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ABSTRACT

Strain improvement of the insect pathogenic fungus Metarhizium anisopUae is necessary

to increase its virulence towards agricultural pests and thus improve its commercial

efficacy. Nevertheless, the release of genetically modified conidia in crop fields may

negatively affect the ecosystem. Controlling conidiation is a potential means of limiting

the release of engineered strains since conidia are the infective propagules and the means

of dispersal. The purpose of this study was to research the colony development of M.

anisopUae to identify potential targets for genetic manipulation to control conidiation.

Following Agrobacterium tumefaciem insertional mutagenesis, phenotypic mutants were

characterized using Y-shaped adaptor dependent extension PCR. Four of 1 8 colony

development recombinants had T-DNA flanking sequences with high homology to genes

encoding known signaling pathway proteins that regulate pathogenesis and/or asexual

development in filamentous fungi. Conidial density counts and insect bioassays

suggested that a Serine/Threonine protein kinase COTl homolog is not essential for

conidiation or virulence. Furthermore, a choline kinase homolog is important for

conidiation, but not virulence. Finally, the regulator ofG protein signaling CAG8 and a

NADPH oxidase NoxA homolog are necessary for conidiation and virulence. These

genes are candidates for further investigation into the regulatory pathways controlling

conidiation to yield insight into promising gene targets for biocontrol strain improvement.
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1. LITERATURE REVIEW

lA. Insect Pathogenic Fungi

lA.l. Biological Control Agent

Insect pests, such as grasshoppers, locusts, beetles, aphids, and moth larvae, can

cause devastating agricultural losses all around the world every year (Bidochka, St. Leger

& Roberts, 1 997) and are therefore a direct threat to our nutrition. Crop protection

systems are needed in order to keep the food supply at a sufficient level and to meet the

population demand (Bidochka, Kamp & De Croos, 2000; St. Leger & Bidochka, 1996).

The use of chemical pesticides for pest control is very popular, but insects can potentially

develop resistance towards them, they can be dangerous to human and animal health, and

they can have undesirable environmental side-effects (Bidochka, St. Leger & Roberts,

1997; St. Leger & Bidochka, 1996; Hajek & St. Leger, 1994). These challenges can be

minimized by exploiting insect pathogenic fiingi as biocontrol agents. Because they

naturally regulate the insect population by causing epizootics, entomopathogenic fungi

are an appropriate alternative to chemical insecticides for agricultural pest management

(Bidochka, Kamp & De Croos, 2000; St. Leger & Bidochka, 1996; Hajek & St. Leger,

1 994). Furthermore, this natural microbial control system offers an environmentally safe

method, with minimal risk to human and animal health (Roberts & St. Leger, 2004;

Lomer etal., 2001; Zimmermann, 1993).





1A.2. Metarhizium anisopliae as a model system

Entomopathogenic fungi are mainly found in the order Entomophthorales, from

the phylum Zygomycota, and in the order Hypocreales, from the phylum Ascomycota

(Shah & Pell, 2003; Samson, Evans & Latge, 1988). Entomophthorales have a narrower

host range than Hypocreales and are harder to cultivate in laboratory settings. This makes

Hypocreales more attractive for pest control (Bidochka, Kamp & De Croos, 2000;

Bidochka, St. Leger & Roberts, 1997; Zimmermann, 1993). The most popular genera of

entomopathogenic fungi within Hypocreales are Metarhizium and Beauveria (Bidochka,

Kamp & De Croos, 2000). The genus Metarhizium is divided into three general species,

M. anisopliae, M.JIavoviride, and M. album, which are distinguished by their conidial

pigmentation. M anisopliae is represented by two main varieties, M anisopliae var.

anisopliae and M anisopliae var. majus, which are distinguished by their conidial length

(Glare, Milner & Beaton, 1996; Zimmermann, 1993; Tulloch, 1976). M. anisopliae var.

anisopliae is the organism under study for this research project and will be referred to as

M anisopliae throughout the thesis.

A/, anisopliae is a soil-borne filamentous fungus and is the causative agent of

green muscardine disease in over 200 insect species, including a range of beetles and

moth larvae (Figure #1) (Bidochka, Kamp & De Croos, 2000; Zimmerman, 1993). This

fungus was first encountered in Ukraine, in the late 1 870s, on its infected scarab beetle

host, Anisoplia austriaca (Metschnikoff, 1879), and can now be found in the soil of all

continents. For this reason, it is known as a cosmopolitan entomopathogen and is one of

the most commonly isolated fungi for insect-fungal interaction studies (Roberts & St.

Leger, 2004; Bidochka, Kamp & De Croos, 2000; St. Leger & Bidochka, 1996).





Infected wax moth larva

Galleria mellonella

Infected cockroach

Figure # 1
. Representation of green muscardine disease on two different insects

(courtesy of Dr. Michael J. Bidochka). Note the fungal growth on the

surface of the insect cadavers.





1A.3. Insect-Fungal Interaction

The interaction between a ftingus and its insect host can be divided into three main

events, which enclose five general steps all together (Figure #2). A summary is given

below.

IA.3.1. Pre-Penetration Events

Conidium Attachment. Pathogenesis is initiated when the conidium lands on and

attaches to the insect cuticle. Hydrophobins are extracellular polypeptides secreted in the

conidium cell wall during nutrient deprivation and function as a protective coat against

desiccation, as an infective molecule for pathogenesis, or simply as a stimulator for

conidiation and dispersal (Kershaw & Talbot, 1998; St. Leger, Staples & Roberts, 1992;

Beever & Dempsey, 1978). Due to this hydrophobic nature, the conidium can adhere to

the lipidic insect epicuticle (Jackson & Baker, 1970) by non-specific hydrophobic

interactions (Boucias, Pendland & Latge, 1 988).

Germination and Appressorium Formation. After this first initial contact, the

conidium forms a short germ tube that may or may not swell into an appressorium

(Bidochka & Khachatourians, 1991; Zacharuk, 1970). Mucus fibers are sometimes

produced by the appressorium cell wall to stabilize its interaction with the host epicuticle

(Bidochka, St. Leger & Roberts, 1997; Zacharuk, 1970). Furthermore, germination and

appressorium formation is dependent on surface topography (St. Leger et ai, 1991) and

nutritional composition (St. Leger et ai, 1989) of the insect epicuticle.





1

CD

Figure #2. Diagram representing the infection cycle of Metarhizium anisopliae on

insect cuticle (Small & Bidochka, 2005). Step 1 : Adhesion of the conidium

to the insect cuticle via hydrophobic interactions. Step 2: Appressorium

formation and penetration through cuticle via enzymatic degradation and

physical pressure. Step 3: Blastospore formation and invasion of insect

hemolymph via production of toxins. Step 4: Fungal outgrowth from the

insect cadaver. Step 5: Conidia dispersal via wind and/or water flow.
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The nutrients and energy required to initialize germination can be obtained from

the hydrolysis of lipids and from amino acids and sugars present on the insect epicuticle.

However, some fatty acids are a poor energy source for further colonization on the

epicuticle, since they seem to be toxic to ftingal growth (Smith & Grula, 1981).

Furthermore, the carbon and nitrogen contents from amino acids and sugars are not

enough to maintain hyphal growth (Woods & Grula, 1 984). Therefore, the appressorium

forms a peg that penetrates and breaches through the cuticle to reach the nutrient-rich

hemolymph, using extracellular cuticle-degrading enzymes and physical pressure due to

ftingal growth (Lomer et al., 2001).

IA.3.2. Penetration Events

The insect procuticle is primarily composed of proteins (more than 50%), chitin

(approx. 20-30%), and lipids (less than 10%) (Bidochka & Khachatourians, 1992;

Dennell & Malek, 1956). The proteins and chitin are embedded into a well-defined

protein matrix, which is composed of protein sheaths interconnected and stabilized by

chitin fibrils (Blackwell & Weih, 1980). When the hyphal peg penetrates the insect

cuticle, proteases are secreted first to solubilize the protein matrix and unmask the chitin

fibrils. Then, chitinases along with N-acetyUp-glucosaminidase break down chitin into

N-acetylglucosamine, by which the proteases are enabled greater access to more protein

molecules (St. Leger, Cooper & Chamley, 1986).

Once the protein matrix is hydrolyzed by proteases and destabilized by chitinases,

peptidases ftirther degrade the protein molecules into amino acids, sugars, and peptides.

All these degraded molecules then serve as a primary nutrient source for further fungal

growth and penetration through the cuticle (St. Leger, Bidochka & Roberts, 1994; St.
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Leger, Cooper & Chamley, 1993). Non-enzymatic factors, such as acid metabolites

produced by certain fiingi, may also help in cuticle solubilization and subsequent hyphal

penetration (Bidochka & Khachatourians, 1991).

IA.3.3. Post-Penetration Events

Toxin Production. Once the cuticle has been breached and the hyphal peg

reaches the nutrient-rich hemolymph, the fungal hyphae differentiate into yeast-like cells

termed blastospores, which travel freely and invade the insect (Lomer et al., 2001).

Because the carbon and nitrogen levels are very high in the hemolymph, the fungus can

easily grow and propagate. Consequently, extracellular degrading enzymes, mainly

proteases, are down-regulated (Bye & Chamley, 2008; Qazi & Khachatourians, 2008; St.

Leger et al., 1988), while secondary metabolites are secreted to cause toxicosis

(Bidochka, St. Leger & Roberts, 1997; Gillespie & Claydon, 1989). The most well-

characterized fiingal toxins are destruxins, which are produced during pathogenesis by

Metarhizium anisopliae. They cause constant muscle contraction and paralysis prior to

insect death (Gillespie & Claydon, 1989; Samuels, Chamley & Reynolds, 1988).

Insect Defense System. Insects have protection mechanisms that delay fiingal

penetration and invasion. As a major component of fungal cell walls (Robson, 1999), p-

1 ,3-glucan is a signal for nonself cell recognition by the insect defense system. This

recognition system activates the prophenoloxidase cascade, which in tum induces

humoral and cellular immune responses of infected insects. Humoral response involves

the synthesis of antifungal molecules, such as lysozymes, cecropin, drosomycin,

agglutinin, and AFP. On the other hand, cellular response involves the activation of

hemocytes, which eliminate fungal cells by phagocytosis, nodule formation or
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encapsulation. Melanization (dark pigmentation) and cuticle sclerotization (cuticle

hardening) are other defense mechanisms activated by phenoloxidase, but appear to be

independent of insect immunity. Melanin is usually accumulated around hemocyte

aggregates (nodules and capsules) and at wounded sites, such as fungal infection sites

(Gillespie & Kanost, 1997; Marmaras, Charalambidis & Zervas, 1996).

Fungal Invasion and Outgrowth. Nevertheless, the fungus usually out competes

the insect immune responses and the insect succumbs to death from a combination of

physical damage, nutrient deprivation, and toxicosis (Bidochka, St. Leger & Roberts,

1 997; Gillespie & Claydon, 1 989). Toxins produced by the entomopathogenic fungus can

help it escape the insect cellular immune response by altering the cell structure of the

hemocytes, consequently inhibiting or reducing their activity (Vey, Matha & Dumas,

2002; Huxham, Lackie & McCorkindale, 1 989). Moreover, some fungi are capable of

altering their cell wall composition so that the insect cellular defense system cannot

recognize them as pathogens (Wang and St. Leger, 2006; Bidochka & Hajek, 1996;

Pendland, Hung & Boucias, 1993). Once the insect is dead, the hyphae reemerge from the

insect cadaver, which is then mummified with mycelia and conidia. Conidia dispersal

then occurs by wind or water flow so that the fungal infection cycle can reoccur on a new

host.

1A.4. Strain Improvement

Mycoinsecticides for agricultural pest management have been commercially

available for several years (for examples, refer to Butt, Jackson & Magan, 2001).

Although a number of successful field trials proved entomopathogenic fungi to be good

candidates for pest control, many failures suggest that more research is needed prior to
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further commercial exploitation (Inglis et ai, 2001; St. Leger & Bidochka, 1996; Hajek

& St. Leger, 1994). In fact, besides giving inconsistent results after field application,

entomopathogenic fungi have very slow killing rate compared to chemical pesticides. It

usually takes 7 to 20 days post-infection for the fungus to cause 50-90% mortality,

depending on the ftingal strain and environmental conditions. This gives sufficient time

for the pest to cause serious crop damage (Roberts & St. Leger, 2004; Lomer et al., 2001

;

St. Leger & Screen, 2001; St. Leger et al., 1996).

In order to use insect pathogenic fiingi to their full potential, it is important to

understand the genetic and molecular basis of entomopathogenesis, as well as its dynamic

interaction with time and environmental variables, such as temperature, humidity, solar

radiation, and water availability. Such knowledge will help the genetic engineering of

entomopathogenic ftingi to improve their commercial efficacy (Inglis et al., 2001; St.

Leger & Bidochka, 1996; Hajek & St. Leger, 1994). The aim of much recent work has

been the isolation and characterization of virulence factors involved in insect-fungal

interaction in order to increase the speed of kill of entomopathogenic fungi (St. Leger &

Screen, 2001; St. Leger & Bidochka, 1996). To date, a number of pathogenicity-related

genes, including the protease PrI (St. Leger et al., 1992; St. Leger, Chamley & Cooper,

1987), hydrophobin ssgA (Bidochka, De Koning & St. Leger, 2001; St. Leger, Staples &

Roberts, 1992), and mycotoxins named destruxins (Chen, Liu & Tzeng, 1999; Samuels,

Chamley & Reynolds, 1 988), have been isolated and characterized from M. anisopliae.

St. Leger et al. (1996) constructed the first genetically engineered entomopathogenic

fiingal strain overexpressing the protease Prl, exhibiting higher virulence towards the

moth larvae, Manduca sexta. Multiple copies of the Prl gene were inserted into the M
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anisopUae genome so that the protease was constitutively overexpressed in the insect

hemolymph, where it is normally down-regulated. The toxic effect of Prl expression

caused a 25% reduction in time of death.

Strain improvement is very promising, but the idea of releasing genetically

modified organisms into the environment raises many questions from the general public

and the scientific community. These questions are based on the possible negative effects

engineered fiingi can cause to human health and the ecosystem, including the formation

ofhuman allergens, the release of toxic metabolites, and the infection of non-target

organisms, such as beneficial insects (honey bees, silkworms, etc.). In order to alleviate

such concerns, methods to contain engineered fungi after release in the field have to be

developed (Roberts & St. Leger, 2004; Bidochka, 2001 ; Goettel et al, 2001). One such

method is to control conidia formation during and after outgrowth from insect cadavers,

the stage of the infection cycle which lead to conidia dispersal and disease propagation.

In fact, by controlling conidiation, entomopathogenic fungi could be engineered to be

highly virulent towards pests, while at the same time to be unable to conidiate on the

surface of the cadaver and therefore unable to persist in the environment.

The study of genes involved in conidiation has mainly focused on conidiation-

specific genes while ignoring the fungal life cycle as a whole system. However, it is

important to study a fungal species as a whole system rather than isolated parts, since the

coordination between vegetative growth and asexual development is highly complex and

involves the interaction of several genes. The study of colony development offers the

possibility to discover a broad range of genes involved in conidiation and/or vegetative

growth, as well as virulence.
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IB. Colony Development oi Metarhizium anisopliae

IB.l. Fungal Life Cycle

The life cycle ofM anisopliae (Figure #3) is relatively simple, since it only

involves an asexual reproduction cycle (i.e. unknown or non-existent sexual stage)

(Lomer et ai, 200 1 ; Zimmermann, 1993). When conidia, the non-motile asexual spores,

settle on an appropriate substrate under favorable conditions (temperature, pH, humidity),

they germinate and form hyphae. These tubular vegetative cells extend outwards from the

germinated conidium in a polarized manner. Internal turgor pressure at the hyphal apex is

the force that drives growth polarity. After growing and branching extensively, the

hyphae form a visual mycelial mat. This mat of interconnected hyphae appears as a

radially symmetric colony on solid media. Mycelia continue to grow at a constant rate as

long as there are sufficient nutrients on which the fungus can thrive (Robson, 1999).

As the mycelia grow outward, the nutrient level slowly decreases around the

germination initiation site, and a zone of nutrient depletion starts developing beneath the

fungal colony. This starvation stress stimulates conidiation, the asexual reproductive

stage of the fungal life cycle. Other environmental cues, such as exposure to air, light,

desiccation, or osmotic pressure, can also activate conidiation. When conidiation is

induced, specialized hyphal stalks, termed conidiophores, are formed. After extending to

a certain length, the tip of the conidiophore stalk swells into a vesicle, from which cigar-

shaped buds, also known as phialides, differentiate. Finally, chains of conidia are

produced at the tip of the phialides and wait for air/water dispersal in order to reach new

nutrient-rich areas (Adams & Wieser, 1999).
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Figure #3. Life cycle oi Metarhizium anisopliae (courtesy of Dr. Lisa R. Scully), (a)

When settling on an appropriate substrate, conidia germinate and form

hyphae. (b) After growing and branching extensively, a mycelial mat is

formed, (c) When under starvation stress, conidiophore production is

induced, (d) The tip of the conidiophore stalk swells into a vesicle, which in

turn buds into phialides. (e) Chains of conidia sit at the tip of the phialides

and wait for dispersal.
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The rod-shaped conidia ofM anisopHae are 3.5-9.0^m long (usually 5.0-8.0) and

2-3jam wide and have a dark green pigmentation (Glare, Milner & Beaton, 1996;

Zimmermann, 1993; Tulloch, 1976). They are often slightly narrowed in the middle

(Tulloch, 1976).

1B.2. Genetics of Colony Development

Colony development involves the complex regulation of gene expression, cell

specialization and intercellular communication at specific times and during specific

environmental conditions. It can be categorized into two processes - morphogenesis and

cell differentiation. Morphogenesis involves conidia germination, hyphal branching, and

growth polarity, while cell differentiation involves sexual/asexual development and the

development of pathogenic structures (Adams & Wieser, 1999). The genetic mechanisms

controlling vegetative growth and conidiation have been studied in two well-

characterized filamentous fungi, Aspergillus nidulans and Neurospora crassa. Even

though the regulation system of colony development in these two Ascomycetes is similar

in some regards, there are still many differences. It is therefore important to compare

model systems with each other in order to understand common trends in the genetics of

colony development.

\B.2A. Aspergillus nidulans

Central Regulatory System. The central regulatory system of conidiation in A.

nidulans is defined by the transcriptional activator genes hrlA, ahaA, and welA (reviewed

by Adams, Wieser & Yu, 1998). hrlA induces the expression of abaA, which in turn

induces the expression of wetA. A mutation in any one of these genes blocks different
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asexual reproductive stages and prevents the expression of a variety of conidia-specific

genes without affecting vegetative growth (Boylan et al, 1987).

brlA is an early developmental regulator gene encoding a nucleic acid-binding

protein (Adams, Boylan & Timberlake, 1988). It mediates the swelling of conidiophore

tips into vesicles, resulting in aconidial brlA mutants (Boylan et al, 1987; Clutterbuck,

1969). aboA is a mid developmental regulator gene encoding a DNA-binding protein

(Andrianopoulos & Timberlake, 1991). It is involved in phialide differentiation, resulting

in aconidial abaA mutants (Sewall, Mims & Timberlake, 1990; Clutterbuck, 1969). wetA

is a late developmental regulator gene involved in the synthesis of cell wall components

(Marshall &. Timberlake, 1991). Its mutation results in the production of non-pigmented

conidia that easily autolyze (Boylan et al, 1987; Clutterbuck, 1969).

Activation of the Central Genes. The central regulatory system oiA. nidulans

controls conidiation-specific genes, but its activation is also regulated. Genes involved in

the activation of the central regulatory system have been studied using "fluffy" mutants, a

common phenotype observed for colonies with mutated activator genes. These mutants

grow as an undifferentiated mass of hyphae that resembles a cotton ball, because

vegetative cells fail to differentiate into conidiophores (Dom, 1970). The fluffy genes that

have been characterized in A. nidulans areJJuG,fadA, andJlbA-E. Their disruption results

in reduced brlA expression, as well as defective conidia production (Lengeler et al., 2000;

Wiesere/o/., 1994).

