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ABSTRACT 
Hydrolytic enzymes degrade macromolecules into smaller components. These enzymes 

are important in fungal nutrition and have been implicated in the pathogenicity and 

virulence of pathogenic fungi towards their hosts . However, it is  unknown if hydrolytic 

enzymes p lay important roles in mutualistic symbioses. In this study, the function of two 

different c lasses of hydrolytic enzymes was examined in the mutualistic symbiosis 

between the fungal endophyte Epichloe festucae and perennial ryegrass (Lolium perenne 

cv. Nui). 

N ine members of a gene family encoding subtilisin-like proteases were identified in 

E. festucae. The prt2, prt3 and prt5 genes encode putative extracellular proteins 

belonging to the proteinase K subfamily 1 ,  and prt! and prt6 encode putative 

extracellular proteins belonging proteinase K subfamily 2. The prt7 and prtB genes 

encoded pyrolysin-like enzymes from subfamilies 1 and 2. The prt4 gene encodes a 

putative vacuolar protease, while the kex2 gene encodes a putative proprotein 

convertase . Expression analysis showed that the prtl, prt3, prt5, prt4 and kex2 genes, 

but not the prt2 gene, were expressed in culture . The prt I and prt3 genes appeared to be 

up-regulated in planta compared to culture . 

The function of prtl and prt2 in the symbiotum between E. festucae and perennial 

rye grass was characterised by expressing these genes under the control of the 

Aspergillus nidulans gpdA or the E. festucae Fl l [tmM promoters. No major differences 

in hyphal or plant morphology were observed between symbioses containing wild type 

E. festucae or endophyte strains containing the prtl or prt2 transgenes. 

The gcnl gene, which encodes a /3- 1 ,6-glucanase, was identified immediately 

downstream of the prt2 gene . The function of the gcn 1 gene was characterised by gene 

replacement and testing the phenotype during growth in culture and in planta. 

E. festucae t1.gcnl strains grew normally on glucose-containing media. On media 

containing the /3- 1 ,6-glucan pustulan, t1.gcnI  strains did not form aerial hyphae or 

hydrolyse pustulan, which the wild type strain did. This phenotype was partially 

111 



complemented by growth of the !::.gcnl mutant in close pro ximity to wild type strains ,  

and fully complemented by  insertion of  the gcnl gene. This suggests that the gcnl gene 

encodes the major �- 1 ,6-glucanase activity of E. festu cae . 
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1 . 1 FUNGAL LIFESTYLES 

Fungi play important roles in natural ecosystems, agriculture, horticulture, medicine and 

industry. In ecosystems, fungi act as nutrient recyclers by decomposing components o f  

dead plants and other organisms. Fungi cause disease i n  many plants and animals, and 

are important as opportunistic pathogens o f  immunocompromised individuals . M any 

industrial, food and pharmaceutical products use the metabolic abilities of fungi . 

As heterotrophs, fungi cannot fix their own c arbon and nitrogen,  so they obtain these 

e lements by breaking down molecules from other organisms. Fungi obtain nutrients by 

three different means : by growing as saprotrophs, parasites or mutualists. Saprotrophic 

fungi decompose dead and decaying matter by growing through the substrate, then 

secreting hydrolytic enzymes to degrade the substrate into smaller soluble molecules that 

the fungus can absorb . These molecules enter hyphae by diffusion or specific h igh

affinity transport systems (Jennings, 1 995). 

Parasitic fungi obtain nutrients from living organisms by growing as necrotrophs or 

b iotrophs. Necrotrophic fungi invade their host, secreting enzymes and/or toxins that 

cause host cell death (Govrin and Levine, 2002). The fungus degrades the dead cells ,  

providing nutrients to support fungal growth. B iotrophic fungi live in their host, 

obtaining nutrients without causing host cell death (Schulze-Lefert and Panstruga, 

2003) .  Parasitic fungi may use hydrolytic enzymes degrade host macromolecules to 

provide nutrients or to break down physical and chemical barriers to infection of their 

host. 

Mutualistic fungi form a symbiosis, or "common life", with their host. Mutualistic 

symbiota benefit both the fungal species and their hosts. Common examples of fungi in 

mutualistic symbiota include mycorrhizal fungi (Bus cot et al. , 2000), lichen fungi (Nash 

Ill, 1 996) and some fungal endophytes (Carroll, 1 988) .  Mutualistic symbiota all share a 

common factor: the host provides nutrients (in the form of carbon) to the fungus, while 

the fungus benefits the host through improved nutrient absorption and/or bioprotective 

metabolites. 
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1 .2 EPICHLOE AN D NEOTYPHODIUM E N DOPHYTES 

1.2. 1 Relationships between Epichloe and Neotyphodium 
endophytes and their hosts 

Epichloe and Neotyphodium spp .  fungi grow as endophytes in the intercel lu lar spaces of 

cool season grasses (Siegel and Schardl, 1 99 1 ). Epichloe spp . are part of tribe Ba1ansiae 

from the family C lavicipitaceae (Clay, 1 988 ; Siegel and Schardl ,  1 99 1 ). Tribe Balansiae 

includes grass p athogens that are ep ibiotic, forming reproductive stromata on leaves or 

inflorescences, or endophytic, forming systemic infections in the host as well as external 

stromata, which are masses of fungal tissue on which reproductive structures such as 

perithecia form. 

Epichloe species grow systemically during host vegetative growth. However, fungal 

stromata can develop when the sexual stage of the Epichloe life cycle initiates (Figure 

1 . 1 ). Neotyphodium species, which do not form external stromata, appear to be asexual 

derivatives of Epichloe species . Similarities in morphology, secondary metabolites, host 

ranges, nuclear DNA sequences , isozymes and serology studies support a relationship 

between the two genera (Glenn et al ., 1 996 ;  Leuchtmann and C lay, 1 990; Schardl et al., 

1 99 1 ; Tsai et al., 1 994). Some Neotyphodium species may have arisen by loss of the 

sexual cycle ,  potentially after infecting a host with which the endophyte has not co

evolved (Moon et al . ,  2004). Other asexual Neotyphodium endophytes have complex 

evolutionary histories, often with one or two interspecific hybridisations . For instance, 

Lolium perenne taxonomic group 2 (LpTG-2) is the result of a hybridisation between 

E. typhina and N. lolii (Schardl et al . ,  1 994). 

The association of Epichloe and Neotyphodium spp. with the ir grass hosts can benefit 

both partners (Schardl et al . , 2004). The fungus gains nutrients from its host, protection 

from the external environment, and a means of dissemination through the seed, which is 

particularly important for the asexual Neotyphodium species. The grass host benefits 

through improved drought tolerance and field persistence, resistance to nematodes and 
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F i g ure 1 . 1 L ife cycles of Epichloe a n d  Neotyphodium species 

with i n  the i r  g rass h osts 

The l ifecycles represented show the sexual and asexual  stages of the l ife 
cycles of Epichloe and Neotyphodium spp. endop hytes. The sexual l ife 
cycle in itiates when mycelia emerge from the leaf intercel lu lar spaces .  
Conid ioma develop o n  the su rface of flag leaves, causing choke d isease 
on immature inflorescences . This prevents the host from flowering , and 
renders the grass ti l ler inferti le. Epichloe species are heterothal l ic,  
mea ning mating can only take place between con idia of two d ifferent 
mating types. Female fl ies (Botanophila sp. ) med iate transfer of conidia 
between infected plants (Bultman et ai, 1 998) .  After mating has taken 
place , sexual stromata are formed . The stromata contain perithecia , 
which bear a scospores . The ascospores are transferred to the stigma of a 
grass flower, where they germinate . Conid iophores are formed , re leasing 
conidia, which germinate and infect the ovary and developing ovule of the 
grass flower. 

During the asexual phase of the endophyte l ife cycle , g rowth within the 
grass is asymptomatic. The endophyte is in itia l ly found within the apical 
meristem of vegetative plants . Afte r the flora l meristem develops , mycel ia 
invade the ovaries and ovu les , before eventua l  incorporation into the 
seed . If seeds from the infected plant germinate, they wil l  a lmost certainly 
be infected with the same endophyte as the mate rnal parent p lant. The 
asexual phase of the l ife cycle is also known as vertical transmiss ion .  
Vertical transmission is a h ighly efficient means of endophyte 
transmission , with nearly a l l the seeds of a host p lant infecte d .  

Dashed l ines ind icate spore transfer. Diagra m  prepared by L iz G rant, 
Department of Ecology,  Massey University. 



some fungal pathogens, and fungal secondary metabolites that act as feeding deterrents 

to mammalian and insect herbivores. 

1 .2.2 Endophyte secondary metabolites 

Epichloe and Neotyphodium species produce a wide range of secondary metabolites 

(Lane et aI . , 2000). The four major classes of metabolites produced are lolitrems (indole 

diterpenes), ergot alkaloids, lolines (pyrroI izidines) and peramine (a pyrrolopyrazine). 

Lolitrems act as potent neurotoxins in a syndrome called ryegrass staggers , which causes 

loss of co-ordination due to tetanic muscle spasms in livestock (Siegel  and Bush, 1 997) .  

Lol itrems also act as feeding deterrents for some insect species (Dymock et al . ,  1 989).  

Three linked gene c lusters appear to contain the genes involved in lolitrem b iosynthesis 

(Young, 2005 ; Young et aI . ,  2005) .  The ItmM gene, encoding a putative FAD-dependent 

mono-oxygenase, is necessary for lolitrem biosynthesis (Young et aI . ,  2005). 

Ergot alkaloids are highly toxic to mammalian herbivores. These alkaloids cause tall 

fescue toxicosis, a syndrome associated with poor weight gain, hormonal imbalances, 

reduced levels of fertility and milk production, vasoconstriction and gangrene of limbs 

(Strickland et aI . ,  1 993).  The activity of ergot alkaloids may be due to their high affinity 

for amine receptors such as dopamine, epinephrine and serotonin receptors . Three 

endophyte genes essential for ergot alkaloid biosynthesis have been identified. The 

dmaW gene from Neotyphodium sp . Lp l encodes a dimethylallyltryptophan (DMAT) 

synthetase thought to act at an early, rate-limiting step in ergot alkaloid biosynthesis 

(Wang et aI., 2004a). Two non-ribosomal peptide synthetase (NRPS) genes, IpsA 

(Panaccione et aI . , 200 1 )  and IpsB (D. Fleetwood, personal communication) are also 

essential for ergot alkaloid biosynthesis. Deletion of the dma W, IpsA or IpsB genes 

blocks ergovaline production, but does not affect the symbiosis between the fungus and 

its host. 

Peramine is a pyrrolpyrazine alkaloid that may be derived from a precursor of proline, 

I -pyrroline-5-carboxylate, and arginine (fanaka et aI . ,  2005) .  Peramine promotes grass 

persistence in the presence of the Argentine stem weevil, which is a major grass parasite 
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in New Zealand pastures (Rowan and Gaynor, 1 986) .  Tanaka et al . (2005) identified a 

two-module non-ribosomal peptide synthetase gene, perA , which is essential for 

peramine b iosynthesis in planta. Deletion of perA increases grass susceptibility to 

herb ivory by the Argentine stem weevil . 

Lolines are pyrrolizidine alkaloids that act against insects as feeding deterrents o r  toxins 

depending on the insect species (Bush et aI. ,  1 997).  Lolines may be allelopathic towards 

competing dicotyledonous and monocotyledonous speCles, thus improving 

competitiveness of their host grass (Bush et aL, 1 993).  Loline production has been 

demonstrated in Neotyphodium uncinatum, where the fungus produces lolines in culture 

under certain conditions (B lankenship et aI., 2 00 1 ;  Wilkinson et aI., 1 997).  N. uncinatum 

contains two related gene clusters LOL- 1 and LOL-2 , each of which contain nine genes 

putatively associated with loline biosynthesis (Spiering et aI . ,  2005) .  RNA knockdown 

(RNAi) of one of these nine genes, lolC, which encodes a putative O-acetylhomoserine

(thiol) lyase, reduces lolC mRNA levels and loline production. 

1.2.3 Endophyte growth and colonisation within their hosts 

The Epichloe and Neotyphodium spp. endophytes grow exclusively within the 

intercellular spaces of grass aerial tissues. Unlike other fungal species , the 

EpichloelNeotyphodium species do not penetrate or destroy host cells or produce 

specialised feeding structures such as haustoria or arbuscles . The endophytes grow 

mainly in the leaf sheath, seeds and crown of the host, all of which are sink tissues that 

tend to import carbohydrates . 

The symbiota between EpichloelNeotyphodium spp. and their hosts cover a continuum 

ranging from antagonism to mutualism (Schardl et aI . ,  2004). In type I associations 

where the fungus is antagonistic towards its host, most host inflorescences abort 

development due to production of stromata that allow the endophyte to reproduce 

sexually (horizontal transmission; Figure 1 . 1 ) . In type II associations, some host 

inflorescences abort due to stromata production (horizontal transmission), while o ther 

inflorescences fully develop and seeds are colonised by the endophyte, allowing clonal 
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propagation o f  the fungus (vertical transmission) .  Fungi are vertically transmitted 

through the seed in the type HI mutualistic associations that are typical of the asexual 

Neotyphodium species. 

During growth in vegetative host tissues, the association is usually asymptomatic (Koga 

et al . ,  1 993) .  The endophyte grows near the apical meristem during vegeta6ve growth. 

A fter the grass switches to reproductive growth, the apical meristem becomes a floral 

meristem and produces floral structures .  At this point, the endophyte is in position to 

infect the developing ovaries and ovules (Philipson and Christey, 1 986). Although the 

endophyte heavily infects the diploid nucellus (megasporangium), it does not grow in 

the ovule integuments or in the haploid embryo sac (gametophyte) (Majewska-Sawka 

and Nakashima, 2004 ; Philipson and Christey, 1 986). After the grass floret is fertilised, 

endophyte hyphae are most abundant in an area that Majewska-Sawka and Nakashima 

(2004) describe as the "infection layer". This area contains the remains of the nucellus 

with numerous hyphae. During early stages of seed development, the embryo contains 

no endophyte hyphae. At the notch stage of embryo development when organs begin to 

differentiate, the endophyte begins to colonise the embryo . 

During horizontal transmission of the Epichloe specIes , the endophyte aborts host 

reproduction and flowering. During grass reproduction, the fungus begins to proliferate 

when the grass forms inflorescence primordia. Just before the inflorescence emerges 

from within the flag leaf surrounding it, hyphaJ proliferation increases in the 

inflorescence and hyphae emerge and grow epiphytically to cover the exterior o f the leaf 

sheath. The mass of fungal tissue surrounding the inflorescence, described as a stroma 

(plural stromata), is covered by conidia. 

Epichloe species are heterothallic , with two different mating types. Once stromata form, 

female anthomyiid flies (Botanophila spp.) can transfer conidia from the opposite 

mating type to the stroma while laying eggs on the stroma surface (Bultman et al . ,  

1 998) .  Fly eggs then hatch, and the larva feed on the s troma before dropping to pupate in 

the soil .  After fertilisation of the stroma by conidia from the other mating type, 

ascospore-containing fiuiting bodies called perithecia  fonn. Ascospores can be ejected 
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from perithecia and colonise new host plants e ither by infecting seeds or neighbouring 

p lants . Chung and Schardl ( 1 997) suggested ascospores may colonise grass hosts 

through a mechanism similar to that used by the closely related fungus Claviceps 

purpurea during grass floret infection, where ascospores germinate to produce conidia, 

and hyphae from germinated conidia invade the ovule. 

1. 2.4 Endophyte-host compatibility 

Grasses resist infection by most potential endophytes through non-specific resistance 

mechanisms that protect the plant from potential pathogens .  Plants achieve non-specific 

resistance to infection through constitutive mechanisms ,  such as physical or chemical 

barriers to infection (Osboum, 1 995 ; Park et aI . ,  2004), or by induced mechanisms, such 

as production of antimicrobial proteins and metabolites (Broekaert et aI., 1 997; Maor 

and Shirasu, 2005 ) .  

Natural associations show no obvious response by the grass host to the endophyte' s  

presence, suggesting the endophyte has developed means of  overcoming host non

specific resistance. However, artificial inoculations of some endophytes into new grass 

hosts produce incompatible interactions characterised by e ither fungal or p lant cell death 

(Christensen, 1 995 ; Koga et aI . ,  1 993). In associations causing fungal cell death, the 

hyphae collapse and become distorted, with degenerated cytoplasm and e lectron-dense 

cell walls . This phenotype resembles hyphae from p lant pathogenic fungi that have 

penetrated resistant hosts (Koga et al., 1 993). In artificial inoculations resulting in host 

cell death ,  stunted ti llers form. Stunted tillers are associated with necrosis resembling a 

hypersensitive response (HR) in the cells of the apical meristem. Healthy tillers 

produced by the grass are uninfected, suggesting these associations are incompatible 

(Christensen, 1 995). 

Endophyte-host compatibility is  affected by both endophyte and grass genotypes. Chung 

et al. ( 1 997) showed that in E. typhina multiple genes that act additively or 

synergistically to determine host specificity during seedling infection. Host and 

endophyte genotypes also affect the persistence of  associations. Christensen et al . ( 1 997)  
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showed that in artificial inoculations, some genotypes of E. festucae cause stunting and 

chlorotic lesions in a non�host grass. These artificial associations did not show any of the 

host cell death observed by Christensen ( 1 995) .  Instead, hyphae were located in the 

vascular bundles, often in direct contact with the sieve tube e lements (Christensen et aI ., 

1 997). Endophyte and host genotypes also control secondary metabolite production by 

the endophyte, which may affect the field persistence of endophyte-infected p lants under 

herbivore grazing (Easton et aI . ,  2002). 

1.2.5 Endophyte nutrition within its host grass 

Epichloe and Neotyphodium spp. endophytes grow within the intercellular spaces of 

their hosts without penetrating the cell wall or cytoplasm. Therefore, the endophyte must 

obtain amino acids, simple sugars, vitamins and vitamin precursors required for growth 

from within the intercellular spaces. In culture, Epichloe and Neotyphodium species 

util ise a range of different carbon and nitrogen sources (Naffaa et aI. ,  1 998) .  Carbon 

sources used by endophytes include pentoses, hexoses, disaccharides and 

polysaccharides . Ammonium, nitrate, asparagine, glutamine, glycine and alanine, as well 

as complex nitrogen sources such as peptone and soy tone provide nitrogen sources to 

support fungal growth. Some endophyte strains can use tryptophan and methionine as 

nitrogen sources, but most strains were unable to use these amino acids. 

Endophyte hyphae are normally restricted to basal parts of plant aerial tissues, typically 

in the host leaf sheath and meristematic zones, but occasionally are found in the leaf 

blade (Neill, 1 940). The leaf sheaths and meristematic zones are sink tissues within 

plants, where carbohydrates are unloaded from the phloem CAllard and Nelson, 1 99 1 ). 

As the major sugar transported in the phloem, sucrose and its derivatives glucose and 

fructose are the most common carbohydrates available to the endophyte (Amiard et aI . ,  

2004). 

The endophyte has two different mechanisms for sucrose uptake (Lam et aI. ,  1 995). The 

first involves direct uptake by a sucrose carrier, while the second mechanism involves an 

invertase activity that breaks down sucrose into glucose and fructose before uptake by 
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separate glucose and fructose carriers . Accumulation of mannito l, other sugar alcohols 

and trehalose produced by the fungus may affect uptake of sucrose and other 

carbohydrates (Bacon and White, 2000). The p lant cannot utilise fungal carbohydrates 

such as mannitol, so the concentration gradient between p lant sources and sinks needed 

to promote carbohydrate movement in the phloem increases . Sugar alcohols lower water 

potential in the endophyte, promoting water diffusion into the fungus . Mannitol & other 

polyols may also act as drought protective osmolytes within infected plants (Richardson 

et aI. ,  1 992). 

Host amino acids are important sources of carbon and n itrogen for endophyte nutrition. 

Endophyte infection significantly affects host nitrogen metabolism (Bacon and White, 

2000). Large increases in carbon assimilation into amino acids in the leaf b lade were 

associated with significantly higher glutamine synthetase activity within the leaf blade. 

Ammonium, a key precursor in amino acid biosynthesis, is present at double the 

concentration in the leaf sheaths (but not in leaf b lades) of endophyte-infected plants 

compared to uninfected plants. Amino acids are also important precursors for alkaloid 

biosynthesis, so variation in nitrogen metabolism could influence the types and levels of 

alkaloids in endophyte-grass associations (Clay, 1 988) .  

Various Epichloe and Neotyphodium endophytes require vitamins such as thiamine for 

growth (Kulkarni and Nielsen, 1 986;  Zhang, 2004). Thiamine i s  a cofactor for many 

enzymes involved in fungal metabolism. When the thil gene (the orthologue of 

Saccharomyces cerevisiae TH14) in  a thiamine-autotrophic E. typhina strain was deleted, 

hyphal density and branching were reduced in thiamine-free media (Zhang, 2004). 

Thiamine and its precursor thiazole complemented these growth defects . The mutant 

strain can still colonise and infect the host, and still form stromata. However, the Mhil 
mutant did not cause as many detrimental effects, branching less within the host and not 

containing the abundant glycogen deposits found in the wild-type E. typhina strain .  

Hydrolytic enzymes may also be involved in endophyte growth within their host. In the 

association between a Neotyphodium sp. endophyte and its Poa ampla host, subtilisin

like protease, �- 1 ,6-glucanase, chitinase and N-acetylglucosaminidase activities have 
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been identified (Li et aI. ,  2005;  Li et aI . , 2004 ; Lindstrom et aI . ,  1 993 ; Moy et aI. , 2 002). 

The activities of all of these hydrolytic enzymes could affect the growth of the 

endophyte in both culture and in planta, possibly through autolysis, the self-digestion of 

o ld hyphae through the activity of hydrolytic enzymes (White et aI . ,  2002). The protease, 

glucanase and chitinase activities detected in endophytes are also similar to the 

hydrolytic enzyme system produced by Trichoderma species to lyse fungal cell walls 

(Section 1 .5 .2 )  (Moy et aI . , 2002). Loosening of the rigid structure of the fungal cell wall 

is  required to enab le fungal branching, so enzymes degrading structural components 

(e.g. chitin) and cross-links (P- l ,6-glucans) in the wall may be important for fungal 

growth. The endophyte N-acetylglucosaminidase may enable the endophyte to 

circumvent host defence responses by degrading chitin o ligomers that induce 

hypersensitive responses to phytopathogenic fungi in some p lant species (Li et aI . ,  

2005). 

1.2.6 Epichloe and Neotyphodium sp. endophytes as experimental 
systems 

Epichloe and Neotyphodium spp. fungi are extremely well adapted to growth within their 

hosts . However, compared to the model fungal systems such as Neurospora crassa and 

Aspergillus nidulans, Epichloe and Neotyphodium spp . fungi grow much more slowly in 

culture. Some endophyte species such as Neotyphodium occultans do grow out of their 

host plant after lengthy incubations, but cannot be sub-cultured (Moon et aI., 2000). 

Generally, the sexual Epichloe endophytes grow more quickly than the asexual 

Neotyphodium endophytes (M. Christensen, personal communication), which are often 

interspecific hybrids (Section 1 .2 . 1 ) . Consequently, Epichloe endophytes recover and 

grow more quickly from processes such as genetic transformation. 

Differences between Epichloe and Neotyphodium endophytes are also seen when these 

fungi are artificially inoculated into grasses . A higher infection rate is usually obtained 

with the more quickly growing Epichloe endophytes compared to the Neotyphodium 

endophytes (Zhang and Christensen, personal communication) .  This means that in 

experiments where genetically modified endophytes are introduced into grasses by 
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artificial inoculation, a h igher infection rate will be obtained when the modified strains 

are Epichloe spp . .  

Using E. festucae as  a model endophyte system was first suggested by  Schardl (2001 ) .  

E. festucae strains form stable associations with Festuca and Lolium spp. grasses, where 

the fungus can either be efficiently vertically transmitted through the seed, or produce 

reproductive structures such as stromata (Section 1 .2 .3 ). As a sexual species, E. festucae 

is amenable to Mendelian and molecular genetic analysis.  Many asexual interspecific 

Neotyphodium hybrids appear to be derived from E. festucae. Strains of E. festucae 

produce different combinations of the four major anti-herbivore secondary metabolites 

(Section 1 .2 .2),  making them suitable for analysis of endophyte toxin production. 

E. festucae infection of grasses has also b een associated with enhanced host fitness. All 

of these characteristics, along with the relatively quick growth in culture and high rate of 

infection in artificial inoculations, make E. festucae ideal as a model endophyte system. 

1 .3 HYDROL YTle ENZYMES 

Hydro lytic enzymes break down large macromolecules into smaller compounds that can 

be reutil ised by other organisms. These proteins catalyse the splitting of covalent bonds 

between building blocks of macromolecules by adding a water molecule . As described 

in Section 1 . 1 ,  hydrolytic enzymes allow fungi to recycle macromolecules found in their 

environment. Table 1 . 1 shows a list of common hydrolytic enzymes and the product of 

the reactions they catalyse. Pathogenic fungi can potentially break down physical or  

chemical barriers to host infection using hydrolytic enzymes (Osboum, 1 995 ; St Leger et 

aI . ,  1 987).  

Hydrolytic enzymes have two possible modes of action: an endo- action, resulting in 
internal c leavage of macromolecules, or an exo- action, resulting in sequential cleavage 

from the end of the macromolecule (Figure 1 .2) .  Exohydrolytic enzymes can completely 

degrade macromolecules (Figure l .2A), but endohydrolytic enzymes cannot (Figure 

l .2B). The fastest means of degrading a macromolecule involves endo- and 
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Table 1 . 1 Degradation of macromolecules by hydrolytic enzymes 

Protein 
DNA 
RNA 
Ester 

Cutin (polymer) 

Chitin 
Chitosan 

Avenacin (phytoanticipin )  
Toxin 

Subunit 
Glucose 
Glucose 
Glucose 
Glucose 

Fatt acids 
Amino acids 

Deoxyribonucleotides 
Ribonucleotides 

Cutin (monomer) 
Mainly C1 6 and C 1 8  interesterified 
hydroxy, and epoxy-hydroxy fatty 

acids 
N-acet I lucosamine 

Glucosamine 
mono- and bis-deglucosylated 
avenacin (non-toxic derivative) 

+ 

r.,- 1 ,3- lucanase 
r.,-1 ,6- lucanase 

Li ase 
Protease 

Deoxyribonuclease 
Ribonuclease 

Esterase 
Cutinase 

Chitinase 
Chitosanase 
Avenacinase 

Figure 1 .2 Exo- and endohydrolytic c leavage of molecules 

Hydrolytic enzymes cleave molecules by exo- or endo-acting mechanisms. Polymers and 
ol igomers are i ndicated by dark green circles joined by a dark g reen l ine. Monomers are 
indicated by a light green circle . Sites of exohydrolytic cleavage are indicated by dark blue 
arrows, whi le endohydrolytic cleavage sites are indicated by dark red arrows. (A) An exo
action cleaves individual monomers sequentially from the end of polymers. (8) An endo
action cleaves within polymers, but does not cleave monomers from the ends of polymers.  
(C) Exo- and endo- actions can act together to fully degrade a polymer. 
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exohydrolytic enzymes working together, with the endohydrolytic enzymes breaking 

down the macromolecule into smaller pieces, then the exohydrolytic enzyme breaking 

down each of these smaller pieces into their individual building blocks (Figure I .2e). 

1 .4 SUBTI LISI N-LIKE PROTEASES 

Proteases catalyse the c leavage of polypeptides (prote ins) to oligopeptides or amino 

acids. In fungi, there are six major classes of proteases, grouped as aspartic, cysteine, 

metallo-, serine, threonine or unknown proteases according to the amino acid residues 

required for enzyme activity (Rawlings et aI . ,  2004). As hydrolytic enzymes, proteases 

break the covalent bond between amino acid residues in polypeptides by adding a water 

molecule (Figure 1 .3 ) .  Proteases can act as endopeptidases, which c leave within a 

polypeptide to produce ol igopeptides, or exopeptidases, which cleave from the end of 

po lypeptide or  oligopeptide to release amino acids. 

Ala AJa Pro 
H2 

i" 
Phn y 

CH3 H CH3 H2C CH3 H CH2 
1 1 1 1 1 1 1 

pp chain .. -N - C -C I-N-C-C f- N - C -C I- N -C -C·- pp chain 
1 1 1 1  1 1 1  1 1 1 1  1 1 1  

H H 0 H 0 H H 0 H 0 

AJa Ala Pro 
H2 

i" 
CH3 H C H3 H2C CH3 
1 I 1 1 1 

- -N - C - C  I-N -C -C f-N-C -C -O· 
I 1 1 1  1 1 1  I 1 1 1  

H H 0 H 0 H H 0 

?' I  � 

PheQ 
CH2 
1 

H N�C -C··--· pp chain 3 
I " 

H 0 

Figure 1 .3 Hydro lytic rea ction catalysed by s u bti l is in-l ike p roteases 

Endoproteolytic deavage of polypeptides is catalysed by subti l isin-l ike proteases. The 
names of amino acid residues are shown in red . with each amino acid residue surrounded 
by a black box. The remainder of the polypeptide chain is designated by pp chain .  Groups 
added during hydrolytic cleavage are shown in blue. 
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Experimental evidence implicates the subtilisin-like proteases, a class of  senne 

proteases, in fungal-host interactions (Section 1 .5 ). F igure 1 .3 shows an example of the 

hydrolytic cleavage of a polypeptide chain catalysed by subtilisin-like proteases. 

Phylogenomic analysis suggests three families of subtilisin-like proteases are present in 

fungi (Hu and St Leger, 2004) . The first family, known as the pyrolysins, encodes 

relatively large proteins whose function is currently unknown. The second family, 

named for its similarity to the widely known Tritirachium album proteinase K, consists 

of  three subfamilies. Two of these subfamilies (subfamilies l and 2)  contain secreted 

proteases, while the remaining subfamily (subfamily 3 )  contains intracellular proteases 

normally localised to the vacuole . The third family, kexins (proprotein convertases), are 

involved in post-translational protein processing. 

1.4. 1 Family I of the fungal subtilisin-like pro teases: pyro/ysin-type 
proteases 

The pyrolysin family encodes relatively large proteases in companson to other 

subtilisin-like proteases, generally of 700- 1 000 amino acid residues in size. A 

characteristic feature of the pyrolysins is a protease-associated (PA) domain, found in 

some proteases and receptors. Mahon and Bateman (2000) suggested the PA domain 

could be a protein-protein interaction domain involved in protease binding to their 

substrates and in determining substrate specificity. 

Very few members of the pyrolysin fami ly have been described in fungi , although 

multiple copies of genes encoding these pro teases have been found in the genomes of 

Magnaporthe grisea and Fusarium graminearum (Gibberella zeae) (Hu and St Leger, 

2004) .  The only characterised fami ly I subtilisin-like protease is PoS 1 from the 

basidiornycete Pleurotus ostreatus, a fungus that causes white rot in woody trees (Faraco 

et al . ,  2005) .  PoS l activates a proteolytic cascade regulating degradation of laccase 

isoenzyrnes, which are involved in lignin degradation. 
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1.4.2 Family 11 of the fungal subtilisin-like pro teas es: 
proteinase K-type proteases 

Family II of  the fungal subti lisin-like proteases contain the well-known proteinase K 

from T album. Phylogenetic analysis shows family I I  forms three subfamilies (Hu and 

St Leger, 2004). Subfamilies 1 and 2 both contain extracellular enzymes that have broad 

substrate specificities, acting as both proteases and esterases (Ebeling et aI. ,  1 974; Lim 

et  aI . , 2005 ; Velasco et aI . , 200 1 ). Proteases in subfamilies 1 and 2 play roles in the 

interactions of  fungal pathogens of insects, nematodes and other fungi with their hosts 

(Section 1 .5 )  (Hu and St Leger, 2004). As extracellular enzymes, enzymes in 

subfamilies 1 and 2 may break down proteins to provide nutrients to support fungal 

growth, and to break down physical and chemical barriers to host infection (Reddy et aI. ,  

1996) . 

Subfamily 3 contains a group of c losely related proteases that are localised to the 

vacuole. Proteinase B (encoded by the PRBl gene) from the yeast S. cerevisiae was the 

first identified protease in this subfamily (Zubenko et aI. ,  1 979 ;  Zubenko et aI . ,  1 980). 

Deletion of PRB] causes autophagic bodies to accumulate in the yeast vacuole during 

nitrogen starvation (Zubenko and Jones, 1 98 1 ). Autophagic bodies are the product of 

autophagy, a membrane-trafficking process that leads to breakdown and recycling of 

cytoplasmic components in the vacuole. This suggests that S. cerevisiae proteinase B 

plays a role in degrading autophagic bodies within the vacuole and recycling 

macromolecules. 

In S. cerevisiae, nitrogen starvation induces sporulation and autophagy. When the 

MRBI mutant grows under nitrogen starvation conditions, developmental defects are 

observed (Zubenko and Jones, 1 98 1 ). MRB 1 cells do not complete sporulation or 

produce normal asci .  !1PRBI sporulative cel ls , which are much smaller than asci 

produced by wild-type cells , are embedded in a thick matrix. Nitrogen starvation also 

induces sexual differentiation and expression of the isp6 gene (the homologue of the 

S. cerevisiae PRB] gene) in Schizosaccharomyces pombe. Deletion of isp6 results in ceU 

cycle arrest prior to conjugation and drastically b locks sporulation (Sato et aI. , 1 994). 
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Protein degradation during n itrogen starvation-induced autophagy may be necessary to 

provide nitrogen sources for the manufacture of new proteins needed for sporulation. 

The Podospora anserina PRBI homologue, pspA (also known as idi6), was identified 

during a screen for genes up regulated during vegetative incompatibi l ity (Pao letti et aI., 

200 1 ). Sequence comparisons suggested the PspA protease might have similar functions 

as S. cerevisiae proteinase B ,  with roles in autophagy and developmental p rocesses. 

Autophagic bodies accumulated in the �spA mutant during nitrogen starvation, j ust as 

they did in the S. cerevisiae MRBI mutant. Nitrogen starvation, vegetative 

incompatibi lity and cellular development induce autophagy in P. anserina (Paoletti et 

aI . , 200 1 ;  Pinan-Lucarre et aI . ,  2003 ). 8pspA mutants have reduced hyphal density, 

aerial hyphae and p igmentation, very few protoperithecia and female sterility compared 

to wild-type P. anserina. 

Deletion of  the Aspergillus jiJmigatus PRBI homologue, alp2, also caused 

developmental defects (Reichard et aI . ,  2000). The A .  jumigatus colony changed colour 

from greyish-green in wild-type colonies to white or l ight green in the 6.alp2 strain .  

While conidial numbers were greatly reduced, conidial size was unchanged. The 

conidiophore in the b..alp2 strain was much smaller than in the wi ld-type strain, largely 

due to a reduction in the diameter of conidiophore vesicles . In addition, the rate of 

vegetative growth was slightly slower in the alp2 deletion strain. 

Vacuolar subtilisin-like proteases play roles in the recycling of proteins during 

autophagy, a type of programmed cell death (peD) conserved across all eukaryotes that 

is induced in response to cellular stress (Wang and Klionsky, 2003) .  In the fungal 

vacuole, this particular type of subtilisin-like protease breaks down the autophagosomes. 

This enables the cell to recycle cytoplasmic components to provide nutrients to support 

survival during growth under stressful conditions like nutrient limitation. 
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1.4. 3 Fungal subtilisin-like protease family 11/: kexin-type proteases 

Kexins are a conserved group of calcium-dependent subtilisin-like proteases also known 

as prohonnone or proprotein convertases (Fuller et aI., 1 989;  Henrich et aI. ,  2005). 

Kexin-Iike enzymes contain a subti lisin-like catalytic domain, a P domain important for 

protein stabil ity and substrate specificity, a transmembrane domain, and sometimes a 

cytoplasmic carboxyl terminal domain (Henrich et aI . ,  2005) .  Kexins hydrolyse the 

covalent bond of the carboxyl-terminal side o f a  dibasic sequence, generally KR or a R R  

motif. 

Eukaryotes often produce secreted proteins as preproproteins or zymogens. At least two 

proteolytic cleavage events are required for processing of  preproprote ins to their mature 

forms. The first proteolytic step takes place in the endoplasmic reticulum (ER), where a 

signal peptidase cleaves the signal peptide (prepeptide) directing the preproprotein to 

enter the secretory pathway (Conesa et aI . ,  200 1 ). Once proteins have entered the ER, 

they fold and undergo modifications such as phosphorylation and glycosylation before 

correctly folded proteins move to the Golgi body in transport vesicles. The second 

proteolytic event takes place in the Golgi body, where kexins cleave the propeptide from 

the proprotein to give the active, fully processed protein. After other modifications such 

as further glycosylation have taken place, proteins either are secreted to the exterior of 

the cell, remain in the membrane or become targeted to the vacuole. 

Kexins cycle between the trans Golgi network (TGN) and the endosome, but are 

returned to the Golgi body due to a Golgi retention motif within the cytoplasmic 

c arboxyl-terminal domain (Redding et aI. ,  1 99 1 ;  Wilcox et aI ., 1 992) .  As kexins are 

localised to the TGN, any potential target proteins c leaved by kexin must pass through 

the Golgi network with their amino terminus within the Golgi lumen. Membrane, 

vacuolar, cell wall and secreted proteins are all potential targets of kexins, while 

cytoplasmic proteins are not. Kexins process a large number of proteins ; thus, mutations 

in kexin-like genes are pleiotropic, resulting in a large number of potential changes in 

protein secretion and activity. 
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The S. cerevisiae KEX2 gene was identified during a screen for genes interfering with 

proteolytic processing of the K 1  killer toxin (Leibowitz and Wickner, 1 976). Mutants in 

KEX2 incorrectly processed the K 1  kil ler toxin and had mating defects .  In a-mating type 

MEX2 strains, incorrect processing of the a-mating factor propeptide results in poor 

secretion of a-factor. This means the a-mating type t1KEX2 strain cannot successfully 

mate with a-mating type cells not c arrying a KEX2 deletion. However, deletion of KEX2 

in a-mating type strains does not affect the ability to mate with wild type a mating type 

strains. This suggests Kex2 activity is required for correct processing and secretion of a

mating type, but not a-mating type, pheromones. Experimental evidence suggests the a 

mating pheromone of Candida albicans, the B-type mating pheromone of Yarrowia 

/ipo(vtica and the Map2 pheromone of S. pombe are processed by kexin-like proteins in 

a similar manner (Davey et al . ,  1 994; Enderlin and Ogrydziak, 1 994; Newport and 

Agabian, 1 997). 

Deletion of KEX2 homologues causes phenotypic changes in yeast and filamentous 

fungal species. In the dimorphic yeasts C. albicans and Y. lipolytica, deletion of the 

kexin-like genes KEX2 and XPR6 resulted in strains unable to switch to hyphal growth 

(Enderlin and Ogrydziak, 1 994 ; Newport and Agabian, 1 997) .  Deletion of KEX2 

homologues resulted in abnormal yeast cell morphology in S. cerevisiae, C. albicans, 

Y. lipo/ytica and Candida glabrata (Bader et al., 200 1 ;  Enderlin and Ogrydziak, 1 994; 

Komano and Fuller, 1 995 ; Leibowitz and Wickner, 1 976; Newport and Agabian,  1 997; 

Newport et al. ,  2003). In these species, large cell aggregates formed after cells did not 

separate after budding. In S. pombe, a temperature-sensitive mutation in the KEX2 

homologue, krpJ, caused cell division to cease, non-polarised cell growth and lemon

shaped cells (Davey et al . ,  1 994). Deletion of the KEX2 homologue kexB in Aspergillus 

oryzae resulted in shrunken colonies with no conidiophores or conidia (Mizutani et al. ,  

2004) .  However, conidiophore and conidia production took place in Aspergillus 
nidulans and Aspergillus niger MexB deletion strains (Jalving, 2005 ; Jalving et al., 

2000 ; Kwon et al . , 200 I ) . A. oryzae and A. niger I1kexB deletion strains have a hyper

branching phenotype resulting in increased hyphal density in colonies. 
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Some of these phenotypic changes after loss of kexin activity are associated with cell 

surface changes. The cell walls of C. albicans MEX2 deletion strains have an abnonnal 

chitin distribution (Newport and Agabian, 1 997). C. glabrata KEX2 mutants were 

hypersensitive to any treatment that affected the surface of hyphae, suggesting changes 

in the cell surface had made the yeast more sensitive to these agents (Bader et aI., 200 1 ). 

Disruptions in the cell wall or membrane activate cell integrity s ignalling, which 

regulates gene expression by signalling through a MAP kinase cascade containing the 

Mpkl MAP kinase (Levin, 2005) .  In S. cerevisiae, hypo-osmotic stress, heat shock, 

exposure to mating pheromone and treatments perturbing the cell wall activate this 

signalling cascade. Deletion of KEX2 and the MAP kinase gene MPKI in S. cerevisiae is  

lethal. This suggests Mpk l  nonnally signals through the cel l  integrity pathway in 

response to cell surface changes caused by the KEX2 deletion, allowing the cell to 

compensate for these changes (Roelants et aI . ,  2002). In A.  oryzae, kexB deletion results 

in increased expression of the MPKI homologue, mpkA (Mizutani et aI. ,  2004) .  

Activation of the cel l  integrity-signalling pathway may lead to increased expression of 

the cell wall b iosynthesis genes chsB, chsC and gelB in �kexB A .  oryzae . 

Loss of kexin activity results in incorrect processing of other secreted proteins. Deletion 

of KEX2 homologues lead to defects in processing and secretion of members of the SAP 

family of aspartic proteases in C. albicans (Newport and Agabian, 1 997) and the AEP 

alkaline extracellular protease of Y lipolytica (Enderlin and Ogrydziak, 1 994). Loss of 

kexin activity is also associated with pathogenicity changes in C. albicans and 

C. glabrata (Bader et aI . ,  200 1 ;  Newport et aI . , 2003) .  In C. albicans, the SAP aspartic 

proteases act as pathogenicity/virulence factors (Naglik et aI. ,  2003) ,  so any change in 

the distribution or activity of these proteases could compromise C. albicans 

pathogenicity or virulence. 

1.4.4 Distribution of subtilisin-like pro teases in fungal genomes 

The distribution of  genes encoding subtilisin-like proteases differs between fungal 

lineages (Table 1 .2) .  The distribution pattern of the protease genes is consistent with a 
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model where genes have been lost in some l ineages, but have diversified in others (Hu 

and St Leger, 2004). Genes encoding pyrolysin family and proteinase K subfamilies 1 

and 2 enzymes were the most commonly duplicated. Multiple vacuolar protease

encoding genes may be present in yeast l ineages, or filamentous ascomycetes may have 

subsequently lost a vacuolar protease gene copy. The only fungus known to contain 

duplications of the kexin gene family is Pneumocystis carinii f. sp. carinii, where the 

kexin gene is part of a duplicated sub-telomeric region (Lugli et aI . ,  1 997). Higher 

numbers of genes encoding subtilisin-like proteases are found in pathogenic fungi, such 

as the phytopathogens M. grisea and F. graminearum, compared to saprotrophs such as 

A. nidulans. Phylogenetic relationships of fungi discussed in this paper are shown in 

Figure l A  

num were anal peptidase 
of these genomes at http://www.broad .mit.edu/annotation/fgi/ 

2 These sequences were derived during analysis of ESTs from M. anisopliae grown on cockroach 
cuticle. The numbers for this organism are shaded in grey because they do not represent a full genomic 
analysis of genes encoding subtilisin-like proteases. There may be more subtilisin-like protease-encoding 
genes in the M. anisopliae genome. 3 S. cerevisiae sequences were obtained from http://www.yeastgenome.org 
S. pombe sequences were obtained from http://www.genedb.org/genedb/pombe/index.jsp 

Phylogenomic analysis by Hu and St Leger (2004) suggests that members of the 

pyrolysin gene family of M. grisea have been duplicated many times. The large number 

of members of this gene family in the M. grisea genome suggests that these genes offer 

some benefit in terms of pathogenicity or virulence towards the host. However, the role 

of these genes in M. grisea remains to be determined. F. graminearum appears to 
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Figure 1 .4 Phylogenetic relationsh ips of fun ga l  species 
Phylogenetic relationships between fungi used for comparisons in th is study based 
on ITS 1 ,  5.BS rRNA and ITS2. The phylogenetic tree was prepared in the MacVector 
7 .2 .3  program ,  using Neighbour Joining and bootstrapping ( 1 000 replicates) of 
sequences aligned using the ClustalW module of MacVector to form the tree. For 
details of sequences used in this al ignment, see Appendix A 1 3. 1 . 
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contain duplications of the proteinase K subfamily 2 ,  which may benefit the fungus in 

colonisation or virulence towards its host. 

1 .5 ROLE O F  PROTEASES IN I NTERACTIONS WITH THEIR 
HOSTS 

1.5. 1 Insect pathogenic fungi 

Metarhizium anisopliae var. anisopliae infects a broad range of insect hosts 

(Freimoser et aI . ,  2005) .  The fungus enters the insect by using enzymatic 

degradation and physical forces to break through the cuticle, which consists of 

approximately 70% protein and 30% chitin (Griesch, 1 998). A cocktail of hydrolytic 

enzymes secreted by M anisopliae, which include subtilisin-like proteases, trypsin-like 

proteases, carboxypeptidases and chitinases, acts to degrade the insect cuticle (da Silva 

et aI., 2005 ; Goettel et aI., 1 989; Joshi and St Leger, 1 999; Joshi et aI., 1 997 ; St Leger et 

aI . , 1 994 ; St Leger et aI., 1 996b). Proteases produced by M anisopliae act together with 

secondary metabolites such as destruxins to suppress the host immune system by  

suppressing the phagocytic activity, attachment, spreading and cytoskeleton formation of 

host plasmatocytes (Griesch, 1 998) .  

