium inflation (Kempken and Kuck 1996). Also occurring in F. oxysporum

is the transposable element Palm, which has been used to identify genetic

subpopulations, since it is present in pathogenic strains, but is absent from non-

pathogenic strains (Daboussi and Langin, 1994). Transposable elements may affect

gene structure and functions including gene inactivation, altered gene expression

depending on the site of insertion, or modification of the nucleotide sequence through

excision (Daboussi, 1996).

Many laboratory fungal cultures lack transposable elements since laboratory

stock cultures are the result of continuous selection for phenotypic stability. The

majority of the information regarding fungal transposons comes from studies of

natural strains of plant pathogens that are then subcultured in the laboratory (Daboussi,

1996, Kistler and Miao, 1992). Most of these species lack an observable sexual stage
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and show a high level of genetic variation, which draws speculation that they may

contain active transposons (Daboussi, 1997).

There is evidence that in fungi with an observable sexual cycle, there are

processes ensuring genome stability by recognizing an altered repeated DNA. These

processes include repeat-induced point mutation (REP), which may occur during the

sexual cycle in N. crassa (Foss et al. 1993; Cambareri et al. 1996; Cambareri et al.

1989), premeiotic deletion (PMD) which occurs in P. anserina (Picard et al. 1987) and

methylation induced premeiotically (MIP), noted in Ascobolus immerses (Goyon and

Faugeron, 1989). These processes can occur independently or together in maintaining

the structure of the genome. Maintenance of genomic stability can occur by

controlling the mobility of transposons through inactivation thereby limiting the

number of repeats - MIP. Secondly, RIP causes divergence of repeated sequences that

could act in preventing chromosomal rearrangements from occurring, and finally by

excision of one copy (i.e. PMD; Kistler and Miao, 1992; Daboussi, 1997). The effects

of transposable elements may therefore be more widespread among fungi with no

known teleomorph. Transposable elements generate genetic diversity in fungi that do

not appear to reproduce sexually and may be important in the evolution of the fungal

genome (Kistler & Miao, 1992; Daboussi, 1996; Daboussi, 1997; Maurer etal,

1997).

Transposon insertions have resulted in morphological variants in fungi.

Transposable elements known as Scooter were found in all isolates of Schizophyllum

commune that were tested (Fowler & Mitton, 2000). Spontaneous insertion of

Scooter-2 into a G signaling protein gene (thn\) resulted in a morphological mutant
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with a relatively faster growing and fluffier colony morphology called thin.

Microscopically the hyphae had a corkscrew morphology. Experimentally directed

transposon mutagenesis of fungi with resultant phenotypic changes is frequently

employed in studies of fungal genetics (e.g. Li Destri et al., 2001).

dsRNA viruses

Double-stranded RNA viruses are common in most fungi (Buck, 1986). The

majority of dsRNA viruses have no overt effects on the host phenotype. However, the

presence of certain dsRNA elements are correlated with variation in host phenotype.

For example, the satellites of certain dsRNA viruses are responsible for the "killer

systems" in Saccharomyces cerevisiae (Wickner, 1992) and Ustilago maydis

(Shelbourneefa/., 1988).

DsRNA infections may also alter colony morphology and reduce growth rate

and sporulation in their host (Elliston, 1982). For example, hypovirulence-associated

traits with dsRNA viruses in Cryphonectria parasitica included reduction in conidia

production (Zhang et al., 1993). In Ophiostoma ulmi, the cytoplasmic d-factor has

been shown to be associated with reduced virulence, conidia production and

degeneration of the mycelium (Rogers et al, 1986). Curing of a 6-kbp dsRNA virus

in the plant pathogenic fungus Nectria radicola resulted in higher levels of virulence,

sporulation, laccase activity, and pigmentation (Ann, and Lee, 2001).
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DNA Methylation

Methylation has been implicated in the epigenetic control of gene expression in

animals, plants and fungi (Selker et al, 1993). One of the processes involved in the

suppression of genes in filamentous fungi is transcriptional silencing by cytosine

methylation (Moore, 1998). It is therefore plausible that methylation may be involved

in processes such as pleomorphic deterioration where genes involved in conidiation

may be silenced or turned off. In fungi, increased levels of methylation have been

associated with dormancy, low transcriptional activity and active growth phases

(Reyna-Lopez et al., 1997). The level of DNA methylation has also been associated

with different growth stages in N. crassa (Russell et al. 1987). Increased methylation

is also associated with dormancy or low transcriptional activity in N. crassa (Selker

and Garrett, 1988). Methylation is involved in selective gene expression during spore

germination in Mucor species (Cano-Canchola et al. 1992). Yeast-phase and

filamentous phases in Mucor rouxii, Yarrowia lipolytica and Ustilago maydis have

differing methylation patterns detected using AFLP analysis (amplified fragment

length polymorphism) (Reyna-Lopez et al, 1997). Such a mechanism has also been

proposed for strain deterioration in Agaricus bisporus (Horgen et al. 1996).

Chromosome length polymorphisms

Molecular karyotyping by pulsed field gel electrophoresis (PFGE) has been

used to detect chromosome length polymorphisms (CLP) in fungi. Many fungal

populations have a surprising amount of chromosomal polymorphism, which may
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consist of variation in chromosome size and or number (Kistler and Miao, 1992).

CLP have been described in plant and insect pathogenic fungi (Kinscherf and Leong,

1988; McDonald and Martinez, 1990; Shimizu etal. 1992; O'Sullivan etal 1998).

The rate of CLP appearance in natural populations of fungi appears to be a function of

the frequency of meiosis. Kistler and Miao (1992) suggested that imperfect fungi are

more likely to have extensive chromosome polymorphisms than fungi that reproduce

sexually, because meiotic recombination selects against abnormalities such as

deletions, and reciprocal translocation that lead to CLP. In addition, processes such as

RIP, PMD and MIP, previously discussed, may be involved in maintaining genomic

stability during meiosis.

Specific CLPs are not always correlated with phenotypic characters, although

phenotypic instability is often accompanied by karyotypic alterations (Zolan, 1995).

CLP in the human pathogenic fungus Candida albicans results in morphological

switching in colonies resulting in altered texture, colour and/or size (Rustchenko-

Bulgac et al. 1990). Fourteen morphological variants were found with different

karyotypes, having either lost or gained DNA, whereas 15 wild type colonies had

identical karyotypes to the original wild type strain. Chromosome loss has also been

reported to be associated with 'fluffy' sectoring in Agaricus bisporus (Horgen et al.

1996). CLP were investigated during subculture of diploid and haploid strains of S.

cerevisiae (Longo and Vezinhet, 1993). Upon repeated subculture, the karyotype of a

haploid strain was very stable but, the diploid strain showed CLP. In most cases the

CLP were a result of chromosome loss during subculturing.
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Minichromosomes

In addition to chromosome length polymorphisms, some filamentous fungi

also carry minichromosomes (chromosomes less than 2 Mb), many of which have

been classified as dispensable or
4

B' chromosomes (Kistler and Miao, 1992).

Minichromosomes are more common in fungi that lack a teleomorph and may be

essential in generating genetic diversity in these organisms (O'Sullivan etal 1998).

They show non-Mendelian patterns of inheritance, and commonly have no effect on

phenotype although this feature is often variable (Zolan, 1995).

There are examples of minichromosomes in fungi that carry genes associated

with pathogenicity. A 1.6 Mb chromosome in the plant pathogen Nectria

haematococca contains two genes, Pda6 and Makl, that are involved in pathogenicity.

The Pda6 gene, a cytochrome encoding gene, increases virulence on pea plants by

detoxification of the pea phytoalexin pisatin (Kistler and Miao, 1992).

Minichromosome variability was observed between two different pathotypes of the

plant pathogen Colletotrichum gloeosporoides (Braithwaite et al 1990). These two

types were previously distinguished by host range, spore morphology, double stranded

RNA components and genomic RFLP patterns (Braithwaite et al. 1990). In general,

characteristics that are influenced by minichromsomes tend to be quantitative, usually

involving reduction in vigor (Kistler and Miao, 1992).

Possible single gene mutations involved in pleiomorphic deterioration

During repeated subculturing, developmental genes involved in conidiation

may be inactivated through single locus mutations, which may lead to pleiomorphic
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deterioration of the culture. There are several excellent book chapters on the the

genetics of conidiation (Moore, 1998). For instance in brl- mutants, conidiation

initiates by formation of conidiophore stalks, but mature conidia do not develop

(Timberlake and Marshall, 1988).

The major regulatory genes involved in conidial development are known in A.

nidulans. The pathway consists of three, central, developmentally regulated genes

(Fig. 1.3). The first, the bristle gene Brl, is the controlling switch from apical

extension to vesicular swelling, initiating conidiophore development (Timberlake and

Marshall, 1988). This gene is regulated up to the time that spores are formed, and it

activates early genes and middle genes involved in conidiophore formation, as well as

inducing transcription of the second regulatory gene aba, the abacus gene

(Timberlake and Marshall, 1988). The aba gene acts during conidial budding,

activating other conidia specific genes and the third regulatory gene, wet (Timberlake

and Marshall, 1988). This gene controls spore maturation, directing the terminal steps

of spore differentiation leading to mature dormant conidia including hydrophobins and

pigments (Prade and Timberlake, 1994). A mutation at any of these loci could

potentially result in pleiomorphic deterioration. Furthermore, transposon insertions

into genes regulating fungal development and conidiation could result in pleiomorphic

deterioration. However, to our knowledge, there are no examples in the literature to

support this.
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Figure 1.3. Developmental genetics of Aspergillus nidulans. Pathway of the three

regulatory genes involved in conidiation. (After Timberlake, 1993).
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Conclusions

Pleomorphic deterioriation results in obvious phenotypic changes in some

fungal strains and this could have consequences on fungal evolutionary processes. It

is not known whether pleomorphic deterioriation in fungi is an industrial problem

with biological significance or a biologically significant phenomenon with

evolutionary ramifications. It may be both; it may be neither. Strains that undergo

pleomorphic deterioriation in the laboratory when subcultured on nutrient rich agar

media may not undergo the same process in natural environmental settings.

Pleomorphic deterioration may simply be an artifact of laboratory culture conditions

with no consequences relevant to fungal fitness outside the laboratory setting.

Elucidation of the genetic mechanisms of pleiomorphic deterioration on a case by case

basis may enhance the development of stable fungal strains for consistent commercial

applications.
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Chapter 2

Conidium Production by Insect Pathogenic Fungi on

Commercially Available Agars

Abstract

Conidium production by three species of insect pathogenic fungi, Metarhizium

anisopliae, Beauveria bassiana and Verticillium lecanii, was assessed on various

depths and types of commercially available agars. M. anisopliae and B. bassiana

strains produced maximum numbers of conidia on potato dextrose agar (PDA) at a

depth of 2 mm, whereas V. lecanii was most prolific on yeast extract-peptone-dextrose

agar (YPDA) regardless of agar depth. Optimum conidium production for M.

anisopliae and B. bassiana was not only dependent upon the isolate used but also on

the media type and agar depth. Conidia are the infective structures for insect

pathogenic fungi and this study suggests a rationale basis for consistent conidia

production for laboratory and commercial practices.
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Introduction

In the last section, we reviewed environmental factors and genetic factors that

may affect or contribute to pleomorphic deterioration in fungi. Pleomorphic

deterioration is a phenomenon whereby fungal isolates lose the ability, often

irreversibly, to produce conidia. Pleomorphic deterioration occurs during repeated

subculture or as mycelial sectors that arise spontaneously, does so under a variety of

substrate conditions, suggesting that there is a heritable change. Conidia production is

important when considering insect pathogenic fungi because the conidium is the

infective propagule. Although pleiomorphic deterioration may occur regardless of

growth conditions, it may be minimized through the knowledge of the type and amount

of nutrients that promotes an optimum ratio of growth to conidia production.

Environmental factors are well known to affect fungal morphology. Nutrient

type, and availability can influence growth rate and conidiation in filamentous fungi.

Phenotypic changes that occur as a result of changes in nutrient composition in the

medium, however, are generally reversible non-inherited changes. There are several

nutritional factors that can act as triggers for sporulation in different fungi, including

nitrogen depletion (Rhigelato et al, 1968), nitrogen source (Anderson and Smith, 1971,

Li and Holdom, 1995), carbon source, vitamins (Li and Holdom, 1995) and glucose

concentration (Morton, 1961). There is no known universal factor that will elicit

sporulation in fungi (Marchant, 1984; Morton, 1961). The present study will

investigate how several commercially available agar formulations affect growth and

conidiation in three species of insect pathogenic fungi, Metarhizium anisopliae,

Beauveria bassiana and Verticillium lecanii.
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Materials and methods

Fungal strains

Three strains of the insect pathogenic fungus M. anisopliae, 54A- lb, MAA1-

2iii, and HAA2-2b, were isolated from soil samples from various locations in Ontario,

Canada (Bidochka et al. 1998). Fungal isolates were stored on agar slants under

mineral oil at 4 °C. M. anisopliae, (Ma strain 2575), B. bassiana (Bb strain 252) and

V. lecanii (VI strain 973) were obtained from the USDA Collections of

Entomopathogenic Cultures, Ithaca NY.