FluG is a glutamine-synthetase-I-like protein believed to be involved in the

constitutive biosynthesis of an extracellular signal that stimulates the activation of

asexual development (Lee & Adams, \994a). JlbA andfadA genes were isolated and
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characterized as elements of a G-protein-mediated signaling pathway. FlbA is a regulator

of G-protein, which negatively controls the G-protein-mediated signaling pathway by

activating the GTPase activity of the Ga subunit, resulting in the inactivation of

G-protein. On the other hand,fadA encodes for the Ga subunit and is therefore regulated

by FlbA. In fact, GTP-bound FadA activates vegetative growth. FlbA can block this stage

and initiate the asexual reproductive cycle by activating the GTPase activity of FadA

(Adams, Wieser & Yu, 1998; Yu, Wieser & Adams, 1996). Finally, FlbB (Etxebeste et

ai, 2008), FlbC (Adams, Wieser & Yu, 1998), and FlbD (Wieser & Adams, 1995) are

DNA-binding proteins. The FlbE sequence has no homology with known proteins in the

available databases. However, its mutant phenotype is the same as described forJlbB-D

mutants (Adams, Wieser & Yu, 1998).

IB.2.2. Neurospora crassa

Macroconidiation Program. The transition from vegetative growth to asexual

reproduction is regulated by a central regulatory pathway in A. nidulam. However, no

such pathway has been fully characterized in A^. crassa. Yet, some genes have been found

to be related to conidiophore differentiation and have been proposed to follow a

developmental program. This macroconidiation regulatory system is defined by the genes

acon-2,Jld, acon-3 and/I, which are developmental regulators like brlA, abaA and wetA

in A. nidulans. acon-2 induces the expression ofyZ, which in turn induces the expression

of acon-3. It is not clear when //J is expressed, but it is known not to affect /7 expression

like acon-2 (Bailey-Shrode & Ebbole, 2004). Among these four genes, /7 is the only one

for which the sequence is known. It encodes a DNA-binding protein with no sequence

homology with any of those characterized in A. nidulans (Bailey & Ebbole, 1998).
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Nevertheless, just as in A. nidulans, a mutation in any one of these genes blocks the

expression of several macroconidiation-specific genes without affecting vegetative

growth (Springer & Yanofsky, 1989; Matsuyama, Nelson & Siegel, 1974).

The genes acon-2 andJld are temperature sensitive (Springer and Yanofsky,

1989) and mediate the differentiation of aerial hyphae into proconidia, non-mature

macroconidia resembling beads on a string (Springer, 1993). A mutation in either of these

two genes results in no macroconidia production under specific conditions (Springer &

Yanofsky, 1989). The genes acon-3 andJl are involved in the differentiation of minor

constrictive proconidial chains (large interconidial junctions) (Springer, 1993). A

mutation in either of these two genes blocks the formation of major constrictive

proconidial chains (smaller interconidial junctions), consequently inhibiting the

generation of mature macroconidia (Springer & Yanofsky, 1989).

Regulation of Colony Development. The genes responsible for the regulation of

macroconidiation-specific genes are not known. However, some elements of the signaling

pathways controlling colony development in N. crassa have been previously studied

(reviewed in Lengeler et ai, 2000). Three main signaling cascades regulate vegetative

growth and macroconidiation in A^. crassa, the first being a cAMP-dependent signaling

pathway. When genes from this pathway are disrupted, the mutants form compact

colonies defective in conidia production and exhibit a "colonial" phenotype due to their

reduced growth rate and increased branching frequency (Trinci et ai, 1999).

Two genes of the cAMP-dependent signaling pathway, gna-1 and gna-2,

encoding the Ga subunit of G-protein, have been characterized (Turner & Borkovich,

1993). GNA-1 is involved in vegetative growth, as well as asexual development, while
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GNA-2 does not seem to be involved in any major developmental stages (Ivey et ai,

1996). However, a double-mutation ofgna-1 and gna-2 aggravates the gna-1 mutant

phenotype. Therefore, GNA- 1 and GNA-2 work synergistically in colony development

(Baasiri et al, 1997). Furthermore, cr-1, a gene encoding adenylyl cyclase was isolated

and characterized. The wild type phenotype can be reestablished in cr-1 mutants by the

addition of exogenous cAMP into the medium (Kore-Eda, Murayama & Uno, 1991;

Terenzi, Flawia & Torres, 1974). Finally, a third element of the cAMP-dependent

signaling pathway was isolated from A^. crassa. The mcb gene encodes a regulatory

subunit of protein kinase A, which regulates hyphal growth polarity like GNA-1 and CR-

1 . However, the colonial phenotype is only apparent at non-permissive temperatures

(Bruno e/ a/., 1996).

The second and third pathways known to be involved in the regulation of colony

development in N. crassa are the RAS and MAP kinase pathways. Mutation in the ras

homolog, NC-ras2, exhibits a similar colonial phenotype to defects in genes involved in

the cAMP-dependent pathway (Kana-Uchi et ai, 1997), while nrc-1, a gene encoding a

MAPKK kinase, was found to be involved in the negative regulation of asexual

reproduction. Disruption of this gene results in constitutive macroconidiation that is

controllable by neither light nor glucose (Kothe & Free, 1998).

Characterization of genes involved in colony development can be done by

mutating a gene known to be involved in colony development, but which has not yet been

isolated from the organism of interest. This method is very specific and allows the

researcher to study only a certain amount of genes at a time. Furthermore, the researcher

is limited to the genes found in the literature. On the other hand, recombinant libraries
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constructed by DNA transformation systems can help in the identification and

characterization of genes in a greater scale. In fact, besides identifying gene homologues,

recombinant libraries can elucidate novel genes. Therefore, colony development can be

studied by screening for morphological phenotype mutants generated by insertional

mutagenesis, which is an easy way to examine developmental processes. Fungal

transformation systems, such as Agrobacterium-mediatcd transformation, can be used to

generate such a library.

IC. Fungal Transformation Systems

IC.l. Overview of Transformation Tools

Common transformation methods for filamentous fungi include electroporation,

biolistic, and polyethyleneglycol-mediated (PEG) transformation. Electroporation and

PEG systems involve the preparation of protoplasts, using buffer mixtures containing

enzymes that digest the cell wall, enabling the cell to take up the foreign DNA. Inducing

agents, such as electric pulse and various basic polymers or cations, are also used in these

protocols to stimulate DNA transfer (Valadares-Inglis & Inglis, 1997; Ozeki el ai, 1994).

On the other hand, biolistic transformation uses particle bombardment to introduce DNA

into protoplasts and other cells, such as mycelia and conidia. Metal-based particles are

coated with plasmid DNA containing screening and/or selectable markers and are

propelled toward the cells by release of helium from a high pressure delivery system

(Inglis et al., 2000; Bailey, Mena & Herrera-Estrella, 1993; Lorito et al., 1993).

Even though these methods have been used to transform a variety of fungi,

including Metarhizium anisopHae (Bogo et al., 1996; St. Leger et al., 1995), they are

often inconsistent and time consuming. Consequently, with the development of new
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technologies, improved transformation protocols, such as the use ofAgrobacterium

tumefaciens, have been generated. Agrobacterium is a genus of gram negative bacteria

that infects plants, causing tumors. The mechanism employed by Agrobacterium to cause

disease makes it a well-known transformation tool.

1C.2. Agrobacterium tumefaciens

Agrobacterium tumefaciens is a soil-borne bacterium infecting wounded plants by

transferring and integrating a discrete segment of its tumor-inducing (Ti) plasmid DNA

into the plant genome, which consequently causes tumorous growth on the stem or root of

the plant. The so-called crown gall disease was first identified in 1 907 by Smith and

Townsend. The mechanism for the transfer ofDNA from A. tumefaciens into plants has

been assessed by numerous scientists, but some information still remains unresolved.

Here is an overview of the DNA transfer system used by A. tumefaciens, based on more

comprehensive reviews (Ziemienowicz, 2001 ; Zupan et al, 2000; de la Riva et ah, 1998;

Sheng & Citovsky, 1996; Zupan & Zambryski, 1995).

Ti-plasmid. A. tumefaciens contains two types ofDNA - chromosomal and

plasmid. The plasmid is called the tumor-inducing plasmid, or Ti-plasmid, and is the

source of tumorigenesis in plants. The Ti-plasmid contains three main elements, the first

being the transferred-DNA fragment, or T-DNA. The T-DNA fragment is flanked by

conserved, specific borders, each of which is composed of 25bp imperfect direct repeats.

These are designated the left border (LB) and the right border (RB). On the upper (5' to

3') DNA strand, the LB is at the 5 '-end and the RB is at the 3 'end. Any DNA sequence

found in-between these borders can be transferred and integrated into the host cells.
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The T-DNA in wild type^. tumefaciens carries the genes for the biosynthesis of

plant growth hormones and tumor-specific compounds called opines. Once the T-DNA is

transferred and integrated into the plant genome, the production of plant hormones

induces the formation of tumors, which in turn synthesize opines. Opines are strain-

specific, meaning each strain ofAgrobacterium is classified based on the type of opines it

produces, such as octopine and nopaline. Opines provide the bacterium with a large

source of carbon and nitrogen on which to thrive and therefore allow for further

colonization and disease propagation.

The second element of the Ti-plasmid carries the virulence (v/>) region essential

for T-DNA transfer. This region is a short regulon composed of eight operons (virA-H),

with the number of genes differing for each operon. virA and virG operons are

constitutively expressed and are required for the activation of the other vir operons. The

last element is the plasmid backbone on which the genes for opine catabolism and for

bacterial conjugative transfer are encoded. T-DNA transfer can be divided into five

general steps, each of which will be introduced separately.

Cell-cell recognition. Agrobacterium-host cell recognition involves two steps.

First, A. tumefaciens secretes extracellular polysaccharides, which form a slime layer or

capsule around the cell. This capsule is proposed to play a role in the initial contact

between the bacterium and host cells. Second, this loose contact is tightened and

stabilized as cellulose fibrils secure the aggregating bacterial cells, forming a biofilm. In

this way, the bacteria colonize and infect the host (Figure #4, 1).
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Induction of virulence system. The transcription of the vir genes is activated by

a signal-transducing protein system. Wounded plants release phenolic compounds

(mainly acetosyringone) and sugar molecules, which are detected by the A. tumefaciens

transmembrane sensor protein VirA (Figure #4, 2). In response to the signaling

molecules, VirA is activated by autophosphorylation and transfers its phosphate to the

cytoplasmic protein VirG. Phosphorylated VirG activates the transcription of the other vir

genes by binding to a conserved promoter region, called the vir box (Figure #4, 3). Once

encoded, the Vir proteins initiate the transcription of a T-DNA copy for the

transformation process (Figure #4, 4).

Generation of T-DNA complex. VirD 1 and VirD2 are the first Vir proteins to

directly interact with the T-DNA fragment of the Ti-plasmid. These two VirD proteins

recognize the T-DNA borders and nick the lower (3' to 5') strand of the T-DNA

fragment. After enzymatic cleavage, a single-strand copy of the T-DNA, designated the

T-strand, is generated (Figure #4, 5). VirD2 remains covalently attached to the RB, or 5'-

end, of the T-strand, thereby distinguishing the borders and marking the RB as the

leading end. Multiple VirE2 proteins then bind to the T-strand, acting like a protective

coat against nucleolytic activity (endo/exonucleases). VirE2 coating proteins also help the

T-strand-VirD2 complex to conform into a thin, unfolded shape, facilitating exportation

to the plant cell and importation into the plant nucleus. The VirE2-T-strand-VirD2

complex is designated the T-complex and can form either in the bacterium cell or in the

plant cell. VirE2 can be exported to the plant cell independently of the T-strand-VirD2

complex, with the help of VirEl.
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T-DNA transfer. The virB operon is composed of eleven genes, each of which

expresses proteins involved in the formation of a pilus-like transmembrane channel

between the bacterium and host cells (Figure #4, 6). VirB4, VirB 1 1 and VirD4 are

ATPases and are therefore believed to provide the energy necessary to drive the protein

channel assembly and DNA exportation.

Integration into plant genome. Once inside the plant cytoplasm, the T-complex

is directed to the nucleus where the T-strand can integrate into the host genome (Figure

#4, 7). VirD2 and VirE2 contain nuclear localization signals, which mediate importation

through the nuclear pores. Because the T-strand is capped with a VirD2 molecule at the

RB end and is coated with multiple VirE2 molecules along its length, the T-complex is

directly targeted to the plant nucleus after entering the cytoplasm. Finally, the T-strand

integrates into the plant genome by illegitimate recombination, a mechanism that

involves the interaction of two non-homologous DNA molecules.

Unfortunately, integration is the step in the Agrobacterium-v[\Qd\dXQd DNA

transfer system which is the least understood. Still, once the T-strand is uncoated with the

help of VirF, it is believed that the pilot border, RB, and the tail border, LB, locate micro-

homologies in the plant genomic DNA, forming a gap in the lower (3' to 5') plant DNA

strand. This allows VirD2 to ligate to the plant genomic DNA and forces the lower strand

to be digested by endonucleases. The T-strand, now replacing the lower plant DNA

strand, introduces torsional strain to the upper (5' to 3') plant DNA strand, which

activates a DNA repair mechanism. The complementary T-strand is then synthesized

using the pre-inserted T-DNA fragment as a template, and an exact copy of the T-DNA

fragment from the Ti-plasmid is fully integrated into the plant genome. Finally, the
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transformation process begins again after plant hormones and opines are synthesized to

induce tumor formation and bacterial colonization.

1C.3. Agrobacterium-Medizted Transformation

A. tumefaciens is known for the fact that the only elements from the T-DNA

fragment necessary for transfer and integration are the highly conserved right and left

borders. Therefore, any DNA sequence found between these borders can be transferred

and integrated into the host genome. In other words, the genes encoding the plant growth

hormones and opines present on wild type T-DNA can be deleted and replaced with

genes of interest. A. tumefaciens is also known for its single, random integration events

which give each transformed cells a unique integration site (Michielse et al., 2005). As a

result, the T-DNA may insert into and inactivate a gene of interest, leading to variations

in the phenotype. Therefore, large-scale transformation using A. tumefaciens can be used

to create mutant libraries for ftinctional analysis (Jeon et al., 2007; Idnurm et al., 2004;

Rogers et al., 2004). It is also known for its ability to transform a variety of organisms,

such as plants (Cheng et al., 1997), yeast (Bundock et al., 1995), filamentous ftingi (de

Greet et al., 1998), cultivated mushrooms (Chen et al., 2000), and even animal cells

(Bulgakov et al., 2006; Kunik et al., 2001 ). Finally, it has already been optimized for the

insect pathogenic fungus Metarhizium anisopliae (Fang, Pei & Bidochka, 2006) and

other entomopathogenic ftingi (Lima et al., 2006; Fang et al., 2004).

Optimization oi A. tumefaciens-mcdiated transformation in filamentous fimgi

resulted in the creation of a remarkably advantageous tool compared to the alternative

transformation methods mentioned in section IC.l. In fact, it has a higher transformation

efficiency, with better integration stability (Flowers & Vaillancourt, 2005; Degefu &
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Hanif, 2003), and it has the ability to transfer DNA with reduced copy number,

potentially leading to fewer chromosomal rearrangements if multiple copies are present

(Idnurm et al., 2004; Takahara et al., 2004; Amey et al., 2002). In addition, various cell

and tissue sources (conidia, hyphae, mycelia, blastospores, protoplasts, leaves, roots, etc.)

can be used for transformation (de Groot et al., 1998). Nevertheless, conidia and

blastospores are the targets of choice for transformation, since they are predominantly

uninucleate. Hyphae, mycelia, and protoplasts are often multinucleate, with their

transformation often yielding unstable heterokaryotic (mixture of wild type and

transformed nuclei) recombinants (Ying & Feng, 2006; Hergoz et al., 1996; Bailey, Mena

& Herrera-Estrella, 1993). The development of binary vector systems is an additional

criterion that makes Agrobacterium-mediated transformation the method of choice

(section 1C.4, below). Finally, the versatility and efficiency ofAgrobacterium-mediated

transformation is what makes it unique over other transformation systems.

1C.4. Binary Vector

The invention of binary vector systems started with the discovery that the vir

region essential for DNA transformation and the T-DNA fragment carrying the tumor-

inducing agents do not have to be on the same plasmid in order to cause disease. In fact,

Hoekema et al. (1983) and de Framond, Barton, and Chilton (1983) proved that A.

tumefaciens harboring both elements on different plasmids induced normal

tumorigenesis, although neither plasmid was functional on its own. This breakthrough

allowed researchers interested in Agrobacterium-xx\Qd\ai{Qd transformation to construct a

wide variety ofT-DNA binary vectors and non-oncogenic Agrobacterium strains

harboring a disarmed Ti-plasmid, also known as the vir helper plasmid.
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Lee and Gelvin (2008), Komori et al. (2007), and Hellens, Mullineaux and Klee

(2000) list many disarmed Agrobacterium strains and T-DNA binary vectors available to

the scientific community, with detailed information on their different characteristics.

Some examples of the commonly used Agrobacterium strains are AGLO, AGLl,

LBA4404 and the binary vector series pBlN, pBl, and pPZP. The main advantage of

using binary vectors as opposed to wild type Ti-plasmid is the fact that they are easier to

isolate and manipulate due to their smaller size. Furthermore, they can be modified for

use in Escherichia coli transformation systems, which are used for most DNA

manipulation protocols.

The objective of this exploratory research was to study the colony development of

the entomopathogenic fungus Metarhizium anisopliae, by screening for mutant

phenotypes exhibited by a library ofT-DNA recombinants generated by Agrobacterium

tumefaciens-mediated transformation. The efficacy ofAgrobacterium as a transformation

tool was assessed by mitotic stability and Southern blot analyses. Also, using conidial

density counts and insect bioassays, it was suggested whether or not the disrupted genes,

if any, in the selected colony development mutants were directly involved in conidiation

and/or virulence. Finally, Y-shaped adaptor dependent extension PCR was used to

sequence the T-DNA flanking sequences of the selected colony development mutants in

the hope of identifying genes likely associated with signaling pathways regulating

conidiation. The primary characterization of conidiation-associated genes will yield

insight into promising gene targets for the development of an improved biocontrol agent.
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2. MATERIALS AND METHODS

List of Abbreviations

cDNA:





carries a carbenicillin resistance cassette. This plasmid induces the production of

virulence genes necessary for the bacterial DNA (T-DNA) transfer and integration

without causing tumor (Lazo, Stein & Ludwig, 1991). Escherichia coli strain DH5a (E.

coli) was obtained from Invitrogen Canada Inc. (Burlington, Ontario).

2.3. Plasmid Sources

pBluescript SK(+) was obtained from Stratagene (Mississauga, Ontario).

pTEFEGFP was provided by Daniel Cullen from USDA Forest Products Laboratory

(Madison, Wisconsin). pBARGPEl and pPK2 were obtained from the Fungal Genetics

Stock Center (FGSC; Kansas City, Missouri). pPK2-bar-gfp, DH5a::pPK2-bar-glp and

AGLl ::pPK2-bar-gfp were personally provided by Dr. Weiguo Fang.