The hydrolytic enzyme best characterised in host colonisation by M anisopliae is the 

subtilisin-like protease Prl A. The surface of the insect cuticle is low in available 

nitrogen, which triggers appressorium formation. Pr l A  in the appressorium breaks down 

proteins in the cuticle and enables hyphae to penetrate through the cuticle (Goettel et aI . ,  

1 989). Once hyphae are in the insect haemolymph, a circulatory fluid surrounding the 

cells of the insect exoskeleton, Prl A expression i s  down regulated (Freimoser et aI . ,  

2005 ). When nutrients in the haemolymph are exhausted, Prl A expression is up

regulated, with the Pr l A  protease degrading the cutic le to allow hyphae to emerge from 

the insect and conidiate (Small and Bidochka, 2005) .  

Constitutive expression of  Prl A  by M anisopliae increases fungal virulence and host 

melanisation but decreases host food intake (St Leger et aI. , 1 996c). Prl A protein is not 
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present m the haemolymph of insects infected with wild type M anisopliae. In 
transformants with constitutive prlA expression, the presence of the Prl A  protease in 

the haemolymph was associated with degradation of haemolymph p roteins. Pure Prl A 

activates a trypsin cascade in the host haemolymph that activates prophenol oxidase, an 

enzyme involved in melanin production that is an important part of the insect immune 

response. Prl A  over expression also reduces fungal sporulation . As the host dies more 

quickly when infected with Prl A-over expressing strains, the fungus will have fewer 

nutrients available to complete sporulation and less time to complete its life cyc le .  

Expressed sequence tag (EST) analysis identified eleven subtilisin -l ike protease genes 

expressed during host infection by M anisopliae var. anisopliae (Freimoser et aI . ,  2003) .  

Phylogenetic studies confirm the Prl A, Prl B, Prl G, Pr l I  and Pr 1 K  genes belong to 

subfamily I of the proteinase K family o f  subtilisin-like proteases, while Pr! D, Prl E, 

Pr l F  and Prl J belong to subfamily 2 (Hu and St Leger, 2004). The Prl H  gene encodes a 

vacuolar type protease from proteinase K subfamily 3 ,  while the Pr l C gene encodes a 

member o f  the pyrolysin family. 

The Pr l  subtilisin-like protease genes differ in their response to nutrient limitation, 

different host insect cuticles , insect haemolymph and saprotrophic growth (Freimoser et 

aI., 2005 ; Wang et aI., 2005) .  The Pr! genes are temporally regulated during growth on 

insect cuticle, with a subset of the genes (Prl A, C, D and J) induced early in response to 

Manduca sexta cuticle, while another subset of genes (Prl E and K) are expressed at later 

stages. Other genes (Pr !  B, F and I) are induced at particular time points, suggesting 

these proteases could act at certain stages to break down particular protein substrates. 

Expression of genes encoding subtilisin-like proteases in M anisopliae also differed in 

response to M sexta haemolymph. Expression of Prl B ,  Prl C ,  Prl F, Pr l G ,  Pr l I and 

Pr l K genes is repressed in response to haemolymph, while expression of the other Pr!  

genes is unaffected. 

Homology modelling suggests different members of the Pr!  gene family have different 

substrate specificities. Gron and Breddam ( 1 992) suggested that the S I  and S4 active 

site pockets determine the substrate specificities of subtilisin-like proteases . Based on 
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this and sequence comparisons with a closely related subtil isin like protease with known 

structure (proteinase K from Tritirachium album), differences in amino acid sequence 

between Pr 1 proteases were identified that could potentially change the substrate 

specificity and catalytic ability of these enzymes. The differences in substrate specificity 

may also affect the inhibition of these proteases by protease inhibitors found in the host 

haemolymph (Frobius et aI . ,  2000; Samuels and Reynolds, 2000). 

The Pr2 gene family encodes trypsin-like proteases (St Leger et aI. ,  1 996a). Unlike the 

Pr!  proteases, the Pr2 gene(s) are almost inactive against insoluble proteins in the 

cuticle. However, they are highly active against soluble proteins released from the 

cuticle by the action of the Pr l proteases. The Pr2 trypsin activity appears to be 

complementary to Pr l enzyme activity In degrading host proteins. In 

M anisopliae, trypsin activity is associated with appressoria produced by the fungus to 

enable penetration of the host during the early stages of colonisation. L ike the subtilisin

like proteases, trypsins are up regulated during growth in cuticle (Freimoser et aI . ,  2005 ). 

Carboxypeptidase, metalloprotease, chymotrypsin and aspartic protease genes are also 

expressed during host infection. Like the subtilisin and trypsin-like protease genes, 

expression of these genes is also up regulated during growth on cuticle (Freimoser et aI . , 

2005 ). 

While the subtilisin-like protease genes and one of the two trypsin-encoding genes are 

down regulated in the insect haemo lymph , the expression of the chymotrypsin, 

carboxypeptidase, metalloprotease and aspartic protease genes was unchanged 

(Freimoser et aI. ,  2005). Repressing expression of some protease genes may prolong the 

life of the fungus within the host by preventing the triggering ofthe host trypsin cascade 

activating prophenol oxidase .  If these subtilisin-like protease-encoding genes were 

expressed in the haemolymph, their products could potentially trigger melanisation in 

the same manner as over expression of Pr! A. This would result in premature death of 

the host, complicating the completion of the fungal l ife cycle. 
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1. 5.2 Trichoderma species 

Trichoderma species are saprophytic fungi that grow III the rhizosphere. In some 

situations, they can act as symbionts of plants and as pathogens towards 

phytopathogenic fungi and nematodes (Harman et al. ,  2004; Suarez et al., 2004). Species 

of Trichoderma positively influence plant growth and induce plant resistance towards 

some phytopathogenic fungi. During antagonism, Trichoderma spp. hyphae grow 

towards phytopathogenic fungi (Lu et al. , 2004). Trichoderma hyphae form coils around 

the host fungus, then penetrate the host mycelium after partially degrading the host cell 

wall (Cortes et  al . ,  1 998). 

Several varieties of hydrolytic enzymes have been associated with the lytic activity of 

Trichoderma species towards the cell walls of other fungi. Extracellular enzymes such as 

�- 1 ,3 -glucanases, �- 1 ,6-glucanases, chitinases, and proteases act e ither additively or 

synergistically together to promote cell wall degradation (De la Cruz et al . ,  1 995;  

EI-Katatny et al., 200 1 ;  Suarez et  al., 2004). The expression of many of the hydrolytic 

enzymes appear to be co-ordinately regulated (Geremia et al . ,  1 993 ; Montero et al . ,  

2005) .  

Proteases are required to lyse fungal cells (Scott and Schekman, 1 980). Proteases may 

degrade the external protein matrix of the cell wall, allowing access to the glucan and 

chitin structural polysaccharides below. Three protease families are associated with 

antagonism by Trichoderma species: subtilisin -like proteases (Prb 1 from T. harzianum 

and Tvsp l from T. virens), trypsin-like pro teases (Pra l from T. harzianum) and aspartic 

proteases (Geremia et al. ,  1 993 ; Suarez et al., 2004; Viterbo et al., 2004). 

Subtilisin-like proteases play roles in antagonism towards soil and phytopathogenic 

fungi (Flores et al . ,  1 997) and towards nematodes (Sharon et al. , 200 1 ). Over e xpression 

of prbl or tvspl improves the ability of Trichoderma spp. fungi to acts as biocontrol 

agents towards phytopathogenic fungi on p lants, suggesting both these proteases are 

involved In mycoparasitism (Flores et al., 1 997; Pozo et al., 2004). 
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T. harzianum coils around nematodes, and can penetrate second-stage juvenile (12) 

nematodes and free nematode eggs. Treatment of nematode-infested soi ls with 

T. harzianum resulted in a reduction in root galling caused by the root nematode fungus 

Meloidogyne javanica, and an increase in plant fresh weight (Sharon et aI. ,  200 1 ) . T. 

harzianum strains over expressing prbl (Flores et aI . ,  1 997) caused even larger 

reductions in galling and increases in plant fresh weight, and were even able to penetrate 

nematode egg masses, unlike wild-type strains. 

Trypsin-like proteases produced by T. harzianum may be involved in mycoparasitic and 

nematicidal activity (Suarez et aI. ,  2004). Like Prb 1 and other lytic enzymes produced 

by T. harzianum, the trypsin-like protease Pra l is induced by fungal cell walls and 

chitin, suggesting that these proteases may p lay a role in degrading fungal cell walls 

during the lytic process . Pra l is also directly toxic to nematodes, dramatically reducing 

the hatching rate ofnematode eggs . 

The aspartic proteases PapA and PapB from T. asperellum are induced in response to 

hyphal attachment to plant roots, and both papA and papB are expressed in planta 

(Viterbo et aI . ,  2004). The papA gene is up regulated prior to contact in direct plate 

confrontation assays with the phytopathogenic fungus Rhizoctonia so/ani, suggesting 

this protease may play a role in lysing fungal hyphae. Another aspartic protease, P682 1 ,  

is  induced during growth of T. harzianum on fungal cell walls (Suarez et aI . ,  2005 ). 

P682 1 is not an orthologue of PapA or PapB, due to its differences in sequence and 

biochemical properties. P682 l has a similar expression profile to Prb 1 and Pra l ,  with 

expression within four hours of growth on cell walls .  

1.5. 3  Nematode pathogenic fungi 

1 .5.3.1 Arthrobotrys o/igospora 
Arthrobotrys o/igospora lives in the rhizosphere, where it forms special structures called 

traps to capture and parasitize nematodes. The nematode cuticle consists mainly of 

protein. In culture, A.  o/igospora produces serine, metallo-, aspartic and cysteine 

proteases (Tunlid and Jansson, 1 99 1 ) . Hyphal treatment with inhibitors active against 
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each of these protease c lasses does not affect hyphal adhesion to the nematode. 

However, treatment with serine protease and metalloprotease inhibitors does affect 

nematode immobilisation, suggesting serine and metalloproteases are important in 

virulence of A. o ligospora. 

Two orthologous protease genes, PII and aozl , which share 97% identity at the 

nucleotide level, play a role in this parasitism (Ahman et aI . ,  1 996; Zhao et aI. ,  2004).  

The PH protease was first identified in A. o/igospora as an abundant protease found 

when the fungus was cultured in conditions that induce the formation of fungal traps 

(Ahman et aI. ,  1 996), while Aozl was isolated as the major protease activity in a 

different A .  oligospora strain (Zhao et aI., 2004). The P H  and Aozl subtilisin-like 

proteases immobilize nematodes and degrade proteinaceous components of the 

nematode cuticle . The PI! gene may also influence trap development. Although PI! 

deletion mutants had reduced proteolytic activity and a lower number of traps than wild 

type A .  oligospora, there was l ittle difference in the numbers of trapped nematodes or in 

the immobilisation of nematodes (Ahman et aI. , 2002).  When PI! was over expressed, 

not only were a higher number of traps formed, but a higher percentage of nematodes 

were immobilised compared to wild type. 

Recombinant PH itself is directly toxic to nematodes, as it could immobilise nematodes. 

Hybridisation results obtained by Ahman et al .  ( 1 996) and PCR results obtained by Zhao 

et al. (2004) suggest more PI!-related sequences are present in the A.  oligospora 

genome, some of which could partially compensate for the loss o f  P II activity in strains 

where the PII gene has been replaced. 

1 .5.3.2 Verticillium chlamydosporium 
The nematode pathogen Verticillium chlamydosporium produces a subtilisin-like 

protease, VCPl ,  which degrades the protein components of the nematode eggshell .  

VCP 1 hydrolyses proteins in the outer layer of the nematode eggshell to expose the 

inner chitin layer (Segers et aI. ,  1 994), which is degraded by a chitinase that acts 

synergisticaUy with VCP I (Tikhonov et aI., 2002). 
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1 .5.3.3 Paecilomyces liIacinus 
P. lilacinus, a fungus pathogenic towards nematode eggs, produces a protease activity 

(P32) induced by chitin, vite llin and intact eggs of root-knot nematode (Bonants et aI . ,  

1 995 ). While immature eggs are very sensitive to the subtilisin-like protease activity, 

o lder eggs are more resistant and hatched larvae appear to be unaffected. The purified 

P32 protease binds to nematode eggs, suggesting the P32 protease may p lay a role in 

P. lilacinus penetration of the egg. Purified P32 can also degrade vite llin ,  a component 

of the nematode egg yolk. 

1.5.4 Candida albicans 

Candida albicans is the most common fungal pathogen of humans (Naglik et aI . ,  2003). 

Under normal conditions, C. albicans is present in  the body as part of the normal 

microflora; however, if micro flora is disturbed or the immune system compromised, 

systemic infection can occur, leading to disease. Extracellular hydrolytic enzymes such 

as phospholipase B, lipases and secreted aspartic proteinases (SAPs) produced by 

C. albicans have been identified as potential virulence factors (Naglik et  aI., 2003). 

Ten SAP encoding genes are present in the genome of C. albicans (Naglik et aI. , 2004). 

SAP proteinases may provide nutrients, to facilitate invasion and penetration of the host, 

and to help C. alb icans evade host immune responses. The SAP 1 to SAP8 genes encode 

secreted enzymes, while the SAP9 and SAP I O  proteins contain glycophosphoinositidol 

(GPI) anchors that localise SAP9 and SAP 1 0 to the cell membrane. 

Members of the SAP gene family are differentially expressed (Staib et aI . ,  2000). SAP 1 ,  

SAP2 and SAP3 are expressed throughout yeast and hyphal forms of the dimorphic C. 

albicans, and are associated with virulence in superficial infections. Deletion of the 

SAP 1 ,  SAP2 or SAP 3 genes results in attenuated virulence towards the host (Hube et aI . ,  

1 997). The SAP4, SAP5 and SAP6 gene subfamily are expressed only in hyphal cells 

closely attached to host cells, and are associated with systemic infections resulting in 

organ damage in animals . Triple deletions of the SAP4, SAP5 and SAP6 genes resulted 

in reduced virulence (Sanglard et aI . , 1 997). Single,  double and trip le mutants lacking 
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functional SAP6 showed s ignificantly reduced tissue damage compared to wild-type C. 

albicans (Felk et aI., 2002 ; Kretschmar et aI. ,  2002). SAP9 and SAP l O  are required for 

cell surface integrity in the same manner as S. cerevisiae yapsins (Albrecht et aI., 2005 ;  

Krysan e t  aI. ,  2005) .  Deletion o f  SAP9 and SAPIO decreased C. albicans adhesion and 

virulence towards their host. 

The SAP aspartic proteases also have different p H  optimums and substrate specificities 

(Naglik et aI. ,  2003) .  SAP 1 ,  SAP2 and SAP3 are most active at lower pH values of 3-5 ,  

SAP4, SAPS and SAP6 have optimal activity at  pH 5-7 . SAP 1 ,  SAP2, SAP3 and SAP6 

cleave peptide bonds between larger hydrophobic amino ac ids. SAP 1 ,  SAP2 and SAP6 

prefer to c leave after phenylalanine, while SAP3 prefers to cleave after leucine. The 

SAP9 and SAPl O  proteases, which appear to contain GPI anchor sequences, cleave 

distinct substrates in a similar manner to kexins and yaps ins (Albrecht et aI. , 2005). 

1.5. 5  Dermatophytic fungi 

Dermatophytic fungi are the most common agents of superficial mycoses in animals 

(Weitzman and Summerbell, 1 995) .  These fungi grow between keratinised cells in hair, 

nails and the stratum corneum, the outermost layer of the epidermis .  All of these 

structures contain keratin, a structural protein found in the skin epidermis, hair, wool, 

horns, hoofs ,  nails/claws , beaks, feathers and scales. Secreted protease activity has been 

associated with virulence of dermatophytic fungi , with a strong correlation observed 

between high keratinase activity and development of mycosis symptoms (Viani et aI. , 

200 1 ). Families ofmetalloprotease (Brouta et aI. , 2002;  Jousson et aI., 2004a), subtilisin

like protease (Descamps et aI . ,  2002 ; Jousson et aI . ,  2004b), aminopeptidase and 

dipeptidylpeptidase (Monod et aI . ,  2005) encoding genes have been identified in 

dermatophytic fungi. 

Five secreted fungalysin-type metalloproteases that form a single gene family are 

present in each of the dermatophyte species Trichophyton rubrum, Tricophyton 

mentagrophytes and Microsporum canis (Jousson et aI . , 2004a). At least two of these 

metalloprotease genes, MEP2 and MEP3, are expressed during infection of the host 

(Brouta et aI., 2002). Monod et al . (2005) also identified expression of genes encoding 
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two aminopeptidases and two dipeptidylpeptidases during growth on keratin as the sole 

carbon and nitrogen source , suggesting the enzymes encoded by these genes may 

degrade keratin during infection by dermatophytic fungi. 

Seven subtilisin-like protease genes were identified in T. rubrum. With the exception of 

SUB2 (a member of proteinase K subfamily 2), al l appear to have arisen by recent gene 

duplication events . Of these seven genes, SUB1 ,  SUB2 and SUB3 are expressed during 

dermatophyte infection. SUB3 is the major polypeptide secreted by fungus in minimal 

keratin-enriched medium. Activity studies have shown that at least SUB3 and SUB4 are 

highly active against a keratin substrate (Jousson et aI., 2004b). However, the closely 

related SUBS protein is not active against either keratin or casein, suggesting this 

protease has different substrate specificity. The SUB6 protein (previously identified as 

Tri r 2 ;  (Woodfolk et aI ., 1 998)) induces immediate and delayed skin hypersensitive 

reactions, as does the SUB3 protein (Descamps et aI . ,  2002) 

1 . 5 . 6  Plant pathogeniC fungi 

1 .5.6.1  Magnaporthe grisea 
Sequencing of the M grisea genome revealed many protease-encoding genes (Table 1 .2 ;  

http ://www .broad.mit.edu/annotation/fungi/magnaporthe/). To date, only two subtilisin

like proteases from this organism have been characterised. The Mp1 gene, encoding an 

enzyme of the proteinase K subfamily I ,  is present in M grisea as a multigene family, as 

shown by Southern blot analysis .  The Mp] gene is expressed during infection o f  

Kentucky bluegrass (Poa pratensis) roots, with immunoblot analysis showing 

correlation of Mp 1 levels with the increasing severity of disease symptoms (Sreedhar et 

aI . ,  1 999). However, th is result is likely to be due to increased biomass of the 

phytopathogen within the plant. 

The Spm 1  gene encodes a protease that shares significant sequence homology with PspA 

(Section 1 .4 .2 ). Like PspA, the Spm 1 protease is probably localised to the fungal 

vacuole (Fukiya et aI . ,  2002 ). In M grisea, the vacuole is important in fungal 

pathogenicity as it is involved in the lytic system of the developing appressorium 

(Weber et aI . ,  200 1 ) . The lytic system is involved in degrading lipid droplets in the 
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vacuole of the appressorium. As vacuolar proteases are involved in degrading 

autophagosomes in the vacuole, they may p lay a role in releasing the lipid droplets from 

autophagosomes in the appressorium. 

1 .5.6.2 Botrytis cinerea 
Aspartic proteases have been implicated in the virulence of the necrotrophic B. cinerea 

towards their plant hosts, with the aspartic protease inhibitor pepstatin drastically 

reducing infection caused by B. cinerea (Movahedi and Heale, 1 990). A gene family of 

at least five aspartic protease-encoding genes (BcAPs) has been identified in B. cinerea, 

all of which were expressed in all host tissues studied (ten Have et aI . ,  2004). The 

BcAPl protein is unusual compared to the other members of the family in that it does 

not have a signal peptide. Like the C. albicans SAP9 and SAP l O  and S. cerevisiae 

yapsins, BcAP3 and BcAP4 have GPI anchors .  None of the BcAP genes is temporally 

regulated during host infection. Like the SAP proteases, the BcAP proteases differ in 

expression levels in different host tissues .  Consequently, differential expression of 

members of this gene family may help B. cinerea adapt to different host niches. 

1 .5.6.3 Sclerotinia sclerotiorum 
S. sclerotiorum is a necrotrophic pathogen that causes tissue maceration and cell death in 

its host. Polygalacturonase (pectin-degrading) enzymes produced by S. sclerotiorum are 

associated with the extensive damage caused to the host tissue (Fraissinet-Tachet et aI., 

1 995; Kasza et aI., 2004). However, proteases may still play a role in degrading host 

antifungal , cell wall and membrane proteins released during pathogenesis .  Two acid 

proteases are produced during growth on sunflower cell walls. acpl is an acid non

aspartic protease-encoding gene expressed at low levels during the initial stages of 

infection (Poussereau et  aI. ,  200 1 a) .  At later stages of infection, when fungal-induced 

necrosis begins to spread, the acpl gene is expressed at higher levels . The aspS gene 

encodes an aspartic protease expressed throughout infection of sunflowers (Poussereau 

et aI . ,  200 1 b) .  The expression of the aspS gene increases during the stage where mycelia 

begin to colonise the sunflower's cotyledons . When the cotyledons are completely 

colonised and degraded, aspS expression decreases. 
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1 .5.6.4 Fusarium species 
A single subtilisin-like protease gene has been identified in F. oxyspornm f sp. 

lycopers ici, a fungus that causes vascular wilt disease in tomatoes (Di Pietro et aI., 

200 1 ). This subtilisin-like protease gene, prtI , is expressed constitutively at low levels 

both in culture and in planta. Deletion of the prt! gene did not alter total protease 

production or alter fungal pathogenicity, virulence or colonisation of the host. 

Fusarium solani f sp. eumartii is a potato pathogen that enters the potato tuber through 

wounds, and colonises intercellular spaces . This fungus produces a subtilisin-like 

protease that degrades at least three proteins from intercellular wash fluid (IWF) 

(Olivieri et aI. ,  2002) .  Two proteins degraded by the protease were basic chitinase and p-

1 ,3 -glucanase, antifungal proteins produced by the potato plant. If the protease degrades 

the same proteins during potato infection, it would allow F. solani f sp. eumartii to 

nullify some of the host's natural defences against fungal infections. 

A large number of protease-encoding genes are present in the genome of 

F. graminearnm (Section 1 .4 .4,  Tab le 1 .2 ), although the role of these proteases has not 

been identified. F. graminearum shows high levels of synteny with Epichloe and 

Neo(vphodium spp. (S .  Foster, A. Tanaka and G. Bryan, personal communication) to 

which it is c losely related. This could suggest large numbers of protease genes are also 

present in the genomes of Epichloe and Neoryphodium spp. fungi . 

1 .5.6.5 Verlicil/ium dahliae 
Verticillium dahliae, a fungal pathogen that causes vascular wilt in a wide range of plant 

species, produces a VTP I  trypsin-like activity (Dobinson et aI., 2004) .  Deletion of the 

vtp! gene did not change either fungal pathogenicity towards its host or growth in 

culture . S ignificant protease activity remained in the c..vtpl strain, which may be due to 

the presence of at least two subtilisin-like protease genes, vspl and vsp2, also identified 

in V dahliae (Neumann and Dobinson , 2003). Two other proteases encoding a pyrolysin 

subti lisin -like protease and an aspartic protease have been identified in V dahliae (Wang 

et aI. ,  2004b) .  
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1 .5.6.6 Stagonospora nodorum 
S. nodorurn, a fungal pathogen of wheat, expresses the trypsin-like protease gene snp} 

during early stages of hyphal growth on host leaf surface and during leaf penetration 

(Carlile et aI . ,  2000). The proteolytic action of SNP 1 releases hydroxyproline from 

wheat cell walls . However, deletion of snp}  does not affect the pathogenicity of 

S. nodorurn towards i ts host (Bindschedler et aI . ,  2003). Like the V. dahliae !::"vtp}  

mutant, the S. nodorurn !::,.snp} mutant sti ll maintained significant levels of protease 

activity, with a residual subtilisin-like protease activity possibly compensating for loss 

of the trypsin activity. 

1 .5.6.7 Cochliobolus carbonum 
Murphy and Walton ( 1 996) detected three different protease activities in C. carbonurn, a 

pathogen of maize . Two of these activities were trypsin-like, while the third was 

subtilisin-like .  Deletion of the ALP1 gene, which encoded both the two trypsin-like 

protease activities, reduced protease activity by 35-40%. However, the in vitro growth of 

the MLP} strain and its disease phenotype were very similar to wild-type C. carbonurn. 

Again, the subtilisin-like protease activity identified in C. carbon urn may have partially 

compensated for the loss of the ALP} gene. 

1 .5.6.8 Glomerella cingulata 
Glomerella cingulata causes bitter rot disease in p ip fruit such as apples and pears . 

G. cingulata contains a single gene encoding an aspartic protease, not a family of related 

genes as seen in B. cinerea and C. alb icans . The gcsap gene, which encodes the only 

aspartic protease detected in culture, is expressed by G. cingulata during appressorium 

formation, but not in germinated conida (Plummer et aI., 2004). When the gcsap gene 

was disrupted, mutant strains were still able to infect undamaged apples. This indicates 

GcSAP is not required for pathogenicity on apple hosts or for penetration of the apple 

epidermis . GcSAP was also not required for appressorium formation in v itro . The 

growth rate of the gcsap disruption strain on defined media containing protein was not 

affected, suggesting the mutant still had residual protease activity. Subsequent studies 

showed that GcSAP contained residual serine protease activity. 
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1 .5.6.9 Ophiostoma piliferum 
0. piliferum is a wood sap-staining fungus that produces proteases that hydrolyse wood 

proteins. Deletion of the albin! gene, which encodes the major subtilisin-like protease 

activity from 0. piliferum, caused significant loss of protease activity that correlated 

with much slower growth in BSA media, and significantly reduced growth in wood 

(Hoffman and Breuil, 2004b). This suggests the albinl -encoded subtilisin-like protease 

activity is important in the ability of o. piliferum to acquire n itrogen from wood 

prote ins .  

1 .5 .6 .1 0 Epichloe sp. protease 
An Epichloe sp . endophyte infecting big b luegrass (Poa amp la) produces a subtilisin-

l ike protease, At 1 ,  which forms up to 2% of the total protein in infected leaf sheaths 

(Lindstrom and Belanger, 1 994). The At 1 -encoding gene is high ly expressed in the 

association between Poa spp . grasses and their EpichloelNeotyphodium spp. endophytes, 

but the corresponding gene is expressed at much lower levels in the interaction between 

Epichloe Jestucae and Festuca rubra subsp . rubra and the interaction between N. lolii 

and Lolium perenne. It is unclear whether the difference in A t! expression is due to 

higher expression in the Poa spp .-endophyte associations, or i f  this difference is due to 

differences in fungal biomass (Reddy et aI . , 1 996). The potential role of the At1 protease 

during endophyte growth within its host is unclear, but like most hydrolytic enzymes it 

may play a role in degrading host macromolecules (in this case, proteins) to provide 

nutrients to support fungal growth. 

1 .6 f3-1 ,6-G LUCANASES 

1.6.1  f3-1, 6-glucans: role in the fungal cell wall 

The cell wall is  critical to the survival of fungal cells .  Fungal cell walls provide 

structural rigidity, protecting cells from lysis during osmotic stress. The cell wall is also 

critical in the interaction of the fungus with its environment, with factors affecting 

fungal adhesion and host recognition often located in the wal l .  The porosity of the cell 

wall also determines the access of compounds present in the external environment to the 
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fungal cell .  The cell wall also provides a surface matrix for fungal proteins that may be 

involved in fungal growth or nutrition. 

The fungal cell wall is a complex array of biological polymers. Chitin, a fibrous polymer 

of N-acetyl-D-glucosamine, is at the innermost part of the fungal cell wall. Chitin is 

l inked to P- l ,3 -linked glucans, which are linked to mannoproteins in the outer cell wall 

by P - l ,6-g1ucans (Odds et aI . ,  2003). Mannoproteins may be linked covalently to the 

wall through glycophosphoinositidyl (GPI )  anchors or Pir linkages, or be held at the wall 

through electrostatic interactions (Kapteyn et aI., 1 999). As extracellular proteins, cell 

wall proteins are often glycosylated during passage through the secretory pathway 

(Conesa et aI., 200 1 ). 

P- l ,6-glucans act as anchor or branch points within the cell wall. In the yeast 

S. cerevisiae, P-l ,6-g1ucan has been described as the "glue" that holds all the 

components of the cell wall together (Kollar et aI . , 1 997). Chitin and P- l ,3 -glucan are 

directly attached to P- l ,6-glucan, while mannoproteins are attached to P- l ,6-glucan 

through part of a GPI anchor. In filamentous fungi such as Aspergillus niger, Penicillium 

roqueforti and F. oxysporum, P- l ,6-glucans are also implicated in attaching GPI

anchored mannoproteins to the P - l  ,3 -glucan backbone of the cell wall (Brul et aI., 1 997;  

Schoffelmeer et aI . ,  1 999). 

Hydrolytic enzymes may be involved in maintaining wall plasticity or remodelling the 

wall during development. Selective degradation of cell wall components could permit 

hyphal branching. Hydrolytic enzymes may also influence wall porosity, thus affecting 

the interaction of the hyphae with its external environment. As P - l ,6-glucans are 

implicated as branch points within the wall, the action of  enzymes that hydrolyse this 

compound, such as P- l ,3 - 1 ,6-glucanases and P- l ,6-g1ucanases, may play important roles 

in wall plasticity and wall porosity. 

1.6. 2  f3-1, 6-glucanases: enzymatic activity and roles in pathogenicity 

Enzymes with P- l ,6-glucanase activity catalyse the hydrolytic cleavage between two 

molecules of glucose linked together by a P- l ,6-glucan linkage (Figure 1 .5 ). 
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Filamentous fungi have at least two different types of enzymes with p- l ,6-glucanase 

activity. The first group, members of glycosyl hydrolase family 30 ,  are closely related to 

glucosylceramidases (Oyama et al., 2002) .  Little information is available regarding the 

biological role of these enzymes in fungi. Some fungal species also contain a second 

endo-p- l ,6-glucanase activity, associated with glycosyl hydrolase family 5 (Lora et al . ,  

1 995 ) .  P - l ,6-glucanases from this fami ly are related to enzymes with exo- P- l ,3 -

glucanase activity. 

Three different P - I ,6-glucanase activities have been identified in the mycoparasitic 

fungus Trichoderma harzianum (de la Cruz and Llobell, 1 999; De la Cruz et al . ,  1 995 ; 

Montero et al . ,  2005). All three classes, BGN I 6 . 1 ,  BGN I 6.2 and BGN I 6 .3 ,  are 

potentially involved in mycoparasitism through their ability to break down P- l ,6-glucan 

linkages in in the cell wall 

HO�H2 
6 O - CH2 

H O H  O - C H2 
H O H  H 

H O H  

H2O H OH 

6 HOCH2  
6 

HOCH2  
6 

H O- C H2 

H O H  

H O H  H OH 

H OH 
F i gure 1 .5 Reaction cata lysed by endo-B-1 ,6-g l ucanases 

Endo-hydrolytic cleavage of f?-1 ,6-glucan catalysed by f?-1 ,6-glucanases. Numbering of the 
glucose units comprising the f?-1 ,6-glucan is shown in red . The bond between position 1 of 
the fi rst g lucose unit and position 6 of the second glucose unit that gives f?-1 ,6-glucan its 
name. 
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While all three activities act as endo- P - l ,6-glucanases, they differ in their substrate 

specificities towards glucans with mixed P- l ,3 -P-l ,6-linkages . BGN I 6 . 1  and BGN 1 6 .3 

can both degrade yeast glucan (P- l ,3 :  P- l ,6 4 : 1 )  and laminarin (P- l ,3 :  P- l ,6 7 : 1 ). 

B GN 1 6.2 can degrade yeast glucan, but not laminarin. The enzymes also differ in their 

c atalytic rate constants for pustulan, which contains only P- l ,6-linkages. B GN 1 6 .2 had 

the highest catalytic rate constant towards pustulan, fol lowed by B GN I 6.3 and 

BGN 1 6 . 1 .  The proteins also differ in their regulation , with both BGN 1 6. l  and BGN 1 6 .2 

induced by chitin, but BGN 1 6.3 is induced by pustulan and fungal cell walls. 

The role of P- I ,6-glucanases in the interaction between a mycoparasite and its host has 

been characterised in the Verticillium fungicola - Agaricus bisporus interaction (Amey et 

aI. , 2003 ). Disruption of the B GN16.2 homologue of V fungicola, VfGlu l ,  reduced 

virulence of V. fungicola towards A.  bisporus . This reduction was associated with the 

reduced growth rate of  !1. VfGlul strains on chitin, suggesting disruption of the VfGlul 

gene reduces virulence of V fungicola by impairing its abi lity to degrade components of 

the fungal cell wall .  

P- l ,6-glucanase activity of the glycosyl hydrolase 5 family is  present in the interaction 

between a fungal endophyte and its grass host. The endophyte Neotyphodium sp . 

FCB2002 produces a P- l ,6-glucanase enzyme that it secretes into the p lant apoplast in 

and on its host, Poa ampla (Moy et aI., 2002). As this fungus forms epiphyllous nets on 

the surface of grass leaves, Moy et al. (2002) suggested this enzyme activity might be 

involved in niche exclusion. The antifungal activity of the P- l ,6-glucanase could 

potentially lyse cell walls of competing fungi in co-operation with proteases and 

chitinases produced by the Neotyphodium endophyte. 

1 .7 FU NCTIONAL C HARACTERISATION OF HYDRO LYTIC 
ENZYM ES IN HOST/FUNGAL INTERACTIONS 

The function of hydrolytic enzymes in interactions with their hosts have been analysed 

in various ways . The most common way of determining the function of these enzymes 
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has been gene replacement, where a selectable marker replaces the gene of interest. 

While this approach has worked well  for analysing the roles of some hydrolytic enzymes 

in pathogenicity and/or virulence (Amey et aI . ,  2003 ), the presence of hydrolytic 

enzyme-encoding genes in gene families can complicate these analyses. Often, this 

means that s ingle gene replacements do not show a detectable phenotype, while double, 

triple or quadruple replacements may show a phenotype.  

An example of this is the THI5 gene family from S. cerevisiae, which consists of the 

THI5, THIl l ,  THIl2 and THIl3 genes (Wightman and Meacock, 2003) .  The members 

of the THI5 gene family are functionally redundant in biosynthesis of 

hydroxymethylpyrimidine (HMP), a precursor o f  thiamine. Deletion of one, two or three 

members of the gene family resulted in strains that were prototrophic for thiamine. 

When all four THI5 family members were disrupted, the resulting strain was auxotrophic 

for thiamine. This suggested that all four members were involved, but functionally 

redundant, in HMP (and thus thiamine) biosynthesis .  

In filamentous fungi, which are less genetically tractable than the yeast S. cerevisiae, 

deletion of multiple members of the same gene family may prove difficult due to the 

large numbers of genes involved and the limited availabi lity of suitable selectable 

markers. For example, in M anisopliae, M grisea and F. graminearum, the gene family 

of subtilisin-like proteases can consist of up to 22 genes (Table 1 .2) .  

Another means used to analyse the function of genes is gene knockdown, or an RNAi 

strategy. Gene knockdown using a construct driving expression of an antisense RNA can 

reduce mRNA levels for a gene, generally giving a similar phenotype to a gene 

replacement. Potentially, the formation of double stranded RNAs produced by the 

annealing of the anti sense RNA to the m RNA could also reduce RNA levels from 

multiple genes with similar sequences (for an example, see Spiering et al. (2005)) .  

However, in gene families, genes do not necessarily share the high degree of  sequence 

similarity necessary for silencing multiple genes with a single antisense RNA.  It may be 

necessary to again introduce multiple constructs , each with a different selectable marker 

(as for gene replacements), or make single constructs with expressing multiple antisense 

RNAs. While this approach may be less time-consuming than constructing and 
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analysing gene replacements, the limited availability of suitable selectable markers could 

make this strategy difficult to use in many fungal systems. 

Gene function is often demonstrated by complementation in another organism. This 

mechanism may be useful for showing the function of hydrolytic enzymes with a 

particular well-known action conserved amongst most fungi, such as kexins and 

vacuolar subti lisin-like proteases. However, expression o f a  hydrolytic enzyme-encoding 

gene in a different organism may not reflect the substrate specificity of the enzyme 

towards specific components found in the environment. For instance ,  the Pr l A  enzyme 

of M anisopliae has a particular substrate specificity favouring the hydrophobic 

proteinaceous components of the insect cuticle, which it digests much more rapidly than 

proteinase K from T album does (St Leger et al., 1 992). 

Biochemical characterisation is another means of identifYing the possible role of a 

hydrolytic enzyme within its host. These analyses allow the determination of the 

substrate specificity, subunit arrangement, kinetic parameters and stability of an enzyme, 

along with cofactors that may be required for enzyme activity. Two approaches can be 

used to b iochemically characterise an enzyme: the enzyme can be purified directly from 

the organism, or obtained through heterologous expression in another organism. 

Purification of the enzyme where the organism was originally identified can be time 

consuming and labour intensive, especially in the case of large mUltigene families where 

some enzymes may be produced at low levels. When enzymes are heterologously 

expressed in another organism, they can be easier to purify, especially i f  expressed with 

a tag to facilitate purification such as the H is tag. However, enzymes may be abnormally 

processed or distributed in the new organism compared to their normal cellular 

background, which could affect the enzyme activity. Addition of a tag for purification 

may also change some of the characteristics of the enzyme . 

Gene over-expression is also a means of examining the function of genes encoding 

hydrolytic enzymes. This technique circumvents the difficulties of determining gene 

function in large gene families, because the observed phenotype is not necessarily 

affected by the presence of other similar genes. Over expression has been used to 
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successfully detennine the function of subtilisin-like protease genes in M an isopliae, 

T. harzianum and A.  oligospora in the interactions of these fungi with their hosts 

(Ahman et aI . ,  2002; Flores et aI., 1 997 ; Pozo et aI., 2004; St Leger et aI., 1 996c), 

despite these fungi containing other related subtilisin-like protease genes. 

1 .8 AIMS OF THIS PROJ ECT 

Hydrolytic enzymes are often important in the interaction between pathogenic fungi and 

their p lant, insect, nematode or fungal hosts . While several hydrolytic enzymes have 

been identified in the interaction between Epichlae endophytes and their grass hosts, the 

role of these enzymes in the symbiotic relationship between endophyte and host is 

unknown. While the function of hydrolytic enzymes in pathogenic fungi has been 

extensively studied, the function of hydrolytic enzymes in mutualistic associations 

between fungi and their hosts is poorly understood. 

Subtilisin-like proteases have been identified as pathogenicity or virulence factors in 

several fungi. The first aim of this study was to confirm the presence and detennine the 

identity of subtilisin-like proteases in the genome of the endophytic fungus, E. Jestucae. 

The second aim was to examine the role of subti lisin-like proteases in the symbiotic 

interaction between E. Jestucae and perennial rye grass (Lalium perenne cv. Nui). In 

order to do this, the hypothesis was tested that over expression of fungal subtilisin-like 

protease genes would alter the interaction of an endophyte with its host grass. Two 

subti lisin -like genes were overexpressed under the contro l of the constitutive gpdA 

(glyceraldehyde-3 -phosphate dehydrogenase) p romoter from A .  nidulans or the plant

induced ltmM (FAD-dependent monooxygenase for lolitrem biosynthesis) promoter 

from E. festucae FI l .  The phenotypes of symbiota containing strains with altered 

expression ofthe pr!1 and pr!2 genes were examined. 

The third aim of this study was to examine the role of a � - 1  ,6-g1ucanase in the symbiotic 

interaction between E. frstucae and perennial ryegrass (Lalium perenne cv. Nui) .  The 

hypothesis was tested that a loss o f  endophyte �- 1  ,6-g1ucanase activity would affect 
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endophyte growth within the host plant. The gcnl gene encoding a 

�- 1 ,6-glucanase enzyme was disrupted, and the phenotype of the /1gcnl strain was 

examined in culture and in planta. 
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CHAPTER 2 
M ate ria ls and methods 
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2.1  BIOLOGICAL MATERIAL 

Fungal, bacterial and plant strains, A clones and plasmids used in this  study are l isted 

in Table 2 . 1 .  

Table 2.1 Biological material 
Strains Relevant Characte ristics References 

Fungal strains 
E. festucae FI1  Host grass Festuca longifolia Christensen et a l .  ( 1 993) 
E .festucae Frr1 Host grass Festuca rubra subspecies Christensen et a l .  ( 1 993) 

rubra 
E. typhina PN23 1 1 Host grass Poa ampla Lindstrom and Belanger ( 1 994J 

N. lolii L p 1 9  Host grass Lolium perenne Christensen et a l .  ( 1 993) 
N. lolii AR1 H ost grass L. perenne -
N. lolii Lp5 Host grass L. perenne Christensen et a l .  ( 1 993) 

MM4 . 1 , M M4.2,  E. festucae F11 /pMM26, Hyg This study 
MM4.3,  MM4.4, 
MM4 .5, M M4.6,  
MM4 .7,  MM4 .B,  

MM4.9, M M4 . 1 0 ,  
MM4. 1 1 ,  MM4 . 1 2  

MM5. 1 , M M5.2,  E. festucae F I 1 JpMM27; Hyg Th is study 
MM5.3, M M5.4,  
MM5.5,  MM5.6 , 
MM5.7,  M M5.B,  

MM5.9, M M5 . 1  0,  
MM5. 1 1 ,  MM5 . 1 2 

MMB. 1 ,  MMB.2,  E. festucae F I 1 JpMM32; Hyg" This study 
MMB.3,  M MB.4,  
MMB.5,  MMB.6,  
MMB.7,  M MB.B 
MM9. 1 ,  M M9.2, E. festucae FI1 /pMM33; Hyg This study 
MM9.3, M M9 .4,  

MM9.5 
M M 1 B .3 E. festucae F I1 / pAN7-1 ; Hyg This study 
MM1 9. 1  E. festucae F I1  regenerated after This study 

protoplasting 
MM20 . 1 , MM20.3 E. festucae F 1 1 /5' gcn 1-hph-3' gcn 1 ;  

HygR, ectopic 
Th is study 

MM20.2,  M M20 . 1 5  E. festucae FI1 /Llgcn 1 : :PtrpC-hph; Hyg" This study 
MM22 . 1 , M M22.2, MM20. 1 5JpI l99, p M M44; Hyg" Gen" This study 
MM22.3, M M22.4, 
MM22.5, M M22.6, 
MM22 .7,  M M22.B, 

MM22.9, M M22 . 1 0 , 
MM22. 1 1 ,  MM22 . 1 2 ,  
MM22 . 1 3 ,  MM22 . 1 4 ,  
MM22 . 1 5 ,  MM22 . 1 6 ,  
MM22 . 1 7 ,  MM22 . 1 B ,  
MM22 . 1 9,  MM22.20 

Escherichia coli strains 
KW251 FsupE44 ga/K gaIT22 metB 1 hsdR2 Promega Corp . 

mcrB 1 mcrA [argAB 1 :Tn 1 0]recD 1 01 4  
XL-1 supE44 hsdR 1 7  recA 1 endA 1 gyrA46 Bullock et al .  ( 1 9B7) 

thi re/A 1 lac- F '[proAB+ lac lQ lacZLlM1 5  
Tn 1 o (TetR)] 

P N 1 67 1  XL-1JpMM2 This study 

44 



PN 1 672 XL-1 /pMM3 This study 
PN 1 673 XL-1 /pMM4 This study 
PN1 674 XL-1 /pMM7 This study 
PN1 806 XL-1 /pMM26 This study 
PN1 807 XL-1 /pMM27 Th is study 
PN 1 82 1  XL-1 /pMM32 This study 
PN 1 8 1 2  XL-1 /pMM33 This study 
PN1 824 XL-1 /pMM44 Th is study 
PN 1 825 XL- 1 /p MM45 This study 
PN1 900 XL-1 /pMM46 This study 
PN1 889 XL-1 /pMM61 This study 
PN1 890 XL-1 /pMM62 This study 
PN1 891 XL-1 /pMM65 This study 

Plant symbiota 
M F-FI1 Festuca pratensislE. festucae FI1  Young (2005) 
G 1 056 L. perenne cv. N u ilN. lolii L p 1 9  Young (2005) 
G 1 057 L. perenne cv. N u i  YoungJ200S) 

G 1 206, G 1 207, L.  perenne cv. NuiIM M4 . 2  This study 
G 1 209 

G 1 2 1 0 ,  G 1 2 1 3  L .  perenne cv. N u i/MM5.2 This study 
G 1 21 4 ,  G 1 2 1 5  L .  perenne cv. N u ilMM8 . 1  This study 
G 1 2 1 7 ,  G 1 2 1 8  L .  perenne cv. N u i/MM9. 1 This study 
G 1 220, G 1 222 L.  perenne cv. N u i/MM4.3 Th is study 
G 1 227, G 1 229 L. perenne cv. N u ilMMS.6 This study 

G 1 233 L.  perenne cv. N u i/MM8 .3 This study 
G 1 245, G 1 248 L. perenne cv. N u ilM M9.2 This study 
G 1 250, G 1 25 1  L perenne cv. N u ilE. festucae FI 1 This study 
G 1 255, G 1 256 L. perenne cv. N u i/MM4 .5 This study 
G 1 264,  G 1 268 L.  perenne cv. N u i/MMS.7 This study 
G 1 274, G 1 277 L. perenne cv. N u ilMM8A This study 
G 1 284, G 1 286 L. perenne cv. N u ilMM9.3 This study 
G 1 291 . G 1 297 L.  perenne cv. N u i/MM4 .9 This study 
G 1 300, G 1 30 1  L.  perenne cv. N u i/MMS.9 This study 
G 1 31 2, G 1 3 1 4  L .  perenne cv. N u ilMM8.5 This study 
G 1 31 7 ,  G 1 3 1 8  L .  perenne cv. N u i/MM9A This study 
G 1 326, G 1 327 L. perenne cv.  N u i/MM4 . 1  0 This study 
G 1 331 , 1 332 L. perenne cv. N u i/MMS . 1 1 This study 

G 1 335 , G 1 3367 L. perenne cv. N u ilMM8.8 This study 
G 1 339, G 1 340 L. perenne cv. N u ilMM9.5 This study 

G 1 444 L.  perenne cv. N u ilE. typhina PN23 1 1 Th is study 
Plasmids 

pUC 1 1 8  3.2 kb Amp Vieira and Messing (1 987) 
�GEM-T Easy_ 3.0 kb AmpK Promega Cor� 

pPN 1 688 pUC1 1 8  +PtrpC-hph fragment from pCB 1 004 Young et al .  (2005) 
pAN7-1 6.8 kb Hyg" AmpK Punt et al .  ( 1 987) 

pLM1 9.2 kb PgpdA-uidA Hyg"" Amp L. McMil lan,  unpublished 
pXZ56 8.2 kb P/tmM-uidA HygK Amp"" X. Zhan�, unpublished 

phGFP2 sGFP-Tyg-Nos; Hyg"" Amp"" X. Zhang, unpublished 
pFunGus 5 kb, uidA Amp McGowan (1 996) 

p h FunGus p FunGus + 1 .3 kb Hind'" fragment from 
phGFP2, HygR AmpR 

This study 

pl l99 npt/l, AmpK Namiki et a l .  (2001 l 
pMM2 pUC 1 9  + 3.3 kb EcoRI fragment ex 

AMM30A ,  AmpR 
McGil l (2000) 

pMM3 pUC 1 9  + 1 .8 kb EcoRI fragment ex 
AMM30 A ,  AmpR 

McGi11 (2000) 

pMM4 pUC 19 + 1 A kb EcoRI  fragment ex 
AMM30 04,  AmpR 

McGill (2000) 
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pMM7 pUC 1 9  + 2 .0 kb BamH I fragment ex AMM3.3, Am p" McGil l (20001 
pMM26 8.2 kb PgpdA-prt2 Hyg Amp This study 
pMM27 7.2 kb P/tmM-prt2 Hy_g" Amp" This study 
pMM32 8.2 kb PgpdA-prt1 Hyg" Amp" This study 
pMM33 7.3 kb P/tmM-prt1 Hyg Amp This study 
pMM38 pGEM-T Easy + 0.5 kb Lp 1 9  MM75-MM76 PCR This study 

product 
pMM44 pUC1 1 8  + 4 .0 kb BamH I fragment ex 1 382 cosm id This study 
pMM45 pUC1 1 8  + 4 .6 kb BamHI fragment ex 1 382 cosm id This study 
pMM46 pGEM T Easy + M M93-MM94 degenerate PCR This study 

product from E. jestucae 
pMM47 pUC 1 1 8 + 2 .6 kb Sail fragment ex 46F6 cosm id This study 
pMM48 pUC 1 1 8  + 4 .6 kb Pstf fragment ex 1 382 cosm id This study 

J>MM49 pUC 1 1 8  + 4 .0 kb Pstf fragment ex 1 382 cosm id This study 
pMM51 pUC 1 1 8  + 4 .6 kb Pstl fragment ex 3F7 cosmid This study 
pMM52 pUC1 1 8  + 2.8 kb EcoRI-Sstl fragment from E. This study 

festucae MM96-MM97 PCR product 
pMM53 pUC 1 1 8  + 2.8 kb Xbal-Hind l l l  fragment from This study 

E. festucae MM98-MM99 PCR product 
pMM54 1 0 .2 kb gcnl::h1Zh Hyq" Amp" This study 
pMM6 1 pUC 1 1 8  + 3.8 kb Hind 1 1  I fragment ex 38H 1 0  cosm id This study 
pMM62 pUC1 1 8  + 5.6 kb Xhol fragment ex 1 A1 cosm id This study 
pMM65 pUC1 1 8  +7.7 kb Sphl fragment ex1 06 cosm id This study 
pMM66 pGEM-T Easy + MM5- M M8 cDNA product This study 
pMM67 pGEM-T Easy + MM70-MM25 cDNA product This study 
pMM68 pGEM-T Easy + MM1 4 1 -MM1 92 cDNA product This study 
pMM69 pGEM-T Easy + MM 1 4 1 -M M  1 92 cDNA product This study 
pMM71 pGEM-T Easy + MM1 4 1 - MM 1 92 cDNA product This study 

A clones 
AMM30.2 AGEM- 1 2  clone from N lolii Lp1 9 genom ic library McGill (2000) 
AMM30.4 AGEM- 1 2  clone from N lolii Lp1 9 qenom ic library McGil l  (2000) 
AMM3.3 AGEM- 1 2  clone from N lolii Lp1 9 genom ic library McGill (2000) 

Cosmids 
1 A1 pMO-cosX clone FI1 genom ic DNA cosm id l ibrary This study 

containing the pr!5 and prtl genes 
3F7 pMO-cosX clone FI1 genom ic DNA cosmid l ibrary This study 

containing the prt5 and prtl genes 
1 382 pMO-cosX clone FI1 genom ic DNA cosmic! library This study 

contain il!9 the prt2, gcnl, CY21 and ptn1 ijenes 
32E4 pMO-cosX clone FI1 genom ic DNA cosm id l ibrary This study 

conta ining the prt4 gene 
38H 1 0  pMO-cosX clone FI 1 genom ic DNA cosmic! l ibrary This study 

containing the prt4 qene 
46F6 pMO-cosX clone FI1 genom ic DNA cosm id library T h is study 

conta ining the pr!3 and ga01 genes 
1 06 pMO-cosX clone FI1 genom ic DNA cosm id l ibrary This study 

conta ining the kex2 gene 
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2.2 G ROWTH OF BACTERIAL AN D F U N GAL C U LTU RES 

2. 2. 1 Bacterial cultures 

Escherichia coli cultures were grown at 37°C overnight in LB b roth or on LB agar. 