Media and growth conditions

Each of the six isolates were grown on six different commercially available

media; corn meal agar (CMA) (Difco), nutrient agar (NA) (Difco), malt extract agar

(MEA) (Difco), Sabouraud dextrose agar (SDA) (Difco), yeast peptone dextrose agar

(YPDA) (Difco) and potato dextrose agar (PDA) (Difco). The depth of these agar

media when poured into the petri dish was 3 mm. Table 2. 1 lists the nutritional

composition of each of the media types. Growth and conidiation were also assessed on

three different depths (2 mm, 3 mm and 4 mm) on YPDA and PDA. These depths were

achieved by pouring 10, 15 or 20 ml, respectively, of molten agar into 95 mm x 15 mm

"Media Miser" Petri dishes (Fisher Scientific). The isolates were point inoculated into

the center of the agar with a 5 ul conidial suspension (10
7
conidia/ml of 0.01% Triton-

X 100) obtained from a culture previously grown on a 2 mm depth of PDA. The

cultures were grown for fourteen days at 27 °C with a 12: 12 light: dark cycle and then

stored at 4 °C in the dark.
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Table 2.1. List of the nutritional ingredients found in each of the solid substrates used.

Medium Ingredients -g/L

Sabouraud dextrose agar (SDA)

Malt extract agar (MEA)

Nutrient agar (NA)

Corn meal agar (CMA)

Yeast peptone dextrose agar

(YPDA)

Potato dextrose agar (PDA)

Peptone

Dextrose

Agar

Malt extract

Peptone

Agar

Beef extract

Peptone

Agar

Corn meal infusion

Agar

Dextrose

Peptone

Yeast extract

Agar

Potato infusion

Dextrose

Agar

10

40

15

30

5

15

3

5

15

50

15

40

10

10

15

200

20

15
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Determination ofgrowth and conidiation

Isolates were initially assessed visually for qualitative aspects of growth and

conidia production. The colony diameters were measured following the two-week

incubation period. To quantify conidia production on each media type, a 2 cm diameter

plug was taken from each of the isolates, on each of the substrates. The plugs were

homogenized with an electric homogenizer (Greiner Scientific Corporation New York,

N.Y., 1 10 volts, A.C. - D.C.) in 5 ml 0.01% Triton-X 100 in a 50 ml polystyrene tube

for approximately 1 minute. Conidia were then counted using a haemocytometer. At

least five replicates were counted per sample. T-tests were performed to test for

differences in conidia production.

Results

We were able to assess conidia production relative to mycelial growth

qualitatively in M. anisopliae because the conidia are dark green and contrast with the

white mycelia (Fig. 2.1). However, for B. bassiana and V. lecanii the conidia and

mycelia are both white, making qualitative observations of conidiation difficult (Figure

2.1). Extensive phenotypic variability was observed in M. anisopliae when grown on

different solid substrates. Growth on thecarbohydrate-poor substrates, NA and CMA

(Table 2.1) supported sparse conidia production (Fig. 2.1) and mycelial growth was

barely observable (Fig. 2.1). On nitrogen- and carbohydrate-rich substrates such as

YPDA, SDA and MEA (Table 2. 1 ) growth occured as a thick white, mycelial mat, a

relatively large colony diameter and conidia production was variable (Fig.2.1).

Cultures grown on PDA consistently produced conidia on 2 mm and 3 mm thickness.
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54A- lb Ma-2575

Vl-973 Bb-252
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Figure 2.1. Four isolates of the entomopathogenic fungus M. anisopliae,

Ma2575, 54Alb, MAA1 2iii, and HAA2 2b, one B. bassiana (252) isolate and

one V. lecanii (973) isolate grown on 3 mm of four different solid substrates,

SDA, MEA, NA, CMA, and on 3 depths (2 mm, 3 mm and 4 mm) of YPD and

PDA
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Cultures generally produced fewer conidia on 4 mm PDA but generally had thicker

mycelial mats (Fig. 2. 1) and slightly larger colony diameters compared to cultures on 2

and 3 mm PDA.

Conidia production was consistently low in M. anisopliae isolates grown on

YPDA (Table 2.2). Neither growth nor conidia production was affected by the depth of

this medium (Table 2.2). Conidia production was highly variable among strains on

MEA and SDA (Table 2.2). Ma 2575 showed high levels of conidia production on

SDA and MEA (Table 2.2). On the other hand, strains 54A- lb, and HAA2-2b

produced fewer conidia on these substrates (Table 2.2), while MAAl-2iii produced few

conidia on SDA but had extensive conidia production on MEA (Table 2.2). Conidia

production varied considerably on three different depths of PDA. Ma 2575 and HAA2-

2b showed more conidia production on 2 mm than on 3 mm (Ma 2575, t
(2),3 <10.215, p

= 0.001 15, HAA2-2b, t (2),3, < 12.924, p = 0.0001) and 4 mm (Ma 2575, t (2).3 , <

12.924, p = 0.00003, HAA2-2b, t (2),3, <12.924, p = 0.0001) (Table 2). Strain 54A-lb

had similar conidia production on 2 mm and 3 mm of PDA and almost no conidia

production on 4 mm. However, there were significant differences in conidia production

on the different media depths (2 mm vs 3 mm, t
(2),3,

< 4.542, p = 0.01 , 3 mm vs 4 mm,

, t (2),3, < 12.924, p = 0.00001 ) (Table 2.2). Strain MAAl-2iii showed a gradual

decrease of conidia production; greatest on 2 mm, less on 3 mm (t
(2>,3, < 12.924, p =

0.0005) and least on 4 mm PDA (3 mm vs 4 mm, t (2),3, < 12.924, p = 0.0004, Table 2).

In all isolates of M. anisopliae, the highest and most consistent numbers of conidia per

square centimeter was observed on 2 mm PDA. Conidia production is difficult to assess

qualitatively in B. bassiana, but some differences were noted. For instance, on nitrogen
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poor substrates (CMA and NA),mycelial growth was extremely sparse, and few conidia

were produced. In addition to the difficulties

encountered with qualitative assessment of conidia production in B. bassiana, the

conidia are small (ca. 5 urn) and extremely hydrophobic. The slightest movement of

the culture causes conidia to disperse, so that often, numerous colonies appear on agar

from a single point inoculation. Measuring the diameter of the colony was not always

possible.

B. bassiana showed patterns of conidia production on various agars similar to

that of M. anisopliae isolates. Conidia production was highest on 2 mm PDA, and

decreased as depth increased (2 mm vs 4 mm, t
(2),3,

< 12.924, p = 0.0001, Table 2.2).

Conidia production was least on all three depths of YPDA. Conidia production was

low on SDA but high on MEA (Table 2.2).

V. lecanii showed the least variability both in terms of growth and conidia

production on the various media. Colony diameters on all substrates were fairly

uniform, as was conidia production except on NA and CMA where conidia counts were

much lower than those on other substrates (Table 2.2). Conidia production was higher

on 2 mm PDA than on 4 mm (t (2),3, < 5.841, p = 0.003, Table 2.2). The major

differences observed between V. lecanii and the other species, was that conidia

production was highest on YPD.

Of the media types tested in this study, 2 mm depth of PDA resulted in

consistent growth and high conidia production forM anisopliae and B. bassiana. YPD

yielded the best growth and conidia production in the V. lecanii isolate.
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Discussion

There were three major findings in this study. First, conidia production in M.

anisopliae, B. bassiana and V. lecanii is affected by different solid substrate culture

conditions. Different nutrient types in the agar media affected the number of conidia

produced after the 14-day growth period. Second, growth is affected by different solid-

substrate culture conditions as measured by colony diameter. Colony diameters on

nutrient poor substrates were often similar to that of other media types but growth was

extremely sparse. The third finding was that for M. anisopliae and B. bassiana cultures

grown on PDA, the depth of medium affected conidia production, where conidia

production significantly decreased as agar depth increased.

Insect pathogenic fungi may be characterized as biphasic: they have a

vegetative phase characterized by mycelial growth, and a reproductive phase. M.

anisopliae, B. bassiana and V. lecanii are deuteromycetous fungi and the reproductive

phase involves of the production of asexual conidia. It is the fungal conidia that are the

infective propagules in insect pathogenesis (Bidochka et ai, 2000). Commercial

production of conidia usually involves solid substrates such as cereal grains, rice or

other starch-based substrate (Goettel and Roberts, 1991). These methods have been, or

are being, used to produce B. bassiana and M. anisopliae conidia in the former USSR,

China, Brazil, the former Czechoslovakia and in the USA (Goettel and Roberts, 1991).

A nitrogen source as well as a utilizable carbohydrate are necessary for mycelial

growth in M. anisopliae, B. bassiana and V. lecanii. Starvation usually stimulates

conidiation (Li and Holdom, 1995). In M. anisopliae and B. bassiana, conidiation

likely occurs upon nitrogen depletion in the presence of carbohydrate. For optimum
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conidiation a medium is required where extensive mycelial growth is followed by

conidiation. A nutrient rich medium would not stimulate conidiation while a nutrient

poor medium would not supportextensive mycelial growth. However in V. lecanii

conidiation occurs without starvation of the mycelium and factors contributing to the

onset of conidiation in V. lecanii have not been elucidated.

The ability of M. anisopliae, B. bassiana and V. lecanii to grow and produce

conidia on artificial media is one of the main advantages in the commercial

development of these fungi. These organisms are also amenable to molecular and

biochemical laboratory investigations (Bidochka et ai, 2000). This study suggests a

rationale basis for consistent conidia production for laboratory and commercial

practices. One of the major reasons for initiating this study was that we often observed

pleiomorphic deterioration of fungal cultures; that is, they often lose the ability to

produce conidia during subculture. We observed that pleiomorphic deterioration

occurs rapidly if the fungi are subcultured on media that does not promote conidiation.

The shift from vegetative growth to conidiation is at least in part as a result of the

nutritional status of the medium and this is due not only to the type of nitrogen and

carbon sources but also the depths of the agar media.
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Chapter 3

Pleiomorphic Deterioration and Loss of Virulence in

Entomopathogenic Fungi

A - A. A
Abstract

Pleiomorphic deterioration is a process where a fungal strain loses the ability to produce

conidia during serial culture. Three species of entomopathogenic fungi, Metarhizium

anisopliae, Beauveria bassiana and Verticillium lecanii were subcultured on three

depths of potato dextrose agar. Most M. anisopliae strains and one B. bassiana strain

showed significant pleiomorphic deterioration after thirty subcultures. V. lecanii did

not deteriorate after thirty subcultures. Subculturing on thicker PDA media generally

resulted in faster rates of pleiomorphic deterioration. Bioassays were performed by

injecting locusts (Schistocerca gregaria and Locusta migratoria) with fungal material

from a conidiating M. anisopliae strain and an isogenic, pleiomorphically deteriorated

strain. The pleiomorphically deteriorated strain failed to infect the locusts suggesting

that, in addition to the loss of ability to produce conidia, pathogenicity was also lost

during repeated subculturing. Conidia production could not be recovered from

pleiomorphically deteriorated strains of M. anisopliae by subculturing on a variety of

media types and depths. This suggests that pleiomorphic deterioration is a heritable

genetic change that may be associated with other phenotypic traits such as the loss of

virulence.
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Introduction

Despite their advantages, we have observed that one of the problems with

insect-pathogenic fungi is that they may irreversibly lose their ability to produce

conidia; a phenomenon known as pleomorphic deterioration. Furthermore, a loss of

virulence is often associated with pleomorphic deterioration (eg. Hansen, 1938; Kistler

and Miao, 1992). The key in a commercial setting is stable production of conidia that

are consistently virulent.

In the previous chapter, we investigated the effects of various commercially

available agars on conidia production of insect-pathogenic fungi. We found that

conidia production in Metarhizium anisopliae, Verticillium lecanii and Beauveria

bassiana was highest and most consistent on PDA. In this study, we investigated

pleomorphic deterioration in three species of insect pathogenic fungi, M. anisopliae, B.

bassiana and V. lecanii. To assess pleomorphic deterioration we subcultured strains on

different depths of PDA so that we could identify whether pleomorphic deterioration

occurs and if medium depth affects the rate at which strains pleiomorphically

deteriorate. We also used bioassays to determine if virulence was affected in

pleiomorphically deteriorated cultures and attempted to reverse pleomorphic

deterioration.

Materials and Methods

Fungal Strains

Strains of M. anisopliae were obtained from soil samples from various locations

across southern Ontario in 1996, using Galleria mellonella larvae as bait (Bidochka et
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ai, 1998). The strains were maintained as slants under mineral oil and stored at 4 °C.

M. anisopliae 2575, B. bassiana 252 and V. lecanii 973 were obtained from the USDA

Collections of Entomopathogenic Cultures, Ithaca NY.

Subculturing

Strains were subcultured on three depths (2 mm, 3 mm and 4 mm) on potato

dextrose agar (PDA) in 95mm x 15 mm Fisher Scientific brand (" Media Miser") Petri

dishes, in order to assess deterioration in terms of the loss of the ability to produce

conidia. In order to obtain these depths, the volume of media used was 10, 15 and

20ml, respectively, per plate. All cultures were grown in the dark at 27 °C for fourteen

days and were subcultured by point inoculation taken from the periphery of the growing

area. Thirty subcultures were carried out for each strain on each of the three media

depths.

Quantification of Conidia

A 2.54 cm diameter plug was taken from each subculture. The plugs were

homogenized for 1 minute with an electric homogenizer (Greiner Scientific

Corporation New York, N. Y.) with a polypropylene head, in 5 ml 0.01% Triton X -

100 in a 50 ml polystyrene container. Conidia were counted using a haemocytometer

and conidial densities standardized against the plug diameter.
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Bioassays

Desert locusts (Schistocerca gregaria) and African migratory locusts (Ixtcusta

migratoha) were injected with 5 ul of a conidial suspension in 0.01% Triton X-100 (ca

10 conidia) from an original conidiating culture of theM anisopliae strain 54 Alb.