2.4. Binary Vector Construction

Source ofeGFP cassette. pBluescript SK(+) was digested with Pst\ and treated

with T4 DNA polymerase. The resulting linear blunt-ended plasmid was phosphorylated

using T4 DNA polynucleotide kinase. The eGFP cassette was excised from pTEFEGFP

by EcoK\ restriction digest and was subsequently treated with T4 DNA polymerase. This

cassette is composed of an engineered form of the GFP cDNA {eGFP) from the jellyfish

Aequorea victoria, which is fused to the constitutive promoter of the translation

elongation factor la from Aureobasidium pullulans (?tef) and the terminator of the

glucoamylase gene from Aspergillus awamori (T^/a) (Spear, Cullen & Andrews, 1 999;

Vanden Wymelenberg et al., 1997). The resulting blunt-ended insert was cloned into the

pre-treated pBluescript SK(+) using T4 DNA ligase. The resulting plasmid was named

pSK-GFP. eGFP was used as the screening marker.
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Source ofbar cassette. pBARGPEl, which carries the bar gene from

Streptomyces hygroscopicus fused to the constitutive promoter of the trpC gene from

Aspergillus nidulans (P/,pc), was double-digested with EcoKl and Spe\ (Pall & Brunelli,

1993). The eGFP cassette was excised from pSK-GFP by double restriction digest using

£coRI and Spe\, and the insert was subsequently cloned into the pre-linearized

pBARGPEl using T4 DNA ligase. The resulting plasmid was named pBARGPEl -GFP,

which now carries the eGFP cassette fused downstream of the bar cassette (bar-eGFP

cassette), bar confers resistance to the herbicide phosphinothricin (PPT) and was used as

the selectable marker.

Source ofT-DNA cassette. pPK2 is a modified version of the Agrobacterium

pPZP binary vectors (Covert et ai, 2001; Hajdukiewicz, Svab & Maliga, 1994). Its

hygromycin resistance cassette was replaced with the bar-eGFP cassette by restriction

digest with EcoRl zx\dXba\ of pPK2 and pBARGPEl -GFP, followed by ligation using

T4 DNA ligase. The resulting plasmid was named pPK2-bar-gfp (Figure #5) and was

mobilized into the A. tumefaciens strain AGLl for mediated transformation.
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Seal lU

pVSl (rep+sia)

barAy ^
BglII9l20L-

-Spel8982U

^TEF I pPK2-bar-gfp

1 1,344 bp

pBR3 2 2 (on+Aom)

KanR

Figure #5. Map of the binary vector pPK2-bar-gfp generated by the program BioEdit

Sequence Alignment Editor (version 7.0.5.3; Hall, 1999). The segment from

plasmid pVSl comprises the region essential for replication in

Agrobacterium (rep), as well as the region responsible for plasmid stability

in the host cells (sta) (Itoh et al., 1984). The segment from plasmid pBR322
comprises the ColE 1 origin for replication in Escherichia coli (ori) and the

region responsible for conjugational transfer from E. coli to Agrobacterium

cells (bom: basis of mobility) (Bolivar e/ a/., 1977). LB and RB fragments

designate the left and right borders of the T-DNA, respectively. The 25bp

LB/RB repeats necessary for T-DNA transfer and integration are contained

within their respective fragments (Yadav el al., 1982; Zambryski et al.,

1982). The eGFP cassette is delimited by the EcoRl and Spel restriction

sites, the bar cassette is delimited by the Spel and Xba\ restriction sites, and

the T-DNA cassette is delimited by the Bcl\ and Seal restriction sites. The

numbers following the name of each restriction site denote the first

nucleotide position of that particular site. Unique restriction sites have the

letter U following their position. KanR: kanamycin resistance cassette; T^,/,,:

A. awamori glucoamylase gene terminator; eGFP: A. victoria engineered

GFP cDNA; Pre/-: A. pullulans translation elongation factor la promoter;

bar: phosphinothricin resistance gene; ?,r,,c'- A. nidulan.s trpC gene

promoter. The binary vector pPK2-bar-gfp was constructed by Dr. Weiguo
Fang.
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2.5. Transformation ofE. coli with pPK2-bar-gfp

Preparation ofcompetent cells. Competent cells were prepared by first

inoculating a single colony of £. coli into 5ml of LB broth, followed by an overnight

incubation at 37°C under constant agitation (250rpm). 200ul of this culture was diluted

into 50ml of LB broth and incubated for 3 hours at 37°C, in order to reach an OD(660) =

0.6. The culture was then incubated on ice for lOmin, followed by centrifugation at

4,000rpm for lOmin at 4°C. The pellet was resuspended into 20ml of ice-cold Buffer A

(lOOmM NaCl, 5mM MgCb, 5mM Tris-HCl pH 7.5), incubated on ice for lOmin, and

centrifuged at 4,000rpm for lOmin at 4°C. The new pellet was resuspended into 5ml of

ice-cold Buffer B (lOOmM CaCb, 5mM MgCli, pH 7.5) and incubated on ice for 30min.

Aliquots of the competent cells were stored at -80°C by adding sterile glycerol to a final

concentration of 25%.

Transformation. E. coli was transformed with pPlC2-bar-gfp by mixing 200ul of

competent cells with lOul of 5ng/ul plasmid DNA, followed by incubation on ice for

45min. Then, the suspension was subjected to a heat shock at 42°C for 90sec and

subsequently subjected to a cold shock on ice for 2min. 800ul of LB broth was added to

the suspension, which was then incubated at 37°C for Ihr under constant agitation

(250rpm).

Selection. Recombinants were selected by inoculating 50ul of the transformed

cells onto LB agar plate containing 50ug/ml kanamycin, followed by an overnight

incubation at 37°C. Only E. coli cells harboring the pPK2-bar-gfp plasmid

(DH5a::pPK2-bar-gfi3) could grow on the plate, since the plasmid carries the kanamycin

resistance cassette.
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Storage. A single colony of DH5a::pPIC2-bar-gfp was inoculated into 5ml of LB

broth containing 50ug/ml kanamycin and incubated at 37°C overnight under constant

agitation (250rmp). Aliquots of the inoculum were stored at -80°C by adding sterile

glycerol to a final concentration of 25%.

Plasmid isolation andpurification. A sterile inoculating loop was used to scrape

frozen pellets of DH5a::pPK2-bar-gfp and streak onto LB agar plate containing 50ug/ml

kanamycin. After an incubation at 37°C overnight, a loopfiill of DH5a::pPK2-bar-gfp

was inoculated into 5ml of LB broth containing 50ug/ml kanamycin and incubated at

37°C overnight under constant agitation (250rmp). pPK2-bar-gfp was isolated and

purified according to GenElute Plasmid Miniprep Kit (Sigma) and stored at -20°C. The

presence of the plasmid was confirmed by restriction digest and agarose gel

electrophoresis.

2.6. Transformation ofAGLl with pPK2-bar-gfp

Preparation ofcompetent cells. Competent cells were prepared by first

inoculating a single colony of AGLl into 5ml of YPS broth (0.1% yeast extract, 1%

peptone, 0.5% sucrose, 0.05% MgS04«7H20, pH 7.0) containing 50ug/ml carbenicillin,

followed by an overnight incubation at 27°C under constant agitation (250rpm). 2ml of

this culture was diluted into 50ml of YPS broth and incubated for 3 hours at 27°C, in

order to reach an OD(660) = 0.5. The culture was then incubated on ice for 30min,

followed by centrifugation at 8,000rpm for lOmin at 4°C. The pellet was resuspended

into 10ml of ice-cold 0.1 5M NaCl and the suspension was centrifuged at 8,000rpm for

lOmin at 4°C. The new pellet was resuspended into 2ml of ice-cold 20mM CaC^.
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Aliquots of the competent cells were stored at -80°C by adding sterile glycerol to a final

concentration of 25%.

Transformation. AGLl was transformed with pPK2-bar-gfi5 by mixing lOOul of

competent cells with lOul of O.lug/ul plasmid DNA, followed by incubation on ice for

30min. The suspension was then flash frozen with liquid nitrogen for 5min and

subsequently subjected to a heat shock at 37°C for 5min and to a cold shock on ice for

2min. 1ml ofYPS broth was added to the suspension, which was then incubated at 27°C

for 3hrs under constant agitation (250rpm). The suspension was centrifuged at 8,000rpm

for lOmin at 4°C and the pellet was resuspended into 200ul of YPS broth.

Selection. Recombinants were selected by inoculating 50ul of the transformed

cells onto YPS agar plate (YPS broth, 1.5% agar) containing 50ug/ml carbenicillin and

50ug/ml kanamycin, followed by incubation at 27°C for 2 days. Only AGLl cells

harboring the pPK2-bar-gfp plasmid (AGLl ::pPK2-bar-gfp) could grow on the plate,

since the plasmid carries the kanamycin resistance cassette.

Storage. A single colony of AGLl::pPK2-bar-gfp was inoculated into 5ml of YPS

broth containing 50ug/ml carbenicillin and 50ug/ml kanamycin and incubated at 27°C for

24hrs under constant agitation (250rmp). Aliquots of the inoculum were stored at -80°C

by adding sterile glycerol to a final concentration of 25%.

Plasmid isolation and purification. A sterile inoculating loop was used to scrape

frozen pellets of AGLl ::pPK2-bar-gfp and streak onto LB agar plate containing 50ug/ml

carbenicillin and 50ug/ml kanamycin. After an incubation at 27°C for 2 days, a loopfiill

of DH5a::pPK2-bar-gfi3 was inoculated into 1 0ml of YPS broth containing 50ug/ml

carbenicillin and 50ug/ml kanamycin and incubated at 27°C for 24hrs under constant
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agitation (250rnip). A 1.5ml aliquot of this culture was centriftiged at 10,000rpm for

Imin at RT. The pellet was resuspended into 200ul of STE buffer (O.IM NaCl, lOmM

Tris-HCl pH 8.0, ImM EDTA pH 8.0), followed by centrifugation at 10,000rpm for 2min

at RT. The pellet was resuspended into 180ul ofGTE buffer (50mM glucose, 25mM Tris-

HCl pH 8.0, lOmM EDTA pH 8.0) and 20ul of 50mg/ml of lysozyme and the suspension

was incubated at 37°C for 30min. 400ul of Solution 1 (0.2M NaOH, 1% SDS) was

mixed, by gentle inversion, with the suspension, followed by incubation on ice for 3min.

Then, 300ul of ice-cold 5M potassium acetic acid was mixed, by gentle inversion, with

the suspension, followed by incubation on ice for 3min. After centrifugation at

12,000rpm for lOmin at 4°C, the supernatant was mixed with 1 volume of phenol-

chloroform-isoamylalcohol (25:24:1). This mixture was centriftiged at 10,000rpm for

5min at 4°C and the upper aqueous layer was mixed with 1 volume of chloroform-

isoamylalcohol (24:1). This new mixture was centrifuged at 10,000rpm for 5min at 4°C

and the upper aqueous layer was mixed with 2 volumes of ice-cold 100% ethanol by

gently inverting 5-6 times. This mixture was incubated at 4°C for 20min, followed by

centrifugation at 12,000rpm for 15min at 4°C. 300ul of 70% ethanol was added to the

pellet without mixing, followed by centriftigation at 12,000rpm for 2min at 4°C. Finally,

the air-dried pellet was resuspended into 35ul of sterile Milli-Q ultrapure water (MilliQ

water; Millipore Corporation; Billerica, Massachusetts) and stored at -20°C. The presence

of the plasmid was confirmed by restriction digest and agarose gel electrophoresis.
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2.7. Agarose Gel Electrophoresis

1% agarose gel electrophoresis using a Wide Mini-Sub Cell GT System from Bio-

Rad Laboratories (Mississauga, Ontario) was performed in 0.5X TBE buffer (1 liter of

5X stock solution: 54g Tris-base, 27.5g boric acid, 20ml of 0.5M EDTA pH 8.0).

Ethidium bromide was used as the nucleic acid stain and was added to the gel prior to

electrophoresis (0.05ul/ml). A lOX loading dye solution (0.5% xylene cyanol and/or

0.5% bromophenol blue, 50% glycerol) was used to load the samples on the gel. The

HighRanger Ikb DNA Ladder from Norgen Biotek (Thorold, Ontario) was used as the

molecular weight marker. The gels were visualized and photographed using Bio-Rad Gel

Doc 1000 and the Quantity One 1-D Analysis Software (version 4.6.2 Basic) from Bio-

Rad. Printed copies were obtained using a Mitsubishi P90 video copy processor

(Mitsubishi Electronic Corporation; Tokyo, Japan). DNA quantification was done using

the Scion Imaging Software (version Beta 4.0.3) from Scion Corporation (Frederick,

Maryland).

2.8. Agrobacterium-Mediated Transformation

The Agrobacterium-mediated transformation of M. a.2575 using Agrobacterium

tumefaciens strain AGLl harboring the binary vector pPK2-bar-gfp (AGLl ::pPK2-bar-

gfjj) was based on the protocol previously described by Fang, Pei and Bidochka (2006),

with the following modifications. AGLl ::pPK2-bar-gfp from a 2-3 day-old plate was

inoculated into 10ml of LB broth containing 50ug/ml carbenicillin and 50ug/ml

kanamycin, followed by incubation at 27°C for 16-20hrs under constant agitation

(250rpm). Once the OD(66()) achieved 0.6-0.8, the liquid culture was diluted to an OD(660)

value of 0.15 with induction medium containing 200uM acerosyringone (IMAS solution;
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Appendix A) and was reincubated at 27°C for 4hrs (OD(660) = 0.4-0.8) under constant

agitation (250rpm). Meanwhile, M.a.2575 conidia from a 10 day-old plate were harvested

into 5ml of 0.01% sterile Triton-X and filtered through sterile glass wool to remove the

mycelial mass. The conidia concentration was calculated using a haemocytometer

(Improved Neubauer 1/400 mm^ ruler; Hausser Scientific; Pennsylvania) and was

readjusted to a final concentration of 5xl0^conidia/ml with IMAS solution. lOOul of this

cell suspension was mixed, by gentle inversion, with an equal volume of diluted

AGLl::pPK2-bar-gfp cells (OD(660) 0.4-0.8), and the mixture was spread evenly on black

filter paper (Ahlstrom, 0. 1 8mm thickness) deposited onto freshly poured IMAS plates

(Appendix A). After 2 days of co-cultivation at 27°C, the black filter paper was

transferred onto freshly poured M-lOO plates (Appendix A) containing 400ul/ml

cefotaxime and 200ul/ml phosphinothricin (PPT). Cefotaxime was used to kill the

remaining Agrobactehum cells while PPT was used as the selective agent. After 1 day of

incubation at 27°C, the black filter paper was overlaid with freshly prepared M-lOO agar

containing 200ug/ml PPT and the plates were incubated again at 27°C. Putative

recombinants started to be visible after 3-4 days and were collected every day or so until

the plates were fully covered and no more individual recombinant could be picked up. As

a positive control, M.a.2575 was transformed with AGLl::pPK2-bar-gfp without using

the selective agent (PPT). This control indicated that the ftingus is viable on the medium

used for transformation (IMAS and M-lOO). As a negative control, M.a.2575 was

transformed with lOOul of IMAS solution instead of AGLl::pPK2-bar-gfp. This control

indicated that only transformed cells carrying the PPT resistance gene {bar) from the T-

DNA can grow on the selection plates (M-lOO + 200ug/ml PPT).
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2.9. Primary Phenotypic Screening

After ^. tumefaciens-mediated transformation, individual colonies growing on the

selection plates (M-lOO + 200ug/ml PPT) were observed under a light/fluorescence

microscope (Leitz Diaplan) fitted with filter sets suitable for the blue light excitation of

eGFP (Leitz 12/3; excitation filter: 450-490nm, dichroic mirror: 510nm, emission filter:

515nm). eGFP from the T-DNA fragment has an excitation maximum of488nm (instead

of 395nm for the wild type GFP) and an emission maximum of 507nm (Cormack,

Valdivia & Falkow, 1996).

Colonies expressing GFP were considered successful recombinants and were

transferred onto non-selective plates (M-lOO) for phenotypic screening. Phenotypic

changes such as colony size, amount of hyphae and/or conidia produced, or pigmentation

were considered. A maximum of eight recombinants were inoculated per plate and were

incubated at 27°C until the colonies were big enough to be compared. Any recombinants

grown on the non-selective plates that looked phenotypically different than the wild type

M.a.2575 were considered potential colony development mutants and single-spore

isolates were prepared. Seven GFP-expressing recombinants believed to exhibit the wild-

type phenotype were selected as controls.

2.10. Single-Spore Isolation

Single-spore isolates were prepared, for each putative colony development mutant

and control recombinant, by quadrant streak onto PDA and incubation for 3 days at 27''C.

Isolated colonies were examined under a light/fluorescence microscope to make sure the

mycelia were growing from only one conidium and to reconfirm whether GFP was

expressed. Single-spore colonies expressing GFP were transferred onto selective media
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(M-lOO + 200ug/ml PPT), in order to reconfirm their resistance to PPT. After incubation

at 27°C for 10 days, 2 pieces of agar were cut off from the plate and stored at -80 "C by

adding 500ul of 25% sterile glycerol. Any subsequent data collections were done using

these frozen single-spore stocks.

2.11. Secondary Phenotypic Screening

The putative colony development mutants and control recombinants were point

inoculated onto M-lOO, Nutrient Agar (NA), Potato Dextrose Agar (PDA), YPD (0.2%

yeast extract, 1% peptone, 2% dextrose, 1.5% agar) and Malt Extract Agar (MEA) to

observe the difference in phenotype as compared to the wild type based on nutrient

availability. A recombinant was considered a true colony development mutant of

M.a.2575 if the majority of its colonies were phenotypically unlike the wild type on these

five media. A recombinant was considered a true control if all of its colonies exhibited

the wild-type phenotype on these five media. Pictures of the colony development mutants

and the control recombinants on each media were taken using a Hewlett-Packard

PhotoSmart R707 digital camera.

2.12. Mitotic Stability

The mitotic stability of each colony development mutant and control recombinant

was tested by serially point inoculating single-spore isolates onto PDA for 10 days at

27°C. The process was repeated for 5 generations. After each generation, colony

morphology and GFP expression were monitored. After the 4'*' generation, the fungal

isolates were also point inoculated onto selective media (M-lOO + 200ug/ml PPT) to

verify whether they were still resistant to phosphinothricin.
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2.13. Conidial Density

Conidial density is the measurement of the amount of conidia produced on a

defined area of soUd media. In this experiment, the two media used to measure conidial

density were PDA, a nutrient-rich medium, and M-lOO, a minimal medium. Since colony

development is dependent on nutrient availability (Moore, 1998), there should be a

difference between the conidial densities on both media for each mutant. M- 1 00 was

chosen because it is the minimal medium used during Agrobacterium-mediated

transformation. Moreover, because the nutrient availability is low, conidiation is initiated

faster than on rich media. Therefore, if a colony development mutant is deficient in

conidia production, then its conidial density on M-lOO should be significantly lower than

that of the wild type. PDA was chosen because it is a popular medium used to cultivate

filamentous fungi. Furthermore, conidiation takes longer to occur on rich media, since the

amount of nutrients available on which the fungus thrive decreases at a slower rate than

on minimal media. In fact, it takes seven to eight days for M.a.2575 colonies to attain a

saturation level in conidia production on PDA (Small, 2004). This means that if

conidiation must happen, it will happen within ten days when cultivated on PDA.

Therefore, conidial density count on PDA helps confirm whether a colony development

mutant is associated with conidiation.

In order to get relevant conidial density counts, the same amount ofCFU were

plated for the wild type, the control recombinants and the colony development mutants.

First, the single-spore isolates were streaked onto M-lOO and incubated at 27"C for 10

days. M-lOO was used to obtain as many conidia as possible. Then, a cell suspension was

made in 5ml of 0.01% sterile Triton-X and the cell concentration (conidia/ml) was
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calculated in triplicate using a haemocytometer. 50ul aliquots of 1 O^conidia/ml were used

for viability counts, yielding inoculation of 50 conidia. These aliquots were spread in 5

replicates onto PDA and M-lOO and incubated at 27°C for 3 days. The average CFU was

used to calculate the percent viability as compared to the wild type. Then, 50ul aliquots of

lO^conidia/ml of the wild type cell suspension were spread in triplicate onto M-lOO and

PDA using 60mm X 15mm Petri dishes, specifically (Fisher Scientific Company; Ottawa,

Ontario). The volume used for each control recombinant and colony development mutant

was normalized with respect to the wild type in order to plate the same amount of viable

cells (5000 CPUs). The volume varied between 20-150ul onto M-lOO and 10-lOOul onto

PDA.