When E. coli was grown in broth, cultures were incubated with shaking at 1 50-200 

rpm.  

2. 2. 2 Fungal cultures 

Neotyphodium and Epichloe spp . endophytes were grown at 22°C on PD agar or  in 

PD broth with shaking at 1 50 rpm.  Cultures used for DNA or RNA extraction were 

ground in 500 ilL of PD broth, and the homogenised mycelia were used to inoculate 

e ither 25 or 50 mL of PO broth in a 1 25 mL flask. Liquid cultures were incubated at 

22°C with shaking at 1 50 rpm for 5 - 1 4  days.  After harvesting, mycelia were washed 

twice in double-distilled water, then snap frozen in liquid n itrogen. 

2.3 M EDIA 

All  media were prepared using distilled water and sterilized by autoclaving a t  1 2 1 °C 

and 1 5  psi for 1 5  min before use. Liquid media were cooled to room temperature 

before inoculation or addition of supplements. Solid media were cooled to 50°C 

before antibiotics were added and plates poured. Un inoculated plates were stored at 

4°C.  

2. 3. 1 Aspergillus complete medium (A CM) 

ACM broth contained (per l itre) :  2 0  g malt extract (Difco), 1 0 9 mycologica1 peptone 

and 20 g glucose . To make solid medium, agar was added to ACM broth at 1 5  g/L. 

2. 3. 2 Luria-Bertani medium (LB) 

LB broth contained (per l i tre) :  1 0 9 tryptone, 5 g yeast extract and 5 g NaCl.  The p H  

was adjusted to between 7 and 7 . 5  prior to autoclaving. For solid medium, agar o r  

agarose was added to L B  broth at 1 5  g/L. 

47 



2.3.3 Potato dextrose medium (PD) 

Potato dextrose broth (PDB) contained (per l i tre) :  24 g dehydrated potato dextrose 

broth (Difco).  The pH was adjusted to 6 .5  prior to autoclaving. For sol id medium 

(PD agar), agar was added to PD broth at 1 5  g/L. 

2.3.4 Pustulan or glucose media 

Pustulan medium contained 1 %  (w/v) pustulan (Calbiochem), 0 . 1 % (w/v) yeast 

extract and 20 mM NH4Cl .  Solid media was made by adding Noble agar to 1 5  glL. 

Glucose media contained the same reagents except that 1 % pustulan was ecxchanged 

for 1 % glucose. 

2.3. 5 Regeneration medium (RG) 

Regeneration (RG) medium contained (per l i tre) :  24 g dehydrated potato dextrose 

bro th and 273 .8 g sucrose. The pH was adjusted to 6 .5  prior to autoclaving .  To make 

solid media, agar was added at 1 5  g/L to make agar suitable for plates, or at 8 g/L to 

make an o verlay. 

2.3. 6 SOC medium 

SOC medium contained 20 g tryptone, 5 g yeast extract, 0 .6 g NaCl, 0 .2  g KCl, 

0 .95 g MgCh, 2 .5 g M gS04.7H20 and 3 .6 g g lucose per litre of water. 

2.3. 7 TOP agarose medium 

TOP agarose contained 1 0  g tryptone, 5 g NaCI and 8 g agarose 1 5  per litre o f  water. 

The media was cooled to 45-50°C after autoc1aving, and supplemented with 

M gS04.7H20 to a concentration of 1 0  mM before use. 

2.3. 8 Water agar medium 

Water agar contained distilled water (RO water) with agar added to 3 0  glL . 
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2. 3. 9 Media additions 
Table 2.2 Supplements added to  media 

SupplerrlEmt Stock conceritfcttion Final concentration 
Ampicil l in 1 00 mg/mL 1 00 �g/mL 
Geneticin 200 /-lg/mL 

Hygromycin 50 mg/mL 1 50 J-lg/mL, 50 IJg/mL 
IPTG 24 mg/mL 

Tetracycline 1 0  mg/mL 1 0- 1 5 1Jg/mL 
X-Gal_On d imethylfonnam ide) 20 mg/mL 

2.4 BUFFERS AND SOLUTIONS 

2.4. 1 Buffers 

2.4. 1 . 1  8yrd extraction buffer 
8 yrd extraction buffer contained 1 50 m M  EDT A, 50 mM Tris HCl  (PH 8.0) and 1 % 

(w/v) sodium lauryl sarcosine (SLS). 

2 .4. 1 .2 20% PEG solution 
20% PEG solution contained 20% PEG 8000 and 2 M NaCl disso lved in S M  buffer 
(Section 2 .4 . 1 . 3) containing no gelatin. 

2.4. 1 .3 SM buffer 
S M  buffer contained 0 . 1  M NaCl,  8 mM MgS04.7H20, 5 0  mM Tris-HCI (PH 7 .5 )  

and 0 .0 1  % gelatin . 

2.4. 1 .4 20x SSPE buffer 
20x SSPE buffer contained 3 M NaCl, 200 mM NaH2P04.H20 and 25 mM 

Na2E DTA. 

2.4. 1 .5 STE (1 00/1 0/1 ) buffer 
STE ( 1 001 1 01 1 )  buffer contained 1 00 mM NaCl, 1 0  m M  Tris-HCl (PH 8 .0) and I 

mM Na2EDTA. 

2.4. 1 .6 STET buffer 
STET buffer contained 8% sucrose (w/v) , 5% (v/v) Triton X-l OO, 50 mM Na2EDTA 

and 50 mM Tris-HCl (PH 8 .0). 

2.4. 1 .7 Taha lysis buffer 
Taha lysis buffer contained 40 mM o f T ris Acetate buffer (Section 2 .4 . 1 . 1 0) ,  20 mM 

sodium acetate, I mM Na2EDT A and 1% SDS. 
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2.4. 1 .8 TE (1 0/0. 1 )  buffer 
TE ( 1 0/0 . 1 )  buffer contained 1 0  mM Tris-HC1 (PH 8 .0 )  and 0 . 1  mM Na2EDTA. 

2.4.1 .9 TES buffer 
TES buffer contained 1 00 mM Tris (PH 8 .0),  1 0  mM Na2EDTA and 2 %  SDS. 

2.4. 1 . 1 0  Tris acetate buffer 

Tris acetate buffer contained 0 .4 M Tris, with acetic acid added to adjust the p H  to 

7 . 8 .  

2.4.2 Enzymes 

2.4.2.1 DNase I 
DNase I (Sigma) was prepared at 1 0  mg/mL in double-distilled water. 

2.4.2.2 Lysozyme 
Lysozyme was prepared at 50 mg/mL in alkaline lysis solution I. (Section 2 .5 .6 . 1 ) . 

2.4.2.3 Proteinase K 
Proteinase K (Roche) was prepared at 1 0  mg/mL in TES buffer (Section 2 .4 . 1 .9). 

2.4.2.4 RNase A (DNase free) 
DNase-free RNase was prepared using RNase A (Sigma) at 1 0  mg/mL in double-

disti lled water. The solution was heated to 1 00°C for 1 5  min, then allowed to cool to 

room temperature, dispensed into aliquots and stored at -20°C. 
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2.4.4 Stains 

2.4.4.1 Ani line Blue stain 

Aniline blue stain contained 22% (w/v) lactic acid, 50% glycerol and 0 . 1 % aniline 
blue. 

2.4.4.2 Congo Red stain 
Congo Red stain contained 0 . 1 % Congo Red. 

2.5 DNA I SO LATION AN D P U RI FI CATION 

2.5. 1 Phenol-chloroform purification 

Equal volumes of Tris-equilibrated phenol (Invitrogen) and chloroform were added 

to DNA samples and mixed before centrifugation for 5 min in a microcentrifuge at 

1 6 ,060 x g. Two volumes of chloroform were added to the aqueous phase o f  the 

phenol/chloroform extraction. The tube was mixed before centrifugation for 3 min at 

1 6,060 x g. The DNA in the aqueous phase from the chloroform extraction was 

precipitated with either ethanol or isopropanol (Section 2.5 .2). 

2. 5. 2 Precipitation of DNA with ethanol or isopropanol 

DNA samples were precipitated by adding l/ l O  volume of 3 M sodium acetate 

(Section 2 .4 .3)  and either 2 .5 volumes o f 95% ethanol or 0 .6  volumes of isopropanol .  

Samples were mixed gently and left at  -20°C for 30 min to 2 h .  The DNA was 

pelleted by centrifugation at 1 6,060 x g for 1 0  min, then washed in 70% (v/v) 

ethanol. The pellet was left to dry at 3 7°C for 1 5  to 30  min before resuspension in an 

appropriate volume of  double-distilled water or 1 OmM Tris He} (PH 8 .0).  

2.5.3 Gel purification 

2.5.3.1 Freeze-thaw extraction 
DNA was recovered from 0 .7% to 2% Seap laque agarose gels by the phenol-freeze-

thaw method (Thuring et aI ., 1 975) .  The agarose was prepared using 1 x TAE 

(Section 2.8 . 1 . 1 )  and I x  TAE was also used as the electrophoresis buffer. Gels were 

viewed under long-wave U V  light and fragments of the appropriate size were 

excised. Each fragment was placed into a 1 .5 mL Eppendorf tube, and melted at 
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65°C in a heating block. An equal volume of  Tris-equilibrated phenol (Invitrogen) 

was added before the tube was vortexed and left at -20°C for at least 2 h .  The tube 

was centrifuged for 1 0  min in a microcentrifuge at 1 6,060 x g and the aqueous phase 

was phenol/chloroform extracted (Section 2 .5 . l )  and ethanol precipitated (Section 

2 .5 .2) to purify the DNA. 

2.5.3.2 Extraction from agarose using the QiaQuick™ gel extraction kit 
(Qiagen) 

DNA was recovered from 0.7% to 2% Seaplaque agarose gels. The gels were 

prepared and run, and the fragment of the desired size was excised from the gel as 

described in Section 2 . 5 .3 . 1 . Three volumes of QG buffer (where the weight of  the 

fragment in mg is equivalent to one volume in mL) were added to the agarose, and 

the mixture was incubated at 50°C for 1 0  min .  One volume of i sopropanol was added 

to the sample and mixed. To bind DNA, the sample was applied to a QiaQuick™ 

spin column and centrifuged at 1 6 ,060 x g for 1 min . The column was washed with 

0 .75 mL of PE buffer and centrifuged at 1 6,060 x g for 1 min .  DNA was eluted using 

30-50 � of elution buffer or double-distilled water. 

2. 5.4 peR product purification 

PCR products were purified using the MinElute™ PCR purification kit (Qiagcn). 

Five volumes of PB buffer were added to the amplified PCR product. The mixture 

was added to a MinElute™ column, and DNA was bound during centrifugation at 

1 6,060 x g for 1 min. The DNA bound to the column was washed with 750 ilL of PE 

buffer. DNA was eluted with 1 0  ilL of either EB buffer or double-distilled water. 

2. 5. 5 Plasmid DNA isolation 

2.5.5.1 Rapid boil plasmid isolation 
E. coli cells were grown overnight at 37°C in LB broth (Section 2 .3 .2 )  supplemented 

with antibiotic (Section 2 .3 .9) .  The cells were pelleted by centrifugation and 

resuspended in STET buffer (Section 2 .4 . 1 .6). Lysozyme (Section 2 .4 .2 .2)  was added 

and the solution was boiled for 40 s .  The pellet was removed after centrifugation in a 

microcentrifuge for 1 0  min. An equal volume of isopropanol was added to the 

supcmatant, mixed and left at -20°C for 1 0  to 20 min. The plasmid DNA was 
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pelleted by centrifugation for 1 0  min, and washed once with 70% ethanol. The pellet 

was left to dry at 37°C for approximately 20 min, and re suspended in 50 � of 

double-distilled water. This method is based on that ofHolmes and Quigley ( 1 98 1 ). 

2.5.5.2 High Pure ™ plasmid isolation kit (Roche) 
E. coli cells containing the plasmid of interest were grown overnight at 37°C in 5 mL 

o f LB broth (Section 2 .3 .2)  supplemented with antibiotic (Section 2 .3 .9) .  Half a mL 

of  cells in culture was pelleted by centrifugation for 30  s .  The pelleted cells were 

resuspended in 250 ilL o f  cell resuspension buffer (containing RNase). Cells were 

lysed by the addition of 250 ilL of lysis buffer, mixed by inversion, then incubated at 

room temperature for 5 min. The mixture was neutralised by the addition of 350 ilL 

of b inding buffer, mixed by inversion, and incubated on ice for 5 min. Tubes were 

centrifuged at 1 6,060 x g to pellet cellular debris. The supernatant was placed in a 

spin filter, and centrifuged at 1 6,060 x g for 1 min. The filter was washed with 700 

�L of  wash solution I I  and centrifugation at 1 6 ,060 x g for 1 min. DNA was eluted 

from the filter with 1 00 �L o f  elution buffer and centrifugation at 1 6,060 x g for 1 

min. DNA concentration was measured as described in Section 2 .6 .  

2.5.5.3 QuantumTM plasmid miniprep kit (Bio-Rad) 
E. coli cells containing the plasmid of interest were grown overnight at 37°C in 5 mL 

o f LB broth (Section 2.3 .2) supplemented with antibiotic (Section 2 .3 .9) .  Two to five 

mL of culture was pelleted by centrifugation for 30 s, and the supernatant was 

discarded. The pelleted cells were resuspended in cell resuspension buffer. Cell lysi s  

solution was added to the tube, followed by neutralisation solution. The tube was 

spun for 5 min, and the supernatant mixed with Quantum preparation matrix .  The 

supematant was washed through a spin filter, and the matrix washed twice in wash 

solution. DNA was eluted from the matrix using double-distilled water and the DNA 

concentration was measured as described in Section 2 .6 .  

2.5.5.4 Quantum ™ plasmid midiprep kit (Bio-Rad) 

E. coli cells containing the plasmid of interest were grown overnight at 37°C in 5 0  

mL o f  LB broth (Section 2 .3 .2) supplemented with antibiotic (Section 2 .3 .9). Forty 

mL of culture was pelleted by centrifugation at 3000 x g for 5 min .  The pellcted cells 

were re suspended in 5 mL of cell resuspension buffer. Cells were lysed by adding 5 

mL of cell lysis solution, followed by 5 mL of neutralisation solution. The tube was 
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centrifuged at 7500 x g for 1 0  mm, and the supernatant mixed with 1 mL o f  

Quantum preparation matrix. The tube was then centrifuged at 7500 x g for 2 min. 

The pelleted matrix was mixed with 1 0  mL o f  wash buffer, and centrifuged at 7500 x 

g for 2 min. At this stage, the pelleted matrix was re suspended in 0 .6 mL o f  wash 

buffer and transferred to a spin filter, and centrifuged at 1 6,060 x g for 30 s. The 

matrix was then washed with 0.5 mL of wash buffer, and centrifuged at 1 6,060 x g 

for 2 min. DNA was eluted from the matrix using double-distilled water and the 

DNA concentration was measured as described in Section 2 .6 .  

2.5. 6 Alkaline lysis purification of plasmids and cosmids 

2.5.6.1 Alkaline lysis solutions 

2.5.6. 1 .1  Alkaline lysis solution I 
Alkaline lysis solution I contained 50 mM glucose, 25 mM Tris-HCI (PH 8 .0) and 1 0  

mM Na2EDTA. 

2.5. 6. 1.2 Alkaline lysis solution 11 
Alkaline lysis solution II contained 0.2 N NaOH and 1 %  SDS. 

2.5. 6. 1.3 Alkaline lysis solution 11/ 
Alkaline lysis solution III contained 3 M potassium acetate and 2 M acetic acid. 

2.5.6.2 Alkaline lysis preparation of plasmid and cosmid DNA for 
sequencing 

E. coli cells containing the plasmid or cosmid of interest were grown overnight at 

3JOC in 5 mL of LB broth (Section 2 . 3 .2 )  supplemented with an appropriate 

antibiotic (Section 2 .3 .9) .  Cells were pelleted by centrifugation at 1 6,060 x g for 1 

min, and resuspended m 200 ilL of  Solution I (Section 2 . 5 .6 . 1 . 1 ) . Cells were treated 

with 1 0  ilL of  lysozyme (Section 2 .4 .2 .2 )  at room temperature for 5 min. In order to 

lyse the cells, 3 00 ilL of alkaline lysis Solution II (Section 2 .5 .6 . 1 .2) was added, and 

tubes were incubated on ice for 5 min. To neutralise the solution, 300 ilL of  Solution 

In (Section 2 . 5 .6 . 1 .3)  was added, and the tubes were incubated on ice for a further 5 

min. Samples were centrifuged at 1 6,060 x g for 1 0  min to pellet cellular debris.  The 

supernatant was treated with 1 .6 ilL of RNase ( 1 0  mg/mL; Section 2 .4 .2 .4) at 37°C 
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for 2 0  mm. The supernatant was chlorofonn extracted twice, then DNA was 

precipitated by adding an equal volume of  isopropanol. The tubes were centrifuged at 

1 6,060 x g for 1 0  min to pellet the DNA, which was then washed with 70% ethanol. 

The DNA pellet was resuspended in water, and the DNA concentration was 

measured as described in Section 2 .6 .  

2.5.6.3 Large scale cos mid DNA isolation by alkaline lysis 

E. coli cells containing the cosmid of interest were grown overnight at 37°C in 50 

mL of LB broth (Section 2 . 3 .2 )  supplemented with an appropriate antibiotic (Section 

2 .3 .9) .  Bacterial cells were harvested by centrifugation at 2020 1 g for 5 min,  and 

resuspended in 1 .5 mL of alkaline lysis solution I (Section 2 . 5 .6 . 1 . 1 ) . One hundred 

and fi fty ).lL of lysozyme were added, and the tubes were incubated at room 

temperature for 5 min . Three mL of  Alkaline lysis solution II (Section 2 . 5 .6 . 1 .2) 

were added, then samples were mixed and incubated on ice for 5 min. To neutralise 

the mixture, 2.5 mL of alkaline lysis solution III was added, samples were mixed, 

then incubated on ice for 5 min. Samples were centrifuged at 202 0 1  g for 1 0  min to 

remove cellular debris and genomic DNA. Cosmid DNA was precipitated with 8 mL 

of 95% ethanol and 600 ).lL of 3 M NaOAc, and incubated at -20°C for 1 0-20 min .  

To  pellet the DNA, samples were centrifuged at 1 6060 g for 30  min .  The pellet was 

washed with 70% ethanol during centrifugation at 2020 1 g for 2 min. The dried 

pellet  was resuspended in 500 ).lL of double-distilled water or 1 0  mM Tris pH 8 .0 .  

2. 5. 7 A DNA isolation 

2.5.7.1 Plating '" phage 
E. coli strain KW25 l was used as a host for phage A. Fifty ).lL of the A population to 

be screened, diluted to approximately 1 06 plaque fonning units (PFU) per plate, was 

diluted in 50 ilL of SM buffer (Section 2 .4 . 1 .3) .  The diluted phage was combined 

with 1 00 ilL of E. coli KW2 5 1  cells grown overnight in LB broth (Section 2 .3 .2) 

supplemented with 10 mM MgS04 and 0.2% (w/v) maltose. The phage-E. coli 

mixture was incubated at 37 °C for 3 0  min. The mixture was combined with 3 mL of 

supplemented TOP agarose (Section 2 .3 .7)  and overlaid on a LB agarose plate 

(Section 2 . 3 .2) .  The plates were incubated at 37°C until confluent lysis o f  the E. coli 

cells was obtained. 
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2.5.7.2 Isolation of A phage DNA 

Phage was plated as described in Section 2 . 5 .7 . 1 .  Once confluent lysis had been 

obtained, 5mL of  SM buffer (Section 2 .4 . 1 .3 )  was added to each p late. The plates 

were left at 4°C overnight. The lysate was collected and centrifuged at 3 ,020 g for 1 0  

min at 4°C. DNase (Section 2 .4.2 . 1 )  and RNase (Section 2 .4 .2 .4) were added to the 

supematant at a concentration of 1 Ilg/mL each. Reactions were incubated at 3 7°C 

for 30 min .  F ive mL of 20% PEG solution (Section 2 .4 . l .2) was added and the tubes 

were left to stand on ice for I hour. The phage was pelleted by centrifugation at 

7,7 1 0  g for 1 5  min at 4°C and resuspended in 0 .4 mL of SM buffer, 5 ilL of 1 0% 

SDS and 1 0  J.!L of 250 mM Na2EDTA (PH 8 .0).  The tubes were incubated at 68°C 

for 1 5  min, then briefly vortexcd. An equal \ olume o f  phenol W:lS added , vortc '(cd 

for l O s ,  and left to stand at room temperature for 5 min .  Samples were vortexed for 

another 1 0  s and the aqueous phase was phenol-chloroform extracted (Section 2 .5 . 1 )  

and ethanol precipitated (Section 2.5 .2). The DNA was resuspended in 5 0  ilL of  

double-distilled water and 10  Ilg of  RNase (Section 2 .4 .2 .4) was added. The DNA 

concentration was measured as described in Section 2 .6 .  

2. 5. 8 Fungal and plant genomic DNA isola tion 

2.5.8.1 Isolation of genomic DNA from fungal protoplasts 
Fungal protoplasts were prepared as described in Section 2 . 1 5 .2 .  Protoplasts were 

resuspended in 5 mL of B yrd extraction buffer (Section 2 .4 . 1 . 1 ), and treated with 5 0  

ilL of  RNase (Section 2 .4 .2 .4) before being incubated at 37°C for 2-5 min. An equal 

volume (5 mL) of Tris-equilibrated phenol (Invitrogen) was added, and the sample 

was mixed well. The sample was centrifuged at 1 1 953  g for 1 5  min. The aqueous 

phase was transferred to a new tube and 3 mL each of  Tris-equilibrated phenol and 

chloroform were added.  The sample was mixed well, then centrifuged at 1 1 95 3  g for 

1 5  min. The aqueous phase was then extracted with 5 mL of chloroform by 

centrifugation at 1 1 95 3  g for 1 5  min. The aqueous phase from this stage was 

transferred to a new tube, the precipitated with 0 . 1 volumes of 3 M sodium acetate 

(PH 7 .0) and an equal volume of isopropanol .  The mixture was incubated at -20°C 

for at least 2 h. Samples were centrifuged at 1 1 953  g for 30 min to pellet the DNA. 

The DNA pellet was washed in 70% ethanol and air dried before being re suspended 

in 1 0mM Tris HCI (PH 8 .0).  The DNA concentration was measured as described in 

Section 2 .6 .  
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2.5.8.2 Isolation of fungal or  plant genomic DNA using modified Taha 
method 

This method is based on that of AI-Samarrai and Schmid (2000). Freeze dried 

mycelia (30 mg) or grass tissue ( 1 5  mg) was ground to a powder in liquid nitrogen. 

The powder was resuspended in 500 ilL of Taha lysis buffer (Section 2 04 . 1 .7), and 

mixed by vigourous pipetting that caused the solution to froth. NaCl was added to a 

final concentration of 1 .24 M ,  and samples were centrifuged at 1 6 ,060 x g for 1 0  min 

to pellet cellular debris and polysaccharides. The supematant was transferred to a 

fresh tube and mixed with an equal volume of  chloroform by pipetting. Samples 

were centrifuged at 1 6,060 x g for 5 min, and the aqueous phase was transferred to a 

new tube. The chloroform extraction step was repeated twice in total. Ammonium 

acetate was added to the aqueous phase at a final concentration of 1 .2 M .  Samples 

were spun at 1 6 ,060 x g for 1 0  min, and the supematant transferred to a fresh tube. 

DNA was precipitated with an equal volume of isopropanol, and centrifuged at 

1 6,060 x g for 1 5  min. DNA pellets were washed with 1 mL of 70% ethanol during 

centrifugation at 1 6,060 x g for 3 min. The dried pellet was resuspended in 50 ilL of 

double-distilled water for fungal samples, or 25 ilL double-distilled water for plant 

samples . The DNA concentration was measured as described in Section 2 .6 .  

2.5.8.3 Isolation of genomic DNA using the plant-fungal method 
This method is based on that of Moller et al. ( 1 992).  Freeze-dried fungal tissue (50 

mg) was ground to a powder in liquid nitrogen, then resuspended in 1 0  mL of TES 

buffer (Section 2 .4 . 1 .9). Two mg of proteinase K (Section 2 .4 .2 .3 )  was added, and 

samples were incubated at 60°C for 30 min to I h. NaCI and CTAB (Section 2 .4 .3)  

were added to final concentrations of l A  M and 1 % respectively. Samples were 

incubated at 65°C for 1 0  min to allow polysaccharides to precipitate in the presence 

of CT AB and the high salt concentration. The sample was then mixed with an equal 

volume o f  chloroform and incubated on ice for 30 min. Samples were centrifuged at 

1 1 953 g for 1 0  min, and the aqueous phase transferred to a new tube. NH4Ac was 

added to the aqueous phase to a final concentration of 1 .2 M. Samples were 

incubated on ice for 30  min ,  then centrifuged at 1 1 953 g for 1 0  min. The supematant 

was transferred to a new tube, and DNA precipitated with 0 .6 volumes of  

isopropanol. Samples were mixed and left of ice for 15  to 30 min. DNA was pelleted 

by centrifugation at 1 1 953 g for 1 0  min. The pellet was washed twice in 70% 
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ethanol, then air dried. The DNA pellet was re suspended in double-distilled water or 

1 0  mM Tris pH 8 .0 .  The DNA concentration was measured as described in Section 

2 .6 .  

2.5.8.4 Isolation of fungal genomic DNA using modified 8yrd method 

Fungal cultures were grown as described in PD broth that was not p H  adjusted. 

Mycelia was harvested by fi ltration through nappy liner, washed in sterile double

distilled water and blotted dry. Approximately 0.3 g of mycelia was ground to a 

powder in liquid n itrogen, then resuspended in 800 J..lL o f  Byrd extraction buffer 

(Section 2 .4 . 1 . 1 ) . Proteinase K (Roche) was added to a concentration of 2 mg/mL, 

and the sample was incubated at 37°C for 20 min. The samples were centrifuged at 

1 6,060 x g for 1 0  min to pellet cellular debris. The supematant was phenol

chloroform extracted three times with half volumes each of both phenol and 

chloroform, then chloroform extracted once (Section 2 .5 . 1 ). DNA was precipitated 

with an equal volume o f  isopropanol (Section 2 .5 .2) .  DNA was pelleted by 

centrifugation at 1 6 ,060 x g for 1 0  min. The DNA pellet was washed in 70% ethanol, 

then airdried at 37°C. The DNA was resuspended in approximately 1 00 J..lL of sterile 

double-distilled water. 

2.6 DNA Q UANTIFI CATION 

2. 6. 1 Fluorometric quantitation with Hoescht dye 

2.6. 1 .1 Solutions for fluorometric quantitation 

2. 6. 1. 1. 1  Hoescht dye solution 

Hoescht dye solution contained 1 mg/ml ofHoechst 33258 dye (Sigma) . 

2. 6. 1. 1.2 10 )( TNE buffer 

TNE buffer ( 1  Ox) contained 0 . 1  M Tris base, 1 0  mM Na2EDT A and 1 M NaCl.  

2.6. 1. 1.3 Calf thymus DNA stock 

For low concentration assays, calf thymus DNA was resuspended at 1 00 ng/IlL in 1 x 

TNE buffer (Section 2 .6 . 1 . 1 .2) .  For high concentration assays, calf thymus DNA was 

resuspended at 1 000 ng/J..lL in 1 x TNE buffer. 
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2.6. 1. 1.4 Assay solution A (for low range assays) 

Assay solution A used for low range assays (i. e. concentrations of 1 0-500 ng/l!L) 

contained 1 x TNE buffer (Section 2 .6 . 1 . 1 .2) and 0.0 1 % Hoescht dye solution 

(Section 2 .6 . 1 . 1 . 1 ) . 

2.6. 1 .1 .5 Assay solution B (for high range assays) 

Assay solution B used for h igh range assays (i. e. concentrations of 1 00-5000 ng/l!L) 

contained 1 x TNE buffer (Section 2 .6 . 1 . 1 .2) and 0 . 1 %  Hoescht dye solution 

(Section 2 .6 . 1 . 1 . 1 ) . 

2.6. 1 .2 Quantitation using the fluorometer 

2.6. 1.2. 1 Low concentration assays of DNA concentration 

To measure lower DNA concentrations, the fluorometer was blanked against solution 

A (Section 2 .6 . 1 . 1 .4) .  To calibrate the instrument, calf thymus DNA ( l OO ng/l!L) 

(Section 2 .6 . 1 . 1 .3 )  was diluted 1 000 fold in assay solution A, and the fluorometer 

was calibrated to 1 00 ng/mL. To measure DNA concentrations in other samples, the 

sample was diluted 1 000 fold in assay solution A, and measured on the fluorometer, 

which showed the concentration of the sample in ng/mL. Allowing for the 1 000 fold 

dilution of the sample for quantitation, the concentration of DNA in the sample was 

then determined in ng/l!L. 

2. 6. 1.2. 2  High concentration assays of DNA concentration 

To measure higher DNA concentrations, the fluorometer was blanked against 

solution B (Section 2 .6 . 1 . 1 .5) .  To calibrate the instrument, calf thymus DNA ( 1 000 

ng/l!L) (Section 2.6 . 1 . 1 .3 )  was diluted 1 000 fold in assay solution B,  and the 

fluorometer was calibrated to 1 000 ng/mL. To measure DNA concentrations in other 

samples, the sample was diluted 1 000 fold in assay solution B, and measured on the 

fluorometer, which showed the concentration of the sample in ng/mL. Allowing for 

the 1 000 fold dilution of the sample for quantitation, the concentration of DNA in the 

sample was then determined in ng/l!L. 
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2.6.2 Quantitation by ethidium bromide staining 

A sample of  the DNA solution was separated by agarose gel electrophoresis (Section 

2.8 .2) with a series of standard DNA solutions. This method was used for p lasmid 

DNA and A DNA. Smaller DNA fragments were quantitated against a low DNA 

mass ladder (Invitrogen) that consisted of a ladder of fragments, each of a different 

known concentration. Once the SDS loading dye front had migrated at least two

thirds of the way down the gel, the gel was stained with ethidium bromide and then 

photographed (Section 2 .8 .3) .  The intensity of ethidium bromide staining from the 

unknown DNA sample was compared to that of the known standards. 

2.7 RESTRICTION ENDO N U C L EASE DIG ESTIO N  OF D NA 

Restriction digests were carried out using the manufacturer's recommended buffer 

supplied the restriction endonuclease. An excess of enzyme was used to cut the 

DNA. Digestions of plasmid and A DNA were performed at 37°C for 2 h and stored 

at 4 °C until an aliquot was checked by agarose electrophoresis (Section 2 .8). 

Digestions of  cosmid and genomic DNA were performed in the presence of 0. 1 

mg/mL BSA, and incubated at 37 °C for 3 - 1 2  h.  

2.8 AGAROSE GEL ELECTRO PHO RESIS 

2.8. 1 Agarose gel electrophoresis solutions 

2.8.1 .1  1 )(  T AE electrophoresis buffer 
1 x T AE buffer contained 40 mM Tris-acetate (pH8 .5) and 2 mM Na2EDT A. 

2.8.1 .2 1 )(  TBE electrophoresis buffer 
1 x TBE buffer contained 89 mM Tris (pH8 .2), 89 mM boric acid and 2 .5 mM 

Na2EDTA. 

2.8.1 .3 SOS loading dye 
SDS loading dye contained 1 % (w/v) SDS, 0.02% (w/v) bromophenol blue, 20% 

(w/v) sucrose and 5 mM Na2EDTA (pH8 .0). 
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2.8. 1 .4 Eth idium bromide staining solution 
Ethidium bromide staining solution contained 1 /lg/mL ethidium bromide dissolved 

in double-distilled water. 

2. 8. 2 Agarose gel electrophoresis 

Agarose electrophoresis was performed either in a minigel apparatus for 1 -2 h, or in 

a Bio-Rad Sub-Cell apparatus for several h to overnight. Agarose gels were made of  

agarose (Roche) or Seaplaque agarose (FMC) at either 0.7%, 1 %, 1 .2%, 1 .5% or  2% 

(v/v) in either 1 x T AE (Section 2 .8 . 1 . 1 )  or 1 x TBE buffer (Section 2 .8 . 1 .2) .  

Agarose was melted in either a pressure cooker or microwave and allowed to 

equilibrate to 50°C before the gel was poured. SDS loading dye (Section 2 .8 . 1 .3) was 

added to samples before loading. Electrophoresis was performed at 80- 1 20 V for 

minigels and B io-Rad subcell short runs, or at 30-40V overnight in the Bio-Rad 

subcell .  

2. 8.3 Staining and photographing gels 

Once the loading dye had moved at least half way down the gel, it was stained with 

ethidium bromide (Section 2 .8 . 1 04) before destaining in double-distilled water. Bands 

on the gel were visualised using an UV transilluminator and photographed using 

either an gel documentation system from Alpha Innotech or Bio-Rad. 

2. 8.4 Sizing DNA bands 

DNA fragment sizes were determined after electrophoresis by using Alpha Innotech 

gel documentation system software or through a semi-logarithmic graph of mobility 

(distance travelled in cm) vs. fragment s ize (in kb). The program compares the 

distance travelled by molecular markers of known size, such as the AIHindIII ladder, 

with fragments of unknown size. 
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2.9 SOUTH E RN B LOTTING 

2. 9. 1 Southern blotting solutions 

2.9. 1 .1 Solution 1 
Solution 1 contained 0.25 M HCl.  

2.9. 1 .2 Solution 2 
Solution 2 contained 0 .5  M NaOH and 0 .5  M NaCl. 

2.9.1 .3 Solution 3 
Solution 3 contained 2 .0 M NaCI and 0.5 M Tris-HCI (pH 7 .4). 

2.9.1 .4 20 x SSC 
20 x SSC contained 5 M NaCI and 0.3 M sodium citrate. 

2.9.1 .5 2 x SSC 
2 x SSC contained 0.5 M NaCI and 0 .03 M sodium citrate . 

2.9. 1 .6 1 0  x Denhardt's Solution 

1 0  x Denhardt's solution contained (per litre) : 5 0  mL of I M Hepes (Sigma) (pH 

7 .0), 1 50 mL 20 x SSC, 1 8  mg phenol-extracted herring sperm DNA (Sigma), 1 .0 g 

SDS, 20 mg Escherichia coli tRNA, 2 g Ficoll (Sigma), 2 g bovine serum albumin 

(Sigma) and 2 g polyvinylpyrrolidone (Sigma PVP- I 0). 

2.9.1 .7 Library hybridisation solution 
Library hybridisation solution contained 3 60 mM Na2HP04, 50 mM NaH2P04, 7% 

SDS (w/v), 1 % BSA (w/v) and I mM EDTA pH 8 .0 .  

2.9.1 .8 Alkaline stripping solution 
Alkaline stripping solution contained 0 . 1 M NaOH, 1 0  mM Na2EDT A p H  8 .0  and 

0 . 1  % SDS (w/v). 

2. 9.2 Southern (capillary) blotting 

Overnight gel electrophoresis was used to separate the DNA to be transferred to the 

membrane, and the gel was stained, visualised and photographed as described in 

Section 2 . 8 .3 .  The gel was placed in a tray containing Solution I (Section 2 .9 . 1 . 1 )  
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and gently agitated for 1 5  mm. The solution was poured off and replaced with 

Solution 2 (Section 2 .9 . 1 .2 )  and gently agitated for 3 0  min. This solution was 

replaced with Solution 3 (Section 2 .9 . 1 .3 )  and agitated for 30 to 60 min. The gel was 

then washed for 2 min in 2x S SC (Section 2 .9 . 1 .5) .  

Before the blotting apparatus was set up,  a plastic trough with wells at both ends was 

prepared so two sheets of What man 3 MM chromatography paper soaked in 20 x SSC 

(Section 2 .9 . 1 .4) protruded into the wells, which were then filled with 20 x SSC. 

Plastic wrap was placed over the trough and pressed flat. A grid 2 mm smaller than 

the gel size was removed from the plastic wrap and the treated gel was placed so it 

overlapped the edges of the grid. A p iece of positively charged nylon membrane 

(Roche) was cut to 2 mm greater than the gel size, pre-soaked in 2 x SSC (Section 

2 .9 . 1 .5)  and laid on the gel. Four sheets of Whatman 3 MM chromatography paper 

were cut to 2 mm less than the gel size . Two of these sheets were pre-soaked in 2 x 

SSC and then laid on the membrane, followed by the other two dry sheets. A pile o f  

paper towels was placed at the top of  the blotting apparatus and weighed down. The 

apparatus was left to blot overnight. On the next day, the blot apparatus was 

disassembled and the DNA was cross linked to the membrane using 120,000 ,.d/cm
2 

of energy in an ultraviolet crosslinker (Ultra-Lum, Claremont, CA, USA). 

2. 9. 3 RadioJabelling of DNA probes 

DNA to be labelled (30 ng) was diluted to an 1 1  ilL volume, denatured by boiling for 

3 min, then placed immediately on ice to cool .  Four ilL of High Prime so lution 

(Roche) and 5 ilL of [a
32

P]-dCTP (3000 Ci/mmol, Amersham) was added.  Reactions 

were incubated at 37°C for 30 min- 1  hour before the reaction was stopped by adding 

30  ilL o f  STE buffer (Section 2 .4 . l .5 )  or 1 0  x TNE buffer (Section 2.6 . 1 . l .2) .  

Unincorporated nuc1eotides were removed from the mixture using a Sephadex G-50 

column (ProbeQuant) . The vortexed column was prespun at 735 g for I min to 

remove the void volume from the column .  The probe sample was applied to the 

column, and the column was spun for 2 min at 735 g. Before use, the purified probe 

was boiled for 3 min to denature the probe, then left on ice to cool. 
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2.9.4 Hybridisation of radiolabelled DNA probes 

A Southern blot (Section 2 .9 .2)  membrane was prehybridised for at least 2 h in 1 0  x 
Oenhardt's solution (Section 2 . 9 . 1 .6) at 65°C.  The denatured [a32

P]_dCTP labelled 

probe (Section 2 . 1 0 .3)  was added and left to hybridise at 65°C overnight. Following 

removal from the tube, the blot was washed with 2 x SSC, 0 . 1 % SOS at 65°C for at 

least 1 5  min. Two subsequent washes of 1 5  min were performed with either the 2 x 

SSC, 0 . 1  % SOS wash solution or more stringent wash solutions ( 1  x S SC,  0 . 1  % 

SOS or 0 .5  x SSC, 0 . 1  % SOS). 

2. 9. 5 A utoradiography 

The hybridised blot was wrapped in plastic and exposed to a sheet of Fuj i  Medical X

ray fi lm in the presence of a Cronex intensifYing screen in an X-ray cassette at -80°C 

for an appropriate period of time, which varied according to the incorporated 

radioactivity in the probe and the type of ONA on the b lot. The film was developed 

using a 1 00 Plus Automatic X-ray film processor (All-Pro Imaging Group) using 1 00 

Plus developer and fixative solutions.  

If the b lot was to be visualised using a phosphoimager, the hybridised blot was 

incubated overnight at room temperature with the imaging p late (IP) .  The imaging 

plate was read using the Fujifilm FLA-5000 scanner with Image Reader FLA-5000 

v2 . 1  software. The Profile/MW mode of Science Lab 200 1 Image Gauge v4 .0 

software was used to assess signal intensity. 

2.9. 6 Stripping of Southern blots 

Southern blots were stripped either by the use of boiling  sodium dodecyl sulphate 

(SOS) or alkaline hydrolysis. For gels stripped by boiling SOS, a solution of boiling 

0 . 1  % (w/v) SOS was poured over the hybridised membrane and gently agitated until 

the solution had cooled to room temperature. This process was repeated several times 

to ensure all probe DNA was removed from the filter. Alkaline stripping of blots was 

performed using washing the filter twice in alkaline stripping solution (Section 

2 .9 . 1 .8) for 1 0  min with shaking. The filter was then washed twice in 5x SSPE 
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(prepared by 4 fold dilution of  20x SSPE described in Section 2 A . l A) for 1 0  min 

with shaking. 

For both methods, the stripped membranes were checked by autoradiography 

(Section 2 .9 .5 )  to ensure no signal from the probe remained. If stripping was 

incomplete, the stripping process was repeated. 