Locusts were also injected with 5 ul of a mycelial suspension (ca. 10
7
hyphal

fragments), from a culture that had lost the ability to produce conidia following repeated

subculture. The infected locusts were kept in small cages, with a water supply and bran

at 27 °C. Dead locusts were removed from the cages and rinsed in 10% sodium

hypochlorate, followed by a rinse with sterile water and placed in a sterile container and

incubated at 27 °C at approximate 80% humidity. Two sets of control insects were

used; (1) not injected or (2) injected with 5 ul of0.01% Triton X-100. Twenty insects

were used for each treatment and the experiment was repeated twice.

Results

Pieiomorphic deterioration during subculturing

Conidiation in a colony o/M. anisopliae may be assessed visually because the

mycelia are white and the conidia are dark green. However, for B. bassiana and V.

lecanii, the conidia and mycelia are white, which made visual assessment of conidia

production difficult. Quantitatively, using conidia counts to measure conidial density,

pieiomorphic deterioration was defined as a 90% decrease in conidial density, during

subculture, when compared to the original culture. T-tests were also used to measure

the statistical significance ofthe decrease in conidia production (Table 3.1).
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Ma 2575 54Alb HAA2 2b

2 mm 3 mm 4 mm 2 mm 3 mm 4mm 2 mm 3 mm 4 mm

o

O

Figure 3.1. Repeated subculturing of three strains ofM. anisopliae with respective agar depths

of 2, 3 and 4 mm PDA. Cultures shown here were grown for 14 days. Numbers indicate number

of subcultures
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Table 3.1. Conidial densities (x 10
1
1 cm2

) with standard deviations (in brackets) forM
anisopliae strains on different media depths ofPDA during repeated subculture. Data

from four of 30 representative subcultures is shown.

X>
3
C/3

Ma2575 HAA2 2b

O

GO
54Alb 3 MAA1 2iii

2mm
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TheM anisopliae strains 54A- lb, HAA2-2b and MAA1- 2iii showed visual

evidence of pleomorphic deterioration (Fig. 3. 1) as well as significant decreases in

conidial densities (in each case, t (2x3 < 7.453, p < 0.005) within thirty subcultures, on

all three media depths (Table 3.1). All strains pleiomorphically deteriorated to conidial

density levels that were <90% ofthe original conidial density (subculture 1) except for

HAA2-2b on 3 mm and 4 mm after 30 subcultures where conidial densities reached

14.4% and 38.7% of their original densities, respectively. Strain 2575 did not show

visual differences in conidial density during subculture (Fig. 3.1) and conidial densities

were reduced by 56% and 35% on 2 mm and 3mm agar depths, respectively. These

conidial densities are a statistically significant decrease for strain 2575 on media depths

of2 mm and 3 mm after 30 subcultures (t (2X3
< 7.453, p = 0.003). On 4 mm agar depth

conidial density was reduced by 62% after 10 subcultures but regained over 100% of

7 7
conidial density by subculture 30. Compared with other strains (< 1.0 x 10 /cm ) the

7 7
number of conidia remained relatively high for strain 2575 (> 2.0 x 10 / cm ) for up to

30 subcultures (Table 3. 1) on all agar depths except at 4 mm depth.

The rate at which pleomorphic deterioration progressed differed for the M.

anisopliae strains. For instance, strain MAAl-2iii, there was a rapid decline in conidia

density on 3 mm PDA (from 1.52 x 10
7
/ cm2

in subculture 1 to 0.33 x 10
7
/ cm2

in

subculture 10, t
(2X3 < 12.924, p = 0.0004). Whereas under the same conditions, strain

HAA2-2b took 30 subcultures for conidia densities to decline to approximately the

same levels (from 1 .88 x 10
7
/ cm2

in subculture 1 to 0.27 x 10
7
/ cm2

in subculture 30, t

(2X3
< 12.924, p = 0.0006, Table 3.1). In addition, pleomorphic deterioration generally

occurred more rapidly for 54A- lb, HAA2-2b and MAA1- 2iii during subculture on 4

mm agar thickness than on 2 mm (Fig. 3.1, Table 3.1).
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Pleomorphic deterioration was not visually observable in either B. bassiana or

V. lecanii since the mycelia and conidia are white (Fig. 3.2). Pleomorphic

deterioration did not occur in the B. bassiana strain within thirty subcultures on 2 mm.

nor was there a significant decrease in conidial density (t (2p > 0.765, p = 0.75).

However, pleomorphic deterioration, defined as a 90% decrease in conidia production

did occur during subculture on 4 mm depths. Statistically significant decreases in

conidial density were observed for different media depths (2 mm vs. 3 mm, t (2p <

12.924, p = 0.00005, 2 mm vs. 4 mm, t {2)j < 12.924, p = 0.000002, Table 3.2).

Pleomorphic deterioration was not detected in the V. lecanii strain after thirty

subcultures on 2 mm or 4 mm agar thickness, the number of conidia per cm2
remained

relatively stable on 2 mm and actually increased on 4 mm depths after thirty subcultures

(Table 3.2). This strain senesced within 4 subcultures on 3 mm and could not be

revived.

Cultures that had lost the ability to produce conidia on either 3 or 4 mm

thickness of agar, were re-subcultured onto 2 mm PDA plates and sporulation could not

be recovered. Various other commercially available agars were also tested (corn meal

agar, nutrient agar, malt extract agar, Sabouraud dextrose agar and yeast-peptone-

dextrose agar) but pleomorphic deterioration could not be reversed.

Bioassays

Desert locusts (Schistocerca gregaria) and African migratory locusts {Locusta

migratoria) injected with the spore suspension from the original culture of strain 54A-

lb, all died (100% mortality) within five days. Fungal reemergence was observed from

the cuticular intersegmental membranes within five days post mortem. Locusts infected
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Bb 252 Vice 973

3 mm 4mm 2 mm 4mm

Figure 3.2. Repeated subculturing of B. bassiana and V. lecanii strains on different

agar depths. Cultures shown here were grown for 14 days. Numbers indicate

subculture number.
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Table 3.2. Conidial densities (x 10
7
/ cm2

) with standard deviations (in brackets) for B.

bassiana and V. lecanii on different depths ofPDA during repeated subculture. No data

are shown for 3 mm depth for V. lecanii 973 since this culture senesced and could not

be recovered. Data from four of 30 representative subcultures is shown
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with mycelia from a culture of the same strain which had pleiomorphically deteriorated,

remained alive for up to four weeks following injection (0% mortality). Control locusts

remained alive for up to four weeks following injection (0% mortality).

Discussion

There were four major findings in this study. First, pleomorphic deterioration

occurred in three of four strains ofM anisopliae and in B. bassiana 252. Pleomorphic

deterioration was not observed in Ma 2575. Pleomorphic deterioration was not

observed in V. lecanii. Second, for most strains ofM anisopliae and the B. bassiana

strain, pleomorphic deterioration generally occurred at a faster rate during repeated

subculture on 3 or 4 mm depth ofPDA than on a 2 mm depth. Third, once strains had

pleiomorphically deteriorated we were unable to reverse the process either by passage

through an insect by subculture on 2 mm thickness ofPDA or by subculture on various

commercially available agar media. Finally, associated with pleomorphic deterioration

was the loss of pathogenicity.

TheM anisopliae strains MAA1 2iii, 54A lb and HAA2 2b pleiomorphically

deteriorated relatively more rapidly than strain 2575. Strains MAA1 2iii, 54A lb and

HAA2 2b were originally obtained from soil samples in Ontario, Canada in 1996

(Bidochka et al. 1998). In contrast, strain 2575, has been the model strain for many

molecular and biochemical studies of pathogenicity in M. anisopliae (e.g. Melzer and

Bidochka, 1998; St. Leger, 1992; St. Leger, 1988; St. Legerl995) and has been utilized

and extensively subcultured in the laboratory since at least 1985 (St. Leger, 1985).

Strains from natural populations of fungi are more likely to possess transposable

elements, minichromosomes and chromosome length polymorphisms that may be
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associated with phenotypic variability as well as virulence properties (Daboussi, 1996;

Magee, 1993; Tzeng, 1992; O'Sullivan et al. 1998). Stock strains are generally free of

these elements because they are the result of continuous selection for phenotypic

stability (Daboussi, 1996). However, decreases in conidial densities ofapproximately

50% were observed for strain 2575 suggesting that mechanisms still exist for reductions

in conidia production in this laboratory strain. This strain may have been artificially

selected in the laboratory for high conidial densities because on 2 and 3 mm agar

thickness, 2575 consistently had the highest conidial densities.

Pleiomorphic deterioration was not observed in V. lecanii. In addition, a

previous study this species did not show loss of virulence during serial passage on

artificial culture media (Hall, 1980). Lack of deterioration may indicate that conidia

production is more stable in this species, and that it is less susceptible to pleiomorphic

deterioration thanM anisopliae and B. bassiana

Pleiomorphic deterioration has not been previously reported in insect pathogenic

fungi. It is a phenomenon that has been well documented in plant pathogenic fungi, and

in many cases, has been found in association with loss of virulence (eg. Kistler and

Miao, 1992; Hansen, 1938). Though loss of ability to produce conidia has not been

documented, loss of virulence with repeated subculturing has been previously reported

to occur in some entomopathogenic fungi (Morrow et al. 1989; Hajek et al. 1990).

Studies have also found that repeated subculturing did not lead to loss ofvirulence in

other entomopathogenic fungi such as V. lecanii (Hall, 1980).

Passage through an insect host can reverse the loss of virulence or be used to

increase virulence (Aizawa, 1971; Haydene/a/. 1992; Morrow et al. 1989). The
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purpose of infecting insects with a culture that had lost the ability to produce conidia

was to establish whether pleomorphic deterioration could be reversed by the same

method used to reverse loss of virulence. Bioassays withM anisopliae 54A lb,

indicated that in this strain passage through an insect failed to reverse pleomorphic

deterioration.

Attempts have been made to explain pleomorphic deterioration in terms of a

single gene mutation (Hansen and Snyder, 1943). An unusually high mutation rate, the

absence of reversion, and the common association of this process with other phenotypic

changes such as loss of pathogenicity, imply that a single gene mutation explanation

may be too simple (Kistler and Miao, 1992). The genetics ofpleomorphic

deterioration are still unclear, and the mode of inheritance appears to be polygenic and

non-Mendelian. There are a number of hypotheses as to what may be involved at the

genetic level. Some ofthese include active transposable elements, rearrangements of

certain chromosomes, minichromosomes, chromosome length polymorphisms,

methylation and senescence. Elucidation ofthe genetic factors involved in

pleomorphic deterioration may provide the means to develop stable strains for

commercial use through genetic manipulation.
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Chapter 4

Soluble Proteins and Hydrophobins During Pleomorphic

Deterioration of the Insect Pathogenic fungus Metarhizium

anisopliae

Abstract

Pleomorphic deterioration is a process whereby fungal isolates lose the ability to

produce con id i a during subculturing. We have previously isolated strains ofthe

entomopathogenic fungus Metarhizium anisopliae that have irreversibly lost the ability

to produce conidia and only produce mycelia when grown on agar. Gel electrophoresis

was used to examine differences in intracellular protein patterns (SDS-soluble and SDS-

insoluble i.e. hydrophobins) in conidiating and mycelial cultures ofM. anisopliae. Two

major proteins present in a conidiating culture and one from a mycelial culture were N-

terminally sequenced, but showed no homology to proteins in GenBank. The presence

ofhydrophobins in conidiating and mycelial cultures was also examined, revealing that

these proteins were abundant in conidiating cultures but not in mycelial cultures. We

also used primers designed from regulatory genes involved in conidiation in A. nidulans

to establish whether a similar system was involved in conidia production in M.

anisopliae. The sequences ofthe amplified fragments did not show homology to the A.

nidulans genes.
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Introduction

In the last chapter we demonstrated that during repeated subculturing, some

strains ofhietarhizium anisopliae irreversibly lose the ability to produce conidia. This

phenomenon is known as pleomorphic deterioration and has been well documented in

plant pathogenic fungi (eg. Hansen 1938; Kistler and Miao, 1992). In addition to the

implications this presents to commercial production, loss of virulence is often associated

with pleomorphic deterioration. In the last chapter we observed a loss of virulence

during repeated subculture inM anisopliae. Knowledge of the genetic mechanisms of

conidiat ion and pleomorphic deterioration inM anisopliae may provide the means to

control conidia production and prevent pleomorphic deterioration through genetic

manipulation.

In this study, we will use three methods to assess different aspects of

pleomorphic deterioration and conidiation inM anisopliae. First we will examine

differences in intracellular protein patterns in conidiating and mycelial cultures using

two-dimensional electrophoresis. It is expected that protein patterns would be similar

other than some major proteins that were typical of culture type. Proteins unique to a

particular phenotype will then be N-terminally sequenced and specific mycelial and

conidia related proteins identified and characterized. If proteins and the genes encoding

them were directly associated with conidia can be identified, then target genes that may

be affected during pleomorphic deterioration could be tested.

Second we will examine the presence of hydrophobins (Bidochka et al. 1995) in

conidiating and mycelial cultures. Hydrophobins are conidial cell wall proteins that are

required for attachment ofthe conidium to the insect host so that infection can ensue. We
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expect that conidiating cultures will have a higher concentration of hydrophobic proteins

than mycelial cultures. We will also use primers designed from regulatory genes

involved in con i d i at ion in Aspergillus nidulans in order to establish whether an analogous

pathway exists in M. anisopliae.

Materials and Methods

Isolates and growth

TheM anisopliae strain, 54A lb was isolated from soil in Southern Ontario

(Bidochka et al 1998). The M. anisopliae strain, Ma-2575, was obtained from the

USDA Collections ofEntomopathogenic Cultures, Ithaca NY.