After incubation at 27°C for 10 days, the whole culture was transferred into a

50ml Pyrex® centriftige tube (pour-out, round bottom: Sigma) and mixed with 10ml of

0.01% sterile Triton-X. The mixture was homogenized with an electric homogenizer

(straight Teflon pestle: Glas-Col, Terre Haute, Indiana; 1 10 volts A.C. - D.C. motor

drive: Greiner Scientific Corporation; New York, New York) for 1 -2min. The cell

concentration (conidia/ml) was calculated for each replicate using a haemocytometer and

the conidial density (conidia/cm") was calculated based on the known volume and area

used to homogenize: [(conidia/ml) x (volume in ml used to homogenize)] / (area in cm^

used to homogenize). The standard error was calculated using Microsoft® Office Excel.

The percent conidial density as compared to the wild type was also calculated: [(average

conidial density count of sample) / (average conidial density count of WT)] x 100.

Finally, a two-tailed t-test assuming unequal variances at 95% confidence using

Microsoft® Office Excel was done on the conidial densities of each control recombinant
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and colony development mutant to determine whether the amount of conidia was

significantly reduced as compared to the wild type. The percent conidial density was

considered significantly different than that of the wild type when P(T<t) was equal to or

lower than 0.05.

2.14. Fungal Genomic DNA Extraction

Fungal genomic DNA was extracted based on the protocol previously described

by Reader and Broda (1985), with the following modifications. A loopfiil of conidia from

a fresh plate was inoculated into 50ml ofYPD broth and incubated at 27°C for 3-4 days

under constant agitation (250rpm). The fiingal mass was then vacuum filtrated using

sterile filter paper to remove the liquid medium, and ground into fine powder using liquid

nitrogen. Approximately half of a microcentrifiige tube full of fungal sample was used for

DNA extraction. 500ul of fungal DNA extraction buffer (0.2M Tris-HCl pH 7.5, 0.5M

NaCI, lOmM EDTA pH 8.0, 1% (w/v) SDS) was immediately added to the flash-frozen

powder, followed by 500ul of phenol-chloroform-isoamylalcohol (25:24:1). The mixture

was subsequently vortexed for 5min, followed by centrifiigation at 10,000rpm for 8min at

RT. Then, 500ul of chloroform-isoamylalcohol (24:1) was mixed with the upper aqueous

layer in a new microcentrifuge tube, followed by centrifugation at 10,000rpm for 8min at

RT. lOul of 20mg/ml RNaseA (Sigma) was added to the upper aqueous layer in a new

microcentrifuge tube, which was then incubated at 2>TC for Ihr. The phenol-chloroform-

isoamylalcohol and chloroform-isoamylalcohol washes were repeated, as described

above, to remove the residual degraded RNA. Genomic DNA was precipitated by adding

2.5 volumes of 100% ethanol to the upper aqueous layer in a new microcentrifuge tube

and gently inverting 5-6 times. The mixture was allowed to incubate for 2min at RT,
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followed by centrifiigation at 12,000rpm for lOmin at RT. The ethanol was carefully

decanted and 200ul of pre-cold 70% ethanol was added without mixing, followed by

centrifiigation at 12,000rpm for 2min at RT. Finally, the air-dried fungal genomic DNA

was resuspended in 50ul of TE buffer (lOmM Tris-HCl, 0.5mM EDTA pH 9) and stored

at -20 °C. The genomic DNA was verified and quantified by agarose gel electrophoresis.

2.15. Southern Blot Analysis

Southern blot analysis was performed to confirm the integration of the T-DNA

Augment from the binary vector pPK2-bar-gfp into the genome of each colony

development mutant. The 1 .7kb long eGFP cassette was released from the T-DNA

fragment of the binary vector with EcoRl and Spel, and was used as the probe. This probe

was DIG-labeled according to the manufacturer's protocol (Roche Applied Science;

Penzberg, Germany).

Approximately 5-lOug of fungal genomic DNA was digested with Bglll and Mlu\.

Because these two enzymes do not have restriction sites within the probed T-DNA

region, each band detected on the membrane should represent one T-DNA copy. While

Mlul does not have a restriction site in pPK2-bar-gfp, Bglll has a single recognition site

in the T-DNA region, but not in the probe region, increasing the chances of getting

fragments that are an appropriate size for the gel (Figure #5). The digested genomic DNA

of the wild type M.a.2575 was used as a negative control and Ing of the digested plasmid

DNA of pPK2-bar-gfp was used as a positive control to confirm the specificity of the

probe toward the eGFP cassette of the T-DNA.

The digested DNA was run on a 0.8% agarose gel using a horizontal

electrophoresis unit from Fisher Scientific (FHUIOW; Leicestershire, England) at 4°C at
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46 volts for 30min (to allow the samples to enter the gel properly), 23 volts for 16-18hrs,

and 56 volts until the loading dye ran off the gel. The gel was observed under UV light to

make sure the DNA was properly digested and was blotted with a Zeta-Probe Nylon+ GT

membrane according to the manufacturer's protocol (Bio-Rad). The membrane was then

hybridized with the eGFP probe according to the DIG DNA Labeling and Detection Kit

instruction manual (Roche). The detection was based on a chromogenic alkaline

phosphatase method, using NBT/BCIP as the color substrate.

2.16. Y-Shaped Adaptor Dependent Extension PCR

Each colony development mutant was subjected to PCR walking using a Y-

shaped adaptor dependent extension (YADE) method in order to identify the genomic

DNA of M.a.2575 flanking the T-DNA. This PCR procedure is based on restriction

enzyme digestion of genomic DNA, ligation to an appropriate Y-shaped adaptor with

compatible ends, and use of primers specific to the adaptor and the left border (LB) or the

right border (RB) of the T-DNA. Therefore, each DNA fragment flanking the T-DNA is

amplified 4 times per digest. In other words, one pair of sequences is generated by the

forward adaptor primer and the reverse LB primer, while the other pair of sequences is

generated by the forward RB primer and the reverse adaptor primer (Figure #6). The

primers and other oligonucleotides used for YADE are listed in Table #1

.
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Table #1 . List of oligonucleotides used for Y-shaped dependent extension (YADE)
PCR.
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Y-shaped adaptor preparation, restriction digest and ligation. 2ul of 0.68ug/ul of

the short chain (YAT) was phosphorylated using T4 polynucleotide kinase in a final

volume of 20ul. The reaction sample was incubated at 37°C for 30min and at 72°C for

lOmin. Then, 2ul of 0.68ug/ul of the long chain (YAL) was annealed to 20ul of the

phosphorylated short chain in the presence of lOX annealing buffer (IM NaCl, O.IM

Tris-Cl pH 7.0, lOmM EDTA pH 8.0) in a final volume of 40ul. The reaction sample was

incubated at 65°C for lOmin and allowed to cool down to RT by remaining in the water

bath. The genomic DNA of each mutant was subjected to four individual restriction

digests, using the blunt-ended en2ymes Dra\, EcoKW, Seal, and Smal. The quality and

concentration of the digested DNA was verified by agarose gel electrophoresis.

Completely digested DNA was diluted with MilliQ water to a final concentration of

approximately lOng/ul and lul was subsequently ligated to lul of the blunt-ended Y-

shaped adaptor using T4 DNA ligase in a final volume of lOul.

Linear and exponential PCR amplification. The YADE PCR amplification was

done in two steps, linear (YADEL) and exponential (YADEE), using an Eppendorf

Mastercycler® Gradient (Hamburg, Germany). JumpStart Taq DNA polymerase (Sigma)

was used and the reaction mixtures were prepared according to the manufacturer's

protocol. 0.1 uM of LI and Rl primers were used for YADEL, and 0. luM of L2, R2 and

YADEE primers were used for YADEE. The PCR parameters for YADEL amplification

were an initial denaturation at 94°C for Imin 30sec, followed by 40 cycles of 30sec of

denaturation at 94°C, 30sec of annealing at 60°C, and 2min 30sec of extension at 72°C,

followed by a final extension at 72°C for 3min. The PCR parameters for YADEE

amplification were an initial denaturation at 94°C for Imin 30sec, followed by 35 cycles
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of 30sec of denaturation at 94°C, 30sec of annealing at 60°C, and 3min of extension at

72°C, followed by a final extension at 72°C for lOmin. The samples were added to the

PCR machine only once a temperature of 94°C was attained.

Extraction ofPCR products. After PCR amplification, 5ul of each PCR reaction

was subjected to agarose gel electrophoresis to verify whether a product had been

amplified. If a clear, sharp band representing an amplified T-DNA flanking product was

visible, the entire PCR sample that generated the band was subjected to agarose gel

electrophoresis, using two lanes per sample (approximately 20ul per lane). Then, the

samples were subjected to QIAquick Gel Extraction according to the manufacturer's

protocol (Qiagen; Mississauga, Ontario). The DNA was eluted with 50ul of Buffer EB

(lOmM Tris-Cl pH8.5). The purified DNA was quantified by agarose gel electrophoresis

and samples with at least 0.5ng/ul DNA were sent for sequencing to the DNA sequencing

facility of York University (Toronto, Ontario). The PCR samples were stored at -20°C.

2.18. Sequence Analysis

The program BioEdit Sequence Alignment Editor (version 7.0.5.3; Hall, 1999)

was used for initial T-DNA flanking sequence processing to align each pair of sequences

to its respective border. The sequence generated by the reverse L2 primer was reverse

complemented and aligned with the sequence generated by the forward YADEE primer

to get the LB flanking sequence. The sequence generated by the forward R2 primer was

aligned with the reverse complement sequence generated by the reverse YADEE primer

to get the RB flanking sequence. Generally, the pair of sequences overlapped and a full

sequence was created. However, it happened sometimes that the PCR product was too

long to be fully sequenced. The partial (L2, R2, YADEE) or full (LB, RB) sequences
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were aligned with the L2/R2 and YADEE primer sequences, as well as with the vector

sequence representing the LB or RB of the T-DNA, in order to eliminate any binary

vector and primer nucleotide fragments.

After elimination of unwanted nucleotides, each flanking T-DNA sequence was

aligned and compared to DNA sequences in the GenBank database of the National Center

of Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool

(BLAST; Altschul et al., 1990). First, the T-DNA flanking sequences were BLASTn

searched against fungal nucleotide sequences in the GenBank database to assign their

identity and find homologies in other fungi. The BLASTn search was done using the

default parameters, except for Database (others (nr)) and Organism (fiingi (taxid:4751)).

Second, if a DNA sequence flanking an inserted T-DNA had significant homology to

fungal nucleotide sequences present in the GenBank database, its translated sequence was

tBLASTx searched against translated fungal sequences to determine whether the

sequence was similar to protein products. The tBLASTx search was done using the

default parameters, except for Organism (fungi (taxid:475 1 )).The BLAST searches were

divided into two categories. Hits with an e-value lower than E-05 were considered

significantly homologous, while hits with an e-value equal to or higher than E-05 were

considered non-significant.

2.19 Insect Bioassays

Bioassays using wax moth, Galleria mellonella, larvae were done to test the

virulence of each colony development mutant. Virulence can be measured by calculating

either the percent mortality after a definite time or the lethal time of death for 50 percent

of the population (LT50). In the present research, the chosen mutants generated by
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Agrobacterium-mediated transformation are related to colony development. Therefore,

most of them do not conidiate as much as the wild type or simply do not grow as fast,

giving the insect defense system a chance to eliminate or slow down the effect of the

fungal cells. Consequently, the insect pupates, becomes a moth and is considered to have

survived the infection. However, a LT50 cannot be measured if most of the insects are

pupating. Therefore, only the percent mortality could be measured in this research.

Fifteen insects were infected either by topical application, using a cell suspension

with a concentration of lO^conidia/ml, or by injection through the cuticle, using a cell

suspension with a concentration of lO^'conidia/ml. It was important to choose a proper

concentration, which was neither too high (to eliminate the chance of hyper-lethal

infection) nor too low (to eliminate the chance of insect survival). For topical application,

the cell suspension was pipetted in a straight line onto the back of the insect. A syringe

for chromatography (VWR International; Mississauga, Ontario) was used for injection

through the cuticle. The insects were placed individually in clear 7DR vials with snap

caps (VWR) and were incubated at 27°C. They were monitored daily. A small piece of

pre-wet sterile Kimwipe (VWR) was added to the vial when an insect was dead, in order

to ensure a humid environment for the fungus to grow. Sterile MilliQ water was added

onto the Kimwipe when necessary.

Infection by injection through the cuticle was compared to infection by topical

application, since the colony development mutants might not be able to penetrate the

insect cuticle as fast as the wild type, giving the insect defense system a chance to

eliminate or slow down the effect of the fungal cells. Therefore, virulence-related genes

that are normally activated in the insect hemolymph can only be induced if the colony
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development mutants are injected into the insect. The virulence was measured by

calculating the percent mortality 14 days post-infection by topical application and 10

days post-infection by injection.

In order to get relevant bioassays, the insects were inoculated with the same

amount of CFU. First, the single-spore isolates were streaked onto M-lOO and incubated

at 27°C for 10 days. Then, a cell suspension was made in 5ml of 0.01% sterile Triton-X

and the cell concentration (conidia/ml) was calculated in triplicate using a

haemocytometer. 50ul aliquots of 1 0'conidia/ml were used for viability counts, yielding

inoculation of 50 conidia. These aliquots were spread in 5 replicates onto PDA and

incubated at 27°C for 3 days. The average CFU was used to calculate the percent viability

as compared to the wild type. Then, 5ul aliquots of 1 O^conidia/ml of the wild type cell

suspension were used for topical application and the volume used for each mutant was

normalized with respect to the wild type, in order to inoculate the same amount of viable

cells (5000 CPUs). The volume varied between 2-lOul. 3ul aliquots of 10'*conidia/ml of

the wild type cell suspension were used for injection and the volume used for each mutant

was normalized with respect to the wild type, in order to inoculate the same amount of

viable cells (30 CFUs). The volume varied between l-6ul.

The wild type was compared to two controls to verify the quality of the bioassay.

The controls were done by either not inoculating the insects at all or inoculating the

insects with 0.01% sterile Triton-X, which is the solution used to prepare cell

suspensions. The insects that were not inoculated were divided into two groups. The first

group was not touched at all, and was the control for the topical bioassays. The second

group was poked with the syringe, but was not injected with anything. This was the

57





control for the injection bioassays. Bioassays with Triton-X were treated like the wild

type bioassays. These controls indicated whether the inoculation methods used to infect

the insects had an effect on the death of the insects, or whether the insects died mainly

due to the presence of the fungal pathogen in the inoculum.

Finally, a two-tailed Fisher's exact test, using the interactive calculator created by

Preacher and Briggs (2001), was done on the percent mortality to determine whether the

virulence of each colony development mutant was significantly lower than that of the

wild type. The percent mortality was considered significantly different than that of the

wild type when the/?-value was equal to or lower than 0.05.
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3. RESULTS

3.1. Screening for Colony Development Mutants

Metarhizium anisopliae var. anisopliae strain ARSEF 2575 (M.a.2575) was

transformed with the non-oncogenic Agrobacterium tumefaciens strain AGLl harboring

the binary vector pPK2-bar-gfp. This binary vector carries a copy of the T-DNA fragment

capable of integrating into the genome of M.a.2575. Because the T-DNA fragment

contains the eGFP and bar cassettes, any transformed cells of M.a.2575 will express GFP

and be resistant to phosphinothricin (PPT).

A total of 575 recombinants expressing GFP (example given in Appendix B) were

selected from a total of42 transformation plates and were screened for phenotypic

changes such as colony size, amount of hyphae and/or conidia produced, or pigmentation.

Eighteen GFP-expressing recombinants were found to exhibit mutant colony

development phenotypes when cultured on M-lOO, NA, PDA, YPD and MEA and were

subjected to further analysis (Figure #7). Three GFP-expressing recombinants were found

to exhibit the wild-type phenotype when cultured on those five media and were used as

controls (Figure #7).
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3.2. Mitotic Stability

The mitotic stability of the three control recombinants (CI -3) and the 18 colony

development mutants (Ml-18) of M.a.2575 was assessed by serially subculturing single-

spore isolates on PDA and monitoring the colony morphology and GFP expression over

five generations. After the fourth generation, the fungal isolates were also subcultured

onto M-lOO containing 200ug/ml PPT to test whether they were still resistant to

phosphinothricin. For all recombinants, the colony morphology, GFP expression, and

PPT resistance were unchanged after five generations, indicating stable genomic

integration of the T-DNA fragment.

3.3. Conidial Density

The conidial densities of the 18 colony development mutants were measured in

triplicate from cultures grown on M-lOO and PDA (Figure #8) and were compared to the

wild type (Figure #9) to determine whether a gene related to conidiation was disrupted as

a result ofT-DNA integration into the genome. As indicated in Table #2 (Ml 00) and

Table #3 (PDA), the majority of colony development mutants showed a significant

reduction in conidial density on both M-lOO and PDA as compared to the wild type (t-

test, P(Tst) < 0.05). Colony development mutants Ml (t-test; P(T<t) = 0.61, M-lOO; P(T<t)

= 0.20, PDA) and M4 (t-test; P(T<t) = 0.62, M-lOO; P(T<t) = 0.89, PDA) were the only

two mutants that did not show a significant reduction in conidial density on both M-lOO

and PDA as compared to the wild type. M3 showed a significant reduction in conidial

density only on PDA (t-test, P(Tst) = 0.04), while M12 showed a significant reduction in

conidial density only on M-lOO (t-test, P(Tst) = 0.03). As a control, the conidial densities

of the three control recombinants were not statistically different from the wild type on
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either M-lOO or PDA (t-test, P(T<t) > 0.05), indicating that they exhibit the wild-type

phenotype.
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3.4. Southern Blot Analysis

Southern blot analysis was performed to confirm the integration of the T-DNA

fragment from the binary vector pPK2-bar-gfp in the genome of the 18 colony

development mutants. The 1.7kb long eGFP cassette was extracted from the T-DNA

fragment of the binary vector to construct the probe. Figure #10 shows that the eGFP

probe hybridized to all colony development mutants except one, Ml, indicating that the

T-DNA fragment successfiilly integrated into the genomic DNA. Furthermore, variation

in band sizes indicates that the T-DNA integration occurred at random positions in the

genome.

At least three colony development mutants (M 1 2, M 1 6, M 1 7) have a single T-

DNA copy inserted in their genome. All the other colony development mutants have

multiple integrated T-DNA fragments except M 1 , for which no band was visible. Finally,

a strong band was visible at approximately 1 Ikb for the binary vector ( 1 1 ,344bp) DNA,

while the probe failed to hybridize to the untransformed wild type genomic DNA,

confirming the specificity of the probe toward the eGFP cassette of the T-DNA.

78





*y

-P/.

'*V

1

I

.^^\

'^

o
c

•S ^
« 00

u

I .S •£« Q,

JD CJ ^
CO o <»3

c
o

.N

<
z

o Q

T3
U

fc u «
O do's

o
^^

^ O -s •§

00 •O rn

c

3
s

c

c -o

go:

°-^
•u OQ

•o o
>.*
§ S
o =
u

I2
E
o
S

c
o

!8

00

(U

c

J2
E

c

1/5 "O

E •€> =_ >> ca
•3 -« -o

C ^ O

O 03

a

c
o
u

> £

= o 5
c/> _
CO o

(U c
U5 O3 O

U

^ o
m
c
u
00

E
o

Is
CS "=;

u
c
o
'ob
u

a<
nj Z
t/3

CO

tn

^, o

'-' o

-— •.« u. >

? O0J= —

> I z

i! 3 o

p

a, "* ^
t/5

3
CO

O .S

Jo 3

i <N

c
— y

O
3

.2? a
E
o
c
<u
00
•T3

00
c
c«

E-l^
CS . .