2 . 1 0 L IBRARY SCREE N I NG 

An E. Jestucae Fl l genomic DNA cosmid library was prepared as described 

previously (Tanaka et al . ,  2005). DNA from a selection of clones from this cosmid 

library were arrayed onto a membrane filter at a s ix-by-six density with double off

set by the Australian Genome Research Facility (AGRF), Melbourne, Australia. The 

library was prehybridised in library hybridisation solution (Section 2 .9 . 1 .7) at 65°C 

for a minimum of 2 h .  Denatured radiolabelled probe prepared as described in 

Section 2 .9 .3  was hybridised to the library fi lter at 65°C overnight. The filter was 

rinsed with 2 x SSC,  0 . 1  % SDS wash buffer, then incubated with the same wash 

buffer for 30  min at 65 °C.  Successive washes were performed with increased 

stringency using 1 x SSC, 0 . 1 %  SDS buffer then 0 . 1  x SSC,  0. 1 %  SDS buffer each 

at 65°C for 30 min. Autoradiography was performed as described in Section 2 .9 .5 . 

Filters were stripped by alkaline lysis as described in Section 2 .9 .6. After library 

screening was complete, bacterial clones containing the cosmid of interest were 

isolated by streaking for single colonies from the bacterial stocks stored in 96 well  

plates at -70°C . Cosmid DNA was isolated from bacterial strains as described in 

Section 2 .5 .6 .2 .  

2 . 1 1 DNA S EQUENCING 

DNA scquencing was performed usmg BigDye™ fluorescent dye-labelled 

terminators based on the didcoxy chain termination method (Sanger et al . ,  1 977) by 

the Allan Wilson Centre Genome Service at Massey University, Palmerston North. 

Primers used for sequencing were synthesised by Invitrogen or Sigma Genosys. 

DNA intended for scquencing was purified either by the use of a commericial 

plasmid kit (as described in Section 2 .5 .5) ,  through A DNA isolation as described in 
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Section 2 .5 .7 .2 ,  or through alkaline lysis/PEG precipitation (as described in Section 

2 .5 .6 .2) .  Products were labelled using the BigDye™ tenninator Version 3 . l  Ready 

Reaction cycle sequencing kit (Applied Biosystems). For sequencing o f  plasmids, 

300 ng of  DNA was mixed with 3 .2 pmol of primer in a volume of 20  ilL reaction. 

For A and cosmid sequencing, 500 ng of DNA was mixed with 5 pmol of primer in a 

20 ilL reaction. For PCR products ,  2ng/ 1 00 bp of PCR product was mixed with 3 .2 

pmol of  primer in a volume of 20 ilL .  For detection, fluorescently labelled 

sequencing reactions were run on the capillary ABI3730 Genetic Analyzer (Applied 

Biosystems). DNA sequence was analysed as described in Section 2 .2 l .  

2. 1 2  D NA LlGATION 

2. 1 2. 1 CAP treatment of vector DNA 

Approximately 5 Ilg of vector DNA was digested with an excess of  restriction 

enzyme .  Where possible, the restriction enzyme was inactivated by heat. A small 

DNA sample was removed as a pre-treatment control .  Half a unit of calf  intestine 

alkaline phosphatase (CAP, Roche) and 1 /1 0  volume of 1 0  x phosphorylation buffer 

were added and the reaction was incubated at 37°C for 30 min. At this stage, the 

samples were purified using one of  two different means. 

The first purification method used proteinase K to remove residual CAP activity, 

followed by phenol-chlorofonn extraction and ethanol precipitation. Na2EDT A and 

SDS were added to concentrations of 5 mM and 0 .5% (w/v) respectively. Proteinase 

K (Section 2 .4 .2 .3) was added to a final concentration of 5 0  Ilg/mL and the reaction 

mixture was incubated at 56°C for 30 min. The reaction mix was phenol-chlorofonn 

extracted (Section 2.5 . 1 )  and ethanol precipitated (Section 2 .5 .2) .  The second 

purification method used QiaQuick gel extraction kit (Qiagen, Section 2 .5 . 3 .2) to 

purify the reactions .  After purification, control ligations were perfonned using before 

and after ligation samples of vector from pre-CAP treatment and after CAP 

treatments to detennine the degree of vector self-ligation. 
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2. 1 2.2 DNA ligation 

Ligations were perfonned in two different ways. The first way involved ligation 

mixtures that contained 1 x T4 DNA ligation buffer (diluted from 1 0x stock, NE 

Biolabs) ,  1 0-20 ng of p lasmid DNA, insert DNA (if appropriate) and 1 60 U of T4 

DNA ligase (NE Biolabs). The second method involved using I x T4 DNA ligase 

buffer (diluted from 2 x or 1 0  x stocks, Promega), l O ng of plasmid DNA, insert 

DNA (where appropriate) and 3 Weiss units ofT4 DNA ligase (Promega). 

Ligation o f PCR products into the pGEM-T EasyTM vector (Promega) was perfonned 

using the pGEM-T Easy kit (Promega). The 1 0  )..lL reaction mix contained 1 0  to 50 

ng PCR products, 25 ng of the pGEM-T Easy vector, 1 x l igation buffer supplied 

with the kit and 3 Weiss units of T4 DNA ligase (Promega). Reactions were 

incubated at 4 QC overnight. 

For three or four-way ligations, l : l : l or 1 : 1 : 1 : 1  molar ratios of vector to insert 

fragments were used to promote ligation. Three and four way l igations were 

perfonned in reaction mixtures containing 1 x T4 DNA ligation buffer (diluted from 

1 0x stock, NE Biolabs), 1 0-20 ng of p lasmid DNA, equimolar amounts of each insert 

DNA fragment and 1 60 U ofT4 DNA ligase (400 U/)..lL, NE Biolabs). 

2. 12. 3  Shot gun cloning of A and cosmid DNA fragments 

In order to perfonn "shotgun" c loning of DNA fragments, A or cosmid DNA was 

digested with the appropriate restriction endonuclease.  The products o f  this digestion 

were purified by phenol-chlorofonn extraction (Section 2 .5 . 1 )  and ethanol 

precipitation (Section 2 . 5 .2) .  The resulting DNA was ligated into a vector cut with 

the same restriction enzyme (or an enzyme that produces compatible ends), using 

standard l igation protocols as described in Section 2 . 1 2 .2 .  The resulting colonies 

were screened by blue-white selection, restriction endonuclease digestion of resulting 

vectors or colony peR screening (Section 2 . 1 4 .3 .3) .  
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2.1 3 VECTO R CONSTRUCTI O N  

2. 1 3. 1  Construction o f  vectors to give heterologous prt1 or prt2 
expression 

2.1 3.1 .1  Construction of the phFunGus vector 
The phFunGus vector (Figure 2 . 1 )  was constructed by c loning an NeaI-free hph 

fragment (from the vector phGFP2) into the HindIII site of  the pFunGus vector 

(Appendix A 1 . 1 . 1 ;  McGowan, 1 996). The phFunGus vector was used as a backbone 

for vectors created to transform E. festueae Fl l with heterologous copies o f  prtl or 

pr!2 . 

2.1 3.1 .2 Construction of vectors to give heterologous prt1 expression 

The pMM32 and pMM33 vectors direct expression of E. festucae Fll  pr!1 under the 

control of the A. nidulans gpdA or E. jestueae Fl l ItmM genes respectively. Two 

independent peR amplifications were used to amplify the E. festucae Fl l prtl coding 

region (Figure 2 .2) .  The 5 '  region of the prt1 gene (amplified with the MM63Nco

MM74 primers) was digested with NcoI  and SalI, while the 3 '  region of the prtl 

gene (amplified with the M M 1 -MM67Pst primers) was digested with Sal! and PstL 

The NcoI/SalI and SalI!PstI digested fragments were purified by peR product 

purification as described in Section 2 .5 .4 before being used in ligations . 

The pMM32 vector contained the E. festueae Fl l prt1 coding region fused to the 

promoter and 5 '  untranslated region (UTR) of  the A .  nidulans gpdA gene at the 

trans lation start codon. The vector backbone was a 4.2 kb EcoRI/PstI fragment from 

phFunGus (Figure 2 . 1 )  containing the hph gene, which confers hygromycin 

resistance . The gpdA promoter and 5 '  UTR were derived from the pLMl vector 

(Appendix 1 )  as a 2 .3  kb EeaRI/NeaI fragment. The phFunGus EeaRI/PstI and 

pLMl EcoRI/NcoI fragments were gel purified before use (Section 2 . 5 .3 .2). The 

pMM32 vector was constructed by means of a four way ligation, l igating the 

ph Fun Gus EeaRI/PstI, pLM l EeoRI/NeoI, and prtl NeoI/Sal! and SalI!PstI 

fragments together in a single reaction. peR screening was performed to ensure that 

pMM32 contained the fragments in the expected order. The prt1 fragments in 

pMM32 were sequenced to check for peR misincorporation errors in the prtl coding 

sequence. 
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Figure 2.1  Construction of the phFunGus vector 

A schematic showing how the phFunGus vector was constructed. (A) The phFunGus vector was 

created by ligation of a 1 .3 kb Hindl l l  fragment from the phGFP2 vector into the Hind l l l  site of the 
pFunGus vector. Restriction sites are designated as follows: BamH I  (8) ,  EccR l (E), Hindl l l (H ), 
Ncol (N)  and Pstl (P). (8) The ph FunGus vector was d igested with EcoRl/Pst l or Bam HI/PsN to 
create the backbone of the pr1 1 or pr12 heterologous expression vectors. The 4.2 kb EcoRl/Pstl or 
BamHI/Pstl fragments were gel purified before use in DNA l igations. 

The pMM33 vector contained the E. festucae FI l prt] coding region fused to the 

promoter and 5 '  untranslated region (UTR) of the E. festucae FI l ltmM gene at the 

translation start codon. The vector backbone was a 4 .2 kb BamHIIPstI fragment from 

phFunGus (Figure 2 . 1 )  containing the hph gene, which confers hygromycin 

res i stance. The ltmM promoter and 5 '  UTR were derived from pXZ56 (Appendix 

A L L?) as a 1 .3 kb BamH IINcoI fragment. The phFunGus BamH IIPstI and pXZ56 

BamHIINco I  fragments were gel purified before use (Section 2 . 5 .3 .2) .  The pMM33 

vector was constructed by means of a four way ligation, ligating the phFunGus 
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BamHIIPstI, pXZ56 BamHIINeol, and prtl NeoIlSalI and SalI/Pstl fragments 

together in a single reaction. PCR screening was used to ensure that pMM33 

contained the fragments in the expected order. The prtl fragments in pMM33 were 

sequenced to eheck for PCR misineorporation errors in the prt1 coding sequence. 

2.1 3.2 Construction of vectors to give heterologous prt2 expression 

The pMM26 and pMM27 vectors direct expression of E. festueae Fl l prt2 under the 

control of the A.  nidulans gpdA or E. festueae F l l ltmM promoters respectively. The 

E. festueae F l l prt2 coding region was amp lified from E jestueae Fl l genomic DNA 

using the MM65Rca and MM67Pst primers (Figure 2 .3A and B). The resulting PCR 

product was digested with Real and Pst!. Restriction digestion by the Real enzyme 

(recognition site T tCATGA) produces overhanging ends that are cohesive to those 

produced by Neol (recognition site CtCATGG). 

The pMM26 vector contained the E festueae Fl l prt2 coding region was fused to the 

promoter and 5 '  untranslated region (UTR) of the A .  nidulans gpdA gene at the 

position of  the translation start codon. The backbone of  the vector was a 4.2 kb 

EeoRIIPstl fragment from phFunGus (Figure 2 . 1 )  containing the hph gene, which 

confers hygromycin resistance. The gpdA promoter and 5 '  UTR were derived from 

the pLM l vector (Appendix 1 )  as a 2 .3 kb EeoRIINeoI fragment. The phFunGus 

EeoRIIPstl and pLM l EeoRIINeol fragments were gel purified before use 

(Section2 .5 .3 .2). The pMM26 vector was constructed by means of a three way 

l igation, l igating the phFunGus EeoRIIPstl, pLM l EeoRIINeoI, and prt2 Real/Pstl 

fragments together in a single reaction. The expected fragment order was confirmed 

by PCR screening. pMM26 was sequenced to check for PCR misincorporation errors 

in the prt2 coding sequence. 

The pMM27 vector contained the E. festueae FI l prt1 coding region was fused to the 

promoter and 5 '  untranslated region (UTR) of the E festueae Fl l ltmM gene at the 

position of the translation start codon. The backbone of  the vector was a 4.2 kb 

BamHIIPstI fragment from phFunGus (Figure 2 . 1 )  containing the hph gene, which 

confers hygromycin resistance .  The ltmM promoter and 5 '  UTR were derived from 

the pXZ56 vector (Appendix 1 )  as a 1 .3 kb BamHIINeoI fragment. Both the 

phFunGus BamHIIPstI and pXZ56 BamHIINeol fragments were gel purified before 
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Fig u re 2 . 2  Construction of vectors d i rect ing heterologous expression of prt1 
Schematic d iagrams showing how the pMM32 (PgpdA-prt1 )  and pMM33 (P/tmM-prt1 ) vectors 
were created . (A) The E. festucae FI1 prt1 gene. The coding sequence is indicated by a blu e  
arrow. Positions of t he  primers used to amplify the prt1 codi ng region are i ndicated b y  heavy black 
arrows with primer names in bol d black text. Sail and Ncol restriction sites withi n the coding region 
are indicated by l ight black li nes with names above. The green box indicates a microsatell ite 
sequence in the 3' UTR of the prt1 gene. (8,C) Strategies used to am plify the 5' and 3' regions 
respectively of the prt1 coding sequence. Prim ers a re i ndicated as teal arrows with the nucleotide 
sequence of the primer shown in teal text. Nucleotide differences between the primer and the 
corresponding genomic DNA sequence are indicated by u nderlined text. Nucleotides of the 
E. festucae FI1  genomic DNA are shown in black text. Sequences complementary to the primers 
that were amplified during peR are shown in grey text, with nucleotide differences from the 
corresponding genomic DNA sequences indicated by underlined text. Restriction sites are 
ind icated by a black l ine positioned at the recognition site. (0) Schematic diagram showing how the 
four way l igations used to create the pM M32 (PgpdA-prt1 )  and pMM33 (P/tmM-prt1 )  vectors were 
perform ed . Maps of the resulting pMM32 and pMM33 vectors are shown. 
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Fig ure 2.3 Construction  of vectors dire cting hetero logous expression of 

prt2 

Schematic diagrams showing how the pMM26 (PgpdA-prt2) and p M M27 (PltmM-prt2) vectors 
were created .  (A) The E. festucae FI1 prt2 gene. The coding sequence is indicated by a blue 

arrow. Positions of the primers used to amplify the prt1 coding region are ind icated by heavy black 
arrows with primer names in bold black text. SaIl a nd Ncol restriction sites within the coding 
region are indicated by light black lines with names above. (8) Strategy used to amplify the prt2 
coding sequence. Primers are indicated as orange arrows with the nucleotide sequence of the 
primer shown in orange text. N ucleotide differences between the primer and the corresponding 
genomic DNA sequence are indicated by underlined text. N ucleotides of the E. festucae FI1 
genomic DNA are shown in black text. Sequences complementary to the primers that were 
amplified during peR are shown in grey text, with nucleotide d ifferences from the corresponding 
genomic D NA sequences indicated by underlined text. Restriction sites are ind icated by a black 
line positioned at the recognition site. (C) Schematic diagram showing how the four way ligations 
used to create the pMM26 (PgpdA-prt2) and pMM27 (PltmM-prt2) vectors were performed . Maps 
of the resulting pMM26 and pMM27 vectors a re shown. 
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use (Section 2 . 5 .3 .2) . Construction of the pMM27 vector was perfonned by means of 

a three-way ligation, ligating the phFunGus BamHVPstI, pXZ56 BamHVNcoI, and 

prt2 RcaVPstI fragments together in a s ingle l igation reaction. The expected 

fragment order was confinned by PCR screening .  pMM33 was sequenced to check 

for PCR misincorporation errors in the prtl coding sequence. 

2. 13.3 Construction of the gcn 1 gene replacement vector 
The gcnl replacement vector consisted of 2 .8  kb 5 '  and 3 '  fragments flanking the 

gcnl gene separated by a hygromycin cassette derived from the vector pPN 1 688 

(Figure 2 .4). The flanking sequences were ampl ified by long-template PCR (Section 

2 . 1 7 .4) from the cosmid 1 3B2 using the MM96-MM97 and MM98-MM99 primer 

pairs . The MM96, MM97, MM98 and MM99 primers introduce EcoRI, SstI, XbaI 

and HindIII  sites respectively. The MM96-MM97 PCR product was digested with 

EcoRI and SstI, then sub cloned into pUC l 1 8  to give the vector pMM52. The plasmid 

was sequenced to ensure the fragment contained no PCR misincorporation errors . 

The pMM53 vector was created by subcloning of the MM98-MM99 PCR product 

digested with XbaVHindlIl into pUC l 1 8 .  Again, the MM98-MM99 PCR product 

was sequenced to check for misincorporation errors . Error-free versions o f  the 5 '  

EcoRV SstI and 3 '  XbaV HindIII flanking fragments were ligatcd together with a 3 .2 

kb EcoRVHindIII pUC l 1 8  fragment and a 1 .3 kb SstVXbaI fragment from pPN 1 688 

containing the hph cassette in a four-way l igation. PCR screening confinned the 

resulting vector, pMM54, contained all of the desired fragments in the correct order. 

The linear DNA fragment containing the gcnl : :hph used for transfonnation o f  

E. festucae Fl l was amplified from pMM54 with the M 1 3F and M 1 3R primers 

(Table 2 .4) using long template PCR (Section 2 . 1 7 .4). 

2. 1 4  BACTERIAL T RANSFO RMATION 

2. 14. 1 Preparation o f  e/ectro-competent E. coli cells 

One litre of  LB broth (Section 2 . 3 .2) was inoculated with E. coli XL-I cells and 

grown with shaking at 37°C until an optical density (�oo) of the culture was between 

0.5 and l .0. The cells were chilled on ice for 20 min, then harvested by 

centrifugation at  4000 g for 10  min at  4°C. The cells were washed in ice cold water, 

firstly in 1 000 mL, then 500 mL), then in 20 mL of ice cold 1 0% glycerol .  The 
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Construction of the pMM54 vector. (A) Map of the gen1 10eus. The primers used to amplify the 5 '  and 3' 
flanking sequences (represented by teal and orange boxes respectively) are indicated by thick black 
arrows, with primer names in bold text. Each of the four primers introduces a different enzyme restriction 
site, which is listed in brackets next to the primer name. The prt2, gen 1 ,  eye 1 and ptn1 coding sequences 
are indicated by blue arrows. The ruler underneath the sequences is shown in kb. (B, C) Amplification of 
the 5' flanking sequence with the MM96 and MM97 primers and the 3' flanking sequences with the MM98 
and MM99 primers. For the 5' flanking sequence, primer sequences are shown in teal, while for the 3' 
flanking sequence, primer sequences are indicated in orange . The genomic sequence is shown in black 
text and sequence amplified during PCR in grey text. Nucleotides that differ to the corresponding 
genomic sequence at the same position are indicated by underlined text. The recognition sites introduced 
in the primers used to amplify these fragments are indicated by a line corresponding to the position 
where these enzymes cut the DNA. (D) Strategy used to used to create the pMM54 vector. A 3.2 kb 
Hindll llEeoRl fragment was used to create the backbone of the vector (indicated by i ). The EcoRI/Ssft 5' 
flanking sequence Qi) was amplified from E. festueae FI1 genomic DNA as described in B. The PtrpC
hph cassette fi i ) was derived from pPN1 688 as a 1 .4 kb SslllXbal cassette. The XbaVHindl l 1  3' flanking 
sequence Iv) was amplified from E. festueae FI1 genomic DNA as described in C. All four fragments 
were ligated together in a single ligation reaction to create the MM54 vector. -----' 
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pelleted cells were resuspended in 4 mL of ice cold 1 0% glycerol and stored in 40 ilL 

aliquots at -80°e. 

2. 14.2 Transformation of DNA by eiectroporation 

Electrocompetent E. coli XL- l cells prepared as described in Section 2 . 1 4 . 1  were 

gently thawed, then left on ice . The Gene Pulser (Bio-Rad) was set at 25 IlF and 2 .5  

kV, and the pulse controller to 200 Q resistance. One to 2 ilL of DNA ligation 

(Section 2 . 1 2 .2) was mixed with the electrocompetent cells, which were then 

incubated on ice for 1 min. The cell-DNA mixture was transferred and shaken to the 

bottom of an ice cold 0 .2 cm cuvette, then pulsed at the settings described above. If 

the time constant for the electroporation pulse was between 4 and 5 ms, the 

electroporated cells were resuspended in 1 mL of SOC medium (Section 2 .3 .6). For 

each set of electroporation experiments, a cells only control (which contained no 

DNA) and a positive control (which contained 20 ng of pUC l 1 8  DNA) were 

included. Electroporated cells were incubated at 37°C for one hour, and then suitably 

diluted before being plated on LB agar plates (Section 2 . 3 .2)  containing ampicillin 

(Section 2 . 3 .9) .  

2. 14.3 Screening of transformants 

2.14.3.1 Blue-white selection 
Transformants where DNA was inserted into the lacZ gene of pUC 1 1 8  or derived 

vectors were identified by screening using blue-white selection. One hundred ilL o f  

transformed cells were aliquoted onto the agar surface and mixed with 4 0  ilL each o f  

24 mg/mL IPTG and 2 0  mg/mL X-Gal (Section 2 .3 .9). The cell mixture was spread 

over the agar surface with a glass spreader and incubated overnight at 37°C .  White 

colonies, which contain a plasmid where the lacZ a gene was disrupted by insertion 

ofa DNA fragment, were selected for further analysis. 

2.14.3.2 Clone Checker™ analysis (Invitrogen) 
CloneChecker™ analysis was performed in one of two ways. For both procedures, a 

colony of transformed bacteria were picked from freshly gro\V11 agar plate and 

re suspended in 6 ilL of LB broth (Section 2 .3 .2) .  For restriction endonuclease 

analysis, 3 ilL of the resuspended colony was mixed with 8 JlL of Green solution. 
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The sample was incubated at 1 00°C for 3 0  s ,  then cooled to room temperature. A mix 

containing 1 ilL of 1 0x restriction endonuclease buffer and 1 0  U (l ilL) of restriction 

endonuclease was added to each sample.  The samples were incubated at 37°C for l O  
min. Two ilL of loading dye was added to the sample before electrophoresis on a 

0 .7% agarose in 1 x TBE gel (Section 2 .8 .2). 

For supercoiled DNA analysis, 3 ilL of the re suspended colony were mixed with 5 

ilL of red solution. Five ilL of  yellow solution was added to each sample, and mixed 

by vortexing. Four ilL of loading buffer was added to each sample, and samples were 

vortexed immediately before electrophoresis on a 0 .7% agarose in 1 x TBE gel 

(Section 2 . 8 .2) .  

2.14.3.3 Colony PCR 
Reactions for colony PCR contained 1 x Taq polymerase buffer (2 . 5  mM MgC}z, 

Roche), 50 � of each dNTP, 200 nM each of  both forward and reverse primers and 

0 .5 U Taq polymerase (Roche). A very small amount of cells directly from bacterial 

colonies were introduced into the PCR reaction as a template . The following PCR 

program was used: 95°C for 3 min, 30 cycles of 95°C for 30 s, 55 -60°C for 30 s, 

n oc for x min (where 1 kb = 1 min, x is dependent on the size of  the fragment being 

amplified), followed by 5 min at noc. 

2. 1 5  F U NGAL PROTOPLAST PREPARATION AN D C H E F  
ELE CT ROPHORESIS 

2. 15. 1 Protoplasting solutions 

All protoplasting solutions were sterilised by autoclaving before use. 

2.1 5.1 .1  OM buffer 
OM buffer contained 1 .2 M MgS04.7H20 and 1 0  mM Na2HP04. The pH was 

adjusted to 5 . 8  with 1 00 mM NaH2P04.2H20. 

2.1 5.1 .2 Glucanex 
Glucanex (Novo Nordisk) was dissolved in OM buffer (Section 2 . 1 5 . 1 . 1 ) at a 

concentration o f  1 0  mg/mL and filter sterilised before use. 
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2.1 5.1 .3  ST buffer 
ST buffer contained 0.6 M sorbitol and 1 00 mM Tris-HCl (PH 8 .0) .  

2.1 5.1 .4 STC buffer 
STC buffer contained 1 M sorb itol, 50  mM CaCh, 50  mM Tris-HCl (pH8 .0). 

2.1 5.1 .5 40% PEG buffer 
PEG buffer contained 40% (w/v) PEG 4000, 50 mM CaCh, 1 M sorbitol, 40 mM 

Tris-HCl (pH8 .0). 

2.1 5.1 .6 GMB buffer 
GMB buffer contained 0.9 M sorbitol and 1 25 mM Na2EDT A (pH7 .5) .  

2. 1 5. 1 .7 LMP in GMB 
LMP in GMB contained 1 .4% (w/v) low melting point agarose (Sigma) in GMB 

buffer (Section 2 . 1 5 . 1 .6). 

2. 1 5. 1 .8 SE buffer 
SE buffer contained 2% (w/v) SDS and 250 mM Na2EDT A (PH 8.0) .  

2. 1 5. 1 .9 1 0 )( ET buffer with SLS 
1 0  x ET buffer contained 1 0  mM Tris and 5 00 mM Na2EDTA (pH 8 .0), along with 

1 %  SLS .  

2.1 5.1 . 1 0  1 )(  ET buffer 

I x  ET buffer contained I mM Tris and 50 mM Na2EDTA (PH 8 .0). 

2. 1 5. 2  Protoplast preparation 

Fungi were inoculated into PO broth (Section 2 . 3 .3 )  as described in Section 2 .2 .2 ,  

and grown at 22°e with shaking at  1 50 rpm for varying lengths of  time. E. typhina 

PN23 1 1  was grown for five days and E. festucae Fl l for seven days, while N. lolii 

strain Lp 1 9  was grown for twelve days. Four 50 mL cultures were pooled for each 

protoplast preparation. Mycelia were harvested from cultures by filtering through a 

nappy liner, and washed three times in sterile double-distilled water. Mycelia were 

rinsed with OM buffer (Section 2 . 1 5 . 1 . 1 )  and resuspended in 30  mL of  Glucanex 

(Section 2 . 1 5 . 1 .2). Hyphae were incubated overnight at 30°C with shaking at 80-1 00 
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rpm. At this stage, the numbers of pro top lasts generated were checked by viewing a 

small sample under the microscope. 

Protoplasts were collected by filtering the treated mycelia through a nappy liner into 

sterile centrifuge tubes, with each tube containing approximately S mL. Each sample 

was overlaid with 2 mL of ST buffer (Section 2 . 1 S . 1 .3) ,  and tubes were centrifuged 

at 22 1 0  g for S min at 4°C. Protoplasts, which collect at the interface between the 

Glucanex and ST buffer solutions, were removed and transferred to a fresh tube. 

Protoplasts were resuspended in S mL of  STC buffer (Section 2 . 1 S . 1 .4) and 

centrifuged at 22 1 0  g for S min at 4°C. This process was repeated three times to 

wash protoplasts . Protoplasts were resuspended in O.S mL of  STC buffer, then the 

concentration of protoplasts was assessed using a haemocytometer. At this point, 

pro top lasts were either used for the isolation of fungal genomic DNA (Section 

2 .S .8 . 1 ), used for fungal transformation (Section 2 . 1 6) or to make protoplast plugs 

for CHEF (Section 2 . 1 S .3 ) .  

2. 15.3 Preparation of protoplast plugs for CHEF 

Protoplasts were resuspended at a concentration of 1 x 1 09 protoplasts/mL in GMB 

buffer (Section 2 . 1 S . 1 .6) .  Protoplasts were mixed with an equal volume of low 

melting point (LMP) agarose (Invitrogen) in GMB buffer (Section 2 . 1 S . 1 .7) to give a 

final concentration of S x 1 08 protoplasts/mL into p lug moulds, and left to set at 4°C 

for 1 0  min. The set plugs were incubated in 1 0  mL of SE buffer (Section 2 . 1 S . 1 . 8 )  

and incubated at SsoC for 1 6-20 h .  Plugs were transferred into 10  x ET buffer with 

SLS (Section 2 . 1 S . 1 .9)  and 20 mg proteinase K (Roche) and incubated at SO°C for 24 

h. Plugs were washed three times in 1 x ET buffer (Section 2 . 1 S . 1 . I O) to remove 

SLS, with changes over several hours. Protoplasts were stored at 4°C in 1 x ET 

buffer. 

2. 1 5.4 CHEF electrophoresis 

CHEF gels were made of  0.6% chromosomal grade agarosc (Bio-Rad) in O .S x TBE 

buffer (diluted 2 fold from 1 x TBE buffer, Section 2 . 8 . 1 .2) .  The running buffer was 

used was also O.S x TBE buffer. The apparatus pump was set to 7S ,  and the buffer 
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temperature was set to 1 4°C. Electrophoresis took place at 60V with a run program 

o f  1 00 s for 1 5  h, 450 s for 1 3  h ,  1 600 s for 3 5  h and 2000 s for 3 5  h .  After 

electrophoresis, the gel was stained in ethidium bromide (Section 2 . 8 . 1 .4, Section 

2 .8 .3 ) .  The gel was Southern b lotted as described in Section 2 .9 .  

2 . 1 6 F U NGAL TRANSFORMATIO N  

2. 1 6. 1  Transformation o f  fungal protoplasts 

Protoplasts (prepared as described in Section 2 . 1 5 .2) were diluted to 1 .25 x 1 08 

protoplasts/mL in STC buffer (Section 2 . 1 5  . I A) . Eighty ilL of the diluted protoplast 

stock was added to 20 ilL of 40% PEG buffer (Section 2 . 1 5 . 1 .5) .  Two ilL of  

spermidine (Section 2A .3), 5 III of  heparin (Section 2 .4 .3)  and 5 Ilg of  DNA were 

added to the samples, which were then mixed by gentle vortexing. For each 

transformation, a "protoplast only" control to which no DNA was added, and a 

positive control with a known plasmid such as pAN7- 1 or pII99.  Samples were 

incubated on ice for 30 min. Nine hundred ilL of 40% PEG buffer (Section 2 . 1 5 . 1 .5 )  

were added, and samples were mixed and incubated on ice for 1 5 -20 min. One 

hundred ilL of the sample was mixed by vortexing with 0.8% RG agar (Section 

2 .3 .5 )  equilibrated to 50°C . The sample-agar mix was overlaid onto a regeneration 

medium agar (Section 2.3 .5)  plate . 

For the protoplasts only control (where no DNA was added), two plates were 

prepared with the undiluted protoplast mix, and one p late each prepared for 1 0, 1 00 

and 1 000 fold dilutions. Four plates were prepared for the positive control, and ten 

plates for the transformed DNA sample.  Plates were incubated overnight before 

another overlay with antibiotic selection (hygromycin to a final concentration of 1 50 

Ilg/mL or geneticin to a final concentration of 200 f!g/mL, Section 2 .3 .9). Protoplasts 

were regenerated by growing at 22°C for at least fourteen days. To purify 

transformants and ensure transformants were stable for antibiotic resistance, a small 

square of agar containing hyphae was sub cultured onto a fresh agar plate with a 

hygromycin concentration o f  5 0  Ilg/mL or a genetic in concentration of 7 5  Ilg/mL. 

Plates were incubated to allow hyphae to form a larger colony, and a new sample 

was subcultured. This process was repeated three times to ensure that transformants 
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were not heterokaryons. Transformants were then screened using the PCR-based 

screening approaches used in Section 2 . 1 6 .2 or by Southern blot approaches (Section 

2 .9). 

2. 16.2  Screening of funga/ transformants 

2.16.2.1 Screening using alkaline lysis of fungal hyphae 
A small amount of mycelia were scraped from the surface of a fungal colony on an 

agar plate and placed in lysis solution (400 mM KOH, 1 0  mM Na2EDTA). Samples 

were incubated on ice for 1 0  min. One hundred ilL of neutralisation solution (1 M 

HCll l  M Tris-HCI pH 7.5 (4 :6 v/v) was added, and the solution was stored at 4°C. 

Onc to two ilL of the sample was used in a standard PCR reaction, as described in 

Section 2 . 1 7 .2 .  

2.1 6.2.2 Screening using the plant Extract-N-AmpTM peR kit (Sigma) 
A small scraping of mycelia from the surface of a fungal colony was placed into 50  

ilL of extraction solution. The sample was mixed by vortexing and incubated at 95°C 

for 1 0  min. An equal volume of dilution solution was added to the extracted hyphae. 

The solution was then diluted five fold with dilution solution. For screening, each 1 0  

ilL PCR reaction was contained S ilL of Extract-N-AmpTM PCR reaction mix, 40 nM 

of each primer, and 0.5 ilL of  the diluted extracted DNA. The PCR program used 

was as follows: 94°C for 3 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 

min, followed by noc for 1 0  min. 

2.1 7 pe R 

2. 1 7. 1  peR reagents 

2 .17.1 .1  Oligonucleotide primers 
Oligonucleotide primers were synthesised by Invitrogen or Sigma Genosys. Each 

primer was resuspended to a final concentration of 1 00 pmol/llL. For PCR reactions, 

primer stocks were diluted to 1 0  pmol/llL. For sequencing reactions, primer stocks 

were diluted to 3 .2 pmol/IlL or 5 pmol/llL. Primers were stored at -20°C until 

needed. Primer used in this study are shown in Table 2 .4 .  
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Table 2.4 Pri mers used i n  this stu dy 

�E�A����t ��DJ�:!�� 
M 1 3F GCC AGG GTT TTC CCA GTC ACG A M 1 3 1acZ Sequencing 
M 1 3R AGC GGA TAA CAA TTT CAC ACA GGA M 1 3 1acZ Sequencing 

T7 TAA TAC GAC TCA CTA TAG GG pGEM T Easy Sequencina 
SP6 CCA TIT AGG TGA CAC TAT AG pG EM T Easy Sequencing 
T1 . 1 GAG AAA ATG CGT GAG ATT GT tub2 PCR 
T1 .2 TGG TCA ACC AGC TCA GCA CC tub2 PCR 
1011 TGG ATC ATT CGC AGA TAC /fmG PCR 
1013 ACC GAC GCC ATT AAT GAG ItmG PCR 

101 1 4  ATT AGA GGC ACC GAA CGC !tmM PCR 
10128 GCT CCT TGC CCA TTA TTT !tmM PCR 

1011 07 CTA TAA CcA CTC TCC TAT C !tmM PCR 
1011 48 TGC GTG AGA GAT AAA GCA AG !tmM PCR 
101238 AGG AAA GCC ACG GGA TAA CC ItmM PCR 

pUChph5 TCA GGC AGG TCT TGC AAC hph PCR 
pUChph6 ACT TCG AGC GGA GGC ATC hph PCR 

MM1 CAA CGA CAT CGT CCG AAA G prtS-prt1 Sequencil!S, PCR 
MM2 GTG ATC CAG TCG AGA GTC prt5-prt1 Seguencing, PCR 
MM3 AAG TCT CGC CAT GAC CAC prt5-prt 1 Sequencir:!9. 
MM4 CAG GTC GAG GTT GTT GAG J2.rtS:e.rt 1 S�uenci� PCR 
MM5 TGA TGC CTG GAC ATG TTG f2rt5-prt1 Seguencing, PCR 
MM6 TCG TTC AGC GAC TGC GAG prt2-:.9..cn1 Sequenci� PCR 
MM7 GCC TCC CAG TTA G CA TTC prtS:e.rt1 S�quencir1.9. 
MM8 CGG ACG CGT GTG ACT GAC prtS-prt1 Sequencing, PCR 
MM9 CCA AAC CAA CAT GTC CAG prtS-prt 1 Sequencing 

M M 1 0  TGG G CA ACG ACA AGG ATG prtS:e.rt1 S�uencin....9.. 
MM12  AGC AGC GCG ATG CTC CTC prt2-gcn1 Sequencing 
M M 1 3  ATC AAG GTA CTC AGC GAC prt2-gcn1 Sequencing 
MM14  GAC TTC TTT GAG CCC GAG prtS:e.rt 1 �uencir1.9. 
MM1 5 GTG ACA TTG GTG GCT ACG prt2:acn1 Sequencir1.9., PCR 
M M 1 6  GAT CGA ACA TCA CCT CTG prt5-prt1 Sequencir1.9. 
MM20 GTG ATC GAG AAC AAG TAC prt2-gcn1 Sequencing, PCR 
MM21 CTC GAT GTA GTC AAC CTG j2rt2:acn1 S�uencir:!9. 
MM22 TGG AAC CGA CAC GGC AGG prt2-gcn1 Sequencir:!9. 
MM25 TGC GAG ACC AAC AA T GTG prt2-gcn1 Sequencing, PCR 
MM26 CCA CAT TGT TGG TCT CGC prt2-gcn1 S�uencir:!9., PCR 
MM27 CGC ATC TCT TCA AAG TGC prtS-prt1 Sequencing 
MM28 GCA CTT TGA AGA GAT G CG prtS-prt1 Sequencin....9.. 
MM29 GAT GGG TCT TCA GAT GAC prt2�n 1 S�uencinlL PCR 
MM30 GTC ATC TGA AGA CCC ATC prt2-gcn1 S�uencing, PCR 
MM32 TAG CAT GAG GAA ATG ACG prtS-prt 1 Sequencing 
MM33 GGT GTA ACG GTT CTT TGC prt2-gcn1 Sequencing 
MM34 CGT T AC GCA CAA GAT GAG prt2-gcn1 Sequencing 
MM37 TGT AGA GTC TGC TCT GCC prt2-gcn1 Sequencing 
MM38 TAG GGC ACC AAG GCT GGC prt2-gcn1 Sequencin....9.. 
M M39 CTC TGA ATG CTA ACT GGG prtS-prt 1 Sequencin....9.. 
MM40 TCG TGA CAA GGT TGG CAG prt2-gcn1 Sequencing 
MM41 TGA ATC AGT CCG TCC CAC prt2-gcn1 Sequencin....9.. 
MM42 TGG GAC GGA CTG ATT CAC Rrt2�n 1 S�uencinJ! 
MM43 GCC ATT TGG TGG TCA TGG prtS-prt1 Sequencing 
MM44 CGA ACC AAG ATG TAT GCC prt2-:E..cn1 Sequencing 
MM45 GCA AAT CGG GAA GGT GTC prt2-gcn1 Sequencina 
MM48 GCT G CA GCC TTC ATA ACG prtS-prt1 Sequencing 
MM51 TTG AGT CGA CAA GTC TGC prt2-gcn1 Sequencina 
MM52 AGA TCA AAG CTC ATC CTG prtS=Qrt1 Sequencin....9.. 
MM53 TCT G CA AAC CTT GTC ACG prt2-gcn1 Sequencing 
MM54 ATC TGT GAG CCG TGG ATG prt2-gcn1 Sequencin....9.. 
MM55 AAC GTC GTG GGC TGA CTG prt2-:E..cn1 S�uencina, PCR 
MM56 TCA CTC CAT CCT TGT CCC prt2-gcn1 Sequencing, PCR 
MM61 GGC ATG ATT GAG GTT CTC prt2-gcn1 Sequencing 

MM63Nco GAA CCA CCA TGG TGA ACG TCA AG prt5-prt 1 Clonirl9. 
MM65Rca CAG CCA TCA TGA GTC CTG GTC TTC prt2-gcn1 Cloning 
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MM67Pst ACC TTC CTG CAG CCG AGA TCT ACC prt5-prt1 Cloning 
I MM68Pst TAC GAT CTG CAG TCC GGT GGC TAG C {Jrt2-gcn1 Cloning 

MM69 GGA TCT T M CCA GAT TCG PgpdA PCR 
MM70 TTC ATC TIC CCA TCC MG PgpdA PCR 
MM71 CGT ATC MT AGA CCT CAT C prt2-gcn1 Cloning 
MM72 TCA CGT GGA GCT TCT TGC C prt2-gcn1 Sequencing, PCR 
MM74 ACG TIG GAG G CA TCC TGG prt5-prt1 Sequencing, PCR 
MM75 GGC TCG MC GAG TAC GTC {Jrt3-gao 1  Sequencing, PCR 
MM76 TGG TIT GTG GCC TIG GAG prt3-gao 1  S�uencing, PCR 
MM82 CAT GAT GCA CCT TGC TCG TC prt3-gao 1 Sequencing, PCR 
MM83 ATG CCA GCA GAT TGA CCG prt3-gao1 Sequencing, PCR 
MM84 TTG GCT TGG AAA GGA ATG TG prt2-gcn1 SequencinQ 
MM85 TAG TTG TAC TCT GCG TCG p_rt2-gcn1 Sequencing 
MM86 GTA GAG GAC ACG ATC MG prt2-gcn1 Sequencing, PCR 
MM87 MC CTG CCG TIC ATC AGC prt2-gcn1 Sequencing 
MM88 TGA GTC TCG MC TIG TCG prt2-gcn1 Sequencing 
MM89 CGG TGG M T TGT CGC TCG {Jrt3-gao1 Sequencing 
MM90 CGA GCG ACA ATI CCA CGG prt3-gao 1  Sequencing, PCR I 
MM91 ACC AGG TIG CAG GCA CGG prt3-gao1 S�uencing_ 
MM92 ACC GTG CCT GCA ACC TGG prt3-gao 1 Sequencing, PCR 
MM93 GAT CAY GTA GAT TTY GAR GG prt4 Cloning 
MM94 GCA TCA GCG TIA TCR TIN CC prt4 Cloning 
MM95 AGC ATC ACA AGT CGA CCA GG prt2-gcn1 Sequencing 
MM96 GTC TTG M T TCC TCC AGC TGC TCC prt2-gcn1 Cloning 
MM97 AGC GAG CTC TCT GGT TGA MG CAG C prt2-gcn1 Cloning I 

MM98 GGT GTI CTA GAC GTG GM GAC GCA G prt2-gcn1 Cloning 
MM99 GAT ATT MG CTT CGA CTG GGA GGC prt2-gcn1 Cloning 

MM1 00 CGT CAG AGT AGG TCC AGC prt2-gcn1 PCR 
MM1 01 CTG ATC TTG ACG TCG ATG prt2-gcn1 Sequencing, PCR 

I 

MM1 02 TCG TGA ATA CTG ACT AGG prt3-gao1  Sequencing 
MM1 03 TCT ACC ACA GCA TCG CTC prt3-gao1 Sequencing 
MM1 04 TCA CCA GCC MG TCA TAC prt3-:9ao1 Sequencing_ 
MM1 05 TGG AGC CGA MC M T GAG prt2-gcn1 Sequencing 
MM1 06 ATG GTA CCT GAG CM TGC prt4 Sequencing, PCR 
MM1 07 CGA ACA TGT CGC TIG GTC prt4 Sequencing 
MM1 20 TGT GAG GAG ATA TIG TGG prt3-gao 1 Sequencing 
MM1 2 1  GCA ACG TTC ATG TCA GCC prt3-gao1 Sequencing, PCR 
MM1 22 TCT GAG GAG ATA TTG TGG prt5-prt1 Sequencing, PCR 
M M 1 23 GAC AAA GAC ACC ACC MC prt5-prt1 Sequencing 
MM1 24 TAT CTC GAC MT CTC MT C prt2-gcn1 Sequencing, PCR 
MM125 AGC TIC AGG TGT CM CAG prt2-gcn1 PCR 
MM1 26 TCC GM ATC MG ATC CAG prt2-gcn1 Sequencing, PCR 
MM1 27 GAT CGC CTC GGT CTC TGT MC prt2-gcn1 Sequencing, PCR 
MM1 28 CTT GAT CTG TGC TAC GTG AC prt2-gcn1 Sequencing, PCR 
M M 1 29 TCG CM GTG ACT TTC CAT C prt3-gao1 Sequencing 
MM1 30 TAG TCC ATG CCA GCA ATG prt5-prt1 Sequencing, PCR 
MM1 3 1  CCA TTG GAT TTG TGT GTC prt5-prt1 Sequencing 
MM1 35 GM CGT TTC CGT GGA ACG prt2-gcn1 PCR 
MM1 36 GM CCA TCA ACT CM GAC prt5-prt1 Sequencing 
MM1 38 GM CTI TGC TGG TGA TGG prt5-prt1 Sequencing 
M M 1 39 GTA CGT CTA CGA CM TAG prt3-gao1 S�uencing 
MM1 4 1  ATG TAC AGC CAC GAT TGG kex2 Sequencing 
MM142 CAT AGT AGT MG ACA ACG kex2 Sequencing 
M M 1 43 MC GAC TGT GTC CTI CTC prt4 Sequencing 
MM144 CTG CCA AGG ATG GM AGC prt4 Sequencing 
MM1 45 GTC GM AGC AGG ACT TCC prt5-prt1 Sequencing 
MM1 46 GCA MC TTG GAT CM GGC prt5-prt1 SequencinQ 
MM149 GGN CAY GGN ACN CAY GTN GC other Degenerate PCR 
MM1 50 GGN SWN GCC ATN GAN GTN CC other Degenerate PCR 
MM1 5 1  AGG TGC ATI GCT GAT TGG prt5-prt1 Sequencing 
MM1 52 TIC TGC MC GGA CGC TAG prt5-prt1 Sequencing 
MM1 55 T AC AGC CAC TCC TIC MC prt5-prt1 Sequencing, PCR 
MM1 56 CCA TCA CCA GCA MG TTC prt5-prt1 Sequencing 
MM1 57 GAC CAG AGC ATA GGC ATC kex2 Sequencing -
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M M 1 58 TCG TCG TAT GTG GCT TGG kex2 Sequencing 
MM1 59 TGT CGA GAT ACA CGT CTG prt2-gcn1 Sequencing 
M M 1 60 GAA AGT CAC TIG CGA CAG prt3-gao 1 Sequencing, PCR 
MM161  GGT TAC ATI GGG ATT CTC GC prt3'i[ao 1 Sequencing 
MM1 64 CGT GAT TGA GAA AGT CCG prt4 Sequencing, PCR 
M M 1 65 TCC TCT CCA TCT CAC AAC prt4 Sequencing 
MM166 ATC AAA CGA GGT CGT AGC prt4 Sequencing 
MM1 67 GAT GCG AAG ACA CTC AG prt4 Sequencing 
M M 1 68 AAG CTC CGA CM GTC MC prt4 Sequencing 
MM170 TGG M T AGT GGC T AC GAC prt4 Sequencing 
MM1 71  CTG MC ATG MC GCT CTC prt4 Sequencing 
MM172 TAG GAC TTG AGC TGG TGG prt3-gao1 Sequencing 
MM175 ACA TGT TGG CGA CGC TGC jJrt5-�rt1 PCR 
MM176 GGA CM GTT CGA CM TCG prt3-gao 1 Sequencing 
MM177 AGA ACT CAT CCT TCG TCC prt2-gcn1 Sequencing 
MM1 78 AAG GGG ACA AAC ACT GTG C prt4 Sequencing 
MM179 GAG AGC ATT CGG A TT CCC kex2 Sequencing 
MM180 GM TAC ACG AGG GM CTG kex2 Sequencing 
MM181 TGG AGA ATC ATI GTC MG kex2 Sequencing 
MM183 GCT TAC TGC TGG TAT TTC prt3-gao 1 Sequencing 
MM184 MG MT GGT TGG GGT TGG prt5-prt1 Sequencing 
MM185 GTG MC TCG TGA GM CAG prtS-prt 1 Sequencing 
MM1 86 GCA CTA TCG TCG TAG ATG prtS-prt 1 �equenci� 
MM187 AAG TIC CAG ATG GTG CAG kex2 Sequencing 
MM188 CM CGA CCT CM TGT ATC kex2 Sequencing 
M M 1 89 TAC TGC ACC ATC TGG MC kex2 Sequencing 
MM190 TAC TGC ACC ATC TGG MC kex2 Sequencing 
MM191 AGA GCA AAG CAC ATG CAG kex2 Sequencing 
MM192 CM GCC ACA TAC GAC GAC kex2 Sequencing, PCR 
MM199 GTG ACC GAT TTI CCT TCC TC kex2 Sequencing 
MM200 CAC TIG GTA CGA CGC TM TC kex2 Sequencing 
MM201 ATG GTG TIG GM GTT GGG kex2 Sequencing 
MM205 ACG TIC ACC ATG CAG TIC kex2 Sequencing, PCR 
MM206 TGT GM GCG TTA TTG GAG kex2 Sequencing, PCR 
MM207 GM CTC TGA GAT MC MG kex2 Sequencing 
MM208 GAT GAT GAG GGA ATG AAC kex2 Sequencing, PCR 
MM209 CGC MG TAT CGG CAT TCC kex2 Sequencing, PCR 
MM2 1 2  CAG AGT CAT CM MT GCC prtS-prt 1 Sequencing, PCR 
MM2 1 3  AGG TIG AGG CTT GTI TCC prt3-gao 1  PCR 
MM2 1 4  CCA G M  CTA ATC CAC MG kex2 PCR 
MM2 1 5  GTG GCG AGC MG GCG TCC kex2 PCR 

2.1 7.1 .2 dNTPs 

dNTPs (Roche) were prepared at concentrations of either 1 .25 mM or 1 0  mM each 

dNTP. 