Each ofthe isolates was grown on 3 mm depth potato dextrose agar (PDA), and 3

mm depth yeast peptone dextrose agar (YPDA) and incubated for 14 days at 25° C. This

depth was achieved by pouring 15 ml of molten agar into 95 mm X 15 mm "Media

Miser" Petri dishes (Fisher Scientific). Following the 14 - day incubation period, the

cultures were stored in - 80° C. Potato dextrose broth (PDB) and yeast peptone dextrose

broth (YPDB) were inoculated with conidia and grown in a shaker at 25° C, at 200 rpm

for three days. Isolates were then filtered under vacuum using Whatman #1 filter paper,

and washed with 0.01M phosphate buffer (pH 7) to remove excess medium and stored at

-80° C.

Subculturing and quantification ofconidia

Strains were subcultured on 3 mm deep potato dextrose agar (PDA) in order to

assess pleomorphic deterioration. All cultures were grown in the dark at 27 °C for

fourteen days and were subcultured by point inoculation taken from the periphery ofthe
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growing area. Thirty serial subcultures were carried out for each isolate. A 2.54 cm

diameter plug was taken from each of the subcultures for quantification of conidia and

then the cultures frozen and slowly brought back up to room temperature so that the

fungus could be separated from the medium. The separated cultures were then placed in -

80° C for storage. Each plug was homogenized for 1 minute with an electric

homogenizer (Greiner Scientific Corporation New York, N. Y.) with a polypropylene

head, in 5 ml 0.01% Triton X - 100 in a 50 ml polystyrene container. Conidia were

counted using a haemocytometer and conidial densities standardized against the plug

diameter.

Extraction ofproteins

Frozen isolates were crushed to a fine powder in liquid nitrogen using glass beads

with a mortar and pestle. Five grams ofthe powdered fungus was placed in a 50 ml

falcon tube with 30 ml of a 2% urea, 0.01% Triton-X 100 solution with one complete,

EDTA-free protease - inhibitor cocktail tablet (Roche). Extractions were carried out

overnight in a shaker at 25° C, at 80 rpm. The extraction solution was then filtered first

under vacuum through a Whatman #1 filter and then through a 0.2 ujn filter to remove

the fungal material and glass beads. Protein concentrations were taken following

filtration (X = 280nm) using GeneQuant II (Pharmacia Biotech) spectrophotometer.

Isoelectricfocusing (IEF)

Preparative IEF was performed in a Rotofor (BioRad) using 1% 3-10 ampholytes

and procedures described in the manufacturer's manual. pH readings were recorded

following IEF. Fractionated proteins were concentrated (1.5 ml - 150 uJ) and

ampholytes removed by centrifugation at 13 000 rpm for 90 min using 3K Microcon
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centrifugal filter devices (Amicon Bioseparations, Millipore) units followed by a wash

with sterile distilled water.

Electrophoresis

Protein concentrates were suspended in SDS-page sample buffer (3% w/v 10%

SDS, 0.05% w/v bromophenol blue, 1% w/v Tris-HCl buffer pH 8.9, 1% w/v

dithiothreitol, 5% w/v glycerol), and then incubated at 60° C (10 min) just before loading

the gel. Electrophoresis was done in 12% (w/v) polyacrylamide gels. Gel

electrophoresis was carried out in BioRad mini gel cells for 45 minutes at 200V. Proteins

were silver stained (BioRad) and gels were stored in 10% acetic acid at 4 ° C.

N-terminal Protein sequencing

For N-terminal sequencing, electrophoresis was done in 12% (w/v)

polyacrylamide gels at 4 ° C for 1 hour at 150V with 10 mM sodium thyoglycolate in the

upper gel chamber to prevent N-terminal blocking and the gels were pre-run for 10

minutes. Proteins were transferred to immobilin - P (PVDF) membranes by tank transfer

(BioRad). The transfers were carried out in a CAPS transfer buffer (10% 10X CAPS, pH

1 1 .0 and 10% MeOH), at 100V for 25 min per gel. The proteins were stained with

Coomasie Blue stain and selected bands cut out ofthe membrane with a sterile razor

blade, washed with sterile ddH20 and stored at -20 °C prior to sequencing. The proteins

were N-Terminally sequenced at Service de Sequence de Peptides de FEst du Quebec

(SSPEQ) and then analyzed for homology using the Blast program (GenBank,

http://www.ncbi.nlm.nih.gov/).
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Extraction ofSDS-insoluble protein withformic acid

Hydrophobin extractions were done as outlined in Bidochka et al. (1995).

Crushed fungal samples of four M. anisopliae isolates were first lyophilized. 50 mg of

the lyophilized samples were placed in 13 ml falcon tubes and boiled in lOOmM Tris-HCl

(pH 6.8), 4% (w/v) SDS 10% (w/v) glycerol and 0. 1% bromophenol blue for 10 minutes.

The samples were then centrifuged at 3000 rpm in a Fisher Scientific desktop centrifuge

for 10 minutes. The supernatant was removed and this step repeated. The samples were

washed six times with sterile distilled deionized water until the bromophenol blue dye

was removed. The samples were again lyophilized. SDS - insoluble protein was

extracted by adding 1 ml 88% formic acid to each ofthe samples and incubated for 2

hours at 10° C. One-half ml of the formic acid was removed. Oxidation with performic

acid to the remaining sample was achieved by the addition of 1 ml performic acid (lvol

30% H2O2 : 9 vol formic acid) followed by incubation at 4° C for four hours. The formic

acid extractions and the performic acid extractions were diluted 20X with sterile ddH20

and then lyophilized. The lyophilized samples were resuspended in 50 u,l sterile ddH20.

Five microliter samples were removed to obtain protein concentrations, and SDS Page

sample buffer was added to the remaining samples that were stored at -20 ° C.

Electrophoresis was carried out as described above, and proteins were silver stained

(BioRad).

PCR Amplification using primers designedfrom brlA and wetA sequences

Two primer sets were designed from Aspergillus nidulans sequences of the first

regulatory gene involved in conidiation, the brlA gene (Table 4.1). The first primer set

included the coding region and the promoter region, a 3000 base fragment. The second
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Table 4.1. Primer sets designed from regulatory genes involved in conidiation in

Aspergillus nidulans. The brlA l(a,b) primer set is from a 3000bp fragment that includes

both the coding region and promoter region of the gene. The brlA 2 (a,b) primer set are

degenerate primers from the coding region (1281bp) ofthe brlA gene designed from three

A. nidulans sequences. The wetA (a,b) primer set are degenerate primers designed from the

coding region of the wet gene from two A.nidulans sequence and a Penicillium

chrysogenum sequence. Code letters for degenerate primers are as follows: S(C/G),

K(G/T\ Y(Cm. MTA/Q. RTA/G) and WATT).

Primer

brlA 1 a)

b)

brlA 2 a)

b)

wetA a)

b)

Sequence (5' - 3')

GAATCCGGACATCGCGTTTA
GTCGACGAGGAACAACCAAG

TCTSACSGTTGAAGTYGAYT
CCGCGGAATKCYGGGTCGTA

AAGATGTTCGCCCAACCAMCCATWCGA
TCGCTYAGCTTGCGMCGTCKRTGC
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primer set was a degenerate primer set designed from sequences of the coding region, a

1281 base fragment. The third primer set was also a degenerate primer set built from

consensus sequences of the coding region the wetA gene in Aspergillus nidulans and

Penicillium chrysogenum, a 1200 base fragment. The polymerase chain reactions were

carried out in an Eppendorfgradient thermocycler. All fragments were amplified under

the following conditions in a total volume of 30 ui. 3 ul of primer V, 3 u,l primer 'y',

15 uJ Master Mix (Qiagen) and 9u.l sterile water. Primary amplifications were done

using a 10 °C gradient +/- 60 °C (brlA 1, wetA), or 50 °C (brlA 2) in order to find the

optimum annealing temperature. The amplification conditions for the first primer set,

brlA 1 and wetA primers were as follows 1 min 94 °C, lmin 53 °C, 2 min 72 °C for 35

cycles followed by a final five minute extension at 72 °C. The brlA 2 amplification was

carried out under the same conditions but with an annealing temperature of 50 °C,

although the fragment amplified at annealing temperatures up to 60 °C. The PCR

products were run on 1% agarose gels for 45 mins at 80V in 0.5X TBE buffer. The

amplified fragments were excised and purified using the BioRad PCR purification kit.

The fragments were then cloned using the PGEM vector system and sequenced.

Sequences were analyzed for homology using GenBank.

Results

Growth and Culture Conditions

The strains Ma 2575 and 54A lb grown on PDA were phenotypically similar

prior to subculturing. Abundant conidia production was observed in both strains (Fig.

4. lb, Fig. 4.2a). Following repeated subculture, on PDA, pleomorphic deterioration was

observed in the Ontario strain 54Alb (Fig. 4. lc) but not in Ma 2575 (see Chapter 3).
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Figure 4.2. Two-dimensional gel electrophoresis representing SDS-soluble protein

patterns from four conditions of the isolate 2575. On the horizontal of each gel is the

isoelectric point and to the left is the molecular weight. For gels representative of SDS-

soluble protein patterns from cultures grown on solid substrates, the 2-D gel is preceded by

an image of the fungal colony type from which the proteins were extracted. A) A
conidiating culture grown on PDA, followed by the 2-D gel representative of SDS-soluble

proteins B) a mycelial culture grown on YPDA, followed by the 2-D gel C) a 2-D gel

representing the SDS-soluble proteins from a submerged culture grown in YPDB, D) a 2-D

gel representing the SDS-soluble proteins from a submerged culture grown in PDB. N-

terminal sequences in B) correspond to the proteins from which the arrows stem
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The isolates were also phenotypically similar when grown on YPDA (Fig. 4.1a, Fig.

4.2b), growth was restricted to mycelial growth, and conidia production was not

observed. Liquid cultures were phenotypically similar both in PDB and YPDB,

spherical blastospore growth was observed in both isolates in both media types.

Strains and culture conditions chosen for two-dimensional gel analysis were as

follows: for 54A lb: (1) a conidiating culture grown on PDA, (2) a culture that had

pleiomorphically deteriorated to a mycelial form following repeated subculturing also

cultivated on PDA, (3) a mycelial culture grown on YPDA, (4) a liquid culture raised in

PDB and (5) a liquid culture in YPDB (Fig. 4.1). Because Ma 2575 did not

pleiomorphically deteriorate only four culture types were assessed: (1) a conidiating

culture grown on PDA, (2) a mycelial culture grown on YPDA, (3) a liquid culture in

YPDB and (4) a liquid culture grown in PDB (Fig. 4.2).

Two dimensional gel analysis

In order to visualize single proteins, two-dimensional separation was performed.

Broad range EEF (pH 3-10) using the Rotofor (Biorad) was used to achieve enough

resolution so that major proteins could be identified. Most ofthe major proteins in each

ofthe cultures were found in the acidic range (pH 3-5) (Figs. 4. 1 and 4.2). Protein

profiles were different in each of the culture types tested. More proteins were resolved

in mycelial cultures than in conidiating cultures, only one low molecular weight protein

resolved well in the Ma2575 conidiating culture (pH 2.86-3.73) (Fig. 4.2a). More

proteins were also resolved in cultures grown on YPDA or in YPDB, a nutrient rich

media, than from cultures grown on PDA or in PDB (Figs. 4. 1 and 4.2). The protein
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profiles of cultures grown on YPDA and in YPDB also tended to have a broader pH

range and the proteins were more concentrated in the neutral region pH 5-7, whereas

protein profiles ofPDA and PDB cultures tended to be more concentrated in the acidic

range (Figs. 4. 1 and 4.2).

Not only were protein profiles different in cultures grown on different media

types, but there were also differences between isolates. The isolates were

phenotypically similar when grown under the same conditions, but the protein profiles

revealed many differences. For instance, conidiating cultures grown on PDA appear

similar during growth but at least 15 proteins were resolved in the isolate 54A lb,

whereas only 2 proteins were resolved in Ma2575. Similarly, cultures grown on YPDA

were very phenotypically similar, but only 6 major proteins were resolved in the isolate

Ma2575, whereas at least 18 major proteins were resolved in the isolate 54 A lb under

the same conditions. Similar results can also be seen in shake cultures, more proteins

are resolved in the isolate 54A lb than in Ma2575 in both PDB and YPDB.

SDS insoluble, formic acid-extractable conitlia wallproteins

Previous analysis of hydrophobic proteins in B. bassiana identified two major

SDS-insoluble proteins, the hydrophobin and cwpl (Bidochka et al. 1995), which

correspond to results observed here. Two major protein bands (12.8 kDa and 14.0 kDa)

were observed in the formic acid extracts of conidiating cultures (Fig. 4.3).

Intermediate (conidia and mycelia) cultures showed the same bands but the bands were

more faint. Mycelial cultures and submerged cultures had no protein bands or very

faint protein bands. Oxidation ofthe formic acid extracts with performic acid resulted
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in a single major protein of a larger molecular weight (1 5.4 kDa) in conidiating and

intermediate cultures (Fig. 4.3). This band was not observed in mycelial and submerged

cultures (Fig. 4.3).

S-terminal sequences

N- terminal sequences were determined for three of the major proteins observed

in conidiating and mycelial cultures. Two other proteins were N-terminally blocked,

and thus no sequences were determined. The three sequences (2 from a conidiating

culture, Fig. 4. 1 and 1 from a mycelial culture, Fig. 4.2) showed no homology to

proteins in GenBank. Because of the short length ofthe sequences, further analyses of

the proteins (hydrophobicity, tertiary structure etc.) were inconclusive.