00 _J

3̂ W <> "<.•=:

on

•s.s

00 tt

o

E
o

O
C

6P

tS o- H

o -S

> u

c
o

u

Q CQ Q

a,
-
5 S

"^^

i

79





3.5. Sequence Analysis

Y-shaped adaptor dependent extension (YADE) PCR was performed to identify

the genomic DNA of M.a.2575 flanking the site ofT-DNA integration in the 18 colony

development mutants. By employing a blunt-ended Y-shaped adaptor primer with either

the Right Border (RB)-specific primer or the Left Border (LB)-specific primer, successful

amplification of 53 T-DNA flanking sequences from a total of four restriction digests

(Dral, EcoKV, Seal and Smal) was attained. Only one colony development mutant (Ml 4)

could not be sequenced by YADE PCR using the selected restriction enzymes. The size

ofPCR products ranged from 0.4kb to 2.0kb, indicating random genomic integration of

the T-DNA fragment (example given in Appendix C). Each sequence was aligned and

compared to DNA sequences in the GenBank database of the National Center of

Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool

(BLAST).

Table #4 and Table #5 indicate that the BLASTn and tBLASTx search results,

respectively, of nine T-DNA flanking sequences, obtained from four colony development

mutants, resulted in significant sequence homology to known protein products, and two

T-DNA flanking sequences for one mutant resulted in significant sequence homology to

an uncharacterized protein product (e-values < E-05). At least two genes were disrupted

as a result ofT-DNA integration into the genome of colony development mutants M3 and

Ml 5. The genomic DNA flanking the RB of one of the T-DNA fragments inserted in the

genome of M3 had significant sequence homology with a serine/threonine protein kinase

while the genomic DNA flanking both sides of another T-DNA insert in M3 had

significant sequence homology with a hypothetical chromatin remodeling complex
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subunit. The genomic DNA flanking the RB of one of the T-DNA fragments inserted in

the genome of M15 had significant sequence homology with a regulator of G-protein

signaling pathway while the genomic DNA flanking the LB of another T-DNA insert in

M15 had significant sequence homology with a hypothetical glycosyl transferase family

2. At least one gene was disrupted as a result ofT-DNA insertion into the genome of

colony development mutants Ml 3 and Ml 8. The genomic DNA flanking the LB of one

of the T-DNA fragments inserted in the genome of M13 had significant sequence

homology with a hypothetical choline kinase, while the genomic DNA flanking the RB of

one ofT-DNA fragments inserted in the genome of M18 had significant sequence

homology with a NADPH oxidase. Finally, the flanking sequence from the LB of one of

the T-DNA fragments inserted in the genome of M7 had significant sequence homology

to an uncharacterized protein product.

The BLASTn algorithm found no significant sequence homology between 27 T-

DNA flanking sequences obtained from 1 3 colony development mutants and the fungal

nucleotide sequences present in the GenBank database (e-values > E-05; Table #6). It

also found significant sequence homology between 1 5 T-DNA flanking sequences

obtained from seven colony development mutants and the nucleotide sequences of binary

vector elements (e-values < E-05; Table #7).
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3.6. Insect Bioassays

Bioassays using Galleria mellonella larvae were performed to determine whether

a gene related to virulence was disrupted as a result ofT-DNA integration into the

genome of each colony development mutant of M.a.2575. Fifteen insects were infected

either by topical application or by injection through the cuticle with 0.01% sterile Triton-

X (control), the wild type M.a.2575 and each colony development mutant. Insects

inoculated with the colony development mutants M9, Ml 1, Ml 6 had a significantly

lower percent mortality as compared to insects inoculated with the wild type by either

topical application or injection (Fisher's exact test,p < 0.05) (Table #8, Figure #11).

Furthermore, insects inoculated with M6 had a significantly lower percent mortality as

compared to insects inoculated with the wild type by injection only, while the percent

mortality of insects inoculated with M2, M5, M8, MIO, M15, M17, M18 was

significantly lower than the percent mortality of insects inoculated with the wild type by

topical application only (Fisher's exact test,p < 0.05) (Table #8, Figure #11). Colony

development mutants Ml, M3, M4, M7, M12 and M13 displayed no statistically

significant difference in percent mortality as compared to the wild type for either topical

or injection bioassays (Fisher's exact test,/? > 0.05) (Table #8, Figure #11). Topical

infection with colony development mutant M14 could not be performed because the

concentration of conidia was too low. Nevertheless, insects inoculated with MM by

injection had a significantly lower percent mortality as compared to insects inoculated

with the wild type (Fisher's exact test,p = 0.05) (Table #8, Figure #1 1). As a control, the

percent mortality of insects inoculated with 0.01% sterile Triton-X (27% topical, 20%

injection) was not statistically different from uninoculated insects (13% untouched, 20%





poked) (Fisher's exact test;/? = 0.651, topical; p = 1.00, injection), yet was significantly

less than insects inoculated with the wild type (93% topical, 87% injection) (Fisher's

exact test;/? = 4.84x10"^, topical;/? = 6.79x10"^, injection), indicating that it is the fungal

pathogen, not the inoculation procedure, that causes significant mortality (Table #8).
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4. DISCUSSION

4.1. Benefits and Drawbacks of Agrobacterium-Mediated Transformation

Optimization ofAgrobacterium-mediated transformation of filamentous fiingi

resulted in the development of a remarkably efficient transformation tool as compared to

alternative methods such as electroporation, biolistic and polyethyleneglycol-mediated

(PEG) transformation (section IC.l). In fact, Agrobacterium tumefaciens is recognized as

one of the best transformation systems because it has better integration stability, as well

as the ability to transfer DNA with reduced copy number as compared to other systems.

But most importantly, the random integration of the T-DNA into the host genome

normally occurs as a single event, giving each transformed cell a unique integration site.

Single T-DNA insert is preferred, since it is easier to link an observed phenotype to a

single alteration in the genome (reviewed by Michielse et al., 2005).

The results obtained here confirmed these features to a certain extent. The A.

tumefaciens-mediated transformation of M.a.2575 with the binary vector pPK2-bar-gfp

was successful in generating 575 GFP-expressing and PPT-resistant recombinants

(section 3.1). Twenty-one of these recombinants, including three recombinant controls

and 18 colony development mutants, carried at least one copy of the T-DNA fragment

stably integrated in their genomes, as confirmed by the mitotic stability assay (section

3.2). Furthermore, the 18 colony development mutants experienced random integration,

as confirmed by Southern blot analysis (Figure #10) and Y-shaped adaptor dependent

extension PCR (Figure #13). This random insertion resulted in the disruption of a variety

of genes with known and unknown functions, consequently causing the colony

development mutants to exhibit distinctive phenotypes on different media (Figure #7).
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Furthermore, during Southern blot analysis, the eGFP probe hybridized to all of the

colony development mutants except one. Ml, which indicates that at least one copy of the

T-DNA fragment had successfully integrated into each of their genomes. M12, M16 and

Ml 7 are the only colony development mutants for which it could be suggested that only

one T-DNA integration event occurred. Fourteen of the 1 8 colony development mutants

showed multiple bands on the Southern blot, which is indicative of multiple integrations

(Figure #10). Such results suggest that the ^gro6ac/er/M/w-mediated transformation was

not as efficient as expected in giving single T-DNA insertion per recombinant. However,

these 14 mutants, selected based on their colony development phenotypes, represent only

a small fraction of the whole transformation library, and thus provide insufficient data to

test whether or not the Agrobacterium-mQ6.\ziXe6 transformation yielded single T-DNA

insertion events. In Fang, Pei and Bidochka (2006), 10 randomly selected recombinants

were found to contain only one T-DNA copy, based on Southern blot analysis. Therefore,

it would be of interest to select a number of random recombinants from the whole T-

DNA library and verify if single integration events are dominant over multiple

integrations.

Although unexpected, the fact that multiple integrations occurred more often than

single integration events among the colony development mutants can be explained. First,

the colony development mutants were selected based on the fact that they were

phenotypically different than the wild type. In order to visualize a significant change in

the phenotype, more than one gene may need to have been disrupted. Fungal colony

development is regulated by a multitude of interconnected pathways, which involve the

synchronization of several genes rather than one alone (Lengeler et al., 2000; Ebbole,
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1996). Consequently, it is possible that the disruption of a single colony development

gene could result in macroscopic variation, but more likely phenotype changes apparent

to the naked eye are the result of multiple gene disruptions. This could explain why 14 of

18 colony development mutants had multiple copies of the T-DNA fragment. Second,

multiple T-DNA integrations have been observed in the genome of plants and other

fungal hosts after transformation with A. tumefaciem (Choi et al., 2007; Grevelding et

al, 1993). Several experimental parameters were found to influence the number of T-

DNA integrations per recombinant. The presence of acetosyringone (AS) during

transformation not only increases the transformation efficiency, but also affects the rate

ofT-DNA insertion into the host genome. Mullins et al. (2001) found that, in the

presence of AS, 53% of recombinants contained a single T-DNA copy inserted in the

genome of Fusarium oxysporum, while over 80% experienced single insertions in its

absence. The length of the co-cultivation period can also increase the transformation

efficiency, but was found to result in multiple integration events in the genome of

Magnaporthe grisea (Rho, Kang & Lee, 2001). The presence ofAS and a longer co-

cultivation time has previously been shown to improve the transformation efficiency in

M.a.2575 (Fang, Pei & Bidochka, 2006). Thus, it is probable that these two parameters

affected the number of T-DNA integrations per recipient fungal cell in the current study.

The concentration of A. tumefaciens during co-cultivation and the type of starting

material used for the transformation (conidia, hyphae, mycelia, blastospores, protoplasts,

leaves, roots, etc.) can also influence the T-DNA copy number in the host genome

(Michielse et ai, 2005). Finally, Kim et al. (2003) discovered that the binary vector

backbone sequence is frequently co-transferred with the T-DNA in the rice genome. Choi
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et al. (2007) found that the same situation can occur in the filamentous fiingus

Magnaporthe oryzae. Therefore, it is not surprising that the T-DNA flanking sequences

of some colony development mutants had significant homology to binary vector elements

(Table #7).

Unfortunately, the exact copy number ofT-DNA inserts in each colony

development mutant cannot be determined. Southern blot analysis cannot accurately

determine copy number when more than two bands are present, and even a single band

may not represent a single integration event, since it may be caused by multiple T-DNA

insertions at one locus (Honda et al., 2002). Moreover, at least one copy of the T-DNA

fragment was successfully integrated into the genome of Ml, since this mutant expressed

GFP, was resistant to PPT (section 3.2), and a genomic DNA sequence flanking the left

border of a T-DNA insert was obtained via YADE PCR (Table #6). A probable cause for

the absence of bands during Southern analysis of Ml is that the DNA fragment

containing the T-DNA insert was too long to be efficiently transferred from the agarose

gel to the membrane.

In conclusion, even though most of the colony development mutants experienced

multiple T-DNA integrations events, the results show that A. tumefaciem-mediated

transformation was successful in creating M.a.2575 recombinants with T-DNA fragments

stably integrated at random positions in their genomes.

4.2. Primary Characterization of Colony Development Mutants

Phenotypic Screening. Germination, hyphal tip elongation and hyphal branching

are all components of vegetative growth of filamentous fungi (Robson, 1999). During

growth, ftingi respond to various environmental conditions (light, temperature, aeration.
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nutrition), such that the fungal cells differentiate into asexual, sexual or infection

structures (Moore, 1998). Involving dramatic, perpetual changes in cellular organization,

differentiation requires complex regulation of gene expression, cell specialization and

intercellular communication. However, the mechanisms by which these processes are

coordinated during fungal colony development are not fully understood (Ebbole, 1996). It

is important to note that since developing structures such as conidia are actually produced

by vegetative cells, hyphal development can not be overlooked when trying to identify

genes associated with conidiation.

The study of colony development examines the coordination between vegetative

growth and asexual development, offering the opportunity to discover a broad range of

genes involved in various stages of differentiation, including conidia formation. Here, the

colony development of A/, anisopliae was studied by selecting from a T-DNA insertional

library any isolates exhibiting an alternate (mutant) morphological phenotype when

cultivated on five different media with varying levels of nutrient complexity. Isolates

with mutant phenotypes were best identified on various nutrient media, since the

regulatory pathways controlling colony development are regulated by environmental

stimuli such as nutrient availability (Moore, 1998). Therefore, mutant isolates generate

alternate phenotypes when grown on various media with differing nutrient composition

(Kamp & Bidochka, 2002). The 18 colony development mutants characterized in this

research were selected based on the fact that their phenotypes were different on most

media as compared to the wild type (Figure #7).

Conidial Density. Following visual comparison, the conidial density of each of

the 18 colony development mutants was assessed and compared to the wild type to
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measure the extent of the impact ofT-DNA genomic insertion on conidiation. The

conidial densities of Ml and M4 were not significantly different than that of the wild type

on both M-lOO (Table #2, Figures #8-9) and PDA (Table #3, Figures #8-9). Therefore,

the genes disrupted by T-DNA insertion into their genome are not considered to be

essential for conidiation. Nevertheless, upon visual examination, M 1 displayed bluish-

green conidia and yellow hyphae, unlike the dark green conidia and white hyphae of the

wild type, suggesting a disruption of a pigmentation gene (Figure #7). The Aspergillus

nidulans pigmentation genes wA and vA are regulated by the central regulatory pathway

of asexual development, but are expressed only once the conidia are produced (Adams,

Wieser, & Yu, 1998). This supports the notion that pigmentation and conidial production

are separate, distinct processes and suggests that the disruption of a pigmentation gene, as

suspected for Ml, would not affect conidial yield. While M4 displays no reduction in

conidial production, its hyphal pigmentation is greenish-yellow instead of white on M-

100. Additionally, M4 produces many fewer aerial hyphae on PDA, suggesting the

disruption of a gene(s) involved in hyphal development which is affected by nutrient

availability (Figure #7). The conidial density of M3 was lower only on PDA, while the

conidial density of M12 was only affected on M-lOO (Tables #2-3, Figures #8-9).

Therefore, it can be suggested that the genes disrupted by T-DNA insertion in these two

mutants are affected by nutrient availability.

Finally, the conidial densities of M2, M5-M1 1 and M13-M18 were all

significantly reduced as compared to the wild type (Tables #2-3, Figures #8-9).

Therefore, it can be suggested that the genes disrupted by T-DNA insertion in these

mutants express proteins directly associated with conidiation. in fact, one of the genes
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disrupted in the colony development mutant M13 expresses a choline kinase, one gene in

M15 expresses a regulator ofG protein signaling, and one gene in Ml 8 expresses a

NADPH oxidase (Tables #4-5). Each of these proteins is directly involved in the positive

regulation of conidiation. They will be discussed in more detail in section 4.3.

Insect Bioassays. The colony development mutants were also tested to verify

whether the genes disrupted by T-DNA insertion are associated with insect pathogenesis.

The infection cycle of Metarhizium anisopliae can be divided into five steps: adhesion of

the conidium to the insect epicuticle; appressorium formation and penetration through the

insect cuticle; blastospore formation and invasion of the insect hemolymph; fungal

outgrowth from the insect cadaver; and conidia dispersal (section 1 A.3). Fungal

outgrowth and conidia dispersal are not important steps during virulence bioassays since

the insects are already dead when these events occur. M2, M5, M8, MIO, M15, M17 and

M 1 8 are colony development mutants for which the virulence was significantly decreased

when the insects were infected topically while the virulence was unchanged when the

insects were infected by injection (Table #8, Figure #11). Therefore, it can be suggested

that at least one gene disrupted by T-DNA insertion in these mutants is involved in at

least one of the steps required for topical infection but not infection by injection, namely

conidia germination, appressorium formation or appressorium-mediated penetration of

the insect epicuticle.

The virulence of colony development mutant M6 was unchanged when the insects

were infected topically while the virulence was significantly decreased when the insects

were infected by injection (Table #8, Figure #1
1
). This is interesting since the genes

involved in the steps initiated after penetration events (after injection), namely infection
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proliferation and bypass of the insect immune system, also occur during topical infection.

More insect bioassays are required to fiirther investigate this result. M9, Ml 1 and M16

are colony development mutants for which the virulence was significantly decreased for

both topical infection and infection by injection, suggesting the disruption of gene(s)

involved in virulence mechanisms common to both methods of inoculation (Table #8,

Figure #11). The genes disrupted in the colony development mutants Ml, M3, M4, M7,

M12 and M13 are not involved in insect pathogenesis since the percent mortality was not

significantly different than that of the wild type for both topical and injection bioassays

(Table #8, Figure #11). Although putative gene products disrupted by T-DNA integration

have been identified for M3, M13, M15, and Ml 8, the decrease in virulence displayed by

these colony development mutants cannot be attributed to these genes since these mutants

exhibit multiple integrations (Figure #10).

In conclusion, the genes disrupted by T-DNA integration into the genomes of the

18 colony development mutants of M.a.2575 are all involved in pathways essential for

colony development such as conidiation. Their disruption may or may not decrease

virulence towards insects. The genes for which disruption caused a significant decrease in

percent mortality are of great interest because they may help elucidate the mechanisms of

insect pathogenesis and contribute to the production of a genetically modified biocontrol

agent with enhanced virulence. Conversely, knowledge of genes that control conidiation

without affecting the virulence of M.a.2575 could allow for the control of conidiation in

order to minimize the propagation of the released biocontrol agent in the environment

without decreasing its ability to kill insects. More experiments are needed to further

investigate this possibility.
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4.3. Identification of Putative Conidiation-Associated Genes

In this study, Y-shaped adapter dependent extension PCR amplification was used

to reveal six genes disrupted by T-DNA integration in M.a.2575 in four colony

development mutants (Tables #4-5). Each gene identified was previously characterized as

a direct or indirect component of signaling pathways regulating asexual development and

pathogenesis. While the identification of these genes provides insight into the colony

development in M. anisopliae, all of these colony development mutants displayed

multiple T-DNA insertions according to Southern analysis (Figure # 1 0), indicating that

the observed phenotype may be attributed to genes other than or in addition to those

revealed by YADE PCR.

The colony development mutant M3 had a T-DNA flanking sequence with 82%

sequence homology to a gene encoding a Serine/Threonine (Ser/Thr) protein kinase, an

enzyme mediating protein phosphorylation (Tables #4-5). Protein phosphorylation is a

major mechanism used by eukaryotes to regulate cellular activities, such as transcription,

cell growth and cell differentiation, in response to environmental or intracellular signals.

Protein kinases are classified based on the amino acid residue they phosphorylate.

Ser/Thr protein kinases use the gamma phosphate of ATP or GTP to phosphorylate the

alcohol groups on Ser and/or Thr. They are the predominant kind of kinases in virtually

all eukaryotes and many Ser/Thr protein kinase genes have been characterized in

filamentous fungi (Dickman & Yarden, 1999). There are several types of Ser/Thr protein

kinases, one of which is COTl from Neurospora crassa. COTl is involved in hyphal tip

elongation (polar growth) and hyphal branching. Disruption of cot- 1 results in aconidial,

hyper-branching colonies with a reduced growth rate, when exposed to non-permissive
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temperatures (at and above 32°C). This compact or "colonial" growth phenotype returns

to normal spreading radial growth when cultured at 25°C and below (Yarden et ai,

1992). COTl homologs TB3 from CoUetotrichum thfolii (Buhr et ai, 1996) and

CPCOTl from Claviceps purpurea (Scheffer et ai, 2005) can complement the colonial

temperature-sensitive mutant ofN. crassa, demonstrating functional conservation

between a saprophytic ftingus and two pathogenic ftingi. The relationship between hyphal

growth and the development of infection structures was characterized in more detail with

CPCOT 1 mutants of C. purpurea. Pathogenic development required directed growth with

reduced branching on and through the infected epidermis and required directed growth

with normal branching pattern during propagation in the infected host. Disruption of

cpcotl resulted in apathogenic mutants due to inhibition of pre-penetration and

penetration events during infection (Scheffer et al., 2005).