2. 1 7.2  Standard peR 

Standard PCR reactions were performed using reactions containing approximately 

1 .25  ng of plasmid or 5 - 1 0  ng of genomic DNA template, 1 x Taq polymerase buffer 

(2 .5  mM MgCh, Roche), 50 IlM of each dNTP, 200 nM each of both forward and 

reverse primers and 0.5 U Taq polymerase (Roche) . The following PCR program 

was used: 94°C for 2 min, 30-35 cycles of 94°e for 30  s, 5 5-60oe for 3 0  s ,  noe for 

8 3  



x min (where 1 kb = 1 min, x is dependent on the size of the fragment being 

amplified), followed by 5 min at noc. 

2. 17.3 Gradient peR 

Gradient PCR was performed using the same reaction components as standard PCR 

(Section 2 . 1 7 .2). During the annealing phase of the PCR program, the PCR machine 

(PC960G gradient thermal cycler, Corbett Research) introduced a temperature 

gradient across the PCR block, generally varying from a low of 49-5 1 °C to a high of 

60°C. 

2. 17.4 PCR using Expand™ Long Template (Roche) 

Long-template PCR was performed using PCR reactions containing approximately 

1 .25 ng of template plasmid, I x Expand™ Long Template buffer 1 ( 1 .75 mM 

MgCb), 3 50 � each dNTP, 300 nM each of both forward and reverse primers and 

3 .75 U of Expand™ Long Template enzyme mix. The following PCR program was 

used: 93°C for 2 min, 1 0  cycles of 93°C for 1 0  s, 60°C for 30 s, 68°C for x min 

(where 1 kb = 1 min, x is dependent on the fragment size being amplified), 1 7  cycles 

of 93°C for 1 0  s, 60°C for 30 s, 68°C for x min + 20 s per cycle, followed by 1 0  min 

at 68°C. 

2. 17.5 PCR using Expand™ High Fidelity (Roche) 

High-fidelity PCR was performed using PCR reactions containing either 1 .25  ng of  

plasmid or 5 - 10  ng of genomic DNA template, 1 x Expand™ High Fidelity buffer 

( 1 .5 mM MgCh), 200 )..lM of each dNTP, 300 nM each of  both forward and reverse 

primers, and 2 .6 U of Expand™ High Fidelity enzyme mix. The following PCR 

program was used: 94°C for 2 min, 28 cycles of 94°C for 1 5  s, 60°C for 30 s, 72°C 

for x min (where I kb = 1 min, x is dependent on the fragment size being amplified), 

followed by 5 min at 72°C. 
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2. 1 7.6  Inverse PCR 

Inverse PCR was performed to obtain the 5 '  regIOn of the N. lolii Lp 1 9  prt2 

promoter. Genomic DNA from N lolii Lp 1 9  was digested with BamHI and a small 

aliquot was ligated as described in Section 2 . 1 2 .  Circular DNA molecules that are 

formed by intrAmolecular ligation of  BamHI-digested ends act as a template during 

inverse PCR. The ligation mix was amplified by the primers MM26 and MM38 to 

obtain the unknown DNA sequence that was contained on the 4 kb BamHI fragment. 

The sequence was amplified by Taq polymerase as for a standard PCR reaction 

(Section 2 . 1 7 .2) .  

2. 1 7. 7  Tr;pleMaste� PCR 

TripleMasterE PCR reactions were performed usmg reactions containing 

approximately 50 ng of genomic DNA template, 1 x high fidelity buffer (2 .5  mM 

MgCh, Eppendorf), 200 )lM of each dNTP, 300 nM each of both forward and 

reverse primers and 0 .05 U TripleMaster'� polymerase mix (Eppendorf) . The 

following PCR program was used: 94°C for 2 min, 30 cycles of 94°C for 20 s, 60°C 

for 20 s, 72°C for x min (where I kb = I min, x is dependent on the size of the 

fragment being amplified), followed by 5 min at 72°C. 

2. 1 7. 8  R T-PCR 

RT -PCR reactions were performed as for standard PCR reactions usmg cDNA 

(Section 2 . 1 8 .5 )  as a template. 

2.1 8 RNA I SOLATION AN D P U RI FICATION 

Standard precautions were taken before experiments involving RNA were started. 

All glassware was washed in chromic acid overnight and oven baked at 1 80°C for 2 

h .  Solutions were made with reagents used only for RNA work only with DEPC

treated water, and placed in acid-washed oven-baked glassware . Mortars and pestles 

were soaked in 0 .3% hydrogen peroxide overnight before use. DNase and RNase free 

barrier tips were used to reduce the potential for RNase contamination of RNA 

samples. Gloves were worn while experiments involving RNA were performed. 
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2. 18. 1 Purification of total RNA using Trizol 

A sample of grass or fungal tissue ( 1 -2 g) in l iquid nitrogen was ground to a powder 

using a mortar and pestle. The powdered tissue was mixed to a p aste with 1 0  mL of  

Trizol (Invitrogen), and left to  thaw. The Trizol-tissue mixture was transferred to a 

1 4  mL Falcon tube, and centrifuged at 9682 g at 4°C for 1 0  min to pellet cellular 

debris.  The supematant was mixed with 2 mL of chloroform, and left to sit at room 

temperature for 3 min.  The mixture was centrifuged at 9682 g at 4°C for 1 5  min. The 

aqueous phase was mixed with 2 .5 mL each of isopropanol and sodium 

citrate/sodium chloride solution to precipitate the RNA. The mixture was incubated 

at 1 0  min, then centrifuged at 9682 g at 4°C for 1 0  min. The RNA pellet was washed 

with 1 0  mL of 70% ethanol and centrifuged at 5365 g at 4°C for 5 min. The pellet 

was air dried, then re suspended in 1 00-300 ilL of DE PC-treated water. 

2. 18.2 Purification of polyA RNA from total RNA 

One hundred to two hundred Ilg of total RNA isolated using Trizol (Section 2 . 1 8 . 1 )  

was taken up to a volume o f  250 ilL o f  DEPC-treated water, mixed with 250 ilL of  

2 x b inding solution and vortexed to mix . 1 5  ilL of  oligo dT beads were added to the 

total RNA, and mixed by vortexing. The sample was incubated at 70°C for 3 min to 

allow RNA to denature, then incubated at room temperature for 1 0  min to allow 

polyA RNA to bind to the oligo dT beads. The beads were then collected by 

centrifugation at 1 6,060 x g for 1 min. The supematant was discarded, and the pellet 

resuspended in 500 III of wash buffer. The mixture was transferred to a spin filter, 

and centrifuged for 1 min to remove the wash buffer. The filtrate was discarded, and 

an additional 500 ilL of wash buffer added to the spin filter. The wash buffer was 

removed by centrifugation at 1 6 ,060 x g for 2 min. The spin filter was transferred to 

a new tube.  Fifty ilL of elution buffer preheated to 70°C was added to the spin filter, 

and the sample was incubated at 70°C for 3 min, before poly A RNA was eluted by 

centrifugation at 1 6,060 x g for 1 min. The elution process was repeated twice. 

2. 18.3 RNA quantitation by measuring absorbance and A26r1A28o nm 

The concentration and purity of the isolated RNA was assessed by measuring the 

absorbance of the RNA at 260 and 280 nm. The concentration of  RNA was assessed 
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by measuring the absorbance of  a l OO-fo ld dilution of  the RNA in TE buffer (Section 

2 .4 . 1 .8 ,  prepared with DEPC-treated double-distilled water). For RNA, an 

absorbance of  1 at 260 nm is equivalent to a concentration of 40 )lg/mL. To calculate 

the RNA concentration, the absorbance at 260 nm was multiplied by the dilution 

factor and by 40 )lg/mL. The purity of the RNA was assessed by measuring the ratio 

between the absorbances at 260 and 280 nm, with a ratio of 1 .8 to 2 .2 indicating pure 

RNA had been obtained. 

2. 18.4 DNase I treatment of RNA 

Before cDNA synthesis, RNA was treated with Amplification grade DNase I 

( Invitrogen) .  Each 1 0  )lL reaction contained 1 )lg of  RNA (or 1 00 ng of mRNA), 1 x 

DNase I reaction buffer (Invitrogen) and one unit of DNase I ,  amplification grade 

( Invitrogen). Reactions were scaled up as necessary, and incubated at room 

temperature for 1 5  min. The DNase I was inactivated by the addition of 1 )lL of 25 

m M  EDT A solution followed by treatment at 65°C for 1 0  min. 

2. 18.5 cDNA synthesis 

eDNA was prepared using either 1 )lg of  total RNA or l OO ng of poly A RNA along 

with 0 .09 OD units of random hexamer primer (Roche) per 20 ilL cDNA reaction. 

The RNA/primer mix was incubated at 65°C for l O  min to denature the RNA. After 

this step, components were added so the final 20 ilL reaction volume contained 1 x 

Expand™ RT buffer (Roche), 1 0  mM DTT, 1 mM dNTPs and 8 U RNaseOUTTM 

RNase inhibitor (Invitrogen). For a reactions to make cDNA, 50 U of Expand™ 

reverse transcriptase (Roche) was added. If reactions were to be used as no RT 

controls , the reverse transcriptase was omitted. Reactions were incubated at 30°C for 

1 0  min to allow the random hexamer primers to anneal, then incubated at 42°C for 

45 min to allow primer extension. cDNA was normally diluted before use .  
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2.1 9 P LANT-EN DO P HYTE 
MAI NTENAN C E  

2. 1 9. 1  Plant maintenance 

SYMBIOTA G ROWTH AN D 

Plant symbiota created in this study were maintained at the GMO grass glasshouse at 

AgResearch Grasslands, Palmerston North. Plants were grown in potting mix 

containing the slow release fertiliser Osmacote™. Plants were maintained by 

regularly cutting the plants back to several cm above the leaf base. Plants were 

treated for fungal infections by spraying with antifungal agents and insect 

infestations by spraying with insecticides. Plants were occasionally repotted to 

reduce the root mass of  grass plants. 

2. 1 9.2 Inoculation of grass seedlings with endophyte hyphae 

2 . 1 9.2.1 Surface sterilisation of grass seeds 
Grass seeds were soaked in 50% H2S04 for 30 min to remove traces of fungicide on 

the seeds, then washed three times in water. The seeds were then soaked in 50% 

chlorine bleach for 30 min and washed three times in sterile double-distilled water. 

The seeds were air-dried on sterlised filter paper before use. 

2 . 1 9.2.2 Inoculation of grass seedlings with endophytes 
Grass seeds were germinated on water agar (Section 2 .3 .8 )  at 22°C for seven days. 

Seedlings were grown in the dark to ensure the seedling was etiolated, making the 

location of the meristematic zone (which appears as a slight bulge in the pseudostem) 

easier to find. Looking at the seedlings under a dissecting microscope, a small 

incision was cut in the meristematic zone. A small square of agar containing fungal 

hyphae was then placed over the incision. The inoculated grass seedlings were then 

incubated for a further seven days in the dark, followed by at least two days under 

bright light before the seedlings were transferred into root trainers . 

2.1 9.2.3 Root training of inoculated seedlings 
Seedlings were placed in potting mix containing fertiliser in root training pots in the 

GMO glasshouse at AgResearch. Seedlings were grown for approximately one 

month before being assessed for the presence of endophyte by aniline blue staining 

(Section 2 . 1 9 .3 . 1 )  or immunoblot detection (Section 2 . 1 9 .3 .2) .  
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2. 1 9. 3  Detection of infected seedlings after endophyte inoculation 

2.19.3.1 Ani line blue staining 

The outermost leaf sheath was removed from a grass tiller and epidermal strips were 

scraped off using a scalpel blade and placed into a drop of  aniline blue stain (Section 

2 .4 .4 . 1 )  on a slide and covered by a coverslip . The slide was heated to remove air 

bubbles and hasten staining. The slides were examined by microscopy as described 

in Section 2 .20. 

2.19 .3.2 Immunodetection by immunoblotting 

2. 19.3.2. 1 Immunoblotting blocking solution 

Blocking solution contained 20 mM Tris (hydroxymethyl) methylamine, 50 mM 

NaCl,  0 .5% non fat milk powder and 10 mM HCl in distilled water at pH 7 . 5 .  

2. 19.3.2. 2  Immunoblotting Tris buffer 

Tris buffer contained 200 mM Tris (hydroxymethyl) methylamine in distilled water 

at pH 8 .2 .  

2. 19.3.2.3 Fast Red chromogen 

Fast Red was dissolved at 0 .6% (w/v) in immunoblotting Tris buffer (Section 

2 . 1 9.3 .2 .2 )  and naphthol AS-MX phosphate was dissolved at I mg/mL in 

immunoblotting Tris buffer. The Fast Red and naphthol AS-MX phosphate solutions 

were then combined at a I :  1 ratio. 

2. 19.3.2.4 Immunoblot detection of endophyte in grass tissues 

This method is based on that of Gwinn et al . ( 1 99 1 ) . Freshly cut grass tillers were 

pressed onto 0 .45 IlM Electran Nitocellulose membrane (BDH). The membrane was 

incubated in immunoblotting blocking buffer (Section 2 . 1 9 .3 .2 . 1 )  for at least 2 h at 

room temperature. Fresh blocking solution containing 1 000 fo ld di lution of primary 

antibody (a rabbit polyclonal antibody prepared against homogenised endophyte 

mycelia) was added, and incubated with shaking overnight at 4°C. The primary 

antibody/blocking solution was removed, and a 2000 fold dilution o f  anti-rabbit 
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enzyme-conjugated secondary antibody was added to the membrane. The membrane 

was then incubated at room temperature for 2 h. The secondary antibody-blocking 

solution was removed, and the membrane was rinsed in fresh blocking solution. The 

membrane was incubated in Fast Red chromogen (Section 2 . 1 9 . 3 .2 .3)  

2.20 M I C ROSCOPY AND PHOTOG RAPHY 

Microscopic analysis was performed at the Confocal Microscope facility, IMB S, 

Massey University using bright field microscopy on an upright fluorescent 

microscope with DIC optics and bright field with image capture using an attached 

digital camera. Photos of fungal hyphae in culture were taken by a digital camera 

using bright field microscopy on a stereo dissecting microscope. All other plate 

photos were taken using a Olympus OM camera. 

2 . 2 1  BIOI NFORMATICS 

DNA sequences were assembled into contigs usmg Sequencher™ 4.5 (Genetic 

Codes Corporation) . Sequences were annotated and diagrammatically represented 

using the MacVector™ 4.2 .3 program (Accelrys). Sequences were analysed for 

similarities to other nucleotide or peptide sequences by BlastN, B lastX and BlastP 

(Altschul et aI . ,  1 997). Open reading frames were identified by similarity to other 

fungal sequences detected by BlastX or by FGENESH HMM-based gene structure 

prediction using the F. graminearum model at http ://www .softberry.com (Salamov 

and Solovyev, 2000). Sequences from fungal genomes were obtained as fol lows : A .  

n idulans, C. globosum, F. graminearum, M grisea, N. crassa, S. nodorum, U. 

maydis, Coprinus cinereus and Cryptococcus neoformans serotype A were obtained 

from http ://www .broad.mit.edulannotationlfgi/. P. anserina sequences were obtained 

from http ://podospora.igmors.u-psud.fr/facts.html, and Phanerochaete chrysosporum 

sequences from http ://genome.jgi-psforg/whiterot 1 /whiterot 1 .home .html. 

Alignments o f  nucleotide and peptide sequences were performed using the ClustalW 

modulc of MacVector ™ 4.2 .3 .  Phylogenetic analyses were performed using 

Neighbour Joining (with tie breaking resolved randomly) with Poisson distribution o f  
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distances with gaps distributed proportionally, with bootstrapping analysis perfonned 

with 1 000 repetitions. 

MEME (Multiple EM for Motif Elicitation) analysis of promoter DNA sequences to 

search for frequently occurring motifs was perfonned as described in Bailey and 

Elkan ( 1 994) at the website http ://meme.sdsc .edu/meme/meme.html .  S ignalP 

analysis of peptide sequences was perfonned at 

http ://www .cbs.dtu.dklservices/SignalP/ using the SignalP3 .0 server, which IS 

optimised for the detection of eukaryotic signal peptides and signal anchors typically 

found m secreted and membrane proteins (Bendtsen et aI . ,  2004). 
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CHAPTER 3 
Resu lts : 

E. festucae subti lsin-l ike protease gene family 
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3. 1 E. FES TUCAE AN D N. LOLII PROTEI NAS E K FAM I LY 
G E N ES (SUBFAMI LIES 1 AN D 2) 

The first aim of this study was to characterise members of the subtilisin-like protease 

gene family in E. festueae Fl l .  Previous studies identified three different subtilisin

like protease genes from Epiehloe and Neotyphodium spp.  closely related to 

E. fes tueae F l l  (McGill, 2000 ; Reddy et al . ,  1 996). The prt1 and prt2 genes were 

identified in N. loW Lp 1 9  by library screening using PCR products amplified using 

primers based on the A t1 gene from E. typhina. The prtl , prt2 and A tl genes all 

encoded d istinct subtilisin-like proteases . The characterisation of homologues of 

these three genes, along with additional subtilisin-like protease genes, is reported. 

3. 1. 1 The prt1 and prt5 genes 

The N. loW Lp 1 9  pr!1 gene was previously identified within a AGEM - 1 2  N. lolii 

Lp 1 9  genomic DNA library (McGill, 2000) using the prt1 probe described in McGill 

(2000) .  The corresponding prtl gene was identified within a E. festueae Fl l genomic 

DNA cosmid library described in Tanaka et al. (200S) using a e2
p]-dCTP-labelled 

PCR product amplified from N. lolii Lp 1 9  prtl with the primer pair MMS -MM2 as a 

probe (Section 2 . 1 0) .  Six independent cosmids from the library hybridised to this 

probe. Cosmids 1 A 1  and 3F7 were used for subc10ning and sequencing.  

Comparison of  Southern hybridisation and sequence data for the N. loW Lp 19 and E. 

festueae Fl 1 prtl genes showed differences in restriction fragment lengths between 

the two genes at the 3 '  end, but not at the S '  end (Figures 3 . 1 , 3 .2 and 3 . 3 ;  Table 3 . 1 ). 

Based on the Southern hybridisation, a 4 .6 kb Pstl fragment from Fl 1 ,  chosen 

because it contained the complete prt1 gene (Figures 3 . 1  and 3 . 3 ,  isolated from 

cosmid 3F7), was subc10ned into pUC l 1 8  to create the pMMS 1 plasmid and then 

sequenced. Sequencing of p MM5 1 and direct scquencing of the cosmids I AI and 

3 F7 showed another subtilisin-like protease gene, prt5, was directly upstream of  prt1 

in the E. festueae Fll  genome (Figure 3 .3) .  Southern blotting demonstrated that the 

E. festueae Fl l  prt5 and prt1 genes were on a common 3 kb Real band (Figures 3 . 1  

and 3 .4 ;  Tables 3 . 1  and 3 .2) .  
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Further sequencing upstream of  the N. lolii Lp 1 9  pr!1 gene was performed using the 

plasmids pMM3 and pMM4, which contained EcoRI fragments from AMM30.4 

(previously identified within a AGEM - 1 2  N. loW Lp 1 9  genomic DNA library, as 

described in McGill (2000) . p MM3 contained a 1 .9 kb EcoRI fragment, which was 

identified by peR screening with the primer pair MM 1 3 1 -MM48 as containing part 

of the prt5 gene.  pMM4 contained a 1 .5 kb EcoRI fragment, which may have been 

truncated in comparison to the genomic band as some A vector sequence was found 

in thi s  insert (data not shown). Sequencing from the pMM3 and pMM4 plasmids 

demonstrated that N. lolii also contained a gene with strong identity to the E festucae 

Fl 1 prt5 gene directly upstream of the N. lolii prtl gene. 

The N. lolii Lp 1 9  and E festucae Fl l prt1 genes contain two exons, separated by a 

single intron at a conserved position (confirmed by sequencing of  a cDNA product). 

Both prt1 genes encode 434 amino acid res idue-prcproproteins with high levels of 

similarity to the Metarhizium anisopliae proteases Pr I D, Pr l E and Prl F (Bagga et 

A 8 
1 2 3 4  5 6 7 8 9 1 0 1 1 1 2 1 3 14 1 5  

23. 1  23 . 1  -] :  9.4 9 .4 - '  6.6 6.6 -
4.4 4 .4 -

�:a �:� = 
' , 

0 .6  0 .6 -

Fig ure 3 . 1  Southern analysis of N. loJii Lp1 9 and £. festucae F I 1  prt1 
Southern analysis of N. lolii Lp1 9 and E. festucae FI1 prt1 .  (A) N. lolii Lp 1 9  (lanes 2, 4, 6, 8, 
1 0, 12 and 14)  and E. festueae Fl1 (lanes 3, 5 , 7, 9 , 1 1 ,  1 3  and 1 5) genomic DNA (1 IJg) 
d igested with EcoRI (lanes 2 and 3),  Ncol (lane 4 and 5), Pstl (lanes 6 and 7), Real (lanes 8 
and 9), San (lanes 1 0  and 1 1 ) , Sstl (lanes 1 2  and 1 3 )  and Xhol (lanes 1 4  and 1 5).  Lane 1 
contains A Hind" l laddeL Sizes of marker fragments are shown in kb. (8) Autoradiograph of 
the gel from A hybridised with a [32P]-labelled N. lolii Lp 1 9  prt1 fragment amplifed with primers 
MM5 and MM2. 

E. festucae FI1 5.6 kb 6 .0 kb 4.6 kb 3 ,0 kb 2 ,6 kb 5.0 kb 

95 



A EcoRI 
Nco I 
Pstl 
Real 
SaIl 
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Figure 3.2  Struct u re of the N. lolii Lp1 9 prt5 and prt1 genes 

Structure and restriction map of the N. lolii Lp 1 9  prt5 and prt1 genomic region. 
(A) Restriction map of N. lolii Lp 19 prt5 and prt1 genomic reg ion . Sizes of restriction 
fragments are shown in kb. (8) Structure of the N. lolii Lp19  prt5 and prt1 genomic region. 
The N. lolii Lp1 9 prt5 and prt 1 coding regions are shown in blue. Primers are shown by 
arrows (5' to 3'). The exon-i ntron structure of the genes is shown beneath, with exons and 
introns indicated by red and yel low boxes respectively. Microsatel l ite regions downstream of 
N. lolii Lp1 9 prt1 are indicated by green boxes. The position that the probe used in Figure 3 . 1  
would hybridise to is indicated by a grey box. 

A EeoR I r-__ �� ______ -L ____ � ____ -L __________ �� ______ -r-

B 

Neol 
Pstl 
Real 
Sail 
Sstl 
Xhol 

MM74 

•• l1li-
F i g u re 3 . 3  Structu re of the E. festueae F I 1  prt5 and prt 1 genes 

5.0 
4 .5 

Structure and restriction map of  the E. festucae FI 1 prt5 and prt1 genomic region. 
(A) Restriction map of E. festucae FI1 prtS and prt1 genomic region. Sizes of restriction fragments are 
shown in kb. (8) Structure of the E. festucae FI 1 prtS and prt1 genomic region. The E. festucae FI1 prtS 
and prt1 coding regions are shown i n  blue. Primers are shown by arrows (indicating direction of 
amplification from the primers). The exon-intron structure of the genes is shown beneath, with exons and 
introns indicated by red and yel low boxes respectively. The positions where the probes used in Figures 
3 . 1  and 3.4 would hybridise are indicated by grey boxes labelled prt1 and prt5 respectively. 
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Figure 3.4 Southern a n a l ys i s  of E. festucae FI1 prt5 

Southern analysis of E. festueae FI1  prt5. (A) E. festueae F I1  genornic DNA (1 �g) d igested with BamHI 
(lane 2), 8g/l l (lane 3), EcoRI (lane 4), Hind 1 1  I (lane 5), Kpnl (lane 6), Ncol (lane 7), Pstl (lane 8), Sail (lane 
9), Real  (lane 1 0), Sphl (lane 1 1 ), Sstl (lane 1 2), Xbal (lane 1 3) and Xhol ( lane 14). Lanes 1 and 15 contain 
le Hind 1 1 I and 1 kb plus ladder (Invitrogen) respectively. Sizes of marker fragments are shown in kb. (B) 
Autoradiograph of the gel from A hybridised with a [32P]-l abelled E. festucae FI1  prt5 fragm ent am plifed with 
primers MM 1 55  and MM1 30. 

Table 3.2 Fragme nts homolog ous to E. festucae F I 1  prt5 
Enzyme Hybridising fragment size (kb) 
8amH I >23.0 

8g111 9 .0 , 2 .8 
EcoRI 1 1 .5 ,  1 .8 
Hind 1 1  I 8.4 

Kpn l 20.0 
Neol 5.5 
Pstl 8.6 
Sail 0 .8 , 0 .7 
Real 3 .0 , 1 .2 
Sphl 5. 1  
Sstl 2.5 

Xba l 1 2 .0 
Xhol 5.0 

aI., 2004), and Fusarium graminearum hypothetical proteins FGOOS06 . 1 ,  FG 1 1 405 . 1  

and FGOS464. 1  (http ://www.broad.mit.edu) (Figure 3 . l S) .  However, the bootstrap 

value for this clade is relatively low (Figure 3 . 1 S) .  Analysis of the N. lolii Lp 1 9  and 

E. festucae FI I Prtl preproprotein sequences showed a putative signal peptide 

cleaved between amino acid residues 2 1  and 22 (Section 2 .2 1 ,  SignalP3 .0 prediction, 

Bendtsen et aI., 2004; Appendix 1 7) .  The N. loW Lp 1 9  and E. festucae Fl l Prt l 

preproproteins are 99% identical, differing only at amino acid residues 1 64 (N. lolii 

Lp 1 9  I >  E. festucae FI I V) and 43 1 (N. lolii Lp 1 9  S > E. festucae FI l P). 

The N. lolii Lp 1 9  and E. festucae F l l  prt5 genes contain four exons .  The intervening 

introns, which were confinned by direct sequencing of cDNA, are 64 bp in 

97 



E. festucae Fl l (63 bp in N loW Lp I 9), 78 bp in E. festucae Fl l (8 1 bp in N loW 

Lp 1 9 ) and 74 bp in E. festucae Fl l and N loW Lp 1 9  in length respectively. Both the 

N loW Lp 1 9  and E. festucae Fl l prt5 genes encode identical preproproteins o f  395 

amino acid residues in length . Again, both the N loW Lp 1 9  and E. festucae Fll Prt5 

preproproteins appeared to contain a signal peptide c leaved between amino acid 

residues 1 8  and 1 9  (Section 2 .2 1 ,  SignalP 3 .0 prediction, Bendtsen et al., 2004). 
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F ig u re 3.5 Gene structure of the E. festucae FI1  prtS a n d prt1 genes 

Gene structure of the E. festucae FI 1 prt5, prt1 and orf4 genes. RT-PCR a na lysis for the 

prt5 and prt1 genes was performed with total RNA isolated from 

E. festucae FI1 cultures grown in PO broth for 7 days, w h ile poly A RNA was used for 
orf4. cDNA was reverse transcribed from DNase I -treated total RNA or poly-A RNA using 
the Expand RT enzyme (Roche) (Section 2 . 1 8.5) .  Al l fragment sizes show n  adjacent to 

gels are indicated in bp. On the schematic diag ram of each gene, the position within the 

prt5-prt1 locus is indicated in bp. Exons (confi rmed by seq uenci ng of cDNA products) are 
indicated by red boxes. Primers are positioned above or below the sequence for forward 
or reverse d i rection respectively. Introns are numbered in b lue text between exons. The 
position within the prt5-prt1 locus is ind icated below the sequence schematic in bp. (A) 

The E. festucae FI 1 prt5 gene. Lane 1 :  E. festucae FI 1 genomic DNA, lane 2: 10 fold 

d i l ution of E. festucae FI1  cDNA, lane 3: negative control .  8) The E. festucae FI1 prt1 
gene. Lane 1 :  E. festucae FI 1 genomic DNA, lane 2:  1 0  fold di lution of 
E. festucae F I 1  cDNA, lane 3:  negative contro l .  C) The 3' region of the E. festucae FI 1 
orf4 coding region . Lane 1 :  no RT control , l ane 2: E. festucae FI 1 genom ic DNA, la ne 3: 

1 0  fold di l ution of E. festucae FI 1 cDNA, lane 4: negative control. 

The fol lowi ng PCR conditions were used: 5 ng genomic DNA or 5 �L 20 fold di l uted 
cDNA, 1 x  Taq polymerase buffer (Roche), 50 �M each d NTP , 200 nM of each primer, 

and 0 .5  U Taq polymerase in a volume of 25 �L. The PCR amplification conditions were 
as fol lows : 94°C for 2 m in ,  fol lowed by 35 cycles of 94°C for 30 s, 60°C for 30 s, noc for 
1 min  then one c cle of noc for 5 m i n. 
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FGENESH analysis also identified another incomplete open reading frame, orf4, 

directly downstream o f  E. Jestucae Fl l  prtl . The orJ4 gcne encodes a protein that 

shares some identity with a small gene family of unknown function from 

F. graminearum, consisting of the FG 1 0477,  FG02 1 98 and FG 1 0456 gcnes. Relatcd 

sequences are present in the genome of the closely related Trichoderma reesei, but 

not in the genomes of the more distantly related species M. grisea, N. crassa or 

A .  nidulans (Appendix A3 ). The orJ4 genc is expressed in culture (Figurc 3 .5) .  

The promotcr regions of both thc E. Jestucae Fll  prt5 and prt] genes were analysed 

for the presence of sequences known to bind the fungal global transcription factors 

CreA, AreNN it2/ AreA, PacC and Seb 1 .  CreA represses gcne expression in response 

to the presence of glucose (Dowser and Kclly, 1 989), while AreNNit2/AreA 

activates gene expression in the abscnce of a preferred nitrogen source such as 

glutamine or ammonium (Marzluf, 1 997). PacC regulates the expression of genes in 

response to pH (Mingot et aI . ,  200 l ), while the role of Seb 1 in gene regulation is 

unclear (Peterbauer et aI. , 2002). 

The 1 688 bp intergenic region between the E. festucae Fl l prt5 and prt] coding 

regions (containing the promoter for the E. Jestucae Fll  prtl gene) contained seven 

putative CreA binding sites, while only two putative binding sites were found within 

the gene itself. Within this region, there were two closely spaced putative CreA 

binding sites. However, the 1 655  bp region downstream of prtl contained 1 0  

putative binding sites. This is in contrast with the E. festucae Fl l prt5, which 

contained 1 0  putative CreA binding sites in its promoter, but also contained 1 2  

putative CreA binding sites i n  the prt5 coding region (Figure 3 .6A). 

The E. festucae Fl l pr!] promotcr contained no strong affinity sites for the 

AreNNit2/AreA transcription factor, but did contain six weakcr affinity sites (Figure 

3 .6B).  Again, only two weak affinity binding s itcs were present in thc E. Jestucae Fl l  

prtl coding region. However, thc E. Jestucae Fll  pr!5 promoter contained seven high 

affinity binding sites for AreNNit2/AreA (HGAT AR), with three weak affinity 

binding sites (GAT A). The E. festucae Fl l prt5 coding region, however, only 

contained one strong and one weaker affinity AreNNit2/AreA binding sites. These 
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results could suggest that E. festucae Fl l prt5 may be regulated by avai lability of a 

pre ferred nitrogen source. 

Both E. festucae F l l prt5 and prtl promoters contained 4 putative PacC binding 

sites, while the coding regions contained 6 and 7 putative b inding sites for prt5 and 

prtl respectively (Figure 3 .6C) . The distribution of Seb I binding sites was most 

interesting for the FI I prt5 gene, which contained 5 putative Seb 1 b inding sites 
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Fig ure 3.6 Potential  b i n d ing sites for fungal g lobal  transcript i on reg u l ators in 

E. festucae FI1  prt5 and prt1 
Analysis for putative binding sites for the fungal transcription factors CreA (carbon regulation),  
Nit2lAreA (nitrogen regulation),  PacC (pH regulation) and Seb 1  (transcriptional regulator) in  the E. 
festucae FI1 prtS and prt1 genes.(A) Putative binding sites for CreA (SYGGRG) are indicated by blue 
loll ipops containing the letter C. (8) Putative binding sites for N it2lAreA (HGATAR) are indicated by 
green lollipops containing the letter N. Weaker binding sites (GATA) are indicated by light green 
loll ipops containing the letter n. (C) Putative binding s ites for PacC (GCCARG) are indicated by red 
loll ipops containing the letter P. (D) Putative binding sites for Seb1 (AGGGG) are indicated by purple 
loll ipops containing the letter S. 
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within a very small region of the promoter, but three putative b inding sites spread 

throughout the E. festucae Fl l prt5 coding region. This could indicate some role for 

Seb 1 (or other transcription factors b inding to this sequence) in regulating expression 

of the E. jestucae Fl l prt5 gene. Meanwhile, the E. festucae F l l  prt5 promoter and 

coding region both contained only a single putative binding site for Seb 1 .  

The prt1 promoter contained more CreA, strong affinity AreAlNit2 , PacC and Seb l 

b inding sites, but less weak affinity AreAlNit2 binding sites, than expected if the 

b inding site sequences occurred randomly throughout the promoterl . The prt] 

promoter contained approximately the same number of CreA b inding sites if the 

sequence occurred at random through the promoter. However, less of both the strong 

and weaker affinity AreAlNit2 b inding sites and the Seb 1 binding sites were seen 

than expected in this promoter sequence. Slightly more PacC binding sites were 

observed than expected for a random occurrence through the promoter. 

MEME (Multiple EM for Motif Elicitation) analysis was also carried out on the 

promoter to look for any sequences over-represented in the promoter sequence 

(Section 2 .2 1 ,  F igure 3 .7) .  All o f  the resulting MEME motifs are listed in Appendix 

A l l ). The most common sequence identified in the E. jestucae F l l  prt 1 promoter 

was a poly A sequence (MEME motif 1 ) . However, the prt5 promoter did not contain 

this motif. Both the prt5 and prtl promoters contained MEME motifs 2, 1 2  and 1 8 . 

The prt5 promoter also contained multiple copies of MEME motifs 4, 6, 1 0  and 1 5 ,  

which were also found as motifs in the promoters o f  the pr!2 and prt3 genes (Figure 

3 .7 ,  Section 3 . 1 .2 and 3 . 1 .3 ) .  

3. 1.2 The prt2 gene 

The pr!2 gene from N. loW Lp 1 9  was also identified and partially sequenced in a 

previous study (McGil1, 2000). The gene was identified within a AGEM - 1 2  N. loW 

Lp 1 9  genomic DNA library using the prt2 probe described in McGil1 (2000). In this 

1 Probability of 5 bp sequence Seb 1 binding sequence AGGGG assuming bases distributed randomly: 
Probability of having a particular base at nucleotide position (assuming random distribution of nucleotides)= 0.25 (1 of 4 possible 
nucleotides) 
Therefore: the probability of having AGGGG sequence =(0.25)5 = 9.77 x 1 0'" 

The probability of having AGGGG sequence in 2 . 3  kb of promoter sequence 
= 9 . 77 x 1 0'" x number of bases (2300) x 2 (to account for double stranded DNA) 
= 4.5 expected i nstances of AGGGG sequence in 2300 base pairs of promoter 
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FI1 prt1 promoter 

FI1  prt2 promoter 

FI1 prt3 promoter 

FI1  prt5 promoter 

FI 1 prt4 promoter 

MEME analysis of the E. festucae FI 1 prt promoters (performed as described in Appendix A1 1 )  

previous study, a 2 kb truncated BamHI fragment (from AMM3 .3)  had been 

subc10ned into pUC 1 1 8  (to give the vector pMM7) and sequenced. In this study, the 

remainder of the coding region of N. lolii pr!2 along with further downstream 

sequence was obtained by directly sequencing AMM3 .3 .  
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Southern blotting of N. lolii Lp 1 9  (with related strains N. lolii AR l and 

E. typhina x N. lolii hybrid Lp 1 )  was performed in order to develop a restriction map 

of the N. lalii Lp l 9  pr!2 locus (Figure 3 .8 ,  Table 3 .3) .  This showed that pMM7 did 

indeed contain a truncated BamHI fragment, with the genomic BamHI digest giving a 

fragment of 3 .6 kb (Figure 3 .8D). Direct sequencing of "-MM3 .3 using the MM l4  

23. 1 . 
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F ig ure 3 . 8  S o uthern a na lysis of prt2 
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Southern analysis of prt2. (A) E ndophyte genomic D NA (2 I1g) from N. lolii Lp19 (lanes 2-5) 
digested with EcoRI (lane 2), Hind " l  (lane 3), Sail (lane 4) and Sa/l/Sstl (lane 5 ); N. lolii x E. 
typhina strain Lp1 (lanes 6-1 9) digested with EcoRI (lane 6), Hind" I ( lane 7) ,  Sail ( lane 8) and 
Sstl (lane 9); N. lolii strain AR 1 (lanes 1 0-13)  digested with EcoRI ( lane 1 0) ,  Hind" I (lane 1 1 ), Sail 
( lane 1 2) and Sstl (lane 1 3); Lanes 1 and 1 5  contain le Hind l l l  and 1 kb plus (I nvitrogen) ladders 
respectively. Sizes of marker fragments are shown in kb. (8) Autoradiograph of the gel from A 
hybridised with a (32P]-labelled EcoRI-Sstl fragment from the vector pGH3, containing the larger 
PCR product shown in Appendix 1 .  (C) Endophyte genomic DNA (2 I1g) from N. lolii Lp19 (lanes 
2, 4, 6, 8, 1 0, 1 2  and 1 4) and N. lolii x E. typhina strain Lp1 (lanes 3, 5, 7,  9, 1 1 , 1 3  and 1 5) 
d igested with BamHI (lanes 2 and 3), C/al (lanes 4 and 5), EcoRV (lanes 6 and 7) ,  Ncol (lanes 8 
and 9), Pstl (lanes 1 0  and 1 1 ), Smal (lanes 1 2  and 1 3) and Xhol (lanes 1 4  and 1 5) .  Lanes 1 and 
1 5  contain le Hind " l  and 1 kb ( Invitrogen) plus ladders respectively. Sizes of marker fragments are 
shown in kb. (0) Autoradiograph of the gel from C hybridised with a [32p]-labelled EcoRI-Sstl 
fragment from the vector pGH3 ( McGill , 2000). 
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3.6 kb, 1 0 .0 kb 

.0 kb, 3 . 1 0 kb 

Smal 4 . 2  kb, 3.4 kb 

pnmer showed that the only lambda sequence was upstream of 2 .0 kb BamHI 

fragment containing the prt2 gene, so it was necessary to perfonn inverse PCR to 

obtain sequence upstream of prt2 (as described in Section 2 . 1 7 .6). A BamHI digest 

of N. loW Lp 1 9  genomic DNA was self-ligated, then amplified with the primer pair 

MM38 and M M26 (Table 2 .4,  Figure 3 .9) .  The inverse PCR product was sub cloned 

into pGEM-T Easy (Promega) (to give the vector pMM I 2) ,  then sequenced. This 

region was also sequenced by direct sequencing from a PCR product amplified from 

N. loW Lp 1 9  genomic DNA with the primers M M 1 1 9  and MM38 .  

Sequencing downstream of the prt2 coding region (i .e .  i n  the gcnl region) was 

carried out by designing primers based on a closely related sequence from the 

endophyte Neotyphodium sp . FCB2002 (Moy et aI., 2002). This region was 

amplified with the primer pair MM56 and MM7 1 ,  and the PCR product sequenced. 

The N. loW Lp 1 9  gcnl gene encodes a putative �- 1 ,6-glucanase, with high 

similarities to the Neotyphodium sp . FCB2002 glucanase, and also to related �-1  ,6-

glucanases from Trichoderma harzianum and Verticilliumfungicola. 

The E. Jestucae Fl l prt2 gene was identified in the same E. Jestucae Fl l  genomIc 

DNA cosmid library described in Section 3 . 1 . 1 by probing with a MM 1 5  -MM6 PCR 

product amplified from N. loW Lp 1 9 .  Library screening identified fifteen cosmids 

that contained the prt2 gene. Cosmid 1 3B2 was digested with BamHI, and then 

shotgun cloned into pUC l 1 8 . PCR screening using primer pairs MM 1 5-MM6 (prt2) 

and MM56-MM55 (gcn] )  identified transfonnants containing the 4 kb BamHI 
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F i g u re 3.9 Structure of t h e  N. lolii L p 1 9  prt2 locus 
• I � .  • • � .  

prt2 genomic region. Sizes of restriction fragments are shown in kb. (8) Structure of the N. lolii Lp19 prt2 
genomic region. The N. lolii Lp 19 prt2 and gent coding regions are shown in  blue. Primers are shown by 
black arrows (5' to 3'). The exon-intron structure of the genes is shown beneath, with exons and introns 
indicated by red and yellow boxes respectively. The probe used in Rgure 3. 7 is indicated by a grey box. The 
origin of each fragment is indicated by black double arrows above the sequence. The inverse PCR (I-PCR) 
fragment was amplified from a BamHI digested genomic DNA ligation, amplified with prim ers MM38 and 
MM26. The PCR fragment at the end of the gcn t gene was amplified using the primers MM56 and MM71 . 
Sequence of the MM71 primer was based on the Neotyphodium sp. FCB2002 !1-1 ,6-glucanase m RNA 
(accession AF5351 3 1 ). The annealing site of MM71 primer is not shown as it is not present in the sequence 
obtained. 

A 
BamH l 
EcoRI 
Hind I I I 
Pstl 
Sa/I 
Smal 
Xhol 

B 

WftM&tb 

M M2 1  

111I 

I I 

2.5 

MM53 

MM87 

11 11-
Fig ure 3 . 1 0 Structure of the E. festucae F I 1  prt2 locus 

2 . 1  

10 _ __  101 

Structure and restriction map of the E. festueae FI 1 prt2 genomic region. (A) Restriction map of the 
E. festueae FI 1 prt2 genomic region . Sizes of restriction fragments are shown in kb. The positions of the 
inserts in pMM44 and pMM45 (BamHI inserts), and pMM48 and pMM49 (Pstl inserts) plasmids are shown 
above the restriction map. (8) Structure of the E. festueae FI 1 prt2 genomic region. The 
E. festueae FI1 prt2, gent,  eye t and ptn t coding regions are shown in blue. Primers are shown by black 
arrows (5' to 3') .  The exon-intron structure of the genes is shown beneath, with exons and introns indicated 
by red and yel low boxes respectively. 
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(PM M45) or 4.6 kb BamHI (PMM44) fragments respectively (Figure 3 . 1 0) .  In order 

to obtain overlapping clones giving further sequence downstream of the prt2 and 

gcnl genes, the 1 3B2 cosmid was also digested with PstI, then shotgun cloned into 

pUC 1 1 S .  PCR screening of transformants was performed to identify clones 

containing the prt2, gcnl and cycl genes using the M M 1 5 -MM6, MM56-MM55 and 

M M86-MMI O l  primer pairs respectively (Table 2 .4,  Figure 3 . l O) .  

Through sequencing of pMM44, pMM49 and direct sequencing of cos mid 1 3B2, two 

further genes were identified downstream of the E. festucae Fl l  prt2 and gcnl genes. 