PCRproductsfrom brlA and wetA primer sets

Amplified fragments ofthe expected size for brlA 1 and 2 were sequenced for

the isolate Ma2575. Although only a single fragment ofthe expected size was

amplified in each case, the sequences showed no homology to sequences from brlA

sequences in A. niduUms. The fragment ofthe expected size for wetA showed no

homology to sequences from A. nidulans or P. chrysogerwm. This indicates that the

genes involved in conidia production in M. anisopliae are likely different than those in

the A. nidulans regulatory pathway. Sequences are shown in Appendix 1

.

Discussion

There were five major findings in this paper; first, 2-D electrophoresis analysis

revealed that each isolate had a unique protein profile for each of the four culture
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conditions. Protein profiles were also dissimilar between isolates in the same culture

conditions even where they were phenotypically alike. Secondly, 2-D electrophoresis

analysis ofan original conidiating culture and a pleiomorphically deteriorated mycelial

culture of the isolate 54A lb grown on PDA also showed protein profile differences.

Next, analyses of the sequences of some of the major proteins showed no homology to

proteins in Genfiank and thus are novel proteins. The fourth finding was that conidiating

cultures had a higher concentration of hydrophobins, than mycelial cultures further

indicating that hydrophobins are directly associated with presence of conidia. Lastly,

fragments amplified from hi. anisopliae based on primers from regulatory genes involved

in conidia production mA.nidulans (brlA and wetA ) (Timberlake and Marshall 1988)

showed no homology with the nucleotide sequences or translated protein sequences in

GenBank.

Loss of conidia after repeated subculturing occurs in many plant pathogenic fungi

(e.g. Hansen, 1938; Kistler and Miao, 1992), and in industrially important fungi such as

P. chrysogenum, (Jinks, 1973). More recently it has been documented in

entomopathogenic fungi (Chapter 3). Other phenotypic changes are often associated with

loss of conidiation such as loss of pathogenicity in the case in some plant pathogenic

fungi (Kistler and Miao, 1992), or decreased metabolite production in, for example, P.

chrysogenum. Loss of pathogenicity has also been found to occur during repeated

subculturing in some entomopathogenic fungi (Morrow etal 1989; Hajek et al 1990;

Chapter 3). Loss of conidia production in entomopathogenic fungi is problematic in

commercial development, as conidia are the infective propagules. Knowledge of the
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genetic aspects of this process may allow regulation of conization through genetic

manipulation.

In an attempt to identify proteins involved in pleomorphic deterioration we

investigated differences in intracellular protein by isoelectric focusing and

polyacrylamide gel electrophoresis followed by N-terminal sequencing of novel proteins.

To our knowledge no other research has been done with regards to intracellular protein

patterns in M. anisopliae. It is therefore difficult to compare and identify the proteins

that we found to be associated with either conidiating or mycelial phenotypes.

Proteins associated with growth, sporulation, spore germination, mycelial

growth and morphogenesis have however been identified in other fungi. Ras proteins

are small GTP binding proteins that regulate cell growth, proliferation and

morphogenesis (Roze et al 1999). In Mucor racemosus, two Ras proteins have been

characterized, MRasl and MRas3 encoded by the genes Mrasl and Mras3 (Roze et al

1999). High levels ofthe Mras3 transcript were detected during sporulation and

accumulation ofMRas3 was detected in sporangiospores indicates that MRas3 may

play a role in the regulation of sporulation in the initial stages of sporangiophore

germination in this fungus (Roze et al 1999). The MRasl protein is thought to be

important in the regulation of initiation and maintenance of hyphal growth (Roze et al

1999). A DNA binding protein in the dimorphic, human pathogenic fungus

Histoplasma capsulatum was found to be specific to the mycelial phase of this fungus

(Abidi et al 1998). Expressed sequence analysis from conidial and mycelial stages of

Neurospora crassa revealed that the majority of conidia specific proteins were those
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involved in metabolism and protein synthesis, and that mycelial proteins were metabolic

proteins, those involved in protein synthesis and RNA synthesis (Nelson et al. 1997).

Hydrophobins are small, secreted moderately hydrophobic proteins that with

eight cystine residues arranged in a particular manner in their amino acid sequence

(Kershaw and Talbot, 1998). Analysis of hydrophobins (Bidochka et al. 1995) was

done for four isolates, and in each of the isolates similar results transpired.

Concentrations of hydrophobins were higher in conidiating cultures than in both

mycelial cultures and intermediate cultures with both features. Hydrophobin

concentration decreased as isolates pleiomorphically deteriorated, yielding the lowest

concentrations after they had ceased to produce conidia. Hydrophobins are directly

associated with conidia because they are required for attachment to the insect cuticle,

fragments that were amplified using primers designed from regulatory genes involved

in conidiation in A. nidulans showed no homology to the A. nidulans regulatory genes

when submitted to GenBank. This indicates that regulatory genes involved in

conidiation, ifthey exist in M. anisopliae are likely different than those found in A.

nidulans. Ifthere are regulatory genes involved in conidiation mM anisopliae,

conidiation might be controlled, and pleomorphic deterioration avoided by the

construction of a controlling regulatory gene with a promoter of choice. Further

investigation will be required to identify genes involved in conidia production and if a

regulatory pathway analogous to the A. nidulans system exists.
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Chapter 5

Soluble Proteins and Hydrophobins in Conidiating and

Mycelial Cultures of the Insect Pathogenic Fungi Beauveria

bassiana and VerticiUium lecanii

Abstract

Beauveria bassiana and VerticiUium lecanii are two species ofentomopathogenic fungi

that are currently being developed for biological control of insect pests. Conidia are the

propagules responsible for the initiation of infection. Stable and consistent production of

conidia are therefore essential for the development ofthese fungi as effective biological

control agents. In B. bassiana, some strains progressively lose their ability to produce

conidia (pleomorphic deterioration) during repeated subculturing. Soluble protein

patterns associated with conidiating and mycelial cultures either as a result of

pleomorphic deterioration or by morphological differences attributable to nutrient type

were examined by two-dimensional electrophoresis and revealed considerable

differences. Examination of SDS-insoluble proteins (ie hydrophobins) revealed that

hydrophobins are present at higher concentrations in conidiating cultures than in mycelial

cultures.





69

Introduction

We have previously observed pleomorphic deterioration in the entomopathogenic

fungus Beauveria bassiana (Chapter 3). Knowledge and characterization ofthe proteins

that are affected during pleomorphic deterioration and the proteins expressed during

conidia production may provide the information required to uncover the genes that

encode these proteins. Knowledge of the genes involved may provide a means to control

conidia production and inhibit pleomorphic deterioration through genetic manipulation.

In chapter 4 we examined intracellular proteins and hydrophobins in hi. anisopliae.

In this chapter, we will investigate intracelluar proteins in mycelial and

conidiating cultures ofB. bassiana and Verticillium lecanii. B. bassiana and V. lecanii

were grown under four different culture conditions. Similar to the previous chapter, we

expect protein patterns to be similar other than some major proteins that were typical of

culture type. Proteins unique to a particular phenotype could then potentially be N-

terminally sequenced and specific mycelial and conidia related proteins identified and

characterized. If proteins and the genes encoding them were directly associated with

conidia can be identified, then target genes that may be affected during pleomorphic

deterioration could be tested. We also assessed the presence of hydrophobins, because

they are directly associated with conidial cell walls. We looked at how these proteins

were differentially expressed in a mycelial culture and a conidiating culture ofB.

bassiana.
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Materials and Methods

Strains and growth

Two strains, B. bassiana 252, and V. lecanii 973, were obtained from the USDA

Collections ofEntomopathogenic Cultures, Ithaca NY. Strains were grown in duplicate

on 3 mm deep potato dextrose agar, and 3mm deep yeast peptone dextrose agar and

incubated for 14 days at 25° C. This depth was achieved by pouring 15 ml of molten agar

into 95 mm X 15 mm "Media Miser" Petri dishes (Fisher Scientific). Potato dextrose

broth (PDB) and yeast peptone dextrose broth (YPDB) were inoculated with conidia of

each of the strains and were grown in a shaker at 25° C, at 200 rpm for three days. The

shake cultures were then filtered under vacuum through Whatman #1 filter paper, and

washed with 0.01M phosphate buffer (pH 7) to remove excess medium and stored at -

80° C.

Subcutturing and quantification ofconidia

Strains were subcultured on 3 mm deep potato dextrose agar (PDA) in order to

assess pleomorphic deterioration. All cultures were grown in the dark at 27 °C for

fourteen days and were subcultured by point inoculation taken from the periphery ofthe

growing area. Thirty serial subcultures were carried out for each strain. A 2.54 cm

diameter plug was taken from each of the subcultures for quantification of conidia and

then the cultures were removed from the media and placed in - 80° C for storage. The

plugs were homogenized for 1 minute with an electric homogenizer (Greiner Scientific

Corporation New York, N. Y.) with a polypropylene head, in 5 ml 0.01% Triton X - 100
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in a 50 ml polystyrene container. Conidia were counted using a haemocytometer and

conidial densities standardized against the plug diameter.

Extraction ofproteins

Frozen colonies were crushed to a fine powder in liquid nitrogen using glass

beads and a mortar and pestle. Five grams of the powdered fungus was placed in a 50 ml

falcon tube with 30ml of a 2% urea, 0.01% Triton-X 100 solution with one complete,

mini, EDTA-free protease - inhibitor cocktail tablet (Roche). Extractions were carried

out overnight in a shaker at 25° C, at 80 rpm. The extraction solution was then filtered to

remove excess fungal material and glass beads, first under vacuum through a Whatman

#1 filter and then through a 0.2 u.m filter. Protein concentrations were taken following

filtration (X = 280nm) using the Gene Quant EL Spectrophotometer (Pharmacia Biotech).

Isoelectricfocusing (IEF)

Preparative IEF was performed in a Rotofor (BioRad) using 1% 3-10 ampholytes

and procedures described in the manufacturer's manual. pH readings were recorded

following IEF. Fractioned proteins were concentrated and the ampholytes removed by

centrifugation at 13 000 rpm for 90 minutes, using 3K Microcon centrifugal filter devices

(Amicon Bioseparations, Millipore) units followed by a wash with sterile distilled water.

SDS sample buffer was added to the samples before storage at -20 ° C.

Electrophoresis

Protein samples were dissolved in SDS-page sample buffer (3% w/v 10% SDS,

0.05% w/v bromophenol blue, 1% w/v Tris-HCl buffer pH 8.9, 1% w/v dithiothreitol, 5%
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w/v glycerol), and then incubated at 60° C (10 mins) just before loading the gel.

Electrophoresis was done in 12% (w/v) polyacrylamide gels. Gel electrophoresis was

carried out in BioRad mini gel cells for 45 minutes at 200V. Proteins were silver stained

(BioRad) and gels were stored in 10% acetic acid at 4 ° C. The molecular masses ofthe

proteins were determined by comparison to the migration distance ofthe standard

proteins (BioRad).

Extraction ofSDS-insoluble protein withformic acid

Hydrophobin extractions were done as outlined in Bidochka et al. (1995).

Crushed fungal samples strains were first lyophilized. Fifty milligrams ofeach ofthe

lyophilized samples were placed in 13 ml polystyrene tubes and boiled in lOOmM tris-

HC1 (pH 6.8), 4% (w/v) SDS 10% (w/v) glycerol and 0.1% bromophenol blue for 10

minutes. The samples were then centrifuged at 3000 rpm in a desktop centrifuge (Fisher

Scientific) for 10 minutes. The supernatant was removed and this step repeated. The

samples were washed six times with sterile distilled deionized water. The samples were

then lyophilized again. SDS - insoluble protein was extracted by adding 1 ml 88%

formic acid to each of the samples and then incubated for 2 hours at 10° C. 0.5 ml ofthe

formic acid was removed. Oxidation with performic acid ofthe remaining sample was

achieved by the addition of 1 ml performic acid (lvol 30% H2O2 : 9 vol formic acid)

followed by incubation at 4° C for four hours. The formic acid extracted and the

performic acid extracted samples were diluted 20X with sterile ddF^O and then were

lyophilized. The lyophilized samples were resuspended in 50 u.1 sterile ddtbO. Five

microliter samples were removed for determination of protein concentrations, and SDS
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Page sample buffer was added to the remaining samples and were then stored at -20 ° C.

Electrophoresis was carried out as described above and proteins were silver stained.

Results

Strains and Growth Conditions

B. bassicma and V. lecanii both have white mycelia and white conidia, and do not

vary significantly in appearance from one medium type to another. In order to determine

the composition of the culture, conidia had to be quantified. Following repeated

subcuturing, on PDA, pleomorphic deterioration was noted by quantification of conidia

in the B. bassicma strain (252), but not in V. lecanii (973) (see Chapter 3). The strains

were also phenotypically similar when grown on YPDA, although quantification of

conidia revealed relatively few conidia in B. bassiana (4.45 x 10
6
/cm

2
on 3mm YPDA)

when compared to V. lecanii (4. 17 x 10
7
/cm

2
on 3mm YPDA) (see Chapter 2). Liquid

cultures were phenotypically similar both in PDB and YPDB, blastospore growth was

observed in B. bassiana in both nutrient types, filamentous growth was observed in V.

lecanii in both nutrient types.

Cultures chosen for two-dimensional gel analysis were as follows. Five growth

conditions for the strain 252 were examined, (1) a conidiating culture grown on PDA, (2)

a pleiomorphically deteriorated mycelial culture grown on PDA, (3) a mycelial culture

grown on YPDA, (4) a liquid culture in PDB and (5) a liquid culture in YPDB. Because

973 did not pleiomorphically deteriorate only four conditions were assessed, (1) a

conidiating culture grown on PDA, (2) a conidiating culture grown on YPDA, (3) a liquid

culture in YPDB and (4) a liquid culture in PDB.
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Two dimensional gel analysis

In order to visualize single proteins, two-dimensional separation was performed.