The colony development mutant M3 also had a T-DNA flanking sequence with

78% sequence homology to a hypothetical protein containing a conserved domain from

the chromatin remodeling complex subunit Rsc7 from Saccharomyces cerevisiae (NCBI

Conserved Protein Domain Database; CDD# cl07299) (Tables #4-5). Chromatin

remodeling complexes are a group of proteins that alter chromatin structure to help DNA

binding factors access their designated sites and perform their fiinctions such as

transcription, replication, DNA damage repair, and recombination (Narlikar, Fan &

Kingston, 2002). Chromatin remodeling complexes have been characterized in S.

cerevisiae and are divided in two families: the SWI/SNF family and the RSC family.

Rsc7 is a component of a fungal-specific module within the RSC and is involved in

cellular functions, including chromosome metabolism and cell wall integrity. Cell wall
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integrity is regulated by the protein kinase C signaling pathway and Rsc7 is linked to this

pathway, likely through proper transcriptional regulation of cell wall components or

regulators (Wilson et ai, 2006). No rsc7 homolog has been found in filamentous fungi.

In this study, the T-DNA disruption of a cot-1 homolog and a hypothetical

chromatin remodeling complex subunit did not affect the virulence of M.a.2575 (Table

#8, Figure #11); however, conidia production was significantly reduced on rich complex

media (PDA) (Table #3, Figures #8-9). Unlike the disruption of co/-l homologs in other

fungi, where the fiill mutant phenotype is only observable at or above 32°C (non-

permissive temperature), M3 of this study displayed the mutant phenotype when

cultivated at 27°C (permissive temperature) (Figure #7). M3 also had a partial mutation

in a gene encoding a chromatin remodeling complex subunit. To our knowledge, this is

the first description of the phenotype of a filamentous fiingus in which a chromatin

remodeling complex gene was disrupted by insertional mutagenesis. The respective

contribution of each of these gene disruptions on the phenotype ofM3 requires further

experimentation.

The colony development mutant M 13 had a T-DNA flanking sequence with 78%

sequence homology to a hypothetical protein containing a conserved domain from

choline kinase (CDD# cd05156) (Tables #4-5). Choline kinase is the enzyme catalyzing

the phosphorylation of choline, forming phosphocholine during phospholipid

biosynthesis. Phospholipids are the major component of cell membranes of all organisms

and contribute to their structure and function. The end product of phospholipid

biosynthesis is phosphatidylcholine (PC) and it can be synthesized from phosphatidate,

ethanolamine or choline (Carman & Kersting, 2004; Carman & Henry, 1999). The
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hydrolysis of PC produces secondary metabolites involved in the activation of protein

kinase C signaling pathway (Exton, 1994). According to the literature, choline kinase has

been well characterized in 5. cerevisiae (CKJl; Hosaka, Kodaki & Yamashita, 1989), but

no genetic and functional characterization have been done in filamentous ftingi.

The partial disruption of a choline kinase homolog in M.a.2575 resulted in a

significant decrease in conidiation (Tables #2-3, Figures #8-9), but did not affect the

virulence (Table #8, Figure #11). To our knowledge, this is the first report characterizing

the phenotype of a filamentous fiingus with a choline kinase gene disruption via

insertional mutagenesis. Since choline kinase is an important enzyme of the phospholipid

biosynthesis pathways, as well as other signaling pathways, it is not surprising that at

least one developmental stage ofM anisopliae was affected by its disruption in Ml 3.

The colony development mutant Ml 5 had a T-DNA flanking sequence with 99%

sequence homology to a gene encoding a regulator of G-protein signaling (RGS), a class

of G-protein GTPase activators (Tables #4-5). G proteins are heterotrimeric proteins in

which the three subunits, a, p, and y, form a complex associated with G protein-coupled

receptors (GPCRs). GPCRs are signal transmembrane proteins that communicate

extracellular signals to intracellular heterotrimeric G proteins, which subsequently

transduce the signal into intracellular responses and generate a series of interconnected

enzymatic reactions (cascades) regulating various cellular activities. When activated, the

GDP bound to the Ga is exchanged for GTP, resulting in the dissociation of the G protein

complex from the GPCR and the GTP-Ga from the Py dimer. A G protein-mediated

signaling pathway is shut down when the Ga hydrolyze GTP to GDP, allowing the GDP-

bound Ga to reassociate with the Py dimer and consequently with the GPCR. The
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GTPase activity of the Ga is very slow. Therefore, RGS negatively regulates G proteins

by accelerating the GTPase activity ofGa (Li et ai, 2007; Koelle, 1997). Aspergillus

nidulans was the first filamentous fungi for which an RGS protein was isolated and

characterized. FlbA promotes the differentiation of vegetative cells into conidiophores.

Disruption offlbA resulted in aconidial colonies with abnormal mycelial growth (fluffy

mutant phenotype) that autolyse as the colony matures (Lee & Adams, 1994). An RGS

protein was recently identified from the insect pathogenic fiingus M. anisopliae by Fang,

Pei and Bidochka (2007). Cag8 was cloned based on regions of homology XoflbA and its

disruption resuUed in aconidial colonies with reduced growth rate. Therefore, CAG8

positively regulates conidiation like its homolog FlbA. Furthermore, the virulence of

cag8 mutant strains was significantly decreased as compared to the wild type strain when

the insects were infected topically, while the virulence was unchanged when the insects

were infected by injection. Disruption of the RGS protein gene cprgs-1, in the plant

pathogenic fiingus Cryphonectria parasitica, had a similar mutant phenotype as the

disruption of its homolog cag^ in M anisopliae (Segers, Regier & Nuss, 2004). Fang et

al. (2008) characterized an FlbA homolog Bbrgsl in the entomopathogen Beauveria

bassiana. BbRGS 1 also positively regulates conidiation, but its effect on hyphal growth,

conidia production and virulence is different than the effect caused by CAG8 in M

anisopliae and CPRGS-1 in C. parasitica, in fact, disruption of Bbrgsl resulted in

significantly reduced conidia production without affecting the growth rate and the

virulence as compared to the wild type. Finally, in contrast to the aforementioned RGS

proteins, Rgsl from the plant pathogenic fungus Magnaporthe grisea was found to
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negatively control conidiation. Disruption of rgsl resulted in an increase in conidia

production as compared to the wild type (Liu et ai, 2007).

The colony development mutant M 1 5 also had a T-DNA flanking sequence with

67% sequence homology to a hypothetical protein containing a conserved domain from

glycosyl transferase family 2 (CDD# clOl 1 1 1) (Tables #4-5). Glycosyl transferases are a

diverse group of enzymes responsible for the biosynthesis of oligosaccharides and

polysaccharides present in cell membranes. The reaction involves the transfer of sugar

moieties from an activated sugar donor to a saccharide, protein, lipid, DNA or small

molecule acceptor, forming glycosidic bonds (Unligil & Rini, 2000; Campbell et al.,

1997). The sugar moiety can be a mono-, di- or poly-saccharide, sugar- 1 -phosphate, or

nucleotide diphospho-sugar (NDP-sugar). Because of this wide variety of donor

molecules, glycosyl transferases have been classified into different families (Campbell et

al., 1997). Glycosyl transferases from family 2 catalyze the transfer of sugar from UDP-

glucose, UDP-N-acetyl-galactosamine, GDP-mannose or CDP-abequose, to a range of

substrates including cellulose, dolichol phosphate and teichoic acids. Unfortunately, no

gene can be related to the T-DNA flanking sequence of Ml 5, since no glycosyl

transferase from family 2 was located by the BLAST search.

The disruption ofcagS in Ml 5 had similar effects on the development of A/.

anisopliae as the full disruption oicagS described by Fang, Pei and Bidochka (2007).

The mutation caused by T-DNA insertion resulted in a significant decrease in conidiation

(Tables #2-3, Figures #8-9) and a significant decrease in virulence when the insects were

infected topically, but the virulence was unchanged when the insects were infected by

injection (Table #8, Figure #1 1). M15 also exhibited insertional mutagenesis of a gene
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encoding for a glycosyl transferase family 2. However, given the similarity in phenotype

ofMl 5 of this study and the cag5-disrupted mutant ofM anisopHae described by Fang,

Pei and Bidochka (2007), the mutant phenotype of M15 is probably largely due to the

disruption oicagS, with a minimal effect caused by glycosyl transferase insertional

mutagenesis.

Finally, the colony development mutant M 1 8 had a T-DNA flanking sequence

with 84% sequence homology to a gene encoding a NADPH oxidase (NOX), a type of

transmembrane protein that transports electrons across the cell membrane of multicellular

organisms (Tables #4-5). Besides regulating the membrane potential, NOX also functions

as a signaling protein. In response to its environment, NOX produces reactive oxygen

species (ROS), such as superoxide and hydrogen peroxide. These secondary messengers

are involved in various physiological and morphological functions, such as host defense

and cell growth and differentiation. NoxA, NoxB and NoxC are the three subfamilies of

NADPH oxidase found in fungi (Bedard, Lardy &. Krause, 2007; Takemoto, Tanaka &

Scott, 2007). NoxA has been characterized in a few filamentous fungi and was found to

be involved in asexual/sexual development and infection structures development.

Deletion of noxA in Aspergillus nidulans (Lara-Ortiz, Riveros-Rosas & Aguirre, 2003)

and PaNoxl in Podospora amehna (Malagnac et al., 2004) resulted in impaired sexual

fruiting body development. On the other hand, deletion of nox\ in Magnaporthe grisea

results in complete loss of pathogenicity due to an absence of appressorium-mediated

penetration of plant epidermis. Furthermore, noxl mutants produce conidia displaying a

lighter pigmentation (Egan el al., 2007). Finally, deletion of cpnoxl in Claviceps
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purpurea resulted in a reduced conidia germination rate and impaired hyphal growth after

penetration events during infection (Giesbert et ah, 2008).

The disruption of a noxA homolog in M. a.2575 resuhed in similar effects as the

disruption oicagS. The mutation in M18 resulted in a significant decrease in conidiation

(Tables #2-3, Figures #8-9) and a significant decrease in virulence when the insects were

infected topically, but the virulence was unchanged when the insects were infected by

injection (Table #8, Figure #11). In the plant pathogen Magnaporthe grisea, the loss of

pathogenicity attributed to noxl deletion was due to an absence of appressorium-

mediated penetration of plant epidermis (Egan et al., 2007). The noxA homolog from the

insect pathogen M anisopliae could have the same function as noxl from Magnaporthe

grisea. Furthermore, M18 produced conidia displaying a lighter green pigmentation as

compared to the dark green pigmentation of the wild type (Figure #7). This mutant

phenotype was also described by Egan et al. (2007) after disruption of noxl in M grisea.
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5. CONCLUSION

In conclusion, the results obtained during this research project show that

Agrobacierium-mediated transformation and the primary characterization of colony

development mutants is an efficient way to identify genes likely involved in the

regulatory pathways of asexual development and pathogenesis in Metarhizium

anisopliae. They also demonstrate that conidiation is tightly regulated and can be

controlled by alternate mechanisms. In fact, discrepancies between the fiinctions of

homologous genes highlight the variation in regulatory pathways between fiingal species.

Therefore, it is important to look first at the whole development of a filamentous fungus,

define central players of conserved pathways, and then investigate which unique features

are relevant for strain improvement.

Subsequent experiments could investigate the three colony development mutants

containing single T-DNA insertions (M12, M16, Ml 7). It was unfortunate that no gene

product was associated with these colony development mutants, since it is easier to link

an observed phenotype to a single alteration in the genome. T-DNA flanking sequences

in these mutants are as yet uncharacterized, given they had no significant hits in the

Genbank database. They require further investigation. Complete sequencing of the genes

disrupted by T-DNA integration in M3, M13, M15 and Ml 8, coupled with reverse gene

complementation, would further define the functions ofCOTl, chromatin remodeling

complex subunit, choline kinase, glycosyl transferase family 2 and NoxA homologs from

M. a.2575 as well as their associated roles in conidiation and virulence.

Because conidia production and virulence were both negatively affected as a

result ofcag8 or noxA homolog disruption, these two genes are potential targets for
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controlling conidiation and pathogenesis for biocontrol strain improvement ofM

anisopliae. Choline kinase is also a protein to consider for manipulation for strain

improvement, since it is involved in the synthesis of the cell membrane, an essential

developmental stage for the survival of an organism. Also, this enzyme could be

manipulated to control conidiation to limit strain propagation within the environment

with no effect on virulence. Further characterization of such genes would greatly improve

our understanding of entomopathogenesis and lay the foundation for developing an

improved biocontrol agent that would be unable to persist in the environment.
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APPENDIX A

Stock Solutions

1) 2.5X MM Salts for Induction Medium





4) IM MES

Dissolve 19.52g of low moisture content MES in 80ml of distilled water. Adjust pH of

the solution to 5.3 with 5M KOH and bring the volume to 100ml. Filter sterilize and store

in 10ml aliquots at -20°C. The salt may precipitate on thawing the frozen stock. If so, put

the tube in water bath at 65°C for a while, followed by vortexing to dissolve the salt.

5) lOmM Acetosyringone

Add 0.1962g of acetosyringone (AS) to 80ml of distilled water. Stir for Ihr. Adjust the

pH of the solution to 8 with 5M KOH and bring the volume to 100ml. Filter sterilize and

store in 10ml aliquots at -20°C. Protect with aluminum foil as AS is light sensitive.

Solutions and Media

1) Induction Medium with Acetosyringone (IMAS solution)

Ingredients For 100 ml medium
1X MM salts 40 ml of 2.5X stock

10 mM Dextrose 0.18 g
0.5% Glycerol 0.5 ml

Distilled H2O to 94 ml final volume

Autoclave, cool to 50-60°C, then add 4ml of IM MES (40mM final). Store at RT. Add
200uM of AS to liquid IMAS as needed just before use.

2) Induction Medium with Acetosyringone (IMAS plates)

Ingredients For 100 ml medium ( 1 plates)

1X MM salts 40 ml of 2.5X stock

5 mM Dextrose 0.09 g
0.5% Glycerol 0.5 ml

Distilled H2O to 94 ml final volume

1.5% Agar 1.5 g

Autoclave. Prior to pouring the plates, add 4ml of IM MES (40mM final) and 2ml of

lOmM AS (200uM final).

3) M-lOO Medium (M-1 00 plates)

Ingredients For 1 00 ml medium ( 1 plates)

Glucose 1 g
IvINvJ-, pottuium nilTBIf U.3 g

M-lOO Salt solution 6.25 ml

Distilled H2O to 100 ml final volume

1.5% Agar 1.5 g

Autoclave.
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APPENDIX B

250X 400X

Figure #12. Example of Metarhizium anisopUae var. anisopliae strain ARSEF 2575

expressing GFP after transformation with the non-oncogenic

Agrobacterium tumefaciem strain AGL 1 carrying the binary vector pPK2-

bar-gfp. The pictures were taken with a light/fluorescence microscope

(Leitz Diaplan) fitted with filter sets suitable for the blue light excitation

of GFP (Leitz 12/3; excitation filter: 450-490nm, dichroic mirror: 510nm,

emission filter: 5 1 5nm).
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APPENDIX D

Nucleotide sequences (after removal of binary vector and primer fragments) of the

genomic DNA flanking the T-DNA inserts in the colony development mutants of

Metarhizium anisopliae strain ARSEF 2575 with either non-significant or significant

BLAST hits with unknown and known protein products. Underlined nucleotides

represent the fi-agment of a long sequence which aligned with another smaller sequence

(underlined name).

ScaI-Ml-L2-0.5kb
ACCTACACACTTCGCTCATGCAGAACAAGACTTGCTCCTTGGGCCCTGAACTTGAGCTACCAG
ACTCTTTCTTCACACCCCCCTCCTTCTCCCTTTCCCCTTCCCCCCTTTCCCGTCCCGTAACATCC
TGGCATCCGAGCAAGGCCAATCGGGCACCTGCACGGCTCTCGTTTTGCGTATAGCCTCGTTAC
ACAACCTCGTGCTAGTTCCCGCGTTGCTTCCAAAACCGGACATCTGGACCTCCCCGATATTGCT
GGCCAGCCCGGCAACATTGCCAACCATTGGCTACCTACCTGTTGGTTCCGTGGCCTTGGACTC
GACTAGTATGTAGTACCTATGTCTAAGTTTGGACCCCAGAGCGCACTTGGACGCACCTACCAC
CAGCCATTGACGTGATCTCAATCAAGCTGACAAGTCTGGTACCTTGCTGCTGTACGTACATAT
GTACTCCGTGGGGGTACGTCTTA

DraI-M2-LB-0.4kb
AAAAGAGCTGACATTGGAGTTTGATGAAGGCAAAATACCTTCACGGCAGATCGATGACCTTG
ACCCTGATTTTGATATGCTACCATATTCGGATTATTCAGACGAGATATCTTCAGCTCCTGAGGA
ATGGTGAATGCCACCTCCACGACGGACCGGGACCGATAACTTTGACTCTGATATCGATATGCT
ATCCCTTTAACTGCGTTAAGACGTCAGCGAAGTCTCTTACGGGAATGATGCCCCATAAGAACT
AAGAGTTATTTAAGTATATACATGTACACTCATTTTTTTGCAATGAGAAAAGTATTATTAATTA
TTCTTAATACATGACATGGTACCTTTTGACCCTAAATAGGTAAAGACTCAGGAGACCCGATAA
GGGTAGTACTCTGGAGTAAATACGAAGGCGGCACCTTAACA

ScaI-IV12-RB-0.5kb

TCCGTTCTCTCGCAACAAAGGTTCACATCGTATATAACGCGATGGTGCCAAATTTCGAAGTGA
ACAAAGGATGACGAAACGAAACCGCGACTCACCTTGCAACCTAATATGGTTGTATTCACGATG
ATCACGCACAAAAACCGTGCTCAACCACGTAATAAGACGCTGGGTCGTATGCTGGTGCCTTAA
CTACTACCATGACTGAAAAGGAAGACAGGCGTCACTTAACGCCTCCGGCCCGGTAACCTAATG
ATTAATCCATCAAATAGACCGGTCGGCGCAGGGAAGCATTGTGCCTCGCAAGGGCCTTGTGTT
CGTGCGTCCCCGGTCGGCTGGGGACACTCGCCCTAGGGCAATGCCTCGTTAAACATTGATCAG
TTCTGGTCTTGTGACGCAAGCTTTATTCCCTGGCACAAGGAAACGCGGACCATTCTCTTGGATT
GAGACCTCTAGTTGCCTGGTACGGTTCCAGATTTCTCGTGGGGCACCGGGGTTGTGCATCAAA
AGCAAGGGTGTCAGT
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SinaI-M2-RB-1.0kb
TACAACCGACACAGGCTCCAGTCCGGTTTATATTGACATCAATTCAATCAAATGTCGGGGGAA
TTTGTACTGGCCCGCCCCACATGCTGCCTGCTGGAACCCCTAAAGACCCCTGCGGCGACCCTC
AGCCGAGCCCTAATTTGGGCCATTGACGCCCTAGAAAAAGCAATCACCTTTTCCACTCACCAG
CAATCCAGTAAACATTGAACCTGGGCTATAACGGTCCTGTGTCTTGGCGATAATCGGGTCTTT
CAATGGTTCACGGTCATCTAGGGCTGGTTTTCCCGTACTAGTAACGACCACCCCTCCTCAACCG
TCCCAAGGGCGCAAGCACGTGGGAAACAATCTCCAACACTCGGCGCAATGCAAAGCGAGCGC
CAGCAAACCAGTCTCCCTCTCGCTTTACATTCCCCCGAGACGCTGTAGAATGAGCATATCCGA
GAATACTCGGCCTTGCTGATTGAGATTACGACGTTGCCCCCGACGGGATAACTCCCGACGGGA
TACGGCACGAAACTATGTGCGCATGACGGCAGCTGACTTGTAGACACGCCGACATGTCCTTCT
CTGTCTGCAATGACCAGACCCTTCCAAGCGCATACACGTATACCGACTTGATGGTAGAGCTAC
AGGCTTAAACACCGGCGCAGCCAACGGCCGTGACGAGCCTAGAAAAAACTTCGAGTACGGAA
ACGACGAGACGGAATTTCAACTATGCAAAACCTTCATTGACCTGATTCATGACACTCTGGCTG
ACGTCATTGGGTTATAATCGGCCTAGTAAGAACATTGAACCCACGCGGCCCTCGTATGGTTTC
AGTTTTGCTCTGCATACCATTTGCGCACTTGAATTTCAAAAGACCAAGGCTGGGAATCCGCCA
TTGTGACGAGGTTCAAATTCAAAGCTAATATCAAAGAGTGTCAAAGGTCCTTGGTTTTCCGCT
ACCAACGAGGGGAACAGTGATCCCTCCTATACTCCGTATATAAGAAGGAACGCGTGTCTAT