These genes were named eycl and ptn l .  The cycl gene encodes a putative C-type 

cyclin similar to the product of the S. eerevisiae etk2 gene (Appendix A4) . Based on 

sequence identity, the cycl  gene is predicted to contain one intron (Figure 3 . 1 I C) .  

However, this gene is  expressed at low levels in  culture, so the presence of  this intron 

has not been experimentally confirmed. In S. eerevisiae, Ctk2 forms a divergent 

cyclin-CDK (cyclin dependent kinase) complex (CTDK-I) with two other subunits 

(Hautbergue and Goguel, 200 1 ;  Stemer et aI., 1 995) ,  which regulates RNA 

polymerase I and II by phosphorylating a serine residue in the carboxy-terminal 

domain (CTD). 

The ptnl gene encodes a putative phosphoinositide 3 -phosphatase, a homologue of  

the Schizosaccharomyces pombe ptnl gene and the vertebrate PTEN gene (Maehama 

et aI. , 200 1 ;  Mitra et aI . ,  2004). The ptnl gene appears to contain one intron based on 

sequence identitity with related fungal sequences; however, due to low expression 

levels introns have not been experimentally confirmed (Figure 3 . 1 1 D). The Ptn 1 

protein contains the protein tyrosine phosphatase (PTP) superfamily catalytic motif 

of HCxxGxxR found in PTEN homologues .  All of the catalytic residues required for 

phosphoinositide 3 -phosphatase activity are conserved in Ptn l (Appendix A5), 

suggesting that the ptnl gene could encode a functional phosphoinositide 

3 -phosphatase. 

The N. loW Lp 1 9  and E. fostucae Fl l  prt2 genes both appear to consist of four exons 

(Figure 3 . 1 1 ,  experimentally confirmed in Section 4 .3 . l ). This exon-intron 

arrangement is identical to that of  the prtS gene in intron number. Putative introns 1 ,  

2 and 3 are 72 bp in E. festucae FI l (72 bp in N. loW Lp 1 9), 83 bp in E. festueae F I l  
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Fig ure 3.1 1 Gene structure of the E. festucae FI1 prt2, gcn 1,  cyc 1 a n d  
ptn1 genes 

Gene structure of the E. festueae FI1 prt2, gen1,  eye1 and ptn 1 genes. RT-PCR analysis was 
performed with RNA isolated from E. festueae FI1 cultures grown in PO broth for 7 days . cDNA 
was reverse transcribed from poly-A RNA using the Expand RT enzym e (Roche) (Section 
2 . 1 8 .5). All fragment sizes shown adjacent to gels are indicated in bp. On the schematic diagram 
of each gene, the position within the prt2 locus is  ind icated in bp. Exons (confirm ed by 
sequencing of cDNA products) are indicated by red boxes. Primers are positioned above or below 
the sequence for forward or reverse direction respectively. Introns are numbered in b lue text 
between exons . The position within the prt5-prt1 locus is indicated below the sequence schematic 
in bp. (A) The E. festueae FI 1 prt2 gene . Lane 1 :  E. festueae FI 1 genomic DNA, lane 2 :  1 0  fold 
di lution of E. festueae FI1  cDNA, lane 3: negative contro l .  8) The E. festueae FI1  gen 1  gene. Lane 
1 :  E. festueae FI 1 genomic DNA, lane 2: 1 0  fold di lution of E. festueae FI1 cDNA, lane 3: negative 
control . C) The E. festueae FI 1 eye 1 gene . Lane 1 :  E. festueae FI 1 genomic DNA, lane 2: 1 0  fold 
di lution of E. festueae FI 1 cDNA, lane 3: negative control .  D) The E. festueae FI1 ptn1 gene. Lane 
1 :  E. festueae FI 1 genomic DNA, lane 2: 1 0  fold dilution of E. festueae FI 1 cDNA, lane 3: negative 
control . 

The following PCR conditions were used : 5 ng genomic D NA or 5 �L diluted cDNA, 1 x  Taq 
polymerase buffer (Roche), 50 � M  each dNTP,  200 n M  of each prim er, and 0.5 U Taq 
polymerase in a volume of 25 �L .  The PCR amplification conditions for the primer pairs MM1 25-
MM25, MM56-M M72 , MM1 26-MM1 27, MM1 59-MM 1 05 and M M 128-MM 1 24 were as follows : 
94°C for 2 m in ,  followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min ,  then one 
c cle of 72°C for 5 min.  

(85 bp in N loW Lp 1 9) and 7 1  bp in E. festucae FI I (73 bp in N loW Lp 1 9) 

respectively. Putative introns were detennined based on homology with closely 

related fungal subtilisin-like protease genes, as no expression of this gene has been 

detected in culture or in planta (Section 3 .5 ,  Section 4.3) .  Exon-intron boundaries for 
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the prt2 gene were confirmed by sequencing a prt2 cDNA expressed under the 

control of  the A.  nidulans gpdA promoter as described in Section 4 .3 .  

The E. festucae Fl l  and N. lolii Lp 19  prt2 genes encode highly similar 

preproproteins of 3 89 amino acid residues in length. The only differences between 

the N. lolii Lp 1 9  and E. festucae Fl l Prt2 proteins arise at positions 1 24 (N. lolii 

Lp 1 9  Q >  E. festucae Fl l  K) and 1 34 (N. lolii Lp 1 9  A >  E. festucae Fl l  E). L ike the 

Prt5 and Prtl preproproteins, the Prt2 preproprotein also contains a signal peptide 

probably cleaved between residues 1 6  and 1 7  (Section 2 .2 1 ,  S ignalP 3 .0 prediction, 

Bendtsen et al. ,  2004), indicating that the pr/2 genes encode putative extracellular 

proteins. Comparisons between the E. festucae Fl l  and N. lolii Lp 1 9  gcnl genes and 

their encoded proteins are shown in F igures 5 . 1  and 5 .2 (Section 5 . 1 ). 

The prt2 promoter contained multiple binding sites for both CreA and AreAJNit2 

(Figure 3 . 1 2) .  The distribution o f  the CreA binding sites was noteworthy, as there 

were two pairs, each containing two very closely spaced CreA sites .  However, less 

CreA sites were observed than expected by chance for this region. The number of 

AreAJNit2, PacC and Seb 1 binding sites was similar to that expected for a random 

occurrence ofthese sequences within the 2340 bp promoter region. 

MEME analysis was also carried out on the E. festucae FI I  prt2 promoter to look for 

any sites over-represented in the promoter sequence (Figure 3 .7 ,  Section 2 .2 1 ,  

Appendix Al l ) .  The prt2 promoter contained MEME motifs 2 ,  1 2  and 1 8  found in 

both the prtl and prtS promoters, MEME motif 1 found in the prtl promoter, and 

MEME motifs 3 , 4 , 5 ,  6, 7 , 8 ,  1 0 ,  1 5  and 25 found in the prtS promoter. The prt2 

promoter contains multiple copies of  ME M E  motifs 4, 6, 8 , 1 0  and 23 . 

3. 1.3 The prt3 gene 

3.1 .3.1 Isolation of the N. lolii Lp1 9 and E. festucae FI1 prt3 genes 

None o f  the N. lolii or E. festucae prtS, prtl or prt2 gene products is similar enough 

to the E. typhina A tl gene product to suggest these genes are the Atl homologues.  

Based on this, the primer pair MM75-MM76 (Table 2 .4) was designed based on the 
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Fig ure 3 . 1 2  Potentia l b i n d i ng sites for fu ngal global transcription regulators at 
the E. festucae FI1 prt2 locus 

Analysis for putative binding sites for the fungal transcription factors CreA (carbon regulation), N it2/AreA 
(nitrogen regulation), PacC (pH regulation) and Seb1 (transcriptional regulator) at the E. festucae FI1 
prl2 locus .(A) Putative binding sites for CreA (SYGGRG) are indicated by blue lol l i pops containing the 
letter C. (8) Putative binding sites for Nit2/AreA (HGATAR) are indicated by green lolli pops containing 
the letter N. Weaker binding sites (GATA) are indicated by lighter green lol l ipops containing the letter n. 
(C) Putative binding sites for PacC (GCCARG) are indicated by red loll ipops containing the letter P. 
(D) Putative binding sites for Seb1 (AGGGG) are indicated by purple lol l i pops containing the letter S .  

Atl nucleotide sequence . A 463 bp product was amplified from N. lolii Lp 1 9  

genomic DNA (Figure 3 . 1 3 ), and subcloned into pGEM-T Easy (Promega) to give the 

plasmid pMM38 .  Sequencing demonstrated that the MM75-MM76 peR product in 

pMM38 was 90% identical to Atl at the nucleotide level (compared to prtl , prt2 and 

prt5 with nucleotide identities with At l o f  46%, 5 8% and 59% respectively over the 

same region). This suggested this product, designated prt3, is the N. lolii Lp 1 9  

homologue of the E. typhina A tl gene. 
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A t lp 

At l 

pMM3 8 

Lp 1 9  

Atlp 

At l 

pMM3 8 

At lp 

At l 

pMM3 8 

At l p  

At l 

pMM3 8 

At lp 

At l 

pMM3 8 

Atlp 

At l 

pMM3 8 

.Z>.t lp 

At l 

pMM3 8 

G S N E Y V Y D N S G G K G A C V Y V I D T G V D 

GGCTCGAACGAGTACGTCTACGACAATAGTGGCGGCAAAGGTGCTTGCGTCTATGTCATCGACACGGGCGTAGAT 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
GGCTCGAACGAGTACGTCTACGACAATAGTGGCGGCAA - GGTGTTTGCGCCTATGTCATCGACACGGGCGTAGAT 

G S N E Y V Y D N S G G K 

o R H P 

V I A P M S S T R A * 

framesh ift 
GATCGCCACCCGgtgagaaa - caccct t - - - c t tgt c cc t t t t t t tccacaactcactcggcccggttcacc cga 

I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1  1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1  1 1 1 1 1 1  
GCTCGCCACCCGg tgagaaaaatccct t t t c c t tgt - - ctttttt tccacaactcgctcggcccgc t tgacccga 

E F E G R A H Q I Q S Y V A G S N 

gcgc - ggaactaa - cag- catccagGAGTTCGAAGGCCGGGCGCACCAGATCCAGTCCTACGTCGCCGGATCCAA 

1 1 1 1  1 1 1 1 1 1 1 1  I 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  I 1 1 1 1  1 1  1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1  
gcgcaggaactaaacagccatct agGAGTTCCAAGG CCGGGCCCG CCAGCTCAAGTCCTACATCGCCGGATCCAA 

V D D N G H G T H V A G T I G S R T Y G V A K R V 
CGTCGATGACAACGGCCACGGCACCCACGTCGCCGGCACAATCGGCAGCCGCACCTACGGCGTAGCGAAGCGGGT 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1  
CGTCGATGACAACGGCCACGGAACCCACGTCGCCGGCACAATCGGCAGCCGCACCTACGGCGTAGCCAAGCGGGT 

T I F G V K V L P A R G T S P N S V I I K G M D F  

GACCATCTTCGGCGTCAAGGTCCTCCCTG CCCGCGGCACGAGCCC CAATTCCGTCATCATCAAGGGCATGGATTT 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1  1 1 1 1 1  I 1 1  1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
GACCATCTTCGGCGTCAAGGTCCTCGCTGCCAACGGCAAGGGCAG CATTTCCGTCATCATCAAGGGCATGGATTT 

V H  A M P S G V N A P T D V V  V N M S L G G G Y S  

CGTGCAC- GCGATGCCCAGCGGCGTAAATGCCCCCACGGACGTCGTGGTCAACATGTCCCT CGGCGGAGG CTACT 

1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1  I 1 1  1 1 1 1 1  1 1  1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
CGTGCACAGCGATGCCCGGCGGCGTCGATG - CCCCAAGGGCGTCGTCGTCAACATGTCCAT CGGCGGAGG CTACT 

K A T  N 

CCAAGGCCACAAACCA 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
CCAAGGCCACAAACCA 

F i g u re 3 . 1 3  Sequence of the At 1 homologue from N. lolii Lp 1 9  
The N lolii Lp 1 9  homol og ue of the At1  gene was i dentified by PCR ampl ifi cation 

with primers M M 75 and M M 76 (indicated in blue shad ing),  which were designed 
based on the At1 nucleotide sequence . The N lolii Lp1 9 M M 75-M M 76 PCR product 

was subcloned i n to pGEM-T Easy to g i ve the vector p M M 3 8 .  Ide ntity between the 

two DNA sequences is shown by a g rey l i ne conn ecting the two n ucleotide 
res idues . Sequence i dentity between the amino acid residues is i ndicated i n  red . 

Exon seq uences are shown in uppercase and intron sequences in lowercase text 

The pMM38 insert was reamplified with the MM75-MM76 primer pair, and used to 

screen a E. Jestucae Fl l genomic DNA Southern blot (Figure 3 . 1 4; Table 3 .4) and an. 

Jestucae FI l genomic DNA cosmid library (Sections 3 . 1 . 1  and 3 . 1 .2) .  Twelve 

independent cosmids with homology to the prt3 gene, including 46F6, were 

identified. p MM47 contained a 4.3 kb Sail fragment with homology to prt3 from the 

cosmid 46F6 subc10ned into pUC l 1 8 . Sequencing o f pMM47 and the 46F6 cosmid 

gave the comp lete sequence of the E.festucae Fl l prt3 gene (F igure 3 . l 5 ) . 

The E. Jestucae Fl l prt3 gene exon-intron structure is identical to that of the prt2 

gene , consisting of 4 exons with introns at conserved postions (Figures 3 . 1 1 ,  3 . 1 5 , 

and 3 . 1 6). At the nuc leotide level, the E. Jestucae Fl l prt3 gene had 87% identity at 

the nucleotide level with the E. typhina Atl gene. The prt3 gene encodes a putative 

preproprotein of388 amino acid residues in length, with a predicted signal peptide of 
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Fig ure 3. 14  Southern analysis of E. festucae FI 1 prt3 
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-2.0 
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-1 .0 
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2), Bg/II (lane 3), EeoRI (lane 4), Hind I II (lane 5 ) ,  Kpnl (lane 6), Neol (lane 7 ) ,  Ps� (lane 8 ) ,  San (lane 9), Real 
(lane 1 0) ,  Sphl (lane 1 1 ), Ssfl (lane 1 2), X1Jal (lane 13) and Xhol  (lane 14) .  Lanes 1 and 15 contain A Hindl l l  
a nd  1 k b  plus ( Invitrogen) ladders respectively. Sizes o f  marker fragments are shown in  kb. (S) 
Autorad iograph of the gel from A hybridised wit h a [32P]-labelled N. lolii Lp1 9 prt3 fragment amplifed with 
primers MM75 and MM76. 

1 9  ammo acid residues (SignalP 3 .0  prediction, Bendtsen et a!. , 2004). The 

E. festucae Fl l Prt3 protein is most similar to the At l protease, with 83% identity at 

the amino acid level . 

The promoter of  E. festucae F l l  prt3 contained 8 putative CreA b inding sites, with 5 

putative binding sites found in the coding region (Figure 3 . 1 7) .  For the global 

nitrogen regulator AreNNit2/AreA, 5 strong affinity binding sites and 2 weak 

affinity b inding sites were found in the prt3 promoter. However, only 5 weak affinity 

binding sites were found in the coding region. This raises the possibility that the 

E. festucae Fl l prt3 gene may be subject to regulation by AreNNit21 AreA. Six PacC 

b inding sites were found in the E. festucae FI I prt3 promoter, compared to 3 in the 
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A 
Bam HI 3.3 

Hind 1 1  I 2.9 

Pstl 1 3 .0 

Sail 4.3 

Sstl 4. 1 

0 

B MM176 

•• .r. III 

Fig ure 3.1 5 Structu re of the E. festucae FI 1 prt3 genomic region 

Structure and restriction map of the E. festucae FI 1 prt3 genomic reg ion . (A) Restriction map of the 
E. festucae FI 1 prt3 genomic region. Sizes of restriction fragments are shown in kb. (B) Structure of the 
E. festucae FI 1 prt3 genomic region. The E. festucae FI 1 prt3 codi ng regions are shown in blue. Primers 
are shown by arrows ( indicating direction of amplification from the primers). The exon-intron structure of 
the genes is shown beneath, with exons and introns indicated by red and yellow boxes respectively. The 
position where the probe used in Figure 3 . 1 1 would hybridise is indicated by a grey box just below the 
restriction map. 
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F i g u re 3 . 1 6 Gene struct u re o f  t h e  E. fes tucae F I 1  prt3 a n d  ga o1 g e n e s  

Gene structure of the E. festucae FI 1 prt3 and ga01 genes . RT-PC R analysis was perfonned with 
RNA isolated from E. festucae FI 1 cultures grown in PD broth for 7 days . cD NA was reverse 
transcribed from poly-A RNA using the Expand RT enzyme (Roche) (Section 2 . 1 8.5) .  All fragment 
sizes shown adjacent to gels are indicated in bp. On the schematic diagram of each gene, the 
position within the prt3 10cus is  indicated in  bp. Exons (confinned by sequencing of cDNA products )  
are indicated by red boxes . Prim ers are positioned above o r  below the sequence for forward or 
reve rse d i rection respectively. Introns are numbered in blue text between exons. The position within 
the prt3 locus is indicated below the sequence schematic in bp. (A) The E. festucae FI1 prt3 gene. 
Lane 1 :  E. festucae FI 1 genomic DNA, lane 2 :  1 0  fold dilution of E. festucae FI 1 cDNA, lane 3: 
negative control .  8) The E. festucae FI 1 ga0 1 gene. Lane 1 :  no RT control, lane 2: E. festucae FI 1 
genomic DNA, lane 3: 1 0  fold dil ution of E. festucae FI1 cDNA, lane 4: negative control .  

The fol lowing PCR conditions were used: 5 ng genom ic DNA or 5 �L d il uted cDNA, 1 x Taq 
polymerase buffer (Roche), 50 �M each dNTP, 200 nM of each primer, a nd 0.5 U Taq polymerase 
in a volume of 25 �L. The PCR amplification conditions for the primer pairs MM90-M M92 and 
M M 1 60-MM 1 21 were as follows: 94°C for 2 min,  followed by 30 cycles of 94°C for 30 s,  60°C for 30 
s, 72°C for 1 min, then one cycle of 72°C for 5 min. 
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coding sequence, while 3 Seb 1 binding sites were found in each of the promoter and 

coding region. The prt3promoter contained numbers of CreA, strong affomotu 

AreAlNit2, and Seb l binding sites similar to those expected if the binding sites 

occurred randomly throughout the promoter. However, more PacC sites were 

observed than would be expected by random occurrence through the promoter. Less 

weak affinity AreAlNit2 binding sites were observed than expected throughout the 

prt3 promoter region. 

MEME analysis was also carried out on the promoter to look for any sites over

represented in the prt3 promoter sequence (Appendix A l l ). The pr!3 promoter 

contained MEME motifs 1 , 2 , 1 2  and 1 8 , which were also found in the prtI , prtS and 

prt2 promoters. MEME motifs 3 , 4, 5 , 6, 7 , 8 and 1 0, which are found in the prtS and 

pr!2 promoters, were also present in the pr!3 promoter (Figure 3 .7) .  MEME motifs 2 ,  

3 and 7 were present in  multiple copies. 

Putative genes were found both upstream and downstream of E. festucae Fll prt3 . 

Part of a open reading frame for a gene designated atsI was found directly upstream 

of E. festucae Fl l prt3 . The atsl gene encodes a protein similar to those of  yeast 

asparaginyl-tRNA synthetascs. The gene downstream of Fl l prt3 , named gao l ,  

encodes a putative galactose oxidase. The protein encoded by gaol is similar to the 

galactose oxidase from Fusarium spp .  (McPhcrson et aI . ,  1 992 ; Ogel et aI., 1 994), 

which has been extensively studied in terms of its interesting catalytic mechanism, its 

use in industry and research, and its ability to generate free radicals. Galactose 

oxidase converts a primary alcohol (e .g. D-galactose) to the corresponding aldehyde 

(e .g. galactohexodialdose), in the process converting oxygen to hydrogen peroxide, 

thus generating free radicals (Machado and Kernrnelmeier, 200 1 ). Genes encoding 

similar proteins are also found in other fungal species (Appendix A6) .  

3.1 . 3.2 The N. IoW Lp1 9 and Lp5 prt3 genes encode non-functional proteins 

During sequencing of the N. lolii Lp l 9  prt3 gene peR product, the PCR product was 

noted to contain a single base pair deletion relative to the At l gene (Figure 3 . 1 3 ) .  

However, the E. festucae Fl l  pr!3 sequence did not contain this deletion . To confirm 
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that N. lalii Lp 1 9  prt3 did have this deletion, the primer pair MM82-MM83 was used 

to amplify most of the prt3 coding region from several related endophyte strains .  

Three N. lalii strains (Lp 1 9, Lp5 and AR1 ) and two E.  festucae strains (Fl l and Frl )  

were amplified with the primer pair MM82-MM83 , and the peR products were 

directly sequenced. N. lalii strains Lp 1 9  and Lp5 both had a single base deletion 

A 

B 

c 

o 

F igure 3 . 1 7 Potentia l  b ind ing s ites for fu ngal  g loba l  tra nscri ption regulators at 
the E. fes tuca e F I 1  prt3 locus 

Analysis for putative bi nding sites for the fungal transcription factors CreA (carbon regu lation), N it2/AreA 
(nitrogen regulation), PacC (pH regulation) and Seb1 (transcriptional regulator) at the E. festucae FI1  
prt3 locus . (A) Putative binding sites for CreA (SYGGRG) are indicated by blue lol l ipops containing the 
l etter C. (8) Putative bi nding sites for N it2/AreA (HGATAR) are indicated by green loll ipops containing 
the letter N. Weaker binding sites (GATA) are i nd icated by l ighter green lol l i pops containing the letter n .  
( C )  Putative binding sites for PacC ( G C  CAR G )  are indicated by red lol l ipops containing the letter P .  (D)  
Putative b i nding sites for Seb1 (AGGGG) are indicated b y  purple loll ipops contai ning the l etter S .  
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shortly before intron 2 ,  while N. lolii AR 1 ,  E. festucae Fl l and E. festucae Frl did 

not (Appendix A2 .3) .  

The consequence of this single base pair deletion in N. lolii strains Lp 1 9  and Lp5 is a 

frame shift (at amino acid residue 1 40 relative to At l ), which results in premature 

truncation of  the protein (Figure 3 . 1 3 ). As the N. lolii Lp 1 9  and Lp5 truncated Prt3 

protein does not contain any of the conserved catalytic residues (D I 47 ,  H 1 78 or 

S332 numbered relative to At 1 ;  Reddy et aI, 1 996), they will be non-functional. 

3. 1.4 Phylogenetic analysis of E. festucae FI1 and N. lolii Lp 1 9  prt1, 
prt2, prt3 and prt5 genes 

The relationship between the E. festucae Fl l and N. lolii Lp 1 9  prtI, prt2, prt3 and 

prt5 genes and their relationships to other fungal proteases was studied using a 

phylogenetic approach (source of sequences listed in Appendix A 1 3 . 1 ) . Polypeptide 

sequences encoded by these genes were aligned using the ClustalW module of  

MacVcctor 7 .2 .3 as  described in  Section 2 .2 1 .  The alignment was then subjected to 

Neighbour Joining (NJ) analysis (with ties being resolved randomly), with Poisson 

correction. Trees were also bootstrapped to give an indication of the reliability of  

individual branches of the tree. The resulting tree (with bootstrap identities) is  shown 

in Figure 3 . 1 8 . 

As expected, the E. festucae FI l and N. lolii Lp 1 9  copies of each of the proteins 

cluster together in the tree, normally with 1 00% bootstrap support (except in the case 

of N. lolii Lp 1 9  Prt3 , due to the truncated nature of this protein). In accordance with 

the nomenclature suggested by St Leger and Hu (2004), the Prt2 , Prt3 and Prt5 

proteins group with subfamily 1 of  the proteinase K family, while Prt l groups with 

subfamily 2 of the proteinase K family. These results indicate Prt l ,  Prt2, Prt3 and 

Prt5 are putative extracellular enzymes that are secreted, and are related to enzymes 

involved in fungal-host interactions (references listed in Appendix A I 3 . 1 ). 

The exon structure of  these genes also suggests how these genes may have evolved. 

The prtl , 2, 3 and 5 genes contained a conserved intron at the first position 

(Appendix A I 4. 1 ) , However, prtl (the sole member of subfamily 2 isolated in this 
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.--------------------- Coprinus cinereus contig 1 .2779 

.---------------...lijr-- C. cinereus contig 1 .277A 
C. cinereus contig 1 .62 
C. cinereus contig 1 . 399 

.------------- Magnaporthe grisea MG1 0449.4 

1------------- Fusarium graminearum FG080 1 2 . 1  
.-------- Acremonium chrysogenum Cah9 

1-------'9 Fusarium graminearum FG02976. 1 

Fusarium oxysporum Prt1 
.------- Tritirachium album Proteinase T 

.----- Metarhizium anisopiiae Pr1K 

E. festucae FI1 Prt5 
N. lolii Lp1 9 Prt5 

/------------- M. anisopliae Pr1 G 
/------------- Podospora anserina contig 2663 

1------------- M. grise a MG08966.4 
Neurospora crassa NCU07 1 5 9 . 1  

P .  anserina contig 508 
P. anserina contig 1 5 1  
M. anisopliae Pr1 9 l----------1J:!l.f--- E. festucae FI1 Prt3 
N. lolii Lp1 9 Prt3 
E. typhina At1 l-----------'�--- M. anisopliae Pr11 
N. lolii Lp1 9 Prt2 

E. festucae FI1 Prt2 

1------------- M. anisopliae Pr1A 
T. album Proteinase R 
T. album Proteinase K 
F. graminearum FG 1071 2. 1 
F. graminearum FG 1 0595. 1 

1-------------- Saccharomyces cerevisiae YCR045c 
/-------------- M. grise a MG06558.4 

.----------- M. grise a MG02863.4 

.----- M. grisea MG07965.4 
.----- F. graminearum FG0331 5. 1 

Trichoderma virens Tvsp1 

Trichoderma harzianum Prb 1 L-�4--- Acremonium chrysogenum Alp 
Aspergillus nidulans AN5558.2 
Aspergillus fumigatus serne proteinase 

1----------- M. anisopliae Pr1J 

r----"'}--------1=== N. crassa NCU06949.1 

I F. graminearum FG 1 0525. 1 
'----- P. anserina contig 742 

,--------- M. anisopliae Pr1 D L-�4----....&r-- F. graminearum FG00806. 1 

F. graminearum FG 1 1405. 1 
F. graminearum FG08464 . 1  

/-------- M. anisopliae Pr1 F 
1-------- M. anisopliae Pr1 E 

N. lolii Lp1 9 Prt1 

E. festucae FI1 Prt1 L---------�1-- P. anserina contig 2229 
Arthrobotrys o/igospora PI I 
Arthrobotrys o/igospora Aoz1 L------------....wsLi--- F. graminearum FG09382. 1 

N. crassa NCU06055.1 

P. anserina contig 1 0 86 

Proteinase K 
family 

subfamily 1 

Proteinase K 
family 

subfami ly 2 

F i g ure 3. 1 8  P hy log e n etic relatio n s h ips of Prt1 , Prt2, Prt3 a nd Prt5 

Phylogenetic relation ships of the N. lalii L p 1 9  and E. festucae FI 1 Prt1 , Prt2, Prt3 and 

Prt5 proteins with other related fungal proteins .  The phylogenetic tree in this figure was 

p repared in the MacVector 7.2.3 program, using Neighbour join ing and bootstrapping 
( 1 000 repl icates) of seq uences alig ned using the C lustalW module of MacVector to 
form the tree. For detai ls of th e sequences used in this al ignment, see Append ix 

A1 3 .2 .  In th is phylogenetic tree, endophyte p rotein names are shown in  blue text, with 
a l l  other protein names in b lack text. Proteinase K protease subfami ly 1 and 2 (Hu  and 

St Leger 2004) are ind icated by green and red l ines respectively. 
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study) did not contain a conserved intron at position 2 found in prt2, prt3 and prt5. 

The presence of  these two shared introns in the subfamily I genes supports the 

phylogenetic data. However, the prt5 gene differed from the prt2 and prt3 genes in 

the position of  its final intron. The prt5 gene had its third intron at position 3 ,  while 

prt2 and prt3 both had an intron at a common site, position 4 .  Conserved intron 

positions suggest prt2 and prt3 are more c losely related to each other than to prt5 . 

3.2 E. FES TUCAE FL 1 P ROT EI NASE K FAM I LY G E N E  
(SU B FAM I LY 3) 

3. 2. 1 The prt4 gene 

Degenerate PCR was used to identify the E. festucae Fl l vacuolar protease gene. The 

degenerate primers MM93 and MM94 were designed based of an alignment of 

fungal vacuolar proteases (Appendix A 7 . 1 ;  Figure 3 . l 9A). When these primers were 

used to amplify E. festucae Fl l genomic DNA at an annealing temperature of 55°C, a 

single product of  398 bp was detected (Figure 3 . l 9B).  This product was sub cloned 

into pGEM-T Easy (Promega) to create the vector pMM46 and subsequently 

sequenced. 

A 
MM93 MM94 

• 

B 1 2 3 4 5 6 7 8 9 1 0  1 1  

�88: 
1�gs: 

650-
500-400-
300-
200-

Figure 3 . 1 9 S trategy for identifyi ng a v acuolar  protease homol ogue 
(A) The degenerate primers MM93 and MM94 were designed based o n  conserved regions of 
vacuolar subti lisin-like proteases. The structure of the closely-related Metarhizium anisopliae Pr1 H 
protein is shown, with the signal peptide indicated i n  grey and the proprotein (consisting of the 
propeptide a nd  mature protein) shown in red.  Conserved catalytic residues are i ndicated by blac k  
c ircles . The regions the primers MM93 a n d  MM94 bind to a re shown i n  blue . Ani no acid residues 
used for degenerate primer design are shown in grey, with an a rrow i ndicating direction of primer 
amplification .  ( 8) Gradient PCR was used to identify the optimum a nneal ing temperature for the 
degenerate primer set. Lanes 2- 9 conta in E. festucae FI1  genomic DNA amplified at 55°C, 53.6"C, 
52 . 1 °C, 5O. 7°C, 49 .3°C ,  47 . 9°C, 46.4°C and 45°C respectively. Lane 10 contai ns a negative contro l .  
Lanes 1 a nd 1 1  both conta in  1 kb + ladder I nv itro en . Fra ment sizes a re indicated i n  bp. 
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The sequence of the degenerate peR product was highly similar to the Pr l H vacuolar 

protease gene from M anisopliae, with 83% identity at the nucleotide level  and 90% 

identity at the amino acid leve l  (Figure 3 .20).  This suggested that the E. festucae Fl l 

degenerate peR product was amplified from a gene encoding a vacuolar protease 

with strong similarities to related vacuolar protease-encoding genes from other 

fungal species. 

Prt4 
Fl l pr t 4  

Maa pr 1H 
Pr1H 

Prt4 
Fl l pr t 4  

Maa pr1H 
Pr1H 

Prt4 
Fl l p r t 4  

Maa pr1 H  
P r 1 H  

Pr t 4  
Fl l pr t 4  

Maa pr1H 
Pr 1 H  

P r t 4  
Fl l pr t 4 " 

p r 1 H  
Pr1H 

Prt 4  
Fl l pr t 4  

Maa pr1H 
Pr1H 

Prt 4  
Fl l p r t 4  

Maa pr1H 
Pr1H 

D H V D F E G R A K W G K T I P  S G D A 
GATCATGTAGATTTTGAGGGCCGTGCCAAGTGGGGCAAGACCATTCCGTCTGGTGACGCC 

GATCATGTGGACTTTGAGGGTCGTGCCAAATGGGGTAAGACCATTCCCGCTGGAGATGCC 
D H V D F E G R A K W G K T I P  A G D A 

D E D G N G H G T H C S G T I A G K K Y 
GATGAGGATGGTAACGGCCACGGTACGCATTGCTCAGGCACCATTGCCGGCAAGAAGTAT 

1 1 I I I 
GATGAGGATGGCAACGGCCATGGTACTCACTGCTCTGGAACCATTGCCGGCAAGAAGTAC 
D E D G N G H G T H C S G T I A G K K Y 

G V A K K A H V Y A V K V L R S N G S G 
GGTGTGGCCAAGAAGGCTCATGTCTACGCTGTCAAGGTTCTCCGCTCCAACGGCTCTGGC 

I I I I I I I 1 I I I I 
GGTGTTGCCAAGAAGGCAAACGTCTATGCCGTCAAGGTTCTCCGCTCCAACGGCTCTGGC 
G V A K K A N V Y A V K V L R S N G S G 

S M S D V V K G V E F A A N S H T E Q V 
AGCATGTCCGATGTCGTCAAGGGTGTTGAATTCGCTGCCAACAGCCACACTGAGCAGGTT 

ACCATGGCCGATGTCGTCAAGGGTGTTGAGTTCGCTGCCACCAGACATGTTGAACAGGTC 
T M A D V V K G V E F A A T R H V E Q v 

K A A K D G K R K G F K G S V A N M S L 
AAGGCTGCCAAGGATGGAAAGCGCAAGGGCTTCAAGGGCTCCGTCGCGAACATGTCGCTT 

1 1  
TTGCTTGCCAAAGACGGTAAGCGAAAGGGATTCAAGGGTTCCGTCGCCAACATGTCCCTC 
L L A K D G K R K G F K G S V A N M S L 

G G G K T S A L  D A A V N A A V K V G I 
GGTGGAGGCAAGACCTCGGCCCTCGACGCTGCCGTGAACGCTGCCGTCAAGGTTGGTATC 

I I I I I I 1 1  I I I 
GGTGGTGGTAAGACACAGGCTCTAGACGCTGCAGTGAATGCTGCCGTCAAGGCTGGTATT 
G G G K T Q A L D A A V N A A V K A G I 

H F A V A A G N D N A  D A 
CATTTCGCTGTTGCTGCTGGAAACGATAACGCTGATGC 

CACTTTGCCGTCGCTGCCGGTAACGATAACGCCGATGC 
H F A V A A G N D N A  D A 

Fig u re 3.20 Sequence of the prt4 dege nerate peR product 

6 0  

1 2 0  

1 8 0  

2 4 0  

3 0 0  

3 6 0  

3 9 8  

The prt4 fragment was amplified from E. festucae FI 1 genom ic DNA with the degenerate peR primers 
MM93 and M M94. The annealing sites of the primers a re highlighted in blue. The sequence of the prt4 

fragment is shown aligned to the gene pr1 H from Metarhizium anisopliae var. anisopliae (nucleotide 
accession AJ42 1 473, protein accession CAD1 3274). Identity between the two DNA sequences is shown 
by a grey l ine connecting the two nucleotide residues. Sequence identity between the amino acid 
residues is indicated in red .  
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In order to isolate the vacuolar protease gene (designated as prt4) from E. festucae 

FI I ,  the degenerate PCR product described above was used to probe an E. festucae 

F l l  genomic cosmid library (Section 2 . 1 0) .  Eight independent cosmids that contained 

the prt4 gene were identified. 

Southern b lotting was perfonned to develop a restriction map of the E. festucae Fl l  

prt4 locus (Figure 3 .2 1 ,  Table 3 .5) .  In order to sequence the prt4 gene, a 3 .9 kb 

HindIII fragment was subcloned into pUC 1 1 8  to give the vector pMM6 1 .  

Sequencing revealed this HindIII fragment contained the complete sequence of the 

prt4 gene. 

A 
1 2 3 4  5 6 7 8 9 1 0 1 1 12 1 3 1 4 1 5  
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F igure 3.2 1 Southern analysis of the E. festucae FI1 prt4 
Southern analysis of E. festucae FI 1 prt4. (A) E. festucae F I 1 genomic DNA ( 1  �g) digested with 8amH I  
(lane 2) ,  8g/l 1 ( lane 3) ,  EcoR I (lane 4) ,  Hind I I I  (lane 5 ) ,  Kpnl (lane 6) ,  Nco I (lane 7 ) ,  Pstl (lane 8 ) ,  Sail 
( lane 9), Real (lane 1 0), Sphl ( lane 1 1 ) , Sstl (lane 1 2) ,  Xbal ( lane 13) and Xhol (lane 1 4). Lanes 1 and 1 5  
contain A Hind I I I  and 1 kb  plus ( Invitrogen) ladders respectively. Size standards are shown i n  kb. (8) 
Autoradiograph of the gel from A hybridised with a [32P]-label led prt4 fragment ampl ifed with primers 
MM93 and MM94. 
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A 8g/l l  
Hind I I I  
Ncol 
Sail 

Sph l 
Sstl 
Xhol 

B 

9.4 
3 . 9  

5.8 
2.3 

5.0 
4 . 5  
5 .1  
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Figure 3.22 Stru ctu re of the E. festucae FI1  prt4 gene 

Structure and restriction map of the E. fes tucae FI1 prt4 gene. (A) Restriction map of the E. festucae FI1 prt4 gene. 
Sizes of restriction fragments are shown in kb. (8) Structure of the E. festucae FI1 prt4 genomic region. The 
E. festucae FI1 prt4 coding region is shown in blue. Primers are shown by a rrows (indicating direction of ampification 
from the primers). The exon-intron structure of the genes is shown beneath, with exons and introns indicated by red 
and black boxes respectively. The position of the probe used in F igure 3 . 17  (corresponding to the degenerate peR 
roduct am ified with the MM93-MM94 rimer set is indicated b a black box 'ust below the restriction ma 

2 3 

MM1 64-MM 1 66 
1 500 

M M 1 64 

2000 2500 3000 

M M 1 66 

Figure 3,23 Gene structu re of the E. fes tu ca e  F I 1  prt4 gene 

3500 

Gene structure of E. festucae FI 1 prt4. RT-PCR analysis was perform ed  with RNA isolated from 
E. festucae FI1  cultures grown in PO broth for 7 days. cON A was reverse transcribed from poly-A RNA 
using the Expand RT enzyme ( Roche) ( Section 2 . 1 8.5). Fragment sizes are sho .... m adjacent to gels in bp. 
The position within the prt4 locus is indicated i n  bp. Exons (confirmed by sequencing of cDNA prod ucts) 
are indicated by red boxes. Pri mers are positioned above or below the seq uence for forward or reverse 
d irection respectively. Introns are numbered in blue text b etween exons. The position within the prt4 locus 
is i nd icated below the sequence schematic in bp. Lane 1 :  E. festucae FI1 genomic DNA, lane 2: 1 0  fold 
d i l ution of E. festucae FI1  cDNA, lane 3: negative control. 
The fol lowing PCR conditions were used : 5 ng genomic DNA or 5 �L di l uted cDNA, 1x Taq polymerase 
b uffer ( Roche), 50 �M each d NTP, 200 nM each primer, and 0.5 U Taq polymerase in a volume of 25 �L.  
PCR ampl ification conditions for the primer pair MM1 64-MM1 66 were as fol lows: 94°C for 2 min,  followed 
by 30 cycles of 94°C for 30 S, 60°C for 30 S, 72°C for 1 min 30 S, then one cycle of 72°C for 5 min.  

The E. Jestucae Fl l prt4 gene consists of two exons separated by a single intron, 

which is in a conserved position with other fungal vacuolar protease genes (Figures 

3 .22 and 3 .23 ,  Appendix A 1 4.2).  The prt4 gene is most similar to the prlH gene 

from the entomopathogenic fungus Metarhizium an isop liae, which like E. Jestucae 

FI I is a member of the Clavicipitaceae. The prt4 gene shares 74% identity with Pr! H 

at the nucleotide level, and 78% identity at the amino acid level. 
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Fig ure 3 .24 Potential bi nding s ites for fungal g l obal transcription regu lators 

in the E. festucae FI1 prt4 gene 

Analysis for putative binding sites for the fungal transcription factors CreA (carbon regulation), 
N it2/AreA (nitrogen regulation), PacC (pH regulation) and Seb1 (transcriptional regulator) at the 
E. festucae FI1 prt4 locus.(A) Putative binding sites for CreA (SYGGRG) are indicated by blue loll ipops 
containing the letter C. (8) Putative binding sites for Nit2/AreA (HGATAR) are indicated by green 
lol lipops conta ining the letter N. Weaker binding sites (GATA) are ind icated by l ighter green lol l ipops 
containing the letter n.(C) Putative bi nding sites for PacC (GCCARG) are i nd icated by red loll i pops 
containing the letter P. (D) Putative binding si tes for Seb1 (AGGGG) are indicated by purple loll ipops 
containing the letter S.  

The promoter of the E. festucae FI l prt4 gene was analysed for the presence of 

putative binding sites for fungal global transcriptional regulators as described in 

Section 3 . 1  (Figure 3 .24). Nine putative binding sites were found for the CreA 

transcription factor. For the AreAlNit2/AreA transcription factor, six strong affinity 

and three weak affinity binding sites were found. Only two and one binding sites 

were found for the PacC and Seb 1 transcription factors respectively. Analysis 

showed the promoter contained higher numbers of CreA and strong AreAlNit2 

binding sites than expected if these sites occurred at random in the promoter 

sequence. The number of PacC binding sites was similar to that expected if the 

sequence occurred randomly, while less binding sites than expected were observed 

for weak affinity AreAlNit2 sites and for Seb 1 sites.  
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MEME analysis showed the E. festucae Fl l prt4 promoter contained MEME motif 

1 8 , found in the prtl , prt2, prt3 and prt5 promoters (Figure 3 .7) .  The prt4 promoter 

also contained the MEME motifs 3, 6, 7, 8, 1 0  and 1 5 ,  also found in the prt2, prt3 

and prt5 promoters. MEME motifs 3, 6, 8 and 1 5  were present in multiple copies.  

3. 2. 2 Phylogenetic analysis of proteinase K subfamily 3 genes 

The relationship between the E. festucae Fl l Prt4 protein and other fungal vacuolar 

proteases was studied using a phylogenetic approach ( sequences listed in Appendix 

A 1 3 ). Polypeptide sequences were aligned as described in Section 2 .2 1 .  The 

alignment was then subjected to Neighbour Joining (NJ) analysis (with ties being 

resolved randomly), with Poisson correction . The reliabil ity of individual branches of 

the tree was analysed by bootstrapping ( 1 000 repetitions). The resulting tree (with 

bootstrap identities) is shown in Figure 3 .25 .  As expected for a protein encoded by a 

gene present in a single copy in the genomes of filamentous ascomycetes, the 

r-------------------------- Phaenerochaete chrysosporium 

r----------------------- c. cinereus contig 1 .39A 

Usti/ago maydis UM04400 . 1  
C. neoformans serotype A 

Schizosaccharomyces pombe 
I
SP6 

r------ s. pombe Psp3 
r---------

�� 

S. cerevisiae Ysp3 

S. cerevisiae Prb 1 

,-------- Penicillium oxalicum Pen 0 1 8 ,----'-""'l 
...------A. nidu/ans AN0238.2 

A. fumigatus AJp2 

Aspergillus niger PepC 

...------ M. grisea MG03670.4 

P. anserina PspA 

N. crassa NCU00673. 1 

L-----'l...r-----F. graminearum FG001 92. 1 

M. anisopliae Pr1 H 

E. festucae F
I
1 Prt4 

Pyrenopezizza brassicae Psp2 

Ophios toma piliferum 

Figure 3 .25 Phylogenetic relationship of E. festucae F I 1  Prt4 to fu ngal vacuolar 
proteases 
Phylogenetic relationsh ips of the E. festucae FI 1 Prt4 proteins with other related fungal proteins. The 
phylogenetic tree in thi s  figure was prepared in the MacVector 7.2.3 p rogram , us ing Neighbour join ing 
and bootstrapping ( 1 000 replicates) of sequences al igned using the ClustalW module of MacVector to 
form the tree. For detai ls  of the sequences used i n  this a l ignment, see Appendix A 1 3.3.  In thi s  
phylogenetic tree, the endoph yte protein name are shown in  b l u e  text, with all other protein names i n  
black text. 
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Prt4 protein shows strongest similarity to homologues from the most closely related 

fungal species, M anisopliae and F. graminearnm. The position of the prt4 intron 

was conserved across all the filamentous ascomycete genomes examined. The single 

intron observed in prt4 was also conserved in position in prt1 ,  and with the first 

introns ofprt2, prt3 and prt5 (Appendix A I 3) .  

3.3 THE E. FESTUCAE KEX2 G E N E  

A kexin homologue sequence was isolated based o n  a partial sequence from N. lolii 

Lp 1 9  with homology to fungal kexins from R. 10hnson (AgResearch Grasslands). 

The primer pair MM l 4 1 1MM l 42 (Figure 3 .27) was designed to this sequence and 

used to amplity a PCR product from N. lolii Lp 1 9  genomic DNA. The N. lolii Lp 1 9  

MM 1 4 1 -MM 1 42 PCR product was used as a probe for an E. festucae F l l  genomic 

DNA blot (Figure 3 .26, Table 3 .6) and for screening the E. festucae Fl l cosmid 

genomic DNA library described in Sections 3 . 1  and 3 .2 (Section 2 . 1 0).  