Broad range DEF (pH 3-10) was used to achieve sufficient resolution so that major

proteins could be identified. Protein profiles were different in each condition tested, and

differences also occurred between the two species. We were unable to detect any proteins

in the B. bassiana strain grown in PDB (not shown), or from the conidiating culture on

PDA (Fig. 5.1). Numerous proteins were resolved in the pleiomorphically deteriorated,

mycelial culture on PDA. Only six low molecular weight proteins were resolved from

the mycelial culture grown on YPDA (Fig 5.1). Numerous proteins were resolved in the

liquid culture grown in YPDB. The majority of the proteins occurred in the acidic range

(pH 3-5), and very few occurred above pH 8. The protein profile ofthe mycelial culture

grown on PDA had a broader pH range and the proteins were more concentrated in the

neutral region pH 5-7.

The protein profiles of the V. lecanii strain (973) differed from those of the B. bassiana

strain (Fig. 5.2). Although both the PDA and YPDA cultures showed high conidia production

and appear phenotypically similar, the protein profiles are dissimilar (Fig. 5.2). More proteins

were resolved in the culture grown on YPDA and there was a high concentration of proteins

between pH 2 and 5 in the YPDA culture (Fig. 5.2). The PDA culture showed the highest

protein concentration between pH 4.8 and 6 (Fig. 5.2). The shake cultures both revealed

numerous proteins, more in the YPDB culture (Fig. 5.2). The proteins resolved from the YPDB

culture were concentrated in the neutral and basic range (pH 5-10), whereas in the PDB culture,

the proteins were primarily neutral (Fig. 5.2).
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Figure 5.1. Two-dimensional gel electrophoresis representing SDS-soluble protein patterns

associated with colony type in four culture conditions of B. bassiana 252. On the horizontal of

each gel is the isoelectric point and to the left is the molecular weight. The gels representative

of SDS-soluble protein patterns from cultures grown on solid substrates, are preceded by an

image of the fungal colony type from which the proteins were extracted A) a conidiating culture

grown on PDA, and 2-D gel B) a pleiomorphically deteriorated mycelial culture grown on

PDA, followed by the 2-D gel representative of SDS-soluble proteins C) a mycelial culture

grown on YPDA followed by a 2-D gel representing the SDS-soluble proteins from this culture

type D) a 2-D gel representing the SDS-soluble proteins from a submerged culture grown in

YPDB.
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Figure 5.2. Two-dimensional gel electrophoresis representing SDS-soluble protein patterns

associated with colony type in four culture conditions of V. lecanii 973. On the horizontal of

each gel is the isoelectric point and to the left is the molecular mass. The gels representative of

SDS-soluble protein patterns from cultures grown on solid substrates, are preceded by an image

of the fungal colony type from which the proteins were extracted. A) a conidiating culture

grown on PDA, followed by the 2-D gel B) A conidiating culture grown on YPDA, followed by

the 2-D gel representative of SDS-soluble proteins C) a 2-D gel representing the SDS-soluble

proteins from a submerged culture grown in PDB D) a 2-D gel representing the SDS-soluble

proteins from a submerged culture grown in YPDB.
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SDS-insoluble,formic acid-extractable conidia watt proteins

Analysis of hydrophobic proteins was performed with the B. bassiana strain (252)

only. Two major protein bands (12.8 kDa and 14.0 kDa) were observed in the formic

acid extracts of conidiating culture, the mycelial cultures showed the same major bands

but they were very faint (Fig 5.3). Oxidation of the formic acid extracts with performic

acid resulted in a single major protein of a larger molecular weight (15.4 kDa) in

conidiating culture. This band was observed very faintly in the mycelial culture (Fig

5.3).

Discussion

There were three major findings in this paper; first 2-D electrophoresis analysis

revealed that each strain possessed a unique intracellular protein profile for each ofthe

culture conditions. This was true even in phenotypically similar strains as in the case of

two conidiating cultures on two different media types (strain 973 on PDA and YPDA)

and two mycelial cultures on different media types (strain 252 on PDA and YPDA).

Differences in intracellular protein profiles were also observed between species under

identical culture conditions. Secondly, 2-D electrophoresis analysis ofan original

conidiating culture and a pleiomorphically deteriorated, mycelial culture of the B.

bassiana strain 252 grown on PDA revealed protein profile differences. We were unable

to resolve any proteins from the conidiating culture, but in the pleiomorphically

deteriorated mycelial culture at least 16 major proteins were resolved. Finally, a

conidiating B. bassiana culture had a relatively high concentration ofhydrophobic,

while a mycelial culture had a comparatively low concentration of hydrophobins,
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Figure 53. SDS-PAGE electrophoresis of formic acid-extracted hydrophobins.

Lane 1 is a low range SDS-page standard, values are in kDa. Lanes 2 and 3 are

formic acid (FA and performic acid (PFA) extracts from 50 mg of a conidiating (C)

culture of the B. bassiana isolate 252 grown on PDA. Lanes 4 and 5 are formic acid

and performic acid extracts from 50 mg of a mycelial culture of the same isolate after

repeated subculturing on PDA which resulted in pleomorphic deterioration.
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indicating that hydrophobins are directly associated with presence of conidia.

Because each protein profile was unique it was difficult to distinguish proteins

that are potentially associated either with conidia or with mycelia Little is known about

the genetics of conidiation in B. bassiana or V. lecanii, and to our knowledge,

information on intracellular proteins is limited. Further analysis ofthese proteins is

required to characterize them and identify if they are associated with genes involved in

conidia production.

Hydrophobins are small, secreted moderately hydrophobic proteins that

characteristically contain eight cysteine residues in a particular manner in their amino

acid sequence (Kershaw and Talbot, 1998). They are structural components found in

conidia walls and to a lesser extent in the walls of aerial hyphae that contribute to the

hydrophobicity of these structures (Adams and Wieser, 1999). Hydrophobicity of the

conidia is important in protection from dessication, and in conidial dispersal (Bidochka.

et al. 1995). Conidial hydrophobicity is also necessary in insect pathogenic fungi for

attachment to the hydrophobic insect cuticle so that invasion and infection can ensue (St.

Leger, 1993). Previous analysis of hydrophobic proteins in B. bassiana identified two

major SDS-insoluble proteins, the hydrophobin and cwpl (Bidochka et al. 1995), which

correspond to results observed here. Analysis of SDS-insoluble proteins in a conidiating

culture and a mycelial culture of the B. bassiana strain (252) revealed higher

concentrations ofthese proteins in the conidiating culture than in the pleiomorphically

deteriorated mycelial culture.

The data presented suggest a genetic basis for conidiation in B. bassiana and V.

lecanii. Further analysis of observed proteins will be required in order to assess whether
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any of these proteins are gene products directly involved in conidiation and or

pleomorphic deterioration. Analysis of the genes associated with the observed protein

differences will involve N-terminal sequencing of major proteins, designing degenerate

primers from the protein N-termini and amplifying the gene using RT-PCR, with mRNA

as the template from which cDNA is reverse transcribed. The genes can then be cloned

into a plasmid vector and used as a probe for Northern analysis or Southern analysis.
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Chapter 6

Using AFLP analysis to identify genomic changes in

pleiomorphically deteriorated strains of the insect-pathogenic

fungus Metarhizium anisopliae

Abstract

The common occurrence of the irreversible loss of ability to produce conidia, or

pleomorphic deterioration, during subculturing is problematic for the commercial

development ofentomopathogenic fungi. Elucidation ofthe genetic basis of con idi at ion

and the processes, which interfere with or lead to the cessation of con i dial production, is

essential for the development of stable strains that retain both their ability to produce

conidia and their virulence traits. Pleomorphic deterioration is known to occur in

entomopathogenic fungi both gradually during repeated subculturing and spontaneously

as colony sectors. Using AFLP analysis, the genomes ofthree isogenic strains (one

conidiating and two pleiomorphically deteriorated cultures) ofthe M. anisopliae isolate

54Alb were screened. With one primer set, (E +GC and M + CAG) we observed novel

fragments in the pleiomorphically deteriorated strains. These fragments were isolated

and sequenced and were shown to have homology to bacterial transposable elements

and transposase genes. This indicates the possibility ofgene disruption by transposable

elements or insertion sequences in pleomorphic deterioration.
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Introduction

The genetic basis of pleomorphic deterioration remains unknown and cannot be

explained by Mendelian patterns of inheritance (Kistler and Miao, 1992). In the

previous two sections we assessed intracellular proteins in three species of insect

pathogenic fungi. We were unable however to identify proteins specific to either

conidiating or mycelial phenotypes. We were therefore unable to use protein

information to identify genes that may be involved in conidia production and or

pleomorphic deterioration. Amplified fragment length polymorphism (AFLP) analysis

is a powerful tool designed to detect genetic variability, and confers two major

advantages over random amplified polymorphic DNAs (RAPD). AFLP analysis is

more reliable and consistent than RAPD analysis and numerous markers can be scanned

on a single high-resolution sequencing gel. AFLP markers are also typically dominant

and most fragments correspond to unique positions on the chromosome and can

therefore be exploited in genetic and physical mapping (Ky et al. 2000).

In this section we used AFLP to assess genetic variability among three isoforms

ofthe M. anisopliae isolate 54A lb. A conidiating culture, a pleiomorphically

deteriorated mycelial culture, and a mycelial sector were compared using 15 selective

primer sets and fragments that reflected phenotypic differences were subsequently

reamplified and sequenced in order to identify a potential genetic basis for pleomorphic

deterioration.





83

Materials and Methods

Fungal samples andDNA extractions ofthree isogenic strains ofthe strain 54A lb

TheM anisopliae isolate 54A lb was isolated from a soil sample obtained in

Southern Ontario, Canada using waxworm (Galleria mellonella) larva as bait. Five

microliters of a conidial suspension (10
7
conidia /ml ofTriton X-100) from a

conidiating culture, and 5|il of mycelial suspensions (10
7
hyphal fragments /ml of

Triton X-100) from a subcultured mycelial culture, and a mycelial sector ofthe M.

anisopliae isolate 54Alb (Fig. 6.1) were point innoculated onto 3mm PDA. This depth

was achieved by pouring 15 ml of molten agar into in 95 mm X 15 mm "Media Miser"

Petri dishes (Fisher Scientific) and incubated at 27 ° C for 10 days. Cultures were

removed from the medium by placing the Petri dishes in a 70 ° C water bath for 10

minutes or until the agar was soft enough to remove the fungus. Once removed from

the medium, the cultures were placed in -80 ° C. Samples were crushed to a fine

powder in liquid nitrogen with a mortar and pestle. DNA was extracted from 200mg of

crushed sample using the DNEasy tissue prep kit (Qiagen).

AFLP Procedure

Restriction - ligation

Protocols were adapted from those supplied by Gibco BRL (Life Technologies)

in the AFLP Analysis System for Microorganisms. 3 uJ ofDNA was digested with 1

unit Eco R I, and 1 unit Mse I in 1 uJ of 10 X reaction buffer, 1 unit BSA (NewEngland

BioLabs) and sterile water to a final volume of 1 1 uJ. Digestions were carried out in a

37 ° C water bath overnight, and inactivated by incubating samples at 70 °C for 15
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Figure 6.1. Three isogenic strains of theM anisopliae isolate 54A lb. a) mycelial

sector indicated by the arrow, b) a mycelial and c) a conidiating culture
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minutes. Following complete digestion, to each sample, 10 ul-lOX ligation buffer, luJ

T4 DNA ligase (Gibco), and 10 u.1 of adapter solution (50 pMol Mse I - adapter and 5

pMol Eco R I - adapter) (Gibco) was added, samples were then incubated at 20 C for

two hours and then overnight at 4 C. Following ligations, the sample volume was

increased to 330 ul with TE buffer (lOmM Tris-HCl,pH 8.0, ImM EDTA).

Non- Selective amplification

Adapted fragments were amplified under the following conditions in a total

volume of 25 ul Each reaction contained 5 u.1 diluted ligation solution, 3 uJ Eco R I (E)

primer (30 ng/ul )
(5'- GACTGCGTACCAATTC -3') (Norgen), 3 ul Mse I (M) primer

(30ng/ul) (5'-GATGAGTCCTGAGTAA-3') (Norgen), and 15 ul MasterMix (Qiagen).

PCR reactions were carried out in the Eppendorf GradientCycler using the following

profile: 20 cycles of 30 s at 94 °C, 30 s at 56 °C and 1 min at 72 °C. Reaction volumes

were increased to 250 uJ with TE buffer after amplification.

Selective amplification

Amplification reactions of pre-amplified fragments were done in a final volume

of22 \i\. Amplifications were performed with 15 combinations ofE + and M +

primers. The 3' selective base extensions of each primer are given in brackets: El (+

0), E2 (+ A),E3 (+ GC), E4 (+ EAG), Ml (+ 0), M2 (+ A), M3 (+ T), M4 (+ CAG) Full

primer sequences are in Table 6. 1 . Reactions contained 5 \x\ diluted, pre amplified

DNA, 3 uJ (30ng/ul) E + primer, 3 ul (30ng/uJ)M + primer and 1 1 uJ MasterMix

(Qiagen). Cycling conditions were: cycle 1 - 6; 30 s at 94 °C, 30 s at 65 °C, 1 min at 72

°C. Cycle 7 - 12; 30 s at 94 °C, 30 s at 60 °C, 1 min at 72 °C. Cycle 13 - 35; 30 s at 94

°C, 30 s at 56 °C, 1 min at 72 °C, followed by a final extension, 5 min at 72 °C.
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Table 6.1. AFLP primer sequences used for pre-amplification (E and M) and selective

amplifications (combinations of all primers).