EcoRV-M3-R2-0.3kb
AGACGCTGAGTGTAAAAGTACTTCCCCTGGTCCCCACCACGGGGAGGCCCTGGGCGTAGATA
AGTGGCGTCGTGGGACTCGTGCTCGAGTTTTGTTGTGTTGACAGCTGCGGGTTGACCGCCCCTC
ATCCTCGACTTGAGAGAGCACGGAACGACCATCGGTTGTCGAATTGACGGATGGAAGAAGCA
AGTGGGTGGTAAAAAGGATGAACCACTAAAGCATACTGTAGTATATTAGTGTATGCTTCGTGA
TGGATAAATATCTTGTGTCGCATACTGTTCGTCTCCGTGACGGT

EcoRV-M3-YADEE-0.3kb
TGCGATCTGAGCGAGATATGTAGGCCGAGTCGGACAGTCCCTGGGTTGTGAAGCTCTACACCA
CGTTCCAGGACGCATACTTCTTATACACACTAATGGAGTTTCTGCCTGGTGGCGACCCGATGA
CGATGCTTATCAAGTACGAGATTTTCTCCGAAGACATTACTCGGTTCTCCATTGCCGAAGTCGT
CTTTGCTATTGAGGCAGTTCACAAGCTCGGTTTTATCCACCGTCAAGCTAGCTCTTCTTCCTCT
CTATGCCGGATCAAATCAAAATCCCTACAA

EcoRV-M3-RB-1.0kb and

Smal-M3-R2-0.7kb
rGCCCiCGGCCGCAACCACACGACCATCAAGCTCACCGCATACTGTTGCTGCTGCTGGCGTTGC
GCAACCCGTTGTGTCATCCCAGAGCCCTCAGATGCTGATGACTGCGGCCCCATACTCGCAGCC
GATTCACGCCCAAAACCAACTTGGTCAGACCCCCTTTGCCCCAAGCCTCTCTGGAGAGGCGTT
GATTGATTGACAAGTCCCTGTGAGGGAGCAGTGAAGGGCTAACAAGAGCATTTTCAGGATCT
ACAGGCGGCGGTAGCATGAGCCAAGCCGCCCCCGGTGGTTACAATTATCAGCCCAACCAGGC
CATGTGGTCGCAGAACACGCAAACTCCGCATCATAGCGGCTATCCCAGCTATACCACGCAATC
CCAGGCGCCTCACCCATCCCAGTCCCCAGCCTCGCACCTACGCCAGCCAAGTGCAGGGCAACT
GCAACCAAACATGCCATTCCCAGGCATGGGTAGTATGCAATATGGCGCAAGCCAAGGCATGT
ATCCGGCGGACCAAACCCCACGACAGTACATGGCTCAAAGCACACCCGGAGCGCCGCAAGTC
TCTCAATCTTGGTCTGGCCAGCACTCACCACCTCCTCAGTGGTGGACGCCGCAGCAGCAGCCT
CAGTAGAGCAAGCTTTTCTAGTCTGATTCATTTTTGGGATGTTCATTTACCAGCGGCTGGTTGA
TACTTGACGACCTTAACGCCTGCTCCTGGTCTCTCTTTGTCGATTGTGAAGCATGTTGGCGCCG
TCTCATGCTATTTGCTCTTTGTTTTGTCTAGTCTGTTGG II 111 ATATATTGGACTGTACTCCCG
CAGCATTCCTGGATACCCAAGCATACAGACCAGTTAGGGAGGCTATGTGCTTTGGGGCTTGTA
GCCCTTCGAAATTGTGTATAGCATTTGGCCGGGATTGGATAGAGGAGTCGGGCGGCTGGAACA
CITACTTCTCCTCATCTTTTTATTTTCTTCTTCATTCTCAATCTTCATATGTGTCTTTATTTCACA
ATTGGTTCGA
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SmaI-M3-L2-0.7kb
GGGGTACTTGGATACCGTGATTCTTACCTGTTGTTCAACAAGAACAGGTCCCTCTTCAAAATC
ATCGCCAGCCAGGCCGAAAAGGATGACCTTGTCCAGCAGGAGATATTGCCATTTTCGTACCGC
TCGAGACAGATTGCCATTGTGACTGCTCGGTCCATGTTTAGACAGTTTGGGAGTCGCGTTATTG
AGAATGGCCGCCGCGTCCGGGATGACTACTGGGAGACCAAGGCCCGTAAGCAGGGATTCACC
GAGGCAGATCTGGCCGGAGAGAAGAGACCAGGTGCCGCCAAGGCCCGAGAGGCGGCCGAGG
CCCAGAATAACCTCCTCATGAGCGGTCCTCACACCGAGATTGTCTACAACAATACCCCCGGAC
CCTATCCTGGTGCTCCGCCGACACATCTAGTCCAAACAGGTATGATGGGAGCGCCACCTGGAA
ACATTGGAAGAATGCCTGGATTAACAGTCGGGCCAGAGTTAGGCGACACTCGCCCTAGGGAC
TTCAGTAATATTATCAAGGGCGGCCCTCGCCAGGAGATTACCGGCCCAGCCTATCAGGACCAG
ACCAGGCCATCGCCAATTGGAGAGATCCATTCACAGGCGCATCATGCCGCCGAGTTCAGCCGA
TCCGTTAACCAGCAACGTGATATGCGCGGTGATTATTTACAGGGCATCTGGCGCCGTCCTCAT
GAGCAGCCGGTTACCTCTTCCCTGAACCC

SinaI-M3-YADEE-0.4kb
TTTTTTCTTTTTCTTTAAAGACCTTGACCCTTCGCTGGAACAAAGGATGTTAACCGGGTATGCT
GCAAAACCATTTCACAATTGGGGGATCCGCATCGTTGCTCTGAAGCAAGTCGACGGGACTGGT
TTCCCTACCCCTTTTGCGTACAATCTGGCTAGTCGCTTCTCAGAAAATAAGGATCGTCATTTCT
GTGGACAAGTCAACATTACTAGGCTCTAAGCTCCGCAAACGACTCATAGAGAGGGTCTATTGT
CATCCTAACTTTTTTTTTTCTTTGAGATGACTGCTCGACTATGTCGATTTGATTGCTCGCCCAAG
TTGCTTGAGTACCACGCGGTGCAAGTCGCTCAGTTTGCCGTAGCATAGCAACAAGTCA

DraI-M4-LB-0.4kb
CCGTCCAAGACGCAGACGTTGTGCTTCTTGCAGCTGTTCGTAGACTGTGACGGAACATTTTGA
AGATGAGGAACAATCCACACAGGGGGGATAATGCGTGGATTGTGTTGTCCTATATTAAAGGG
ACGAATAAAGTGCGCGATGTAAGAGAAGAGAGTGTGGATCGTGGAGGTGTTGAGGAAGTTAT
GTTTTGTCTGAGCTACCCGTTGGACGTTGAATTCGGCAACTTCAAGTTATGCGATATCGCTGGC
ATCCGGCCCCGGTTTCTCCCCGCGACTAGCCAGGAACCCACTCATTCCACCGACGGAACCCGC
GGAGGGACTCCACCGCAAATGCCATGCTTCGGGGGCCTGAGAGCCCTGTAGCCTCGTGAGTCC
ATGCATGTGTCGCCCTCAT

ScaI-M5-RB-0.7kb
GGCTTTACTACCTGGCCCTGGAACTGGAACAGGCTTGTGCCTGGACTAACACTTGACGAGCAA
AACTCATACGGCGATCGATTGAGACCAGAAGCGCACACACCAGGCGCCCCATACTTGGGCTCT
CGGGATCGTTCTTACAGGGGATCGTCCTCTAGGGTGGCGCTACGAGAGCGCTAATACAGCCAA
AGCAACATCGATTTGTTTGATTGATGCTGACCCTGGCGCCGGGCCGATGGGCCAACCAAAGCT
TACTGAAGGCGTGTATCGGACGGATGGCATTGGACGAGGCAACGCAGAGAAGTGCTCCGAAT
GGACCGGCGTGTCATGACAACATTGAACATTCGATGTGCCGTATTCCAAATCAGAACACGACG
TTCCTGACGTCTCGTGGTCCAAGCCCCGGTTCTCACAGCTCACATGTGTAAGCTGTCTTCTGTC
TGGTATGCTGTTCATTGCGCATCCATCAGACAGCCTCCGGAAGCATATGTGTTTAACAAAAGC
AGCAGGTCAAAACATCACGGCAGCATTTCAGGGCAGCCGACGTTCCCAAGCCCAGCATCGCA
TTGTGGATACCGCAACTGGACAAGCAACATTGAACATTAAAACTGGCAGGGTGGCCTTGGCA
AGGGGCTTGGGGGTGTCTGGATACTGTCTTTTGGGGGGTCTGTGACTTTGGAAAACTCTGATG
GCGGGCAGGAGAGTCTCATCAAAATACTCCGTAGATTGGACCAAGACAAGA
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SmaI-M5-L2-0.7kb and

EcoRV-M5-LB-0.7kb
TTCGCCTACCGCTTGGGGATATCTTCCATGTCATCCTGACCACTATAGAAAAGACGCGAAGCC
CATAGAGCTGCTTGCAAATTTGTCGTCTCCAATATGTGCTCGTATATTCTTCGGTGACAAAATT
TTTCCTTACAGAATGGGCGGAACAGTCCTCAAACTTGCATATGTAAAGCTAGAGATCGCTAGT
CACATGTTTCCTGTGATTTTGTCAGAATCGAGCTCGGCTCCCCAATGACAACGGGATAAAGTT
TCACCTCCACTCTAAGGTAGTGCCGGGATTAATGTATAAAGAACAGAATAGGCATGGAAACG
GTTGATGGGCGACTGGTGAGGGTGGCGGGATTCGTGGCTTCAACAGCTCACTATTCCCTAATG
CAAATAAAGTTTCTAATCCAGAATTCGGCTTTATCTCCTGTATCTCCCAGTCTGGCTTTAAATG
CCACGAACAAACTTCAATCTCGTGGCTCTCTAGACCTGCAAGTTGCGGCGAGCGAGAAGCGA
AATGGCTGGCTGGAAAATAGATTGAAGATGTGATGTAGATACTACTGCTGTTAGAGGGAGGG
TAGTGGCGGCATATTGATCGACCATCAGCAGCAGAGATGCGTGATATGGCTTTGAGGATGTCG
AGGAAGACTATAATGGTCCGAGACAATTAGACGCCAAGCTTGAGCAAGAGATTCTGTCACA

SmaI-M5-YADEE-0.4kb
ATACCTTTCCTGATTTTATCACAAGTTAGGTGAACGTGAGACCTTTGCGCTCTCGGAATGGTCA
AAATAGAGATCGGGTCGGGCCAGGTAACAACTGGCTCTCTATTCCCCATTCCGTTTCCTTGACT
TTTTGTATTGTGTCATATGGTGTCAGGTTGTCGATTGGGGGGAGTAGAACATTTTCTATATCGA
GAGGGTTGGCGATAAGCGACCTATTCTCACATAGACCTTGGGGACTAAGCAAACTCTTCGTTA
AAACCACATTTTCGATTCCGGTGCTGAGGATACAGAGGGGCCTGCGAAGTCGACTACCGTGGA
AACTCCATCTTCGCCTTCGCCTCCGCTTGGGATATCTCCCTTGTCATCCTGTCCACTATGGAAA
AGAGGCCAATCCCAAAAAGCCGCTTGCAATTTGT

EcoRV-M7-L2-0.5kb
CAAAANNNANNTTNTANNNNCTTCTGTNNNNNNNNNNANTCNTTCATTCGCTCAAAACCGGA
TTCCTTGTTTTGGCCATCTGTCATGGCCAGTTGAGAGGCTGTGGATAGCAACGGAATCCTTTGA
ATTTCCCACGTCCTGGGAGTGAGCCATTCGTTTTCTGTTGAGAGTATATGCTGACCATGTCATG
AATGATTCTAGGCCAGAGTTGACTGCACGGCCTTGAGAGAGCTGCCCAGAAAATCCCCATTGC
CTGTAAGTGCTCACGCCGCATCTGCCACAAAACTATGAACCCGCAGTGGCGGCCATGCAATGT
TACACCGTTGTTCCAAGGCTAATAATAACTGCATAGGCTACCTCTGTGCCCAGACAGCTCATT
GGCTAGCTCAAGAGTCTGCTCATCAGAAGCAGCTTTAGTCCTTATGGTCTTACAACCCCTTGCG
GTCTGGAATCGGACCCACATTCGATAGA
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EcoRV-M7-LB-1.2kb and

EcoRV-M7-YADEE-0.4kb and

ScaI-M7-L2-0.2kb
GGCACTGCCATCCTGTAACGCCCTAAATCACCAAGACACTCTATCCACGTATCTTCAAACGCG
GGAACTGTCTCATATAGCAACGCCATCATGGTATACGCGATATATATGAAGGTGAGCATGTGC
TCAAGCGAGCCAGGCAGTTTCCGCCTTAGAAGCTCTAAAAACGAGTGTATACCATGACGCCAC
ATTCGTGCAGGCATAAAATACTTGGATGCAAGCCTTCGGAGCGCGGCGCTCGCTGATGGGTGT
TGAGATGCCAATAAAAAGTCATGGTGCTCATGGAGAAGTGATCGGTGAAGAGAAATCAATGC
ATGATATTGCTCTTGACTTAGGTCAGTCTCCTTCTGTGTGCTATCATATTCAATGCACTTGCTCT
CGAGCAAAACCAGTCCGGCATAGATGCCTTGGACTTCGGCGGCAAGCTGGTCTGAAGATATA
GACCGAGTATCTGGTTGACGAAACAACTCCGATGTTGACGCAGCGGCATCGGCAGACTGTTTC
GGCTGGCCATGATGTTGTCCTGGATTGCGCTGGCCTTTATGCTGGGGAGACCGGCGATGGCTG
GAAGAGGACATCAACTGGCCATGCCTTGTCTGTGGCGTCCGTGGTCTTTGCGGCGAACCGGTC
TTTCGGGCATCATCGGCAGTCCAGAGTTGACGACCAGTCGGGTTCTTGGTGCGAACAAAGTCA
TCATCTCTCTCACTGAGTCTGGCACGACTCCTGCCTGGAGTCGGTGGTGATGAGCCGCGTTGTT
GGGTGATTGACGCGGGAGGGGAACATATCTTTTTACTTCCTCGACGGGTAGATACTGAGTCAT
CCCCTGCCAAATTTCAGCCTATCAAAGTCATCTTCAGCCCTGTCGGTGAACTCAGGGTTGCCA
GATACTGGTCGTTTTCTGGTCACTGCCCCGGCATTGGTGGTGTCCCCAGAGGGCCTGGGTTTCT
GAGCTTCTACACAATTTTCGAACAAACCCGTTAGTATCAGTTTCAGATGTATGGAAATGGGAT
GCAGAGGAACTCACCGAGCCTTGGTGGCATCGTTGCCCTGGAGCGTACAGTTCTTGAAGGCTTC
CTCAA TA TCAGAA TGGTCAGCTGACGTTGGA TGCTTCAACGTA TAGTGCGCCTTGAA TTCA TCAAGGC
TGTGCTGCACTTCGGCCTCGCAGAGCGGACA TGAGACGCTGCGCGAGGCGGCTTCTTGACGTGCA
GCTTTGCGTTGATGCTGGACCCATCCTCTTGTGA

SniaI-M10-LB-0.9kb and

ScaI-M10-LB-0.5kb
CGAGTCACAGCGGTTTCGAAGCACGTCAGAGTACATTATTTCCAATCAGCCACGCAACTACCT
AGGTACCCAGGGAGTTGCGGGACTGTGGCCGCCTCACATGTGGGGTAAGTGGTCTGGTGTTGG
TTGGTGGACCCAGCCGGTTGAGGCCTTTTCGTTGTGCCACATTCCGGAACAAGCCGTCCATAC
ATACATCTAAGCAGTAGCGTTGGATTCGTTTCATTTGTGATACACTTGAGAACTGCGCACTTTC
TGCCTCAGTGCAAAAGCTACCATGCCATGGGGATAAGCGAACCCTTCTGCGCCGTCTTGTTGC
ATCCCCAGCGTCTTCATTACCCGCCACAGCCGTCGAGAATTGAGTCGACTGGTGCTATTTTTTG
TCCGGCTGCAAATGTCGCTTATAAAATCCCCGCGCTCTCCGCATCCGGCTCATTGTAGTACATG
CCAGTATCTACAGATAGAATACGGGATGGCAGGATACCATTGGATAAAACTGCCTATTAAAA
AAAACGCCGGCAGTACCACTTTGGGGGGAATGATCAATCAATTGATGGCATTAATTCAGCTGG
CTCCTGCCTCAACCTTACACCGCCACAGCTCCAGACCCCACTATTATCGGAAATGCGGCAGGG
TCAACAGGGGTTCATCTCGGTTCCCTCCTCCAGATGCAAAGGCACCGGCCTACCAGAGCGGCT
GGAGACGGCCCCGCAGGCCCGCCCGCACCCTGCATGCACCCTGCTCAAAACTCACCTCTCGGC
ATCGCCTTCCCGACGAACCAACCGCACCTCAACTCTTCAGCATCCTGTCATGCTTTCTCAACGC
CATTTGCTCTCAGGGTGTAGGTGGCGTCGCCGATGCTAAGGAACCCGCCCTCTTGAGGTGCTT
GAGGTGGTTCCTTGGAACGCATGACATCTGTGCGTCTCACCTACGAGCTG
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EcoRV-MU-LB-1.2kb and

SmaI-Mll-LB-0.4kb
TATTCTTTAGCGATTCTGCTGCCTTGTCCCAATCCCCAAAGTCGGCCCAACGGTGATCCATGGC
CTCTGAAAGTGCCCGCTTGAAGCCTAGCTGCACGTCGGCAATAGTGACCTCGCCATCCTTGAG
CGCCTTGATGAGGCCACCAATGGATTCAGGTTCTAGCTCGGTGAGGAATTGCAGGAACTTGCT
CTCCGAGATCTTTTGTCCCACGGGCTTCTTGCCCTTGCCGCCGTCTCCAGAAGCAGGCTTCTTG
GGCTCATTTTGCTCAATGTCGACCCATCCAGCCGGGTCACAGCTACCGCCTGCTCGCCTCTTGA
GTATGGTGCATTTCGAAGCCGACCTCAGCGAGTACGCGTCATTTTTAATCTTGCGGGCCTTGTC
GGTGGGGTTGGCCTCGGTCACCTCGTAGGCGTGGGAGATGCTTGTACCTGGAATGGTACCTTT
GACGGCAAACTCCTGGTTACGGCTCACCTCGGGGTTCTTTTCCGGGGGATAAATCCCCGGGAC
CCAGTAGCCATCAGGCATATCCTTGGCTGCAATGACATAGACGTATCCCTTGGGGCTATCATC
TCTACCAAACATGTACCTGTACGTCGCCTCACGCGATCGCGAGACAGATACAAGACCAGAGTT
AGGCTTGAATTCGAGGTGATCCTGCAACTTCGTATTGTCGCCTTGGGGCTTGAAGCCCGACTT
GAATATrTrTTrGGGAGGCCGAGAATCACCGCGATAGAATACTCCCGACTTGCTCGTCCCGGG
TGCTTTGATCTTGGAGACTTCTTCCGCTGACCTGAGAGCGGGATTTCCTGGCGCCTGGCGGCTG
AAGACGTCTCGACGTGAGATGGAATTGTCTTCGAAGCTAGCCTTCTCATCGGGAATAATCTCG
AAAACAGTCTTGCCGATAATATCAGGGTCAATATCTATAGCATTCGTTATATCAACGGAGAGG
TCAAGGTTTGGCTCCAGCGGCGCTCGTTTGATGCCCCACGAGGCAGCAGACGAGAGCACGGC
CGAAAGAGAAAGTAGCTGGTAGGTCCTCATAGTTGTTGACTATAGGCCGGGATGTTTTAAAAA
TGACTGTGTTAAAGTGATAATGAATACAGAAGGACGATGAGGATATTGGTGATAGTGAAAAA
AAGAAAAACAGTCTTGAT