A B 
1 2 3 4 5 6 7 8 9 1 0 1 1 12 1 3 14 1 5  

23. 1 - 2 3 . 1 -

9.4-
- 1 2 . 0  

9.4-
- 1 2 . 0  

-8.0 -8.0 
6.6-

-6.0 
6 .6-

-6.0 

4.4-
-5.0 

4.4-
-4.0 -4.0 

-3.0 • -3.0 

2 . 3- 2 . 3-
2.0- -2.0 2 0- -2.0 

-1 .6 - 1 . 6  

- 1 . 0  -1 .0  

Figure 3 .26 Southern analys is of E. fes tucae F I 1  kex2 

Southern analysis of E. festucae FI 1 kex2. (A) E. festucae FI 1 genom ic DNA (1 IJg) digested with Bam H I  
(lane 2) ,  BglII (lane 3), EcoRI (lane 4), Hind I 1 1  (lane 5) ,  Kpnl  ( lane 6) ,  Ncol ( lane 7) ,  Pstl ( lane 8) ,  Sail (lane 
9), Real (lane 1 0), Sphl ( lane 1 1 ), Sstl ( lane 1 2), Xbal ( lane 1 3) and Xhol (lane 1 4). Lanes 1 and 1 5  
contain le Hind 1 1  I and 1 kb plus (Invitrogen) ladders respectively. Size standards are shown in kb. (8) 
Autoradiograph of the gel from A hybridised with a [32P]-labelled N. lolii Lp 1 9  kex2 fragment am plifed with 
primers M M 1 4 1  and MM1 42. 
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Table 3.6 Fragments homologous to E. festucae FI1 kex2 
Enzyme Hybridising fragmei1t J;ize tkb) 

BamHI 1 .7 
Bg/l I 9.6 

EcoRI 5.2 
Hind I I I  6.6 

Kpnl 6.6, 1 2 .0 
Nco I 1 9 .0 
Pstl 2 .4 
SaIl 1 .4 

Real 1 .9 
Sphl 8 .6 
Sstl 1 .3 , 1 .8 

Xbal  1 3 .0 
Xhol 9.8 

Library screening identified eight cosmids containing homology to the kex2 gene. Of 

these, cosmid 1 D6 was selected for further analysis.  An 8 .6 kb Sph I  fragment 

containing the kex2 gene (Figures 3 .26 and 3 .27) was isolated and subcloned into 

pUC 1 1 8 , giving the plasmid pMM65 . Double stranded sequencing of this fragment 

revealed there were four putative open reading frames on this Sph I  fragment, 

including the kex2 gene (Figure 3 .27). Gene structures for the four putative open 

reading frames are shown in Figure 3 .28 . 

The first open reading frame on this fragment, orj2, showed homology to part of the 

5 '  region of the F. graminearum FG07967 . 1  gene and several bacterial genes 

encoding products of unknown function. The second open reading frame, orj3,  

contained some homology to the N. crassa NCU0 1 050 . 1 .  The third open reading 

frame, Nc25 ,  is 87% identical at the amino acid level to a Neotyphodium 

coenophialum protein (accession AA092022) differentially expressed when 

associated with its host grass (John son et aI . ,  2003) .The kexin gene, kex2, is the last 

gene found on the Sph I  fragment. The kex2 gene encodes a putative preproprotein of 

742 amino acid residues in length. The Kex2 protein is most s imilar to kexins from 

A .  niger, (46%), A .  fumigatus (46%), A.  nidulans and A. oryzae (both 45%) at the 

amino acid level .  

The intron position within the kex2 gene was highly conserved with other fungal 

kexin genes (Appendix A I4.3) .  The position of the intron in the E. festucae Fl l gene 

was conserved with the only introns in the Aspergillus spp. and N. crassa kexins, and 

also with the second intron of the F. graminearum kexin gene . However, 
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A BamHI  3 .4 1 .6 

EeoRI 

Hind I I I  1 .4 2 .2  6 .6 

Pstl 

Real 4.8 

SaIl 3 .8 

Sphl 7.7 

Sstl 1 .8 2 . 2  

MM206 MM187 MM189 MM181 

I I I I 
B 

MM1 42 
� 

• ___ !O 
Figure 3 .27 Structure of the E. festucae FI1  kex2 gene 

Structure and restriction map of the E. festueae FI 1 kex2 genomic region . (A) Restriction map of 
E. festucae F I 1  kex2 genom ic regi on .  Sizes of restriction fragments are shown in kb. (8) 
Structure of the E. festucae FI 1 kex2 genomic region . Coding regions are shown in blue. Primers 
are shown by a rrows (indicating direction of am plification from the primers). The exon-intron 
structure of the genes is shown beneath , with exons and introns indicated by red and yellow 
boxes respectively. The position the N. lolii Lp 1 9  probe used in Figure 3.25 would anneal is 
indicated by a grey boxes just below the restriction map. 
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Figure 3.28 Ge ne s truct u re of E. festucae F I1 orf2, orf3, Nc25 a n d kex2 
Structure of the E. festucae FI 1 orf2, orf3, Nc25 and kex2 genes. RT-PCR analysis was 

performed with RNA isolated from E. festucae F I 1  cultures grown in PO broth for 7 d ays. 
cDNA was reverse transcribed from poly-A RNA using the Expand RT enzyme (Roche) 
(Section 2 . 1 8 .5). Frag ment sizes are shown adjacent to the gel in b p .  On the sche matic 

d iagra m of each gene, the position with in the kex2 locus is indicated in bp. Exons (confi rmed 
by sequencing of cDNA prod ucts) are ind icated by red boxes. Primers are positioned above or 
below the sequence for forward or reverse d i rection respective ly. Introns are num bered in blue 
text between exons. (A) Proposed structure of the orf2 gene. (8) Proposed structure of the 
orf3 gene. (G) Proposed structure of the Nc25 gene. (D) The kex2 gene. Lane 1 :  E. festucae 

FI 1 genomic DNA, lane 2: 1 0  fold d i lution of E. festucae FI 1 cDNA, lane 3: negative control . 
The fol lowing PGR conditions were used : 5 ng genomic DNA or 5 IJL di l uted cDNA, 1 x  Taq 
polymerase buffer (Roche), 50 IJ M  each dNTP, 200 nM of each primer, and 0.5 U Taq 
polymerase in a volume of 25 IJL. The PGR amplification cond itions for the primer pair 
MM141-MM192 were as follows: 94°G for 2 min, fol lowed by 30 cycles of 94°G for 30 s, 600G 
for 30 s, 72°G for 1 min 30 s ,  then one cycle of 72°G for 5 min.  
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while the M grisea and F. graminearum shared a common first intron, no 

conservation was observed in the second intron in M grisea. This suggests the 

intron position in the kex2 gene is conserved in most, but not all, fungal kexin genes. 

Many CreA, AreA and Seb 1 binding sites were found in the kex2 promoter (Figure 

3 .29 A, B and D). In contrast, there were very few binding sites for PacC within the 

kex2 promoter (Figure 3 .29C). In the kex2 promoter, more binding sites were 

observed than expected for a random distribution for CreA and Scb 1 ,  whereas lower 

F i g u re 3 .29 Potent i a l  b i n d i n g  s ites for fu ngal  g l obal transc riptio n factors at 
the E. fes tucae F I 1  kex2 l ocus 

Analysis for putative binding sites for the fungal transcription factors CreA (carbon regulation). 
N i t2/AreA (nitrogen regulation) .  PacC (pH regulation) and Seb1 (transcriptional regulator) at the E. 
festucae FI 1 kex2 Iocus. (A) Putative binding sites for CreA (SYGGRG) are indicated by blue lol li pops 
conta ining the letter C. (8) Putative binding sites for N it2/AreA (HGATAR) are indicated by g reen 
lol l ipops containing the letter N .  Weaker binding sites (GATA) are i ndicated by l ighter green loll ipops 

conta ining the letter n .  (C) Putative binding sites for PacC (GCCA RG) are indicated by red loll ipops 
containing the letter P. (D) Putative binding sites for Seb1 (AGGGG) are i ndicated by purple loll ipops 
containing the letter S .  

1 26 



than expected numbers were observed for AreAlNit2 . The number o f  Pace binding 

s ites in the promoter was consistent with the number expected for a random 

distribution. These observations suggest kex2 expression could be regulated by 

carbon avai labi lity. 

Phylogenetic analysis of the E. festucae Fl 1 Kex2 protein showed this protein 

grouped with kexins from other filamentous ascomycete fungi (F igure 3 .30). As a 

single gene in most fungal genome, the Kex2 protein would be expected to group 

with its closest phylogenetic relative, FG09 1 56 . 1 .  However, Kex2 did not group with 

sequences from the most closely related species. It is unclear if this is due to gene 

duplication and subsequent loss, or divergent evolution. 
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C. cinereus contig 1 . 1 1 8  
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P. chrysosporium scaffold 3 

S. cerevisiae Kex2 

Candida albicans Kex2 

S. pombe Krp1 

Pneumocystis carinii f. sp. carinii Kex1 

E. festucae FI1 Kex2 

F. graminearum FG091 56. 1 

M. grisea MG03742.4 

N. crassa NCU032 1 9 . 1  

Chaetomium globosum contig 1 . 1  

P. anserina contig 503 

C. immitis contig 1 . 9 

A. nidulans AN3583. 1 

A. niger KexB 

A. oryzae KexB 

Fig ure 3 .30 Phylogenetic re lat io nships of the E. fes tucae FI1  Kex2 prote in 

w ith fungal  kexins 

Phylogenetic relationships of t he  E .  festucae F I 1  Kex2 protein (shown i n  blue) with other related fungal 

protei ns .  The phylogenetic tree in this fig ure was prepared in the MacVector 7.2.3 program, using 

Neighbour j oin ing and bootstrapping ( 1 000 replicates) of sequences aligned using the Cl ustalW 
m odule of MacVector to form the tree. For details of the sequences used in this al ignment, see 
Appendix A 1 3.4.  
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3.4 E. FESTUCAE FL 1 CO NTAI N S  OTH E R  G EN ES 
ENCODI NG S U BTI LISI N-LI KE PROTEASES 

A degenerate PCR approach was used to identify other subtilisin-like protease genes 

in the E. festucae F l l  genome. The degenerate primers MM 149 and M M 1 50 were 

designed based on highly conserved polypeptide sequences flanking histidine and 

serine residues required for catalytic activity (Figure 3 .3 1 A, Appendix A7 .2). 

Degenerate PCR gave at least eight distinct products (Figure 3 .3 1  B), four of which 

were characterised (Table 3 .8). Three of these products shared identity with 

subti lisin-like protease-encoding genes. 

A 

M M 1 49 

D H 

MM1 50 

S 
GTSMATP 

C 

s 

B 

1 600-

1 000-

850-
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500-
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Fig ure 3 . 3 1  Degenerate peR a m p l ificat ion of s ubti l i s i n -l ike protease
e ncoding seq uences fro m E. fes tucae FI1  

Ampl ification of  subti l isin-l ike protease-encodi ng sequences from E.  festucae FI 1 by degenerate 
PCR. (A) The degenerate prim ers M M 1 49 and M M 1 50 were designed based on conserved 
regions surrounding the histid ine and serine catalytic site residues of subti lis in-l ike proteases. 
The al ignment u sed to design these primers is  shown in Appendix A7 .2 .  (8) Degenerate PCR 
products amplified with the M M 1 49 and M M 1 50 prim ers. Sizes are ind icated in bp. Ampl ified 
fragments of different s izes are indicated by rom a n  numerals.  

The fol lowing PCR conditions were used: 50 ng genom ic D NA, 1 x  Taq polymerase buffer 
(Roche) , 50 IJ M  each dNTP, 400 nM of each pri mer, and 0.5 U Taq polym erase in a vol u m e  of 
25 IJL. The PCR a m pl ification conditions for the primer pairs M M 1 49-MM 1 50 were as fol lows : 
94°C for 2 min ,  fol lowed by 30 cycles of 94°C for 30 s ,  47°C for 30 s ,  72°C for 1 m i n ,  then one 
c cle of 72°C for 5 m in .  

1 28 



A 

B Pr1J 192 

p r 1 J  

prt 6 

Prt6 

PrlJ 2 1 2  

pr1J 61 

prt 6 6 1  

Prt6 2 1  

Pr1J 2 3 2  

p r 1 J  1 2 1  

prt 6 1 2 1  

Prt 6 4 1  

Pr1J 2 5 2  

p r 1 J  1 8 1  

prt 6 1 8 1  

Prt6 61 

. . . . " ,; . -.; , . 
, ....... . '  '. '. !. • � 

"t cl""t"21Ca(�tttgt c c - - - - - - - - - - - - - - - - - - - - - - - - -gt cgtcgcccgt 

gt ctcctcaaat c cct ctttgtttttgtttt cgt c ttgtat catcgt ccgta 

2 1 1  

6 0  

6 0  

2 0  

2 3 1  

1 2 0  

1 2 0  

4 0  

1 80 

1 8 0  

6 0  

2 53 

2 1 4  

2 4 0  

6 2  

p r 1 J  2 1 5  - - - - - - - cga agct cgcat - - - - - - - - - - - - - - - - - - - - cactga cgatatt ctt t t ccc 2 4 7  

prt 6 2 4 1  tcgcccccgt cgcgcgcgcgcagc ctaattgttcgatggcgct aa cagcagatgtat cat 3 00 

Pr1J 2 5 4  

pr1J 2 4 8  cc - - - c 

prt 6 3 0 1  tcaatt 

Prt 6 63 

Pr1J 2 7 0  M G 
p r 1 J  3 0 5  

prt 6  3 6 1  

Prt6 8 3  

Pr1J 2 9 0  

p r 1 J  3 6 5  

prt 6 4 2 1  

Prt6 1 0 3  

P r 1 J  3 1 0  

p r 1 J  4 2 5  .altrctlda: 
prt 6 4 8 1  .rlilG1�. 
Prt 6 1 2 3  

Pr1J 3 3 0  

pr1J 4 8 5  .C'l'CC:CTI�C 
prt 6 5 4 1  _'Lrl·AL:.�·j 

Prt 6 1 4 3  

3 0 4  

3 60 

8 2  

2 8 9  

3 6 4  

4 2 0  

1 0 2  

3 09 

4 2 4  

4 80 

1 2 2  

3 2 9  

4 8 4  

5 4 0  

1 4 2  

3 4 4  

5 3 0  

5 9 1  

1 5 9  

Fig ure 3 . 32 The E. festucae FI1 prt6 gene 

(A) Schematic diagram showing the most similar sequence to prt6, the pr1J gene from 
M. anisopliae. The pr1J open reading frame is shown by a blue arrow, with the exons and intron 
ind icated by red and yellow boxes respectively. The sequences encoding conserved catalytic 
residues are indicated by black circles. The position of the amplified prt6 product relative to pr1J 

is indicated by a green box. (8) Al ignment of the pr1J and prt6 nucleotide sequences (shcmn in  
black text )  and the Pr1 J and Prt6 polypeptide sequences (shown in b lue text). For the 
nucleotide sequence, exons are shown in uppercase text, with the intron sequence in lower 
case text. Sequence identity at the nucleotide level is indicated by black or yellow shading in  
exons or  introns respectively. Sequence identity at the am ino acid level is  indicated by blue 
shading. 
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Fig ure 3 . 3 3  The E. fes tucae FI1  prt7 gene 
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(A) Schematic d iagram showing the most sim i lar sequence to prt7, the FG06332. 1 gene from 
F. graminearum. The FG06332. 1 open reading frame is show n  by a blue arrow, with the exons 
and intron indicated by red and yel low boxes respectively. The sequences encoding conserved 
catalytic residues are indicated by black c i rcles. The position of the am plified prt7 product 
relative to FG06332. 1 is ind icated by a green box. (8) Al ignment of the FG06332. 1 and prt7 
nucleotide sequences (shown in black text) and the FG06332. 1  and Prt7 polypeptide sequences 
(shown in blue text). For the nucleotide sequence, exons are shown in uppercase text, with the 
intron sequence in  lower case text. Sequence identity at the nucleotide level is ind icated by 
black or yellow shad ing in exons or introns respectively. Sequence identity at the amino acid 
level is ind icated b blue shad ing. 
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Fig ure 3.34 The E. festucae FI1 prtB gene 

(A) Schematic diagram showing the most similar sequence to prt8, the pr1 C gene from 
M. anisopliae. The pr1 C open re ading frame is shown by a blue arrow, with the single exon indicated 
by a red box. Th e sequences encoding conserved catalytic residues are indicated by black circles. 
The position of the amplified prt8 product relative to pr1C is indicated by a green box. (8) Al ignment 
of the pr1C and prt8 nud eotide sequences (shown in black text) and the Pr1 C and Prt8 polype ptide 
sequences (shown in blue text) . Sequence identity at the nucleotide level is indicated by black or 
yellow shading in exons or introns respectively. Sequence id entity at the am ino acid level is in dicated 
by blue shading. 
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The largest product, I (Figure 3 .3 1  B), was designated prt8, and was most similar to 

the prl C gene from M anisopliae (Figure 3 .34A,B) .  This suggests the prt8 gene 

encodes a subtilisin-like protease from pyrolysin subfamily 1 .  Product II (Figure 

3 .3 1 B), designated orj5, appears to encode a protein similar to FG09 1 35 . 1  from F. 

graminearum, a protein that contains a WD40 repeat domain. Product I I I  (Figure 

3 .3 1 B), designated prt7, was most similar to FG06332 . 1 ,  a pyrolysin subfamily 2 

subtil isin-like protease (Figure 3 .33A,B) .  Product IV, which was designated prt6, 

was most similar to prlJ from M anisopliae (Figure 3 .32A,B).  The Pr1 J  protease 

belongs to proteinase K subfamily 2, suggesting that the protease encoded by prt6 

also b elongs to this group . 

The s maller uncharacterised fragments amplified by degenerate PCR may have been 

amplified from genes that have already been characterised, such as the prtl , 2, 3 ,  or 5 

genes. Fragment V is the size expected for the prt2, prt3 and prt5 products, while 

fragment VII is  the expected s ize for the prtl gene . 

3.5  C H ROM OSOMAL LOCALISATIO N  O F  TH E PRT AND 
KEX2 G E N ES 

The chromosomal location of the prtl , prt2, prt3 , prt4, prt5 and kex2 genes was 

assessed using Southern blotting of chromosomal DNA. Protoplast plugs were 

prepared for endophyte strains N. loW Lp 1 9, E. festucae F l l  and E. typhina PN23 1 1  

as described in Section 2 . 1 5 .3 .  The N. loW Lpl 9  and E. festucae Fl l strains were 

selected as they were strains used throughout this study, while the E. typhina PN2 3 1 1 

strain was selected as it is the Poa amp la-infecting endophyte strain from which the 

Atl protease was first c haracterised. Protoplast plugs from S. cerevisiae and S. 

pombe were used as molecular weight standards, as they contained chromosomal 

DNA of known size . Chromosomal DNA was separated by contour-clamped 

homogeneous electrical field (CHEF) electrophoresis as described in Section 2 . 1 5 .4 

(Figures 3 .35A and 3 .3 6A).  

Hybridisation of  chromosomal DNA with prtl and prt5 probes (Figure 3 .35B and C)  

showed that the prt5 and prtl genes were both located on the same chromosome in 

each of the three endophyte strains. The prt2 gene (Figure 3 .3 5 D) in N. loW Lpl 9  
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(A) Separation of chromosomal DNA from N. lolii Lp1 9 , E. festucae FI 1 and E. typhina PN231 1 by CHEF 
electrophoresis as described in Section 2 . 1 5 .4 .  The size standards are indicated in Mb. Red boxes represent 
prt1 and prtS, blue boxes prt2, green boxes prt3, and yellow boxes represent prt4 hybridis ing fragments. The 
purple boxes indicate the chromosomal DNA band that hybridises to  the kex2 probe (as shown in Figure 3.35). 
(8) Autoradiograph of a Southern blot from the gel in A hybridised with a [32P]-labelled prt1 fragment amplifed 
with primers MM5 and MM2. Hybridising chromosomal DNA is surrounded by a red box in panel A .  
(C) Autoradiograph of  a Southern blot from the gel in A hybridised with a [32P]-label led prtS fragment amplifed 
with primers MM 1 5  and MM6. Hybrid ising chromosomal DNA is surrounded by a red box in panel A .  
(D )  Autoradiograph of  a Southern blot from the gel in A hybridised with a [32P]-labelled prt2 fragment amplifed 
with primers MM75 and MM76. Hybrid ising chromosomal D NA is surrounded by a blue box in panel A .  
(E) Autoradiograph of a Southern blot from the gel in A hybridised with a [32P]-label led prt3 fragment amplifed 
with primers M M93 and MM94. Hybridising chromosomal DNA is surrounded by a green box in panel A .  
(F) Autoradiograph of  a Southem blot from the  gel in A hybridised with a [32P]-label led prt4 fragment amplifed 
with rimers M M 1 55 and M M 1 30.  H bridisin chromosomal DNA is surrounded b a ellow box in anel A. 
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(A) Separatio n  of chromosomal of N. lolii Lp19,  E. festucae FI1 and E. typhina P N231 1 by CHE F 
electrophoresis as described in Section 2 . 1 5. 4 .  The size standards are indicated in Mb. Purple boxes 
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and E. typhina PN23 1 1  strains was located on a different chromosome to that 

containing prtS and prtl genes (Figure 3 .35D) .  In E. festucae F l l , the prt2 and prt3 

genes appeared to be on the same chromosome as prtS and prtl , or on a chromosome 

of the same size . The E. festucae F l l  prt4 gene is located on a different chromosome 

to the prtl, prtS, prt2 and prt3 genes. In E. typhina PN23 1 1 , the prt3 and prt4 genes 

appeared to be on the same chromosome as prt2 , or on a chromosome of a similar 

s ize . In N. lolii Lp 1 9, the prt2, prt3 and prt4 genes were located on independent 

chromosomes to each other and distinct to that containing the prtl and prtS genes .  

The kex2 gene i s  located on chromosomes that do not contain any of  the prt genes in 

all of the three endophyte strains tested (Figure 3 .3 6B) .  

3.6 EXPRESSION O F  THE P RT AN D KEX2 G E N ES I N  
CULT U RE AN D IN PLANTA 

The kex2 gene and all of the prt genes with the exception of prt2 were previously 

shown to be expressed in culture (Figures 3 .5 A  and B, 3 . 1 1 A, 3 . 1 6A, 3 .2 3  and 

3 .28D) .  To examine whether expression of these genes were differed during 

endophyte growth in planta when compared to rich culture conditions (in PDB 

medium; Section 2 .3 .3 ), a cDNA equalisation approach was used. c DNA pools were 

synthesised from polyA m RN A  extracted from either the symbiotum G 1 2 5 1 

(L. perenne cv .  Nui infected with E. festucae Fl l )  or from E. festucae Fl l grown in 

PD broth for seven days. Expression levels of the constitutively expressed tub2 gene 

in the plant and culture samples were analysed by comparing a l O-fold dilution of  

G l 25 1  cDNA (hereafter called P l O, Figure 3 .37)  with various dilutions of  the cDNA 

pool from E. festucae Fl l grown in culture where amplification of  the product is 

similar (Figure 3 .34) .  In this equalisation experiment, the amount of the tub2 cDNA 

product in the G 1 25 1  1 0-fold d ilution was approximately equal to that fro m  the 200-

fold cDNA dilution from E. festucae F l l  grown in culture. No DNA contamination 

was observed in no RT cDNA controls for either the symbiotum or culture samples. 

After the two c DNA pools were equalised for tub2 expression, the expression o f  

other genes could b e  compared in culture and in planta. The G 1 25 1  symbiotum 1 0-

fold cDNA dilution was amplified together with the equalised culture 200-fold 

cDNA dilution and a l O-fold more concentrated culture 20-fold cDNA dilution 
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Fig u re 3.37 Equal isat i o n  betw e e n  i n  c u lt u re a n d  in planta tub2 
expres s i o n  

Equa lisation of E. festucae FI1 tub2 expression between culture and symbiotum samples. 
The G 1 251 symbiotum (L. perenne cv. Nui i nfected with E. festucae F11 ) was used as the 
plant sample (P) ,  while E. festucae FI1 grown for 7 days in PO broth was used the culture 
sample (C) .  -RT reactions prepared during cDNA synthesis (P -RT for G1 251  and C -RT for 
E. festucae FI1 respectively) were included as controls ,  along with the negative control (-ve) 
to which no DNA was added. E. festucae FI1 genomic DNA ( EG) was included as a positive 
control. Lanes contained G 1 251 cDNA 1 0  fold cDNA dilution (P1 0) ,  E. festucae FI1 1 0  fold 
(C1 0) ,  1 00 fold (C 1 00) ,  200 fold (C200) , 400 fold (C400) ,  800 fold (C800), 1 600 fold (C 1 600) , 
3200 fold (C3200) and 6400 fold (C6400) cDNA dilutions. 
PCR was performed with the T1 . 1 -T1 .2 primer pair. PCR reactions contained diluted cDNA 
no RT reaction mixes or 5 ng of genomic DNA as the template , along with 1 x Taq 
polymerase buffer (2.5 mM MgCI2, Roche) , 50 IJM of each dNTP, 200 nM of both T1 . 1  and 
T1 .2 primers and 0.5 U Taq polymerase (Roche) .  The following PCR program was used: 
94°C for 2 min, 30 cycles of 94 °c for 30 s, 60°C for 30 s, 72°C for 1 min, followed by 72°C 
for 5 mins. 

(Figure 3 .3 8) .  prtl expression was detected in the G 1 25 1  1 0-fold cDNA dilution, but 

not in the equalised 200-fold cDNA dilution from E. Jestucae F l l  grown in culture . 

However, prtl expression was detected in the 20-fold cDNA dilution from culture . 

This suggests that prtl expression is up regulated in planta. As expected based on the 

results of previous experiments, prt2 expression was not detected either in culture or 

in p lanta. prt3 expression was detected in the G 1 25 1  1 0  fold dilution, but not in 

either the 200-fold or 20-fold c DNA dilutions from E. Jestucae Fl l grown in culture . 

This suggests that under the conditions assayed, prt3 expression in culture was below 

the limit of detection of the RT -PCR conditions used. It also suggests that expression 

of the prt3 gene, like prtl ,  i s  up regulated in planta. The prt4 gene was strongly 

expressed both in culture and in planta. Like prtl and prt3 , prt4 expression also 

appeared to be up regulated in planta. 

Expression of prt5 and kex2 was not detected in either the symbiotum or culture 

samples, suggesting that the expression of these two genes is  below the detection 

level of the RT-PCR system used in this experiment. H owever, unlike the prt2 gene, 

expression of these two genes has previously been detected in culture (Figures 3 .28D 

and 3 .5 A) . The gcnl gene appeared to be expressed at  similar levels in culture and in 

planta. Expression of the lolitrem b iosynthctic gene Itm M has previously been shown 

to be upregulated during endophyte growth in planta (Young, 2005). In this 
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Fig ure 3.38 C om pa rison of hydrolyt i c  e nzyme gene e x p r e s s i o n  
i n  c u ltu re a n d  in p lanta 

RT-PCR using the equalised symbiotum and culture cDNA dilutions (P1 0  and C200) identified 
in Figure 3.33.  A 20 fold di lution of cDNA from E. festucae FI1 grown in culture (C20), which 
contains 1 0  fold more cDNA than the equalised culture cDNA dilution (C200), was included , 
along with a 1 0  fold di lution of cDNA from the G1 057 sample (uninfected L. perenne cv. Nu i ) ,  
label led as G 1 0 57 10 ,  was also included. E. festucae FI1  genomic DNA (EG) and water only 
controls (-ve) were included as positive and negative controls respectively. Genes analysed 
and the pri mer pairs used to amplify them a re indicated on the left. Expected sizes of 
genomic and cDNA PCR products are shown on the right. 

PCR reactions contained diluted cDNA or 5 ng of genomic DNA as the template, along with 1 
x Taq polymerase buffer (2 .5 mM MgCI2, Roche) , 50 IJM of each dNTP, 200 nM of both 
primers and 0 .5  U Taq polymerase (Roche). The following PCR program was used for most 
samples was:  94°C for 2 min, 30 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min, 
followed by 72°C for 5 mins . The exception to this was for the MM75-MM76 primer pair ,  
where the annealing temperature was dropped from 60°C to 55°C 

experiment, ltmM expression was detected in the G 1 25 1  symbiotum, but not in either 

the 200-fold or 20-fold c DNA dilutions from E. festucae F l l  grown in culture .  

This equalisation experiment was also repeated using c DNA from four different 

grass-endophyte associations (Figure 3 .39) .  tub2 expression from E. festucae F l l  

grown in culture for seven days was equalised with tub2 expression from symbiota o f  
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Fig u re 3.39 C o m p a rison of prt gene regu lati o n  i n  d ifferent 
g ra s s -e nd o p h yte symb iota 

RT-PCR using equalised symbiotum (8) and culture (C) cDNA di lutions. A culture cDNA 
di lution 1 0-fold more concentrated (C1 0) than the equalised culture cD NA (C) di lution was 
included, a long with cDNA di lution from uni nfected L. perenne cv. N ui (P) .  Endophyte 
genomic DNA from N. lolii Lp1 9  ( LG) ,  E. festucae FI1  (FG) and E. typhina PN231 1 (TG) 
\/\ere used as positive controls . The symbiota were uninfected L. perenne cv. N ui (G1 057) ,  
L. perenne cv. N ui infected with N. lolii Lp1 9  (G1 056) , L.  perenne cv. N ui infected with E. 
festucae FI1  (G1 25 1 ) ,  L. perenne cv. N ui infected with E. typhina PN23 1 1  (G1 444) and 
Festuca pratensis infected with E. festucae F11 . The expected fragment sizes amplified from 
E. festucae FI1  genomic DNA and c DNA are s hown on the right in bp. 
polyA mRNA was isolated from cultures grown for 5, 7 or 1 2  days for E. typhina PN23 1 1 ,  
E. festucae FI1 and N. lolii Lp1 9 respectively. PCR reactions contained di l uted cDNA or 5 ng 
of genomic DNA as the template, a long with 1 x Taq polymerase buffer (2 .5 mM MgCI2 ,  
Roche) , 50  IJM of  each dNTP, 200 nM of both primers and 0 .5 U Taq polymerase (Roche). 
The following PCR program was used for most samples was:  94°C for 2 min, 30 cycles of 
94°C for 30 s ,  60°C for 30 s ,  72°C for 1 min ,  fol lowed by 72°C for 5 mins. The exception to 
this was for the MM75-MM76 rimer air with an  annealin tem erature 55°C. 

E. festucae Fl l with L. perenne cv. Nui or meadow fescue (F. pratensis).  tub2 

expression was also equalised between N. lolii grown in culture for twelve days and 

a symbiotum of L. perenne cv. Nui infected with N. lolii Lp 1 9, and for E. typhina 

PN23 1 1  grown for five days compared to a symbiotum of  L.  perenne cv .  Nui 

infected with E. typhina PN23 I I .  The different incubation periods for the fungal 

strains in culture were selected based on different growth rates in an attempt to 

harvest equivalent fungal biomass for each culture. While E. typhina PN23 I 1 grows 

very quickly in culture, E. festucae Fl l grows slightly more slowly. N. lolii Lp 1 9  

grows very slowly in culture : if cultures of this fungus are harvested after five or 

seven days growth, there will not be enough fungal tissue for RNA isolation . 
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The analysis of the prtl , prt2, prt3 and gcnl genes was repeated using the equalised 

symbiota and culture cDNA dilutions . For N. lolii and E. Jestucae, prtl and prt3 

expression was up-regulated in planta (Figure 3 .39) as seen in the prevIOus 

experiment (Figure 3 .38) .  The up-regulation of prtl and prt3 was also seen in 

E. Jes tucae Fl l  infecting meadow fescue. However, the homologue of the prtl gene 

in E. typhina PN23 I 1 was expressed at the same level in culture and in planta. 

Expression of the E. typhina PN23 1 1 homologue of prt3 , A tl ,  was not detected either 

in culture or in planta. The prt2 gene was not expressed by any of the fungal strains 

either in culture or in planta. As a control, expression of the lolitrem biosynthetic 

gene ItmG, which is induced in planta, was included. As expected, the ItmG gene 

was induced in planta for N. lolii Lp 1 9  and E. Jestucae FI 1 .  However, no expression 

o f  ItmG was detected in E. typhina PN23 l 1 .  As genomic DNA from E. typhina 

PN23 1 l  did not amplifY with the ltmG primers, this may mean that a homologue of 

the ItmG gene is not present in the E. typhina genome. 
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C HAPTER 4 
Resu lts : 

Functional characterisation of prt1 and prt2 
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4.1  CONSTRUCTION O F  VECTORS TO G IVE A LTE RED 
EXPRESSION O F  T H E  PR T1 OR PR T2 G E N ES 

In order to investigate the function of the E. festucae Fl l prtl and prt2 genes, a 

strategy was developed to alter the expression of these two genes. Vectors were 

created that contained fusions at the translation initiation codon of the prtl or prt2 

coding region (inc luding introns) with either the A. nidulans gpdA promoter and 5 '  

UTR or the E. festucae Fl l ltmM promoter and 5 '  UTR. The A .  nidulans gpdA 

promoter directs constitutive expression of the uidA (GUS) reporter gene during 

growth in planta (Saunders, 1 997), while the E. festucae Fl l  ltmM gene is highly 

expressed during growth in planta (Young, 2005) .  The construction of these vectors 

is described in Section 2. l 3 . l .  These resulting vectors, pMM32 (PgpdA-prtl) ,  

pMM33 (PltmM-prtl) ,  pMM26 (PgpdA-prt2) and pMM27 (PltmM-prt2) ,  are shown 

in Figure 4. 1 .  

A B 

o 

pMM33 7271 bp 

Fig 4 . 1  C o n structs for a ltere d  express i o n  of prt1 a n d  prt2 

Constructs for altered expression of the prt1 and prt2 genes were created as described in 
Section 2. 1 3. Translational fusions were created between the E. festucae FI 1 prt1 or prl2 cod ing 
reg ions and the A. nidulans gpdA promoter or the E. festucae FI 1 ItmM promoter. (A) The 
pMM32 vector consisted of the A. nidulans gpdA promoter fused to the FI 1 prt1 cod ing 
reg ion . (8) The pMM22 vector consisted of the F I 1  ItmM promoter fused to the F I 1  prl1 cod ing 
reg ion . (C) The pMM26 vector consisted of the A.  nidulans gpdA promoter fused to the FI 1 prt2 
cod ing reg ion. (8) The pMM27 vector consisted of the F I 1  ItmM promoter fused to the FI 1 prt2 
cod ing reg ion. 
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4.2 TRANS FORMATION OF E. FES TUCAE FL1 WITH TH E 
ALTER E D  EXPRESSION VECTORS 

Protoplasts of E. festucae Fll prepared as described in Section 2. 1 4.2 were 

transformed with circular DNA corresponding to the vectors pMM32, pMM33 ,  

pMM26 o r  pMM27 (Section 2. 1 5) .  Transformation frequencies for the four vectors 

are shown in Table 4 . 1 .  Transformants were nuclear purified before further analysis. 

As endophyte hyphae contain only single nuclei in cells toward the hyphal t ip s  

(Spiering, 1 999), transformants were purified three times by successive subculturing 

from the edge of a fungal colony on media containing hygromycin. 

Table 4.1  Tra nsformation frequency fo� differe nt plasmid constructs 

Viable protoplasts after HygR transform ants 
Freq HygR 

Treatment transformants (freq/5 
transformationb (colonies per 5 IJg DNA) 

IJg DNA) 
Cel ls only 1 .84 x 1 05 0 0 
pAN7-1 a 1 7c 9 .24 x 1 0-0 

pMM32a 8° 4 .35 x 1 0-0 

pMM33a 50 2 .72 x 1 0-0 

pMM26a 85° 4.62 x 1 0-4 

pM M27a 5r 3. 1 0 x 1 0-4 

a Circular DNA used in these transformations was isolated using the Quantum plasmid midiprep kit (Section 2.5 .6) 
b Viable protoplasts per mL 
C Extrapolated from colonies obtained for 3 plates 
d Number of colonies obtained for 10 plates 

Copy number of the vectors within the genome of transformants was assessed by a 

Southern blot approach. A schematic showing how this strategy was used is shown in 

F igure 4 .2 .  Digesting genomic DNA from wild type E. festucae Fll and various 

transformants digested with restriction enzymes that generate different expected 

fragment sizes for the wild type and transgene copies of prt] or prt2 makes it 

possible to distinguish between the two genes (Figure 4.2A, 4 .2B). As the vectors 

were transformed into E. Jestucae F l l  as circular DNA, they had the potential to 

recombine into genomic DNA at any point within the vector sequence, which 

potentially could result in copies of the constructs inserting in such a way as to 

disrupt the introduced prtI or prt2 genes. If the construct inserted in a way that 

disrupted the prt] or prt2 coding region, other sized fragments would be obtained 

(Figure 4 .2C).  
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A Pstl Xhol  Pstl 
WT 

2.9 kb 

B Pstl Xhol  Pstl 

pMM32 

1 .5 kb 

c WT TF1 TF2 TF3 TF4 

c:::::J 
2 .9 kb .... - - - - -
native c:::::J 

c::::J 
1 .5 kb .... - - -

TF 

Figure 4.2 Strategy for assessing the n umber of i ntact 

tra nsge ne copies in transformant genomes 

Diagrammatic explanation for screening fun ctional copy number of  transgenes in 
transformant genomes . Screening for transform ants of pMM32 is shown as an 
exam ple,  with genomic DNA from E. festucae FI 1 and selected transformants 
digested with Xhol and Pstl . (A) Restriction map of the native copy of E. festucae FI1  
prt1 .  (B) Restriction map of the pMM32 vector contain ing the PgpdA-prt1 fusion 
gene. (C) Schematic of a potential Southern b lot for these transformants showing the 
position of the 2 .9  kb native (black bands)  and 1 .5 kb i ntact Pgpd-prt1 (dark grey 
bands) copies of prt1 .  The wild type E. festucae FI 1 strain is indicated by WT, wh i le 
various transformant strains are indicated by TF 1 ,  TF2 etc . PgpdA-prt1 copies 
resulting from integration of the plasmid disrupting the prt1 coding region are ind icated 
by l ight grey bands . 

In order to measure the difference in intensities between the wild type and transgene 

bands, Southern blots of wild type and transformant genomic DNA were prepared 

based on the strategy described in Figure 4 .2 .  Southern blots were probed with e2PJ
labelled fragment amplified from the prtI or prt2 coding regions and a 
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phosphoimager was used to determine intensity of each band (Section 2 .9 .5) .  Copy 

number of intact prtl or prt2 copies was determined by measuring the relative 

intensity of transgene bands compared to wild type (single copy) bands. As the wild 

type band corresponds to a single copy gene, it acts as an internal control for each 

transformant. For example, the ratio of the intensity of the transgene band to wild 

type for transformant MMS. l (pMM32) was 245 .32% (Figure 4.3) .  This suggests 

that the transformant MMS . I contains between 2 or 3 functional copies of the 

PgpdA-prtlgene. 

Copy number analysis was completed for S pMM32 transformants (Figure 4 .3 ,  Table 

4 .2) ,  5 pMM33 transformants (Figure 4.4, Table 4.3) ,  1 2  pMM26 transformants 

(Figure 4 .5 ,  Table 4 .4) and 1 2  pMM27 transformants (Figure 4 .6, Table 4 .5) .  Raw 

data for each set of transformants is shown in Appendix A. I 2 .  The results show a 

large range in the copy number of intact PgpdA-prtl, PltmM-prtl, PgpdA-prt2 or 

PltmM-prt22 introduced into the E. festucae F l l  genome after transformation with 

the pMM32, pMM33, pMM26 or pMM27 constructs respectively. Transformants 

ranged from having only one intact copy of the construct (e.g .  MM9 . 1 and MM4. 1 )  

to having more than twenty intact copies of the construct (e.g. MMS.5 ,  MM9.2, 

M M4.S  and MM5 .6) .  Five transformants for each construct with varying numbers of 

functional prt] or prt2 copies were selected for further analysis in culture and in 

planta. 

4.3 ANALYSIS OF TRANS FORMAN T  PRT1 OR PRT2 
EXPRESSION 

4. 3. 1 Expression of the transformant prt1 or prt2 genes in 
culture 

Expression of the PgpdA -prtl ,  PltmM-prtl ,  PgpdA -prt2 or PltmM-prt2 transgenes 

was assessed in culture by RT -PCR analysis using primers that spanned the 

translation initiation site (Figure 4 . 1 ) . This enabled expression of wild type and 

transgenes to be independently assessed. cDNA was made from DNase I -treated total 

RNA (Section 2 . 1 8 .4) from fungal cultures grown for 8 days in PD broth (Section 

2 . 3 .3)  and used for RT-PCR analysis. As controls, E. festucae Fl l  regenerated after 

pro top last ing (MM I 9 . 1 )  and the MM 1 8.3 transformant (E. festucae 
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23. 1  -
-1 1 .0 
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-4.0 4.4 -
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2.3 -
-2.0 2.0 -
-1 .6 

- 1 .0 
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F i g u re 4.3  Southern blot analysis of pM M32 tran sformants 

-1 1 .0 
-8.0 

-6.0 
-5.0 

-4.0 

-3.0 

-2.0 
-1 .6 

-1 .0 

-0.5 

Southern analysis of E. festucae FI 1 strains transformed with pMM32. (A) Genomic DNA ( 1  I-Ig) 
digested with Xhol and Pstl from the strains MMB. 1 ( lane 2), MMB.2 ( lane 3), MMB .3 (lane 4) ,  MMB.4 
(lane 5), MMB.5 (lane 6), MMB.6 (lane 7), MMB.7 (lane B ), MMB.B ( lane 9) and E. festucae FI1 (lane 
1 0) .  Lanes 1 and 1 1  contain A Hind 1 1  I and 1 kb plus ladder ( Invitrogen) respectively. Sizes of marker 
fragments are shown in kb . (8) Autorad iograph of the gel from A hybridised with a [32P]-labelled 
E. festucae FI 1 prt1fragment ampl ifed with primers MM4 and MM74. The expected native copy of prt1 
is ind icated by a green box. The expected tran sformant copies of the gpd-prt1 fusion is ind icated by a 
red box. 

I Table 4 .2 Intact copies of pM M32a 
T f rans orman t 

MM8.1 
MMS.2 
MM8.3 
MMS.4 
MM8.5 
MMS.6 
MMS.7 
MM8.8 

• copies where the PgpdA-prt1 coding region is intact 
b determined by the ratio of native to intact PgpdA-prt1 copies 

I t t n ac t t cons ruc 
2-3 
>20 
6-7 
4 

>20 
>20 

6 
2-3 

transformants shaded in grey were selected for inoculations into plants 
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23. 1 -

9.4 -

6.6 -

4.4 -
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2.0 -
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23. 1 -
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Figure 4.4 Southern b lot analysis of pM M 3 3  transformants 

B 
5 6 7 8 

-1 1 .0 

-B.O 

-{l.0 
-5.0 

-4.0 

-3.0 

-2.0 

-1 .6 

-1 .0 

-0.5 

Southern analysis of E. festucae F I 1  strains transformed with pMM33. (A) Genomic DNA (1 I-Ig ) 
d igested with Xhol and Pstl from the strains E. festucae F I 1  (lane 2), MM9. 1  (lane 3 ) ,  MM9 .2  ( lane 4), 
MM9.3 (l ane 5) ,  MM9.4 ( lane 6) and MM9.5 (lane 7). Lanes 1 and 8 contain f... Hind I I I  and 1 kb plus 
ladder ( Invitrogen ) respectively. Sizes of marker fragments are shown in kb. (8) Autorad iograph of 
the gel from A hyb rid ised with a [32P]-labelled F I 1  prt1 fragment ampl ifed with primers MM4 and 
MM74. The expected n ative copy of prt1 is indicated by a green box. The expected transform ant 
cop ies of the ItmM-prt1 fusion is indicated by a red box. 

I Table 4.3 Intact copies of pM M338 
T f rans orman t 

MM9.1  
M M9.2 
M M9.3 

M M9.4 
M M9.5 

• Copies where the PltmM-prt1 coding region is intact 
b Determined by the ratio of n ative to intact P/tmM-prt1 copies 

Transformants shaded in qrey were selected for inoculations into plants 

I t t n ac t t cons ruc 
1 

5-6 

>20 
3-4 

>20 

I 
copies 
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B 
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Figure 4.5 Southern blot analys is  o f  pMM26 transform ants 
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-2.0 
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-1 .0 

-0.5 

Southern analysis of E. festucae FI1 strains transformed with pMM26. (A) Genomic DNA (1 � g )  
d ig ested with Ncol a n d  Pstl from th e strains E.  festucae F I 1  ( lane 2) ,  MM4 . 1  ( lane 3), MM4.2 (l ane 4), 
MM4. 3 ( lane 5), MM4.4 ( l ane 6), MM4.5 ( lane 7), MM4.6 ( lane 8), MM4.7 ( lane 9), MM4. 8 ( lane 1 0) ,  
MM4. 9 ( l a n e  1 1 ), M M4. 1 0  (lane 1 2), MM4. 1 1 ( l a n e  1 3) a n d  MM4. 1 2  ( l a n e  1 4). Lanes 1 and 1 5  contain 
A. Hind I I I  and 1 kb p l u s  ladder (Invitrogen ) respectively. Sizes of m arker frag ments are shown in kb. (8) 
Au toradiograph of the gel from A hybrid ised with a [32P)-label led E. festucae FI 1  prt2 frag ment ampl ifed 
with primers MM15 and MM6. The expected position of th e n ative copy of prt2 is in d icated by a green 
box. The exp ected position of transformant copies of the gpd-prt2 fusion is indicated by a red box. 

I Table 4.4 I ntact copies of p M M26a 
T f rans orman t I t t n ac 

MM4. 1  
MM4.2 
MM4.3 
MM4.4 
MM4.5 
MM4.6 
MM4.7  
MM4.8 
MM4.9 

M M4. 1 0  
M M4. 1 1  
M M4. 1 2  

• Copies where the PgpdA-prt2 coding region is intact 
b Determined by the ratio of native to intact PgpdA-prt2 copies 

t t cons ruc 
1 
2 

- 1 5  
9 

4-5 
1 

>20 
>20 
3-4 
3 

>20 
0 

Transformants shaded in grey were selected for inoculations into plants 
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Figure 4.6 Sout hern blot analysis of pMM27 transformants 

- 1 1 .0 
-8.0 

-6.0 
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- 1 .6 

-1 .0 

-0.5 

Southern analysis of E. festucae FI 1 strains transformed with pMM27. (A) Genomic DNA (1 I-lg) 
digested with Nco I and Pstl from the strains E. festucae FI 1 (lane 2), MM5. 1  (lane 3), M M5.2 (lane 4), 
MM5.3 (lane 5), M M5.4 (lane 6), MM5.5 (la ne 7 ), MM5.6 (lane 8), MM5.7 (lane 9), MM5.8 (lane 10), 
MM5.9 (l ane 1 1 ), M M5. 1 0 ( lane 12 ), MM5. 1 1  ( lane 13) and MM5 . 1 2  ( lane 14). Lanes 1 and 15 contain f... 
Hind 11 I and 1 kb plus ladder (Invitrogen ) respectively.  Sizes of m arker fragments are shown in kb. (8) 
Autoradiograph of the gel from A hybrid ised with a [32PJ-labelled E. festucae FI 1 prt2 fragment amplifed 
with primers MM 1 5  and MM6. The expected native copy of prt2 is indicated by a green box. The 
expected transformant copies of the Itm M-prt2 fusion is indicated by a red box. 