Primer
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Amplification products were subjected to electrophoresis on a 10% denaturing

polyacrylamide gel (10 % bisacrylamide (19:1), 7.5M urea, IX TBE) on a BioRad

sequencing gel system (50 X 38 X 0.75 cm). Gels were run at 50 °C for two hours and

then silver stained (BioRad).

Sequencing

Four bands of interest (Bl 350 bp, B2 350bp, B3 220 bp, B4 200 bp) were

excised from the gel, rinsed in sterile water and reamplified using primers E3 and M4

under the selective amplification cycling conditions. PCR products were verified on a

2% agarose gel (0.5X TBE), and purified using the Qiagen PCR-Purification kit and

then sequenced. Sequence homology was assessed by submitting sequences to Blast

searches (GenBank, http://www.ncbi.nlm.nih.gov/).

Results

AFLP

Each primer set generated fingerprint patterns different from other primers even

where there was only a difference ofone nucleotide in the extension. Little variability

was detected between the fingerprints ofthe three isoforms. Differences between

isoforms were detected however using the primers E + GC and M + CAG which

generated distinct banding patterns in each of the isogenic strains. Three fragments

were present in the mycelial sector culture (Fig. 6.2) that were absent in the conidiating

culture. Two of these fragments were also absent in the subcultured mycelial culture.
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Figure 6.2. AFLP banding patterns from five primer sets. Lanes are arranged in groups of

threes for each primer set. The first lane ofeach triplet is the mycelial sector

(corresponding to Fig. 6.1. A), the second, the mycelial culture (corresponding to Fig. 6.1.

B) and the third, the conidiating culture (Fig. 6.1. C). Arrows indicate the fragments that

were excised and re-amplified, A, B, C and D.
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Sequence analysis ofdistinguishing bands

IU\implification and sequencing of bands revealed almost identical sequences.

The band that was present in both the mycelial sector culture and the subcultured

mycelial culture were almost identical but showed some differences at the 5' end from

the fragment that was found only in the mycelial sector culture. The partial sequences

from A, B and C (Fig. 6.3) were approximately 330bp in length (Fig. 6.4). The

sequences were subjected to Blastn and nBlastX searches for sequence homology.

Although the sequences showed little homology to the sequences in the database, some

of the more interesting homologies included an Escherichia coli transposable element

(e- 0.5) and a Salmonella typhimurium transposase (e - 0.85).

Discussion

The experiments conducted resulted in the following findings. First, phenotypic

differences are reflected as differences in AFLP banding patterns. Second, the

differences indicate a genetic basis of pleomorphic deterioration both during

subculturing and sectoring in M. anisopliae. Third, sequence homologies indicate that

sectoring and pleomorphic deterioration resulting from repeated subculture, may be a

result of the activity oftransposable elements interfering with or inactivating genes or a

gene involved in the regulation of conidia production in this species.

Cultural instability commonly occurs in isolates ofM. anisopliae resulting in the

irreversible loss of conidia production or pleomorphic deterioration. It occurs both

during subculturing and spontaneously as a colony sector. The determination of genetic

differences between isogenic strains using AFLP gives new direction to the uncovering of

genes involved in conidiation and the genetic basis for pleomorphic deterioration.
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Figure 63. Re- amplified PCR products on a 2% agarose gel from the AFLP
fragments indicated by arrows and letters in Fig. 6.2. The third reamplified band

resolved as a doublet (lane 4). Lane 1 , 1 OObpPlus marker, lane 2 - fragment A
(see Fig 6.2), lane 3 - fragment B (Fig. 6.2), lane 4 - fragments C and D





91

A - cctttgggggctttttcctgctgatatggtgtcgagctacaaataccgatga
B - cctttgggggctttttcctgctgatatggtgtcgagctacaaataccgatga
C - ctttagcctcctgctgatatggtgtcgagctacaaataccga

A - gttcttcgtttactttatgcctaataactcgaaatttagtgtcaaagccta
B - gttcttcgtttactttatgcctaataactcgaaatttagtgtcaaagccta
C - gttcttcgtttactttatgcctaataactcgaaatttagtgtcaaagccta

A - gaagttcctcaaagcgcacttgatcgcccaaggcccattcgatggcgtctt
B - gaagttcctcaaagcgcacttgatcgcccaaggcccattcgatggcgtctt
C - gaagttcctcaaagcgcacttgatcgcccaaggcccattcgatggcgtctt

A - gggtgctgtccttgtcaccccgtgtcgcgtgtcgcgagacataggggggctgt
B - gggtgctgtccttgtcaccccgtgtcgcgtgtcgcgagacataggggggctgt
C - gggtgctgtccttgtcaccccgtgtcgcgtgtcgcgagacataggggggctgt

A - gatacattcgtcaattcagcattcgttagtgatatatattcggatcaaaac
B - gatacattcgtcaattcagcattcgttagtgatatatattcggatcaaaac
C - gatacattcgtcaattcagcattcgttagtgatatatattcggatcaaaac

A - ctacggagacggacgtacctcaaggagggacatgaagtccttgacatccgc
B - ctacggagacggacgtacctcaaggagggacatgaagtccttgacatccgc
C - ctacggagacggacgtacctcaaggagggacatgaagtccttgacatccgc

A - ccgaccgctgctgttactcaggactcatca
B - ccgaccgctgctgttactcaggactcatca
C - ccgaccgctgctgttactcaggactcatca

D - tgaggcactgctgatgcgaggaattcgaggcagatgcaggcattgacgaaattt
ttgagggtgccgttctgcgaagggtaggacgggtacgtggttgtgaagaggata
taggggtttgaagcggtgacgggagagattcgcggattgacggagtgcgcttga
gattctgtaggtatacatgttgttgtaggagcaagggagcgaggttcgtggtca
ttggggtttgggagagggataggtgaagcaaggggaggggcggcggtggttgag
ttttgggttgatgctgttactcaggactcatca

Figure 6.4. Partial sequences corresponding to four fragments, A,B,C, D (5' to 3')

sequenced in one direction using E+CG primer.
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The appearance of sectors have been attributed to mitotic recombination, loss of

chromosomes (Horgen et al 1996), and spontaneous rearrangements in microsatellite

sequences (Smith, 1999). Alternatively sectoring may be a result ofthe insertion of

transposable elements into coding regions that result in gene disruption. Transposable

elements are ubiquitous, motile, repetitive DNA elements that are known to contribute

to genetic variability in, among other organisms, filamentous fungi (Maurer et al.

1997). It has been shown that transposable elements can actively affect gene structure

and function by either gene inactivation, altered gene expression depending on the site

of insertion, or modification ofthe nucleotide sequence through excision (Daboussi,

1996). In the majority of instances, insertion of a transposable element within or

adjacent to a gene creates a null phenotype because the element blocks transcription of

genes in close proximity or changes the pattern of transcription (Daboussi, 1997). In

this case the element might block transcription or change the pattern oftranscription in

genes involved in the formation of conidia.

Transposable elements have been identified in a number of filamentous fungi.

Some examples include, the retrotransposon Tad, in Neurospora crassa, (Kinsey and

Helber, 1989) the retrotransposon, CfT of Cladosporiumfulvum (McHale et al 1989),

the transposon FoT in Fusarium oxysporum (Daboussi et al, 1992), and restless in

Tolypocladium irrflatum (Kempken and Kuck 1996). The transposable element, Palm in

F. oxysporum has been used to identify genetic subpopulations, because it is present in

pathogenic strains, but is absent from non-pathogenic strains (Daboussi and Langin,

1994). Transposable elements have also been identified in insect-pathogenic fungi, the

hupfer element in Beauveria bassiana, as well as a putative transposase gene in M.
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anisopliae (Inglis et al. GenBank, Unpublished). The fragments we sequenced did not

show homology to either of these elements.

The sequences shared the most homology to Bacillus halodurans, a species that

contains 1 12 putative transposase (Tpase) genes (Takami et al. 2001). There was also

homology to anK coli transposon and a putative transposase in S. typhimurium. The

region ofhomology was contained within three of the fragments sequenced from

pleiomorphically deteriorated, mycelial cultures ofM anisopliae. Insertion sequences

(ISs) are small mobile units ofDNA consisting of a Tpase and terminal inverted repeats

which serve as the sites for recognition and cleavage by Tpases in transposition

reactions (Takami et al. 2001). Insertion sequences are classified into families based on

amino acid sequence similarities ofthe Tpases, and bacterial species can possess

multiple ISs of different families in their genomes (Takami etal. 2001). Some ISs

form composite transposable elements (transposons) by flanking a DNA region that

contain antibiotic resistance genes, catabolic or pathogenic genes. Transposition of

these mobile elements can result in an insertional mutation, activation or inactivation of

a downstream gene.

Most laboratory fungal cultures lack transposable elements because they are the

result of continuous selection for phenotypic stability, the majority ofknowledge of

fungal transposons is therefore from studies on field strains of plant pathogens

(Daboussi, 1996, Kistler and Miao, 1992). Most ofthese species lack a sexual stage

and show a high level of genetic variation, which draws speculation that they may

contain active transposons (Daboussi, 1997). Thus further evidence to support

transposon activity in this case comes from evidence that field isolates often possess
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transposons or that transposons are more common in nature. Much of the molecular

research onM anisopliae is done with the isolate Ma2575 . We found that cultural

stability in this isolate was far greater than that of isolates that have been recently

isolated and not been subjected to rigorous selection for desirable phenotype (high

conidia production, high virulence). This isolate does sector occasionally but does not

pleiomorphically deteriorate during repeated subculturing. The level oftransposon

activity in a selected lab isolate is far less than what occurs in nature. The isolate

54Alb on the other hand was isolated from a soil sample in Southern Ontario in 1996,

and so has a greater chance of possessing transposons and thus of pleomorphic

deterioration which we found to be more common in these recently isolated strains.

Fungal transposable elements have been shown to cause spontaneous genetic

changes that can potentially have widespread effects. Laboratory studies have

demonstrated that transposons can generate null phenotypes (Cambareri, et al. 1996),

cause chromosome rearrangements (Daviere et al. 1996), or alter gene sequences

(Daboussi et al. 1992). The role that transposons might play in nature is not known.

Because there are no known processes that recognize altered DNA (RIP, PMD, and

MIP) and ensure genomic stability in asexual fungi, the effects of transposable elements

may therefore be more widespread among fungi with no known teleomorphic stage.

Transposable elements generate genetic diversity in fungi that do not appear to

reproduce sexually and may be important in the evolution of the fungal genome

(Daboussi, 1996; Daboussi, 1997; Kistler and Miao, 1992; Maurer et al., 1997).
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General Discussion

" Instability in some fungal strains can have tremendous negative economic

consequences. Genetic stability is necessary in fungi used as food and in

pharmaceutical or industrial procedures where product quality and quantity are

important" - Smith, 1999

Pleomorphic deterioration is a phenomenon that we have recently observed in

entomopathogenic fungi. Though previously documented in other fungi, (Kistler and

Miao 1992; Hayden, etal. 1992; Jinks, 1963; Burnett, 1984; Hansen 1938; Purwantara,

etal., 1998; Johnston, 1976; Ball, 1973; Kelleher, 1969; Sermonti, 1969; Roper, 1971),

an adequate explanation as to the source of this phenomenon does not exist. There are

however many hypotheses regarding the environmental and genetic factors involved in

conidia production that may play a role in pleomorphic deterioration and these are

reviewed in Chapter 1. Undertaken here was first to investigate the role of different

nutrient types and parameters on conidia production in three species of

entomopathogenic fungi, Kietarhizium anisopliae, Beauveria bassiana and Verticillium

lecanii. Second was to establish whether pleomorphic deterioration occurred in these

three species. Thirdly, to apply previous knowledge and new ideas in attempting to

uncover genetic mechanisms involved in pleomorphic deterioration.

Fungal differentiation is generally mediated by two interacting components, the

environment and genetics. In order to study the effects ofone component, the other

must be standardized (Johnston, 1976). An investigation ofsome of the environmental

factors that affect conidia production was therefore necessary (Chapter 2). In order to

determine the nutrient conditions under which conidia production was both high and

stable, cultures were grown on solid substrates that varied in nutrient type and amount

of nutrient provided. Both of these factors proved to be influential on conidia
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production in the three species examined. The results supported previous findings with

regards to the nutritional requirements for growth and conidiation in entomopathogenic

fungi (Li and Holdom 1995; Rombach et al., 1989; Smith and Grula, 1981; Thomas et

cii, 1986). It was established that isolates of all three species consistently showed the

most consistent and stable conidia on PDA and that conidia production could be

elevated when less of this nutrient type was provided. This medium provided the

stability required to establish whether pleomorphic deterioration occurs in

entomopathogenic fungi and if there was a genetic basis for it.

In order to assess pleomorphic deterioration,M anisopliae, B. bassiana and V.

lecanii were subcultured on three depths ofPDA (Chapter 3). Pleomorphic

deterioration is defined as the irreversible loss of ability to produce conidia, and here

was characterized both visually and defined by a 90% decrease in conidia production

within 30 subcultures. Pleomorphic deterioration occurred in all but one of the M.

anisopliae isolates, in B. bassiana but did not occur in V. lecanii. Depth ofthe medium

affected the rate of pleomorphic deterioration in that the shift from conidiating culture

to a mycelial one occurred more rapidly on greater medium depths (4 mm), and conidia

production was more stable on smaller medium depths (2 mm). We were unable to

reverse this process by changing medium depth or by passage of pleiomorphically

deteriorated isolates through an insect host. Loss of pathogenicity has previously been

found to accompany pleomorphic deterioration in other pathogenic fungi (Morrow et

al. 1989; Hajek et al. 1990 Kistler and Miao, 1992; Burnett, 1984). Here bioassays also

indicated that a loss of pathogenicity accompanies pleomorphic deterioration in A/.

anisopliae. Observations of irreversible pleomorphic deterioration under stable
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environmental conditions therefore indicated a genetic basis for this phenomenon.