Dral-Ml l-YADEE-0.3kb
TTTGGCGACCGAGGCCTTTAGGAAACTAAGGACCTTTGATACCAAAGACTGTTATTAGTTGAA
TTGAGCTATTGCTCCGAGCCCTCTTTCCGAGCCCTTGTCACACAGCCCCAAAAACCTTAAATTT
GACCCGCCCGGCTCACCGCTTTGCTTACACTTGTGACAAGGGCTTACGTTGTCATACGACCTAC
GTGATAACAAAATGTCTTGTCGATTGTGGCAGCAAAACTCAAGGCCCTCCAACGTGCCTAATG
CCGCTTCCATTAGATCGTCCATAAATAGTTGCCGCTTATTAACAGGACGATCTAACTGAAGCA
CACGCCCAAGCCAACAATGCCTTTCTTGAAA

Smal-IV111-LB-0.6kband

Dral-!Vin-L2-0.5kb
CKiCiCCGTCCAAGACGCGGGAGGGTCCTCGAAAGGCCCCCAGACAGTGTAATTGAAAGCTGG
TTGGTCTATTGAGTCATTCGCCCTGCCCTGAGAGCATAGCGTGGTTGATTTGTCGCTATACATG
ACTACACGACGTGTCAACTATTGCCCATGAGCATAATGCCTAGCTGACTAGGGCGTGGCGCCC
TCTTTGTAC'CGGGGATCGTTGGCAAGGAAGCTATCACGCCATTGACGACAGGAGTCATGTCGC
CAGAACTGCCGGCTAACAGTAATGCTACAAGTCAGTACCAAGAATATTGAGATTGGGATAAC
ATGCTGGGCGTATTAACTGAGGCCCTAGTCCTTGGATGCATTGATGGAATTGTGCTCTATTAA
GCGGCCGCGCAATAGATAGTCGAATCATGAAGAGCAAGGGGAGGTTTCGTGATCAGCCTGTT
TTATTTCACGAGAACAGAGTGTTGAGAACAGAGTGTTCCAACGCGGACAGAGCTTTCCGACAT
GTATAGAGTCTTTCTACGTCGAGAGGGTCTGAACTATTCAAACTATAAGTAGCGTCGTAGTAA
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ScaI-M12-RB-0.7kb
TGTGCCTGGACTAACACTTGACGAGCAAAACTCATACGGCGATCGATTGAGACCAGAAGCGC
ACACACCAGGCGCCCCATACTTGGGCTCTCGGGATCGTTCTTACAGGGGATCGTCCTCTAGGG
TGGCGCTACGAGAGCGCTAATACAGCCAAAGCAACATCGATTTGTTTGATTGATGCTGACCCT
GGCGCCGGGCCGATGGGCCAACCAAAGCTTACTGAAGGCGTGTATCGGACGGATGGCATTGG
ACGAGGCAACGCAGAGAAGTGCTCCGAATGGACCGGCGTGTCATGACAACATTGAACATTCG
ATGTGCCGTATTCCAAATCAGAACACGACGTTCCTGACGTCTCGTGGTCCAAGCCCCGGTTCT
CACAGCTCACATGTGTAAGCTGTCTTCTGTCTGGTATGCTGTTCATTGCGCATCCATCAGACAG
CCTCCGGAAGCATATGTGTTTAACAAAAGCAGCAGGTCAAAACATCACGGCAGCATTTCAGG
GCAGCCGACGTTCCCAAGCCCAGCATCGCATTGTGGATACCGCAACTGGACAAGCAACATTG
AACATTAAAACTGGCAGGGTGGCCTTGGCAAGGGGCTTGGGGGTGTCTGGATACTGTCTTTTG
GGGGGTCTGTGACTTTGGAAAACTCTGATGGCGGGCAGGAGAGTCTCATCAAAATACTCCGTA
GATTGGGACCAAGACAAGAATTGAACTAGT

DraI-M13-LB-1.2kb and

ScaI-M13-LB-0.8kb
GATCATTCTCCTCCGCCTGGCCGCTTGTAGAGTCGCTCTCGTTTGCGGCACCGCCAGTGTAGCT
CATCGTTTTGGAATTGTCCAACCAAACGTCACAGCTCGGCACAATAGCATCGCCGTCCACATA
ATCAGTATCAGACGAGGCTGTGCGATTTAGGCTGGGCTTCGAATTGGCACGCCGCCGGCGGGA
AAGCTTGGGAGGATGCTGGGGAATGGAGCTCAGACCAAGCGATGCTAAAGAATCTTGTAAGA
TGTGCTCGAGTTTCTCGAAAGACACGTCGCTGGATTGTGAGTCGACCGAGTCAGATCTTTCAC
GAGCTGCAGTTGTGGAAATTGAACGGTCTTGATCGGGAGGAGACTTTGACTTGCGACGAGGTT
TGGGTTTGGCAGCGGCAATCTTCTTTCTCTTTTCATGTTCTAACCAGTCGGCAACTTGGGCCAG
CAGCTTTTCAGCGTAGTACTGGTGGTGCCTCTGGGAGTGGTGATGGCTAGAAGAGGGTGCAGA
ATCGTCATCCGTTCGTAGAGCCGGCGAGCCTTCGCTAATTGAAGATTTGCTAGATGCTGGCTT
GCCACTTAATCGACGGCTTGGTCCTGCGCGAAAGGTTTTGATGGATTGGGACTCGTCATCGAA
ATCAGGAACTGGTTCGGCAATTTGCACAGCTATCCGTTTGTAAGCTTGCGATCGACATGTGTG
GTATTGGTATTTTTCACGGAGTGAATTGGGTGAATAGCGCCACAAGGTCGTAGTGCAGATTCA
GCGCGTGGGCAGTCACTGAGCGAACCATAAACAGAACACGTACTACTCCCGTCCTCATGATGC
TTGAACGATGTAAAGTCTACGTCACGATATGATACATTCACTTCACATACCTTTAAGGGTACC
GCTGGCTGGAGGGGTTCTGTCGCCGTCGCCATCAGACTTCAAGGCTGATCGCAGAGGCGCGGG
GCCAGAAGTCGCGGGGCTGTGCTCAGCCATGATAGGGCAGCCGTCTTGCTTGCGAATGCCTGT
CTTGCCGTCGATATAGAGGCGATGCGCAATGAACAGAACAAGGGCGTCTGCCTCGGCCTCGA
GCACTGGAGGGTTGGCCACGGGAAATGGCCTTGGTGGACGATGGTATCGAGCGTGGAGGGAG
GCGAAGAGTTGTGCGAGAAGTCAGGCCAACGCGGTTACGACGAGGAAGTGGGTTGTTAGTGG
ACTCGGGGCCTCTTTCCGT

EcoRV-lV115-RB-0.9kb and

Smal-M15-R2-0.4kb
GAGACGATGTTGGCATCAGTGAGTGAGAGATTGAGTGAGTCTAGTCTCGCTTAAACAAGACC
AAGGAGGCGACCCCCACAGAGCTTCCCGCCTCGTGGTGTGCAAACGCACGTCACCCAACCTG
ATAAACCAATCCGCTGATTGCTCTCCAACACTGAAATGCACGTCTCTCCCGGTACAGCAGAAT
GATAGGGATGAATCCCAGGGCTTGTCGAGCGCAGCAAAAAAGAGCGAGGAGGGGATGGCGA
GGACATGGGATTGCAGAAAACATACCCTTGTGAAAGGTCGGTCATCGTCCGTCATGCGCAATA
AGCGCGACGATGTTTGATGCATTTTCTTGTCAGACGGCGCTACTCTGATAGGTGCGGGCAGAC
TTGGATCTGTCTCCGAGTATGGCTGTGAAGGTGGATGGTTCGCCTGAGCCGCTGGAGArACTA
CCTTGATTTGGGCTCTTGGGGCGGGAGTGAAGGGGCCGTTGACAGAAAATGCCTTGGATCCGG
CGGTTCTGCCTGGGCTTGAGGGTTCTGGACTGGGAGCAGAAACTGATTGCAAAGAGAGACGA
GCCAGTGCCGAGTTCGAGTGTCGAGGCCGGATGACGGGTTCAGATATGCCGGCGAATGCGTTC
TGGGTTCTGTCCAGGGCGGCAGCGGCTCGGCTGAGAAGACTGGTGGCAGAACGCTGTGATCG
GGAAAAGGAACTTGCGGACGGAGTGCTCGAGTGTCGCTGGTGGTGGGAGGAAGCGGGCAGG
GTGGTGAGGTCGGCAGTCAGGCGGTCTGACGTCGATGATCGGGGTGCAGAGGTGTAGTGCTTC
AATGGCGGGGTGTGGTGCGCGTGGTGGCTATCGTGACTGTGATGATG
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Smal-M15-LB-1.3kb
GGCTTCGCTACCAACCAGGTGAGCGCGACTTCCAATGGCAACACCTCGAAAGGAGCCGTCGA
TAACCTCTTCACAACCCTCTATCAACTTGCTCACGTCACTGAACCTGGAGGCACCATCGGCATC
GGCGAATAATACATATTCGCCTCTTACATGGCGTAGGCCGTGGGTGACGCCTCCGCCCTTGCC
CCTGTTCTTAACCAGAGTCACGACCCGAAGGATATCATGGAGGTCATGCTTATGAGCAAAATC
GAGTGCCACCTCCACAGTCTTGTCCTTGCTCCCATCATTGACAATCAGGATCTCGTAACCTCCC
AGCTCCGCGTTCGACTTGGCAGCACTCGAATGTCCACGCTGGTGGCGTCGGCTGCTGGGGCTA
AACGGACCCTTGGCGGTGGTGCTTCGCCCTATATGCTTGTCCAAATACTCTACGGCTTCTTCCA
GCGTGGGCAAAATTCGGTCCTCCTCGTTGTACGCAGGGAACACGACACTTAGTCGCAGTTCGG
CAGGCTCAATGCTGCCAGCATCCGGGGCTGGATACGCTTCTTGCGGACGAACATGCTTTTGTT
CCTGGAGGCGACGTTCAGCTAGCCAGCGATCGTACCAGCATGGCAGCTGTCGAGCTGTTGTTG
GCTTTCCTGAGGGGCTGGATGTGATGTATGTTTTCTCAGACGGGATGACGGGTCGGGGTTTGG
GCGCTACAAGGTGAAGGAGGACGAAAAGCTGAAGACGGTAATATATTAGCCAAAATTGTTTC
CAATATTCCCAAGGGCATGCGCCAAGCGAGAAAGAGAAGAGAAGAGAAGCCATACACAAGC
AAGGCCTAGGAGAATGAGCAAGATGAAGCAGACGAGAAGGACATGAACGGGGGTAGCTTCA
ATCCATGCTAACAGCGGCCGCATGAAGCGGGCCGCAAGCTCCAGGAGGGGCATTGCCATGAA
TTATCGTGCGTACAGATTGTTGCGAGATGAGCGTTGGAGCTCTGAACCTGGAGAAGCTCCGAA
GACGGCGTTGGGGAAAACGACCTTAGAGGGGGCGGGGCAATTTCACCTTTTCTATGATGACA
ACAATGCGAACATGGATGGCATGCGTTGATATCGCGCCATTTATGAGGCGTCGGGCCGAGTTG
CGGCCACAGTGAGACCAGTGACATATTCTGGTTGGGCGCGTTCAAAATTTTGCCTCGTGCGTC
GGTCCGTAAGTGTCATGGCATATGGGAGACGTGCAACGGCGCAAGACGGGCGGCATTGGCCA
TGTCATGCAGAAGCCACCAAGCCACCAAGCCACCACCAATGCTGCCACTAA

EcoRV-M16-RB-0.4kb
GGATGCAGACGATGGAGGCTCAGGACCCTGTCACTTCCCCAGGTACGTTATCTCTTCCACAAT
TGCGGGGGCCCCAGATACGCCTTCAACAGGTCGGATGTTGCCATTGAGTTGTTTCCGACTAGC
GAGTGGCTCCATGGTGTTGGGATTTGTACGGAGCAGGGCAGCGGAGTCTGCTGTGACCTGTCG
ATGCCTCAATGCAAAGCCCCAATGGGGAGTAGACGGGCGAAGGGAATGAAGGCTGGAAGCCC
TGAACATGCCAAACATGCAACACAGCAACCAACATTGGCTGGATGATGGGTTTGATAAAGAT
GGGCTCGATAAGTGGTGGACTAGGCCCACTGAGTGACACCACTGTGGAACGGGCAGTCGCAA
TCCTCGTAGTTTCCTCTTCGGGACCATCGCGGGCGAGATCCGCCTCGTAGCGGAT

EcoRV-M17-R2-0.8kb
AACTTCAGGTTCGGTGCGGGGTTCACATTGCAAGTCATGTGATTGTGGACCCTATTGGACAAG
AATGTCGTCAGAGTGGAGAAGGCAAGCCTGACTTTAGTAAGTGTTGAACGTCACAGCGGAAC
ACAGATGAAAGACAGCATACTGTGTGGTGATTCGAGAGGTGTTCCCAGCCTAATATCTGGGGA
CAAGGAACTCCGGTCCGTTGAATGTGTTTCTGGTGTTATTGTGCCAGACGGATCCGCACGATA
TTCCTCTGTTTGTTTTCCGCCTAGGTCTGTGCCTAGCTCATCCCGCACTTCTGTGTAGGTGATCT
TTCCAGAACCTTCAGGGTCTGGCTCGACGAGTTTAGCTTCGTATTCAATCGTCGGATCAGTACG
GGTTTTATTGTTGGGTCCCTCATGGAAGCGCACGTCACGGGCTCGGATGACTCGTTGTTCATCC
GGAAGCCATATTTTGTATACGTGGCCATGCAGACCTTCCATGCCAACAAGGTTGCCAATTTTT
GCTTTGTTGGCCATTTTCTGGCTCTTGACTTGAGTTTCCTTGGGTATTGTGACATATGCTTTACA
ACCCCATGTGTGGATATGCCGCAGACTTGGTTCATACGGCAAGTTGATGATCTTGAACATCCG
TTGGATTGGGCTTTGCCAGTTGTACCGCCGTGCTGGTAGGAGATTGTGAATATATACACTAGT
AACACTACTGATACAATCTAGTGTTTGACGGCTTCAACCCTTTTCTGATTTCCACTGACATCAT
TGATGTTGACACG
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EcoRV-M18-RB-0.4kb
CTGTTCGACTTTGGAGGATAAAGAAAAGGCGTCAAATCGGTATTTGATGGCTCTTTACTTACC
ATCCATAAGCAAAGATACCCCAGTGAAATGTCCAAAAGAGGATGTGGAACATCATCTTTTGA
GGAGTGAACTGTTTGCGAATTAATTCGCGGTAACCTAATTGTCCCGCCATGGTGAATAATGTG
ACCGCTTGCCGAGCCTTGAGGATAATTTCAATGTCGACCGGCGACAGAACTGGACACAAGCA
CCAAATATCTATACAGTATTCTTGTCCAGGCTTTCCCCAAAATTAGTCGGCCCGTCCGGAGCTT
AAGGCACGGCTCTCTTGATCGCCCAGGTCCAAAGAGTGAACTTCAATATTATTTCACACTGAT

EcoRV-M18-RB-0.5kb
ACCCCACATGCATTGACTTGCCCCGCCGGCATTGCGAACTGTCGTCCCAGATTGCTCTTTGGGT
GAGCGGGAACAGCCATCAAATATCAACCCATACACATCTACGAATTATAACAAGGGGTAGAT
ACCGAGTTGTACGGAATATTGGAATATCAATCGTACAACGGACTTGCCTCAAAAGACAGCTAA
GGATTGCCTGCCCGGGCTGGAGAAGAATCTGGCAAGCTTGTAAAAGTTCACGAGGAAGGTGC
TCGAGACTTTCTTGTTATGTGATTGGCACCTGCCGCCAGTTGTGGGGACTGTGAGGTCGAACG
CAACCAGTGCGCTGAGTCACCTTCCAACATGATCCCGAGTCATACATTAAGGCCAGAAATTAC
CTTTTCTTTCCAGAACAGCTCTCTCCTCGCCATTCAATTGTCTGCTTCGACTGCATTTTTTATAA
CACAATGGGAGACGCCAGCGCTAAGGACAAGTTCGAT

ScaI-M18-LB-0.7kb
ACTTTAGGATATCCCCGGACGGTAGTTTGAATTCGCCCAAGTGGAATGTGTGGCCGTCTCTCA
CCATGGATACGTCATGGCCGCTGAGCCGGTGCTTTTCGTCATCGATGCCAAGCGCCCGCGCAA
TCTCCTGTGCTTCGGCCGGCCGGCCGCAGATGATGCATACCGGGCGACTACGGAGTCGGCGCA
GATTCGAACGGCTCTCCTTGTCTGTCGGCATGGCGGGCAAGGGTTCTCGGAGGGCACGGCAGC
AATGTCTACTGTCGCACCTATGTGATTCGCTCTTTGGACTATCCGGGTGCTCGAGATGCTTCAC
ACCGGAGCGGAGCATGCATTTAATAACTTGGCCGCACGCGATTTCCACGGCGACGCGTCCATC
CCGACTGCGATCAGCAGGATGGCGCCCGCAACGAATGCTGGATGTTTTCCAGTGAAGTTCTGG
CCTGCGCAGACCTGAACGGAGCTGAAATCAATATTCTTCAATGGCCTGCGCACAATGTCCAAT
GCTAGGCGGCGGAATCGCACGTTGGGTGCGCCACCGACTCCGGCAGGGCCTCGAACCCGTTCT
GACACACTCGGCTGAAGAGGCTATTAATACATTATGATGGCTCACCTGGGCTGGCTCAGCCCT
GTGTGCCTACTTCTCTACTCACACAGCCCCAAGCTATTGCATTTAGTGTGCGAA

SmaI-M18-LB-0.4kb
GGGCTATGATCCACATTCGGCCGCAGATTTCCTATTGTAGCTCGTGATGATGCGTCGTTAGCCA
CACATTCTTCCATTTAGAACAAGTACGGGGTATCAAGTATCCTGTTCGGAATTATTCGGCAGG
ACTTATGGCTCCACGGCTCAATCGCAGCTTTAAGGGAGGCATGAACGTGGCTACGCTCGTATG
CGCATAAAGCGTCCGTAGAGCGTCCAAAAATTGCTAGGCATTCTGCCCAGCTCGTAAAACTCC
ATATGGCAGCGCAACTCTTTGAGGCTGAGAGAAATGCCACCTGAGGGCTTCGTCTGTGTCAGC
CGCTGGCAATCTAAGGGACGGCGACACCCGCAGATTTGGCAACACGCTTGCATCAGCCCCCA
AGCCAAAGCCATGTCTCCTTTT
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