Because both con id ia production and pathogenicity are affected, it is probable that more

than one gene affected during pleomorphic deterioration and it is unlikely that it is

caused by a single gene mutation.

In order to assess the underlying genetic mechanisms, intracellular protein

patterns from conidiating, mycelial and pleiomorphically deteriorated cultures were

examined (Chapters 4 and 5). Protein patterns from conidiating cultures were compared

to protein patterns from mycelial cultures induced by environmental conditions (YPDA,

and liquid cultures) and to mycelial cultures that had lost their ability to produce conidia

during subculturing. It was expected that protein patterns would be similar other than

some major proteins that were typical of culture type. Proteins unique to a particular

phenotype could then be sequenced and specific mycelial and conidia related proteins

identified and characterized. If proteins and the genes encoding them were directly

associated with conidia and were identified, then target genes that may be affected

during pleomorphic deterioration could have been tested. Instead, protein patterns

shared no similarities even in phenotypically similar cultures or in for example a

conidiating culture ofone strain and a conidiating culture of another strain. It was

therefore difficult to identify either mycelial or conidia specific proteins. Two major

proteins from a conidiatingM anisopliae culture and one from a pleiomorphically

deteriorated mycelial culture of the same isolate were N-terminally sequenced anyway

but no significant homology was found to proteins in GenBank. For this reason and

because little information is known about intracellular proteins in entomopathogenic
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fungi, further identification and characterization of these proteins to see if they were in

fact associated with specific morphological characters could not be done.

In addition to analysis of intracellular protein patterns, analysis of hydrophobins

was also done (Chapters 4 and 5). Hydrophobins are small, secreted hydrophobic

proteins that are structural components found in conidia cell walls (Adams and Weiser,

1999). The hydrophobicity of conidia in insect pathogenic fungi is necessary for

attachment to the hydrophobic insect cuticle so that infection can take place (St. Leger,

1993). It was expected that there would be differences in hydrophobin concentration

between mycelial and conidiating cultures. This was indeed found to be the case,

hydrophobin expression was generally higher in conidiating cultures than in mycelial

cultures.

Identification of the genes involved in conidiation will allow genetic

manipulation of strains in order to obtain stable conidia production and pathogenicity.

Regulatory genes involved in conidiation have been identified in Aspergillus nidulans,

(Timberlake and Clutterbuck, 1993) although primary evidence indicates that the

regulatory genes inM anisopliae are different (Chapter 4). The discovery of a similar

regulatory system in this species would be invaluable towards the ability to control

conidiation and prevent pleomorphic deterioration through genetic engineering.

In chapter 6, AFLP analysis showed genetic variation among three isogenic

strains of M anisopliae Unique fragments were observed in pleiomorphically

deteriorated strains, further indicating a genetic basis for pleomorphic deterioration.

Sequence analysis ofthe fragments that were found only in pleiomorphically

deteriorated strains, revealed homologies to transposon and transposase sequences.
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Transposable elements have been shown to actively affect gene structure and function

in several ways: by either gene inactivation, altered gene expression depending on the

site of insertion, or modification of the nucleotide sequence through excision

(Daboussi, 1996). It is therefore plausible that transposon activity is involved at least in

part in pleomorphic deterioration, the hypothesis being that genes involved in conidia

production, and potentially pathogenicity, are disrupted by the insertion of transposons.

Further analysis will include sequencing around the putative transposon sequences to

identify the genes that are being disrupted, which are implicitly those involved in

conidia production.

Since 1938, pleomorphic deterioration in fungi has been perpetually mentioned

in the literature. The majority ofthe research has been with imperfect plant-pathogenic

fungi and industrially important fungi, reviewed in chapter 1 . Although it has been well

documented, the basis of this phenomenon have remained elusive. Pleomorphic

deterioration has more recently been noticed during subculturing in insect-pathogenic

fungi. The development ofentomopathogenic fungi for insect control in agricultural or

forest settings requires subculturing and propagation as a means to produce large

quantities of conidia. The negative implications of pleomorphic deterioration in

commercial development of insect pathogenic fungi as biological control agents are

therefore unquestionable. First from the perspective ofcommercial producer, stability

in conidia production and pathogenicity are essential in order to maintain quality control

of the product. Secondly, stability of conidia production and of pathogenicity is also

important for the efficiency of the agent once it is released. On the other hand cultural

instability can be a valuable tool towards a better understanding of the development of





100

fungi. The preceding chapters (2-6) have investigated pleomorphic deterioration in

three species of insect-pathogenic fungi and have hopefully provided useful insight into

this phenomenon that will stimulate new interest and providing new direction for further

research in this area.
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Appendix I. M. anisopliae Sequences from fragments amplified using primers

designed from regulatory genes involved in conidiation in Aspergillus nidulans M.

anisopliae (Refer to Chapter 4)

Bral 1
5'-3'

GTCGACGAGGAACAACCAAGAAGCTCGCAACGAACCAGTCGACGCCAT
GGCCCATGGCCCCCGGCCCCCCACAATCTTCAGCCGTNACCCGAGACGA
TCCATGAGCAGGCTTGTTTATCCGACGGACTTTATTGGCTGGTTCGACG
CAATGCCTCAATTACCCCGTATCGTGTACATATGGACTCGGCACCAGT
CCCCACGGCCATGTCTCGCCGACTAGCGCACACGCCGCATATCCCACA
TTACAAATGTGAATTGCCAGCGAGCACTTCGGCTGAATGGATGGCGAG
TGGATATGTATTTAATCTAGTTTCGGCACTCCACCCGATGGAAATGCC
TTTCCGTACCGGCTCCGACCAACGCGCGGGGTCCCTCGCTTCCATCCAT
CGGCTTGGTTCAGGTTGGGTCCAGTGCAAGAGCTTTGTCAAAAGTTCG
TGGTCGTGTAGTTATTGCCGCCATTAGACAGGAACTCTTTACAAGCAG
AGAGATAGATCAAGGTACACAGTACATTTATCTGCAAATGCTATTTGA
CCGCTCATCTCAACTCCAAGCATGAATCGCACCCGTGCACTTCCTTTC
CGTAATAGCGCTCAGCTTTTTGCCAATCCTCTCTTTCATTATT

BrlaX 3*-5'

GTCGACGAGGAACAACCAAGCAACATATCCAGGGTATTCCAGCCCACC
ACCACAGAGCACGTTCTCGGCGCCTATGGCGTACAATCCGTC
TCAATATGGCCGAACTCCAGGACCAACCTCACCACCCCCAAATCAGGCA
TCGTTTGCCGTGAATAGGATGCCACACTCGCCGCCCCCGACTCAAACT
TCCTTTGGGCAGACTCACCAACACCAACCACATCAGACGTATGGAAACTA
CGGGGCATCCCAGGCGCAACAGCCGGCTGGTTACGTGCCTCCTGGATTTG
TGCCTCCGCCGCCGCCGCCTGGTCCTTCGCCGGTGGGACCACAACAGACC
TTTCACTATGATGGGCACAGCGGTCATCAGCAGGGTGCCCAGACGCGT
GTGACGCAGCCAGAGCAACCCCACGATCCGTGGGCTGGACTGAATGCA
TGGAAATAATGAAAGAGAGGATTGGCAAAAAGCTGAGCGCTATTACGG
AAAGGAAGTGCACGGGTGCGATTCATGCTTGGAGTTGAGATGAGCGGT
CAAATAGCATTTGCAGATAAATGTACTGTGTACCTTGA





Ill

Brlal 5'-3'

CCGCGGAATGCCGGGTCGTAGTTGGACAACGTGCTTGGATTTTGGCACCA
GTGGAAGGCGCTTCCCGTATCTTGATGGACTGCACTGTGCCTAAAAAAGA
GTAAAGTGGGGTTATCTCGTCTGGTGGGTGTAGCTCCAAGGAAACCCGCA
TGGAACAAACGTTGAACAAAGCAAGTATCACCCACCCTCGACACACAAA
CCGGGCACGCAGCAATGGCAACGACCCAGTTTCTGTAATGGCTGTTTTTG
CATGAAATCCTGGGCTAGAACATGAAGCTGCATGTATGTGGTGATGGACC
CGGCCAGTCAGGCCGCGAAACCTCATTCATACTACATACATACGATGCCA
ATCAATTCAATTCAAAGGTTCGTCGAAGCCCGTGGTCCCCGACTGTGACG
CGTGCATGCTAAGACATGGGACGTATCGGTCGCCGTATTGTGTGCCGCAT
CTTTTGGTGGTAGCAAGTTGGCTGGACGTCATAATACATTCGCCAGCAAA
CGCCGACTTGCTTTCCACGCCCAGCATCAACGTTTCGCAGGACATAGACG
ATGATTTGGAGCGCCGGTTGCACCAACAAATACCAAATGGTAATCGGCAA
GCGATACGAAGCTCCGACCACTTTTCAAATGTGGATGGTCACAATTTTGA
AGGGCCTGTGTCCTATTCCGACTTATGCCAACCAAGCATCGCTGCACCAA
GAAATTAC

Brial y-y

CCGCGGAATGCTGGGTCGTAGAATACTTCCGGCTCAGATATTGAGAAACA
TGATCTCGTCAATATTTTAGTAGACGGGTCAAAGGATACTCCACGCGTG
GTACAACAAGAGTTGCTCCTAGGTTGCATCTTTTTAGCAGCTGGGCAGGG
GTGGATTAAGGAGAAGAATGAACTCGACCAAGATCAACAGCGTCGTTCT
CTCTCCAACACTCTTGGCACCTTATGTGACATTGCTGATATGGTCAATA
TGGCATGCCGTTCCAATGGCCAGCCCATTCGGCTGCCGGAAGCCGCAAAT
CAAGCAAGAACCTTTGATCGGGCTGGAGATTACTCCCCACGCTCGATGG
TTGTTTTGCGCTAGTTTGCATGCTTCGGCACGATAAGGCTCGTGAAGGGG
CACAGACAGGGGTATAACAAACAGGAAACACTGAAACGCATGCGACAG
GCCGGATCGCGAACCGCTGCGATTGCAAAAAGGCCATGGTTGGCCTTGC
AAACTATCGGCTTCACCCGCTAATGTCAGATGCAGGACCACACACGCCG
CCATGAAGATATCCGTGAGGACACAAAGTGCATTTTCCTGATAGAGATG
CGTCGGTAGGAGTCTCTCGCCAAGCTTGGGTAGATGCCCGTTTGTTATGT
TGGGTTGATTGTTGTAATTTCTTGGTGCAGCGATGCTTGGTTGGCATAAG
TCGGAATAGGACACAGGCCC
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we/a5'-3'

AAGATGTTCGCCCAACCAACCATTCGACGAATTAATGCCGTTCGAGATCA
TTGCAGACGGACACCAGCATGGAACGAATGCAAGCACTGCTGAATGAAG
CTCAGCTGCGGGCTGAAGCCGCTGAAAGACGCTTCAATGAAGAAAGACG
ACAACGTGAAGCAGCGGAGCAACAACGCGAATCGGCAGAGCAAGAACGG
CTTCGGGAGCGACAACAACGCGAAGCAGCAGAGCAAGAACGGCTTCGGG
AGCGACAACAACGCGAAGCAGCAGAGCAAGAACGGCTTCGGGAGCGACA
ACAACGCGAAGCAGCAGAGCAGAGAGCACAAGCATCCGAGCAGCAGACA
CAACCCACAACCTTCAGCGAATACCTCGACGCATGTCATCGGTTAGTCTTC
ACCAAACTTCAGGTGGAACACAATCCCGACCGGTTATCACGAGGTTCTTT
GACCAATCCACAAAGCAAACGATGTCCCACCAACCTGCGGCAATGGCAA
GGCTTACTGGAGCAGCAAAGGCGCATATTTGGCCTTCTCCTCGATACCTTC
CCTTGCGATTCGGATCGGCTCTTCGAGAGCGAGCACTTTCTAACAGCCAT
GGGTGCCAGAATCGGCGGACGAAGTATCGCGAATGAGAAAGTCC

Weta 3'-5'

ATAGGTCCGCGTAACATGCTCCCGGCCGCCATGGCTCGCGGGATTACGC
TTCGCTTGCGACGTTTATCGACGACCTCTTCTGCGGTCCTACTCAACGCA
TGCCAGTTGGCTCTCGAAGACGATGCCGCTCGACAAGCATCGATAGCGT
TCTCGACTGCTGGTATATTGACAAGCTGATTGATGATATTCCTCACAGG
ATCCTCTACAGCGTTGTGCACGAAGAACTCTAGGACTTTCTCATTCGCG
ATACTTCGTCCGCCGATTCTGGCACCCATGGCTGTTAGAAAGTGCTCGC
TCTCGAAGAGCCGATCCGAATCGCAAGGGAAGGTATCGAGGAGAAGGC
CAAATATGCGCCTTTGCTGCTCCAGTAAGCCTTGCCATTGCCGCAGGTT
GGTGGGACATCGTTTGCTTTGTGGATTGGTCAAAGAACCTCGTGATAA
CCGGTCGGGATTGTGTTCCACCTGAAGTTTGGTGAAGACTAACCGATG
ACATGCGTCGAGGTATTCGCTGAAGGTTGTGGGTTGTGTCTGCTGCTC
GGATGCTTGTGCTCTCTGCTCTGCTGCTTCGCGTTGTTGTCGCTCCCGA
AGCCG



4>W1