ITable 4.5 Intact copies of pMM2r I 
T f rans orman I t t n ac cons rue copies 

. 

MM5.1 4-5 
MMS.2 7-8 
MM5.3 6 
MM5.4 >20 
MM5.5 5 
MMS.6 >20 
MMS.7 2-3 
MM5.8 >20 
M MS.9 2 

MM5. 1 0  1 -2 
MMS. 1 1 4-S 
MM5. 1 2  1 5-20 

a Copies where the PltmM-prt2 coding region is  intact 
b Determined by the ratio of native to intact PltmM-prt2 copies 

Transformants shaded in qrey were selected for inoculations into plants 
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Fll  transformed with pAN7 - 1 )  were included in this analysis. pAN7 - 1  contains thc 

hygromycin resistance gene hph under the control of  the promoter from the 

constitutively expressed A. nidulans gpdA gene (Appendix A 1 . 1 .2) . The presence o f  

the pAN7- 1 plasmid in transformed strains acts as a negative control, because the 

pAN7- 1 vector does not contain DNA from either the prtl or prt2 genes. Expression 

of the constitutively expressed tub2 gene was also assessed to ensure each cDNA 

sample contained amplifiable cDNA. 

The wild type prtl gene was expressed in all pMM32 and pMM33 transformant 

strains (Figure 4.7A) . However, expression of  wild type prtl in one pMM33 

transforrnant strain, MM9.3 ,  appeared to be reduced. This could be due to the 

position where pMM33 has inserted in this transformant. This construct may have 

disrupted the prtl promoter or inserted the PltmM-prtI construct in a position that 

repressed prtl expression. Southern analysis shows that the wild type prtl coding 

region is intact in the MM9.3 transformant (Figure 4.4, lane 5) .  The PgpdA -prtl gene 

was expressed in culture in all o f  the pMM32 transformants (Figure 4.7 A) . The 

MM8.3 transformant appears to have reduced expression of the native prtl gene. It is 

unclear why prtl expression is reduced in this transformant, as the native gene does 

not appear to be disrupted in this strain. However, expression of the ltmM-prtl gene 

was not detected in the pMM33 transforrnants in culture. This result was expected 

given that ltmM expression is not detectable in culture (Figure 3 .38 )  (Young, 2005). 

The wild type copy of  the prt2 gene was not expressed in culture in either wild type 

E. festucae Fll  or the transformant strains (Figure 4 .7B) .  However, a genomic 

product was amp lified from wild type prt2. This was a common observation even 

though RNA samples were DNase I treated prior to cDNA synthesis. However, a 

product was not amplified from a control prepared during cDNA manufacture 

without reverse 
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tub2 
T1 . 1 -T1 .2 

native prt1 
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-74 1 
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- 1 067 

-725 

- 1 1 87 

-961 

F i g u re 4 . 7  E xpress ion of t h e  E. fes tucae FI1  prt1 a n d  prt2 w i l d  type 
genes a n d  tra n s genes in c u lture 

RT-PCR analysis of expression of the wild type and transformant prt1 and prt2 genes. RT-PCR 
was performed using cDNA made from DNase I -treated total RNA (1 I-Ig total RNAJ20 I-IL 
reaction). Wi ld type and pAN7-1 are l isted as WT and CT respectively. Positive controls (wiild 
type FI 1 genomic DNA for the native genes or the transformed plasmid for transgenes) are 
ind icated by a +. The negative control with no DNA template is ind icated by -. Expected PCR 
product sizes are shown in bp. Names of genes and the correspond ing primer pai rs are shown 
on the left. (A) Expression of wi ld type and transformant prt1 i n  pMM32 and pMM33 
transformants .  (8) Expression of wild type and transformant prt2 in pMM26 and pMM27 
transformants. 
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transcriptase usmg prlJllers for other genes, suggesting that DNase treatment was 

largely, but perhaps not completely, successful. The PgpdA-prt2 gene was expressed in 

all of the pMM26 transformants, but the PltmM-prt2 gene was not expressed in the 

pMM27 transformants. Sequencing of the PgpdA-prt2 cDNA product amplified with the 

MM70-MM25 primer pair enabled the exon-intron structure of the prt2 gene to be 

confIrmed (data not shown). Three introns were confrrmed in conserved positions within 

the prt2 gene. The intron positions were conserved with those in the E. festucae Fl l  prt3 

gene, and with other closely related protease-encoding genes such as Pr l I  from M 
anisopliae. Sequencing of the PCR product also showed that an intron in the 5 '  

untranslated region o f  the gpdA sequence was spliced out o f  the mRNA in the same 

manner as it is in A. nidulans. 

4. 3. 2 Expression of the prt1 or prt2 transgenes in planta 

RT-PCR analysis was also used to examine expression of the transformant copies ofprtl 

or prt2 in planta. cDNA was prepared from DNase I-treated polyA RNA isolated from 

symbiota consisting of  L. perenne cv. Nui plants infected with strains containing 

pMM32 (PgpdA-prtl), pMM33 (PltmM-prtl ), pMM26 (PgpdA-prt2) or pMM27 

(PltmM-prt2). 

For symbiota between L. perenne cv. Nui and wild type E. festucae F l l  or strains 

transformed with pMM32 (PgpdA-prtl), the wild type prtl ,  tub2 and ltmM genes were 

expressed in all symbiota (Figure 4 .8A).  However, expression of the PgpdA-prtl gene 

was not detected in any of  the fIve symbiota where the fungal partner had been 

transformed with the pMM32 plasmid. This is in contrast to the results of RT -PCR 

analysis in culture, where expression of the PgpdA-prtl gene was detected in all fIve 

strains. Expression of the PltmM-prtl gene was detected in planta for three out of the 

five pMM33 transformants (Figure 4.8B) . 

Expression of the wild type copy of the prt2 gene was not detected in wild type 

E. Jestucae Fll  or any of the transformant strains (Figure 4.9A, 4. 9B), although the tub2 
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Fig u re 4.8 Expression of the wi ld type and tra nsgene copies  of prt1 in 
lanta 

RT-PCR analysis of expression of the native and transform ant prt1 genes in planta. RT-PCR 
was performed using cDNA made from DNase I-treated polyA RNA (- 1 00 ng polyA RNAl20 
IJ L  reaction) .  RT-PCR analysis of the constitutively expressed tub2 and plant-induced ItmM 
genes are included as a control to demonstrate that all samples contain am plifiable cDNA. 
Primer pairs used to amplify the genes are shown on the left. The expected sizes of genomic 
and cDNA bands in bp are shown on the right. G numbers eg G 1 25 1  refer to symbiota . (A) 
Expression of wild type and transformant prt1 in pMM32 transformants in planta. (8) 
Expression of wild type and transformant prt1 in pMM33 transformants . 
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F i g u re 4.9 Expression of the w i ld type and t ransgene co pies of prt2 in 
plan ta 

RT-PCR analysis of expression of the native and transformant prt2 genes in planta. RT-PCR was 
performed using cDNA made from DNase I-treated polyA RNA (- 1 00 ng polyA RNN20 j.JL 
reaction) .  RT-PCR analysis of the constitutively expressed tub2 and plant-induced ItmM genes 
are included as a control to demonstrate that all samples contain amplifiable cDNA. Primer pairs 
used to amplify the genes are shown on the left. The expected sizes of genomic and cDNA 
bands in bp are shown on the right. G numbers eg G 1 25 1  refer to symbiota.(A) Expression of 
wild type and transformant prt2 in pMM26 transformants in planta. (8) Expression of wild type 
and transformant prt2 in pMM27 transformants. 
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and ItmM genes were expressed in all symbiota. The lack of prt2 expressIOn was 

expected given that expression has never been detected in culture or in planta. 

Expression of  PgpdAp-prt2 was detected in three of the five symbiota containing strains 

transformed with pMM26, 0 1 206 (MM4.2), 01220 (MM4.3) and 0 1 29 1  (MM4.9) 

(Figure 4.9A) . Expression of PltmM-prt2 in planta was detected in one symbiotum 

(0 1 2 1 3) containing a strain transformed with pMM27 (MM5 .2) (Figure 4.9B) .  

4.4 PHENOTYPE OF TRANS FORMANTS DURING GROWTH I N  
CU LTU RE AND IN PLANTA 

The hyphal phenotype of the transformant strains during growth was examined during 

growth in culture on potato dextrose agar, and during growth on a medium containing 

skim milk agar. No differences were observed in colony size between any transformants 

and wild type strains on either of these media. Also, no difference in proteolytic activity 

between the wild type and transformant was observed during growth on plates 

containing skim milk agar. 

The hyphal phenotype of transformant strains during growth in planta was visualised by 

microscopic analysis. The growth of fungal hyphae within infected tissues was 

visualised using aniline blue staining o f  infected leaf sheaths from inner, middle and 

outermost leaves. The growth of epiphytic hyphae on the leaf surface was also analysed 

by aniline blue staining and microscopy. 

The pMM32 transformants with either low or high copy numbers of  the PgpdA -prtl 

construct did not show any detectable differences from wild type E. festucae Fll in 

planta (Figure 4. 1 0). The hyphae continue to grow between the plant cells largely with 

little hyphal branching, which is characteristic of the growth of wild type E. festucae Fl l 

(Figure 4. 1 0; M. Christensen, personal communication). Epiphyllous hyphae, which 

emerge to grow on the exterior of the leaf, were also present at similar levels and hyphal 

morphologies for the transformant and wild type strains. These results are not surprising 

when evaluated with RT-PCR analysis, showed no evidence of expression of the PgpdA

prtl construct in planta (Figure 4.8A). Although the PltmM-prtl transgene was 
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expressed in planta in some strains (Figure 4.8B), few differences in hyphal morphology 

were observed between strains containing PltmM-prtl (pMM33) and wild type E. 

festucae Fl l (Figure 4. 1 1 ). Similar results were obtained for the pMM26 PgpdA-prt2 

transformants (Figure 4. 1 2), some of which were expressed in planta (Figure 4.9A), and 

the pMM27 PltmM-prt2 transformants (Figure 4. 1 3 ), one of which expressed the PltmM

pr!2 gene in planta (Figure 4.9B). 

Old leaf 

Midd l e  
leaf 

You ng 
leaf 

Epiphyl lous 
growth 

G1 250 
(Nui-FI1 WT) 

G 1 335 
(Nu i-MM8.8) 

Fig u re 4 . 1 0 Growth of p M M32 tra nsforma nts in planta 

G 1 3 1 2  
(Nui -MM8.5) 

Growth of selected pMM32 transform ants in endophyte-infected leaf sheath tissue. The 
growth of endophyte hyphae was assayed in the leaf sheaths of old, middle and young 
leaves by m icroscopic analysis of ani l ine blue-stained leaf epidermal peels. Photographs 
were taken at 400x magnification . The scale bar shown in the lower right hand corner of 
each photo is equivalent to 1 0  IJm . 
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Old leaf 

Middle 
leaf 

Young 
leaf 

Epiphyllous 

G 1 250 
(Nui-FI1 WT) 

growth 1.4f.I",,-,,'r 

G 1 242 
(Nui-MM9.2) 

G 1 21 8  
(Nu i -MM9. 1 )  

F igure 4. 1 1  Growth of pMM33 tra nsforma nts in planta 

Growth of selected pMM33 transformants in  endophyte-infected leaf sheath tissue. The 

growth of endophyte hyphae was assayed in  the leaf sheaths of old ,  m iddle and young 
leaves by m icroscopic analysis of an i l ine blue-stained leaf epide rmal  peels. Photographs 
were taken at 400x mag nification . The scale bar shown in the lower right hand corner of 

each photo is equivalent to 1 0  IJm.  
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Old leaf 

M iddle 
leaf 

Young 
leaf 

Epiphyl lous 
growth 

G1 250 
(Nui -FI1 WT) 

G 1 207 
(Nu i-MM4.2) 

Fig u re 4.1 2 Growth of pMM26 tra nsform a n ts in planta 

G 1 220 
(Nui-MM4.3) 

Growth of selected pMM26 transformants in endophyte-infected leaf sheath tissue . The 
growth of endophyte hyphae was assayed in the leaf sheaths of old ,  middle and you ng leaves 
by m icroscopic analysis of ani l ine blue-stai ned leaf epidermal peels .  Photographs were 
taken at 400x magnification . The scale bar shown in  the lower right hand corner of each 
photo is equ ivalent to 1 0  IJm . 
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M iddle 
leaf 

Young 
leaf 

Epi phyllous 
growth 

G1 250 
( N u i -FI1  WT) 

G 1 300 
(Nui -MM 5.9) 

F i g u re 4 . 1 3 Growth of pM M27 tran sfo rmants in planta 

G1 21 0 
(Nui-MM 5.2) 

Growth of selected pMM27 tran sform ants in endophyte-infected leaf sheath tissue. The 
g rowth of end oph yte hyphae was assayed in the leaf sheaths of old ,  middle an d young 

leaves by microscopic analysis of an il ine b lue-stained leaf epid ermal peel s. Photographs 
were taken at 400x magn ificati on . The scale bar shown in the l ower right hand corner of 
each photo is equivalent to 1 0  IJ m .  

The phenotype of plants infected with various transformants strains was also assessed. 

Five successful-infected grasses were screened for each transformant. No gross changes 

in morphology were observed for any of the plants infected with the fungal strains 

transformed with pMM32 (PgpdA-prtl), pMM33 (PltmM-prtl) ,  pMM26 (PgpdA-prt2) 

or pMM27 (PltmM-prt2) .  A characteristic phenotype of p lants artificial inoculation of 

endophytes into grasses results in incompatible association is the stunting of grass til lers 
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(Zhang, 2004, A. Tanaka and M. Christensen, personal communication), where 

endophyte infected tillers are very small and tillers which escape endophyte infection 

grow to normal size. This phenotype, which is normally associated with high levels of 

endophyte biomass within the host, was not observed in any of the symbiota containing 

transformant strains . 
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C H APTE R  5 
Results : 

Functional characterisation of gcn1 
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5 . 1  ENDOPHYTE GENES ENCODING (3-1 ,6-G LUCANASES 

The N. lolii Lp 19 and E. festucae Fl l  gcnl genes were identified during isolation of the 

prt2 genes as described in Section 3 . 1 .  In both strains, the gcnl gene was directly 

downstream of  the prt2 gene (Figure 3 . 8, 3 .9) .  Alignment of N. loW Lp 1 9  and 

E. festucae Fl l gcn l regions (Appendix A2.2) showed the nucleotide sequences of  the 

loci were very similar, with the exception of a 400 bp deletion in the N. loW Lp 1 9  prt2-

gcnl intergenic region compared to the same region of  E. festucae Fl l (Figure 5 . 1 ) . The 

polypeptide sequences of  the E. festucae Fl l and N loW Lp 1 9  Gcnl proteins were 

99.7% identical, with the E. festucae Fll  and N lolii Lp 1 9  Gcnl polypeptides sharing 

95 .7% and 94 .6% identity respectively with the �- 1 ,6-glucanase po lypeptide identified 

from Neotyphodium sp. FCB2002 (Moy et aI. ,  2002) (Figure 5 .2) .  

Phylogenetic analysis was performed on polypeptide sequences aligned by ClustalW as 

described in Section 2.2 1 .  The E. festucae Fl l and N. lolii Lp 1 9  Gcn 1 proteins, like the 

Neotyphodium sp. FCB2002 �- 1 ,6-glucanase, group together with the glycosyl 

hydrolase 5 family (Figure 5 . 3 ) .  The Gcn! proteins cluster together with known 

F'1 ptn1 
4500 5000 5500 6000 6500 7000 7500 8000 

DIDIc::::JID [I,lL...... _---'110 

DIDIC10 
Figure 5. 1 C omparison of th e E. festucae F I 1  and N. lo/ii Lp1 9  prt2-gcn 1 

intergen i c  region 

Schematic diagram showing the E. festueae FI1 and N. lolii Lp1 9  prt2 and gen1 loci. Coding 
sequences are shown as dark grey arrows, with the proposed exons and introns shown beneath the 
line indicating the sequence. The N. folii Lp1 9 prt2-gen1 intergenic region contains a deletion of 406 
bp compared to the same region of E. festucae F11 . This region is indicated by a white box in the E. 

festueae FI1 sequence and a black line in the N. lolii Lp1 9  sequence with dotted lines connecting the 
two. 
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Lp19 Gcn1 

F'11 Gcn1 

F'CB2 0 0 2  Gcnl 

Lp 1 9  Gcn1 

F'11 Gcnl 

F'CB2 0 0 2  Gcnl 

Lp 1 9  Gcnl 

F' 1 1  Gcnl 

F'CB 2 0 0 2  Gcnl 
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Fig u re 5.2  Al ignme nt of endophyte J3 - 1  ,6 - g l u ca nases 

6 0  

6 0  

6 0  

1 2 0  

1 2 0  

1 2 0  

1 8 0  

1 8 0  

1 8 0 

2 4 0  

2 4 0  

2 4 0  

3 0 0 

3 0 0 

3 0 0  

3 6 0  

3 6 0  

3 6 0  

4 2 0  

4 2 0  

4 2 0  

Comparison of endophyte 13-1 , 6-glucanase polypeptide sequences from N. lolii stra in Lp 1 9 ,  
E festucae strain FI 1 and N. typhinum stra in FCB2002 (accession Gen bank MN041 03) .  
Amino acid  identity between between two or more of the three sequences are shown in  
b lack shading with white letters. Amino acid d ifferences at residues are shown by black text 
on a white background . The polypeptide sequences were aligned by the ClustalW module of 
MacVectorTM 4.2.3.  

�- 1 ,6-glucanases within the glycosyl hydro lase 5 family such as the T. harzianum 

BGN I 6,2 (De la Cruz et al. , 1 995) and V. Jungicola VfGlu l (Amey et al., 2003) proteins 

that are involved in mycoparasitism (Section 1 .6.2). 

5.2 REPLACEM ENT OF THE E. FESTUCAE FL 1 GCN1 GENE 

5.2. 1 Transformation of E. festucae FI1 with a gcn 1 ::hph construct 

To determine the role o f  fungal �- 1 ,6-glucanases in interactions between E. Jestucae Fl l 

with perennial ryegrass (L. perenne cv Nui) , the construct pMM54 was prepared to 
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Method: Neighbor Joining; Bootstrap (1000 reps); tie breaking = Ran, 
Distance: Poisson-correction 

Gaps d istributed proportionally 

,..--------------------- T. harzianum AG N1 3 . 1  

U. maydis LM04357.1  

.--------- T. harzianum P 1  

M .  grisea MG02 1 26.4 

N. crassa Neg 1 

A. fumigatus Afu8g071 20 

T. harzianum P2 

,----- S. nodorum SNU1 0661 . 1  

M. grisea MG07846.4 

F. graminearum FG039 1 8. 1  

,----- F. graminearum FG076 1 7. 1  

A. fumigatus Afu7g0561 0  

M. grisea MG09433.4 

,----- S. nodorum SNU06608. 1  

S. nodorum SNU1 4269 . 1  

C .  carbonum Exg2 

,----- S. nodorum SNU00606. 1  

A .  nidulans AN4052.2 

A. oryzae HGT-BG 

,----- F. graminearum FG01 596 . 1  .--------�� 
A. fumigatus Afu2g09350 

A. nidulans AN3777.2 

.------------ S. nodorum SNU1 2534. 1  

.---------- V. fungicola VfG lu1 

Acremonium sp. OXF C 1 3  Bgn6.1 

T. virens Bgn3 

T. harzianum BGN1 6.2 

'------- F. graminearum FG08265. 1  

Neotyphodium sp FCB2002 

N. lolii Lp1 9  Gcn1 

E. festucae FI1 Gcn1 

F i g ure 5. 3 Phylogenetic a n alys is of fu n g a l  �-1 ,6-g l u canases 

Glycosyl 
hydrolase 
family 30 

Glycosyl 
hydrolase 
fami ly  5 

Phylogenetic tree showing the relationship of the endophyte Gcn 1 proteins with related proteins 
from other fungal species .  Phylogenetic analysis was performed by Neighbour Joining of 
polypeptide sequences that were al igned by ClustalW . The E. festucae FI 1 and N. lolii Lp19  Gcn 1  
proteins are indicated in blue text. Members of glycosyf hydrolase fami ly 5 are indicated by a blue 
l ine, while glycosyl hydrolase family 30 is ind icated by a red l ine. The T. harzianum AGN 1 3. 1  a-
1 ,3-glucanase was included to root the tree . Sequences used in this alignment are l isted in 
A endix A1 3.5. 
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� � -
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4.6 kb 8amHI  
complementation region 

MM98 
� 

- - - - -.• ' 
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I-l 

x 

Figure 5.4 The gen 1 deletion construct 

Strategy for deleting tre E. festucae FI1  gcn1 gene. Primers used for screening of transformants are shown in 
dark blue. Primers used to screen for replacement and deletion of flnaking sequences are shown in green. A. 
Restriction map of the FI1 gcn 1 genomic locus. Coding regions of the genes in this regio n are shown in grey. 
The left flanking sequence (Left) chosen to make tre de letion construct is shown in light blue, with the right 
flanking sequence (Right) shown in l ight orange. Primers used to amplify fragments are shown as purple 
triangles. Tre position of the probe used for Southern analysis (Figure 5.6C) is s hown in red. B. A plasmid 
map of the gcn1 deletion construct pMM54. The primers M1 3-F and M 1 3-R (in maroon) were used to amplify 
the de letion construct used for transformation of E. festucae F11 . Primers used for screening and for amplifying 
fragments for Southern analysis are shown in dark grey . Restriction sites, which are i ndicated in light grey, 
include EcoRI (E) ,  Hind 11 I (H), Ncol (N ), Sstl (S) and Xbal (X). Heavy grey li nes and bold grey text indicate 
restriction sites involved in vector construction. The heavy red line and bold red text indicate an Ncol site 
important in transformant screening by Southern analysis.  

1 63 



delete the wild type gcnl gene (Figure S .4). The method used to construct pMMS4 is 

described in Section 2 . 1 3 .2 .  The linear insert from this plasmid was amplified by PCR 

using the M 1 3F and M 1 3 R  primers . This linear fragment was transformed into 

E. festucae Fll  protoplasts as described in Section 2 . 1 6. 1 ,  and transformants were 

selected on RG media containing hygromycin at I SO ng/IlL (Section 2 .3 .9) . A total of 

twenty transformants were nuclear purified by sequential subculturing on media 

containing hygromycin. 

Putative replacements were init ially screened by PCR from DNA prepared by alkaline 

lysis of mycelia (Section 2 . 1 6 .2 . 1 )  using primers MMS6 and MM I 00 (wild type 1 280 

bp, replacement construct I S64 bp) that flank hph in the S '  and 3 '  flanking regions 

A 2 3 

B 
2 3 4 5 6 7 8 c 

4 5 6 
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- 1 280 

2 3 4 5 6 7 8  

Fig u re 5.5 peR analysis of se lected gcn1: :hph transforma nts 

- 1 2 .0 
6 .0 
4.0 
3 .0 

2.0 
1 .6 

PCR analysis of genomic DNA from selected E. festucae FI1  hygromycin-resistant transformants containing 
gcn 1 : :hph. (A) Genomic DNA was amplified with the MM56-M M 1 00 primers that flank the site where the hph 
gene is introduced during homologous recombination (Figure 5 .3A). Genomic DNA from E. festucae FI1  (lane 
1 ), transformant MM20. 1 (lane 2),  transformant MM20.3 (lane 3), transformant MM20.2 (lane 4) and 
transformant MM20 .1 5 (lane 5) were amplified. Lane 6 contains a negative control .  PCR conditions were as 
follows: each reaction contained 1 x Taq polymerase buffer (Roche), 50 �M of each d NTP, 5 pmol each of 
the primers MM56 and M M 1 00,  0.5 U Taq polymerase (Roche), and 5 ng of genomic DNA (or 5 �L water in 
case of the negative control) .  The PCR program used was as follows: 94°C 2 min, 30 cydes of 94°C for 30 s, 
60°C for 30 s, 72°C for 1 min, then one 72°C for 5 min . (8) PCR amplification to check for an in tact left end in 
Llgcn1 strains. Genomic D NA from E. festucae FI1  (lane 2), transformant MM20.1 (lane 3), transformant 
MM20.3 (lane 4), transform ant MM20.2 (lane 5) and transformant MM20. 1 5  (lane 6) were ampl ified w ith the 
M M 1 25 and pUChph5 primer pair. Lane 7 contains a negative control. Lanes 1 and 8 contain 1 kb plus ladder 
(Invitrogen). Band sizes are shown in kb. (C) PCR amplification to check for an intact right end in Llgcn1 
strains. Genomic D NA from E. festucae FI1 (lane 2), transformant MM20. 1 (lane 3), transformant MM20.3 
(lane 4), transformant MM20.2 (lane 5) and transformant MM20 . 1 5  (lane 6) were amplified with the pUChph6-
M M 1 35 primer pair (Figure 5.3A). Band sizes are shown in kb. 
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(Figure 5 .4) . Out of twenty transformants, two independent transformants MM20.2 and 

MM20. 1 5  lacked the band corresponding to the wild type gcnl gene (Figure 5 . 5A lanes 

4 and 5) .  The MM20. 1 and MM20.3 transformants contained ectopic copies of the 

gcn l : :hph construct as both the wild type gcnl and the gcnl : :hph bands were amplified 

in these strains (Figure 5 .5A lanes 2 and 3) .  

To confirm that the !:J.gcnl strains MM20.2 and MM20. 1 5  did not contain deletions 

upstream or downstream of the 5 '  or 3 '  gcnl :  :hph flanking sequences respectively, 

additional PCR screening was performed. Integration of the gcn l : :hph construct through 

a single crossover event could potentially lead to deletion of sequences upstream of the 

5 '  flanking sequence or downstream of the 3 '  flanking sequence. To test for an intact 5 '  

region, DNA from wild type E. festucae Fl l ,  ectopic and !:J.gcnl strains was amplified 

with the MM 125 and pUChph5 primers using TripleMaster™ PCR (Section 2 . 1 7 .7). 

The MM 1 25 primer anneals just outside the 5 '  flanking sequence used in the gcnl : :hph 

construct , while the pUChph5 primer anneals within the hph cassette (Figure 5 .4A) . A 

similar strategy was used to test for an intact 3 '  region, with the primers pUChph6 and 

MM 1 35 used to amplify genomic DNA from selected transformants during 

Trip leMaster™ PCR. The pUChph6 primer anneals in the hph region, while the MM l 3 5  

primer anneals just outside of  the 3 '  flanking region (Figure 5 .4A). peR screening 

confirmed that both of the !:J.gcnl strains contained intact 5 '  and 3 '  ends (Figure 5 .5B) .  

However, the supposed ectopic strain MM20.3 also unexpectedly produced bands for 

both the 5 '  and 3 '  primer sets. Analysis with the MM56-MM l OO primer pair had 

previously shown that MM20.3 contained both the native gcn l and the gcnl : :hph 

products (Figure 5 .5A). 

Southern analysis of strains was performed usmg genomIc ON A from wild type 

E. festucae, ectopic gcn l : :hph strains and !:J.gcnl strains digested with NcoI (Figure 5.6B 

and C). The gcn l : :hph NcoI  fragment differs in size to the fragment containing the wild 

type gcnl gene due to the replacement of a region in the wild type gcnl gene that 

contains an NcoI site (Figure 5 .6A). There is also an NcoI site in the hph cassette from 

the pPN 1 688 vector, which gives a new NcoI recognition site in the gcn l : :hph locus. As 

expected, wild type E. festucae Fll  and the two ectopic strains (MM20. 1 and MM20.3)  
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all contained the 2 .9  kb Nco I fragment containing the wild type gcn l gene (Figure 5 .6C, 

lanes 2, 3 and 4). The ectopic transformant MM20. 1 also contained the 3 .4 kb Nco I 

fragment found in the gcn l : :hph construct (Figure 5 .6D lane 3) .  However, the MM20.3  

ectopic transformant did not contain the 3 .4 kb gcnl : :hph NcoI fragment (Figure 5 .6D 

lane 4). This data suggests MM20.3 may have been an unstable transformant, or has 
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Figure 5.6 Southern analys is  of selected gcn 1 : : hph tra nsformants 

-1 1 .0 
-8.0 
-6.0 
-5.0 
-4.0 

-3.0 

-2.0 

-1 .6 

- 1 .0 

-0.5 

Southern analysis of E. festueae FI1 hygromycin-resistant transformants containing gcn1 : :hph. (A) Restriction map of the 
native gcn1 locus Vvith the gcn1: :hph construct shown below, follov.ed by a restriction map of the gen1 locus after 
integration of the gen1: :hph construct by homologous recombination. Restriction fragment sizes are shown in kb. The Vvild 
type gen1 Neol restriction fragment (shown in bold green text) differs in size to the gcn1 ::hph Ncol fragment (shown in 
\bold red text). The position of the probe used i n  C is indicated by a purple box. (8) Genomic DNA (1 1lQ) digested Vvith 
Nco I from E. festucae FI1 (lane 2), the ectopic transformants MM20.1 (lane 3) a nd  MM20.3 (lane 4) and the Ilgen1 
strains MM2D.2 (lane 5) and MM20 . 1 5  (lane 6). Lanes 1 and 7 contain A. Hindl l l  a nd 1 kb plus ladder ( Invitrogen) 
respectively. Sizes of marker fragments are shown in kb. (C) Autoradiograph of the gel from 8 hybridised Vvith a 32p_ 
labe lled fragment amplifed Vvith primers M M 1 5  and MM6 (Figures 3.9 and 5.48). Fragment sizes are indicated in kb. The 
native gcn1 and gen 1 : :hph hybridising fragments are i ndicated by green and red arrows res pectively. 
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under gone some sort of DNA rearrangement. Both of the �gcnlstrains , MM20.2 and 

MM20. 1 5 , contained the 3 .4 kb gcnl : :hph but not the 2 .9  kb wild type gcnl NcoI 

fragment (Figure 5 .6C lanes 5 and 6) . This confirmed that both of these strains had a 

gcnl gene that had been replaced by homologous recombination with the gcnl : :hph 

construct. 

5.2.2 Phenotype of the Llgcn 1 strains during growth in culture 

The phenotype of the t1.gcnl strains during growth in culture was examined using the 

preferred carbon source glucose or pustulan, a polymer of �- l ,6-glucan derived from the 

cell walls of Umbilicaria papullosa. On glucose containing medium, growth of the 

�gcn l strains was almost identical to wild type E. festucae Fl l and the M M20. 1 strain 

carrying an ectopic integration of the gcnl replacement (Figure 5 .7) .  During growth on 

glucose media, wild type E. festucae, the ectopic strain MM20. 1 and the �gcnl strains 

MM20.2 and MM20. 15 all grew with a cottony appearance, indicating that many aerial 

hyphae were present. All strains also produced a halo around the colony. The one 

difference observed was for the MM20 .2 �gcnl strain, which had slightly reduced radial 

growth on the glucose-containing medium compared to the other three strains. However, 

this result must be reproduced for confirmation of this effect. 

When grown on pustulan, �gcnl strains were phenotypically different to the wild type 

E. festucae FI I and ectopic strains (Figure 5 .8) .  Although �gcnl strains were the same 

size as wild type and ectopic strains, hyphal density and the amount of aerial hyphae 

were greatly reduced (Figure 5 .8). Some complementation of the growth defects of the 

t1.gcnl strains on pustulan by the wild type and ectopic strains was observed in older 

cultures (Figure 5 .8A) . The �gcn l strains also lacked the halo surrounding the wild type 

and ectopic strains during growth on pustulan. Congo red staining of the plates (Figure 

5 .8B) indicated that the halos corresponded to regions where pustulan was degraded, 

suggesting these halos correspond to zones where a �- 1 -6-glucanase enzyme 
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Fig ure 5.7 G rowth of \gcn 1 stra ins on med i a  conta i n ing glucose 

Colony morphology of wild type E. festucae F I 1 0NT), the ectopic stra in  M M 20 . 1  and 
the b.gcn 1 strains M M20.2  and M M20 . 1 5  on agar plates conta in ing 1 % g lucose , 20 
m M  N H4CI and 0 . 1  % yeast extract. 

is produced in wild type and ectopic strains. The absence of these halos in the b.gcnl 

strains suggest these strains lack �- 1 -6-glucanase activity compared to wild type and 

ectopic strains . 

After prolonged incubation of b.gcnl strains on pustulan plates together with wild type 

and ectopic strains, some rescue of the b.gcnl phenotype by wild type and ectopic strains 

was observed. b.gcnl hyphae at the interface with wild type or ectopic co lonies were 

partially rescued, showing more hyphal branching and aerial hyphae (Figure 5 . 80). 

However, hyphae in the same co lony that were not in close proximity to the wild type or 
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ectopic strains displayed low levels o f  hyphal branching and almost no aerial hyphae 

(Figure S . 8C) compared to wild type strains (Figure S . 8E). 

A B 

Fig ure 5.8 G rowth of \gcn1 stra ins on med ia  conta i n i n g  pustu la n ,  a 
�-1 ,6-g l uca n po lymer 

Growth of Ilgcn 1 strains on m edi um contain ing pustulan. (A) Growth of  w i ld type E .  festucae 
F I 1  0NT), the ectopic stra in MM20 . 1  a nd the Ilgcn 1 strains M M20.2 and M M20 . 1 5  on pustulan 
m edium . Colonies were approximately 2 weeks old. (8) Stai ning of pustu lan m edia plate with 
Congo red. Undegraded pustulan appears red , while zones w here 13- 1 ,6-g l ucanases have 
degraded the pustulan appear as d ark halos . (C) Hyphae of the Ilgcn1 stra in  M M20 . 1 5  that 
have not been grown in close proxi m ity to wi ld type E. festucae F I 1  or the ectopic MM20. 1 
stra i n .  (0) Hyp h ae of the t:.gcn1 strain MM20. 1 5  that have been grOlN n i n  close proxim ity to 
wi ld type E. festucae FI1  or the ectopic MM20 . 1  stra in .  Aerial hyphae appear as w hite cottony 
structures. (E) Wild type E. festucae FI1 hyp hae. The white cottony m asse s are aerial hyphae . 
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5.3 COMPLEMENTATION OF THE ll.GCN1 STRAIN 

Complementation of the �gcn lstrain was performed by cotransformation of the �gcnl 

strain MM20. 1 5  with the pII99 and pMM44 plasmids (Figure 5 .9A). pMM44 contains a 

4.6 kb BamHI fragment containing the gcnl gene, including the complete prt2-gcnl and 

gcnl-cycJ intergenic regions, and the 5 '  region of the cycJ gene (Figure 5 .4A). The 

pII99 vector contains the nptII gene, which confers resistance to the antibiotic geneticin. 

Twenty geneticin-resistant transformants were screened for the presence o f  the gcnl 

gene by PCR amplification with the MM56-MM55 primer pair that will amplify a gcnl 

PCR product in wild type E. festucae Fl l and strains of  tvL"\120. 1 S  containing the 

pMM44 plasmid (Figure 3 .98). A product was detected for at least eleven of the twenty 

strains (Figure 5 .98). 

The growth of genetic in-resistant strains was analysed on medium containing the �- 1 ,6-

glucan pustulan (Figure 5 . 1 0) .  Out of the twenty strains tested, nineteen independent 

transformants out of twenty tested appeared to produce the hydrolytic halo on these 

plates characteristic of �- 1 ,6-g1ucanase production that was lacking in the MM20. 1 5  

�gcnl strain (Figure 5 . 1 OA). This suggests that the gcnl deletion in the MM20. 1 5  strain 

is responsible for the phenotype shown by �gcnl strains during growth on pustulan, 

where hyphal branching and the production of aerial hyphae were greatly reduced. A 

range of phenotypes was seen in the complemented strains during growth on pustulan. 

Some strains such as MM22 . 1 9  (Figure 5 . lO8), MM22 .5 and MM22.6 (Figure 5 . 1 0C) 

produced halos during growth on pustulan media, and grew to similar diameters as the 

wild type E. festucae Fl l  strains. The MM22.20 transformant grew to a larger colony 

diameter with less aerial hyphae typical o f  the �gcnlstrain MM20. 1 5 , indicating that 

this colony has not been genetically complemented. Other transformant strains (eg. 

MM22.7 and 22 .8, Figure 5 . 1 00) surrounded by large halos of �- 1 ,6-g1ucanase activity 

grew as very dense, compact colonies with a lot of aerial hyphae. These phenotypic 

differences between strains were observed on media containing pustulan, but not in 

complex media such as potato dextrose agar. These differences in phenotype may be due 

to positional effects on gcnl gene expression or differences in gene copy number. 
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Figure 5.9 Genetic complementation of the gcn 1 de letion by co
transformation with pM M44 and pl l99 

(A) Plasmid maps of the pMM44 and pl l99 vectors used to cotransform the ? gcn 1 stra in 
MM20. 1 5  to complement the lack of r..-1 ,6�lucanase activity and geneticin resistance. (8) PCR 
screening of selected pM M44/p1 199 transformants using the Extract-N-Amp ™ PCR kit . E. 
festucae FI1 wi ld type (WT), MM20. 1 5  (KO) and various complemented stra ins (1 -20) were 
screened . A DNA-free sa mple tve) was also included. PCR was performed with the MM56-
MM55 primer pair. PCR conditions were as follows: The PCR program used was as follows: 
94°C for 3 min ,  35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min ,  fol lowed by 72°e for 
1 0  min. 
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Figure 5.1 0 Growth screening of ll.gen1 stra ins comple me nted w ith 
pMM44 

(A) Growth of selected gen eticin resistant /lgcn 1 strains co-transformed with the pMM44 vector 
and pl l99 on pustulan containing m edia. The MM20 .1 5 /lgcn 1 strai n  th at was transformed to 
create these strains is i nd icated as /lgcn 1. while wild type E. festucae R 1  is indicated as WT. (8) 
Growth of wild type E. festucae FI 1 0N T). MM20 . 1 5  (/lgcn1 ). MM22.20 and MM22 . 1 9  strains on 
pustulan media. (C) Growth of MM22.6. MM22.5 and wild type E. festucae FI1 0NT) on pustulan 
media .  (0) Growth of MM20 . 1 5  (/lgcn 1J. MM22.B and MM22.7 strains on pustulan media. 
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5.4 GROWTH OF WILD TYPE,  ECTOPIC AN D llGCN1 STRAIN S  
DU RING GROWTH IN PLANTA 

Wild type, ectopic and !1gcnl strains were inoculated into perennial ryegrass seedlings 

to detennine if deletion of gcnl affected the symbiosis of the endophyte with its host. 

The phenotype of fungal hyphae in planta was examined by aniline blue staining of 

epidermal peels from the leaf sheaths of old and young leaves infected with wild type 

E. festucae Fl l ,  the ectopic strain MM20. 1 and the !1gcnl strain M M20. 1 S .  The 

appearance of epiphytic hyphae growing on the p lant surface was also examined. 

Compared to the wild type E. festucae FI I and the ectopic MM20. 1 strains, hyphae of 

the !1gcnl strain MM20. 1 S  appeared to grow normally in the leaf sheaths of both o ld 

(Figure S . l l A) and young (Figure S . l l B) leaves. Epiphytic hyphae also had a normal 

appearance in the MM20. 1 S  !1gcnl strain. 
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Fig ure 5 . 1 1 P henotype of \gen 1 hyphae d u r i n g  g rowth in planta 
(A) Endophyte hyphae in the outermost leaf sheath as shown by ani l ine blue sta ining of 
epidermal peels from ti l lers of L.  perenne cv Nui plants infected with either wild type 
E. festucae F1 1 ,  the ectopic stra in  MM20 . 1  or the Ilgcn1 strai n MM20. 1 S .  (8) Endophyte 
hyphae in the young leaf sheath as shown by an i l ine blue stai ning of epidermal peels from 
ti l lers of L. perenne cv Nui p lants infected w ith either wild type E. festucae F1 1 ,  the ectopic 
strain MM20 . 1  or the Ilgcn 1 stra in  MM20. 1 S . (C) Epi phytic hyphae on the leaf surface as 
shown by ani l ine blue stain ing of leaves from ti l lers of L. perenne cv Nui plants i nfected with 
ei ther wild type E. festucae F1 1 ,  the ectopic stra in MM20 . 1  or the Ilgcn 1 strai n MM20. 1 S . 
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C H APTE R  6 
Discussion 
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6. 1 E. FES TUCAE CONTAINS A GENE FAM I LY OF 
S U BTILISIN-LI KE PROTEASES 

Based on the large number of genes encoding subtilisin-like proteases in other fungal 

genomes, it was hypothesised that E. Jestucae Fl l contained a family of these genes. In 

this study, multiple subtilis in-encoding genes were identified in the E. Jestucae F l l  

genome. prtl ,  prt2, prt3 and prt5 all encode putative extracellular enzymes that belong 

to the proteinase K family of subtilisin- like proteases, while prt4 encodes a vacuo lar 

protease that also belongs to the proteinase K family. The kex2 gene encodes a member 

of the kexin family of subtilisin-like proteases. Degenerate PCR also identified the 

presence of other genes encoding subtilisin-like proteases: one from the proteinase K 

family (prt6) , and two from the pyro lysin family of subtilisin like pro teases (prt7 and 

prt8). 

6. 1. 1 Members of the proteinase K family of subtilisin-like pro teases 

6 . 1 . 1 . 1 The prt5-prt1 locus 

Screening of an N. lolii Lpl 9 genomic DNA library ident ified the prtl gene in a 

previous study (McGill, 2000). In this study, the corresponding gene in the 

E. Jestucae Fl l strain was identified and sequenced (Section 3 . 1 . 1 ). The Prt l 

polypeptides of the N. lolii Lp 1 9  and E. Jestucae F l l  shared a high degree of identity at 

the amino acid level, with only two changes in the polypeptide sequence between the 

two strains. Phylogenetic analysis with related polypeptide sequences from other fungi 

demonstrated that the E. Jestucae Fl l and N. lolii Lp 1 9  Prt 1 proteins both belong to 

subfamily 2 of the proteinase K family (Hu and St Leger, 2004). The Prt l proteins were 

most c losely related to Pr l D, Pr lE  and Pr ! F from M anisopliae, and to FG00806. 1 ,  

FG l 1 405 . 1 and FG08464 . 1  from F. graminearum (Figure 3 . 1 8) .  

The N. lolii Lp 1 9  and E. Jestucae Fl l prtl genes contain repetitive DNA sequences in 

the 3 '  untranslated region (Figures 3 .2 and 3 .3 ,  Appendix A2. 1 ) . In a previous study, 3 '  

RACE of  the N. lolii Lp 19  prtl indicated this repetitive region, which consists of  

(YTT)4(Y A) 1 3 , is assoc iated with the po lyadenylation site (McGill, 2000) . This sequence 
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was also identified in E. Jestucae Fl l .  Downstream of the prtl gene, the E. Jestucae Fl l 

and N lolii Lp 1 9  sequences diverge. This is due to the presence of a highly repetitive 

mini-satellite element consisting of  TTYY ATYYR repeats in N loW Lp1 9  that is not 

present in the same position in E. Jestucae Fl l  (Appendix A2. 1 ) .  This repetitive DNA 

overlaps with the 3 '  end of the orf4 gene, and introduces a stop codon that results in the 

premature truncation of the orf4 gene product. The presence of this mini-satellite hints at 

potential degeneration of the asexual N lolii Lp 1 9  genome. The mini-satellite probably 

arose in N loW Lp 19  through slippage during DNA replication, as described for other 

fungal minisatellites (Giraud et al., 1 998; Haber and Louis, 1 998). 

The prt5 gene was identified immediately upstream of the prt] gene (Figures 3 .2  and 

3 .3 ) .  The E. Jestucae F l l  and N lolii Lp 1 9  PrtS protein belongs to subfamily 1 of the 

proteinase K family (Figure 3 . 1 8). Prt5 shares strongest identity with the Pr 1 K  protease 

from M anisopliae, and the F. oxysporum Prt 1 protein (Di Pietro et al. ,  200 1 ;  Hu and St 

Leger, 2004). The presence of two related genes in such close proximity may suggest 

that the two genes could have arisen by gene duplication. However, the Prt5 and Prt 1 

proteins belong to different subfamilies of  the proteinase K family, with the Prt5 protein 

belonging to subfamily 1 and the Prt 1 protein belonging to subfamily 2 .  As these two 

genes encoded enzymes from different subfamilies, this suggests that these genes have 

not arisen recently by gene duplication at this locus. The only other known instance 

where two subtilisin-like protease-encoding genes were found adjacent to each other is 

in the genome of M anisopliae, where the pr] E and pr] F genes are adjacent to each 

other. Unlike the Prt5 and Prt 1 proteins, the Pr l E and Pr l F proteins both belong to the 

same subfamily, proteinase K subfamily 2 .  However, the sequence identity between the 

Pr l E and Pr l F proteins is relatively low, at 28% identity at the amino acid leve1. 

6.1 . 1 .2 The prt2-gcn1 locus 
A previous study of pr! genes in N lolii Lp 1 9  led to the identification of prt2 (McGill, 

2000). The corresponding gene from E. Jestucae FI l  was identified in this study (Section 

3 . 1 .2) .  The N lalii Lp 1 9  and E. Jestucae Fl l Prt2 proteins, which are putative 

extracellular enzymes belonging to subfamily 1 of the proteinase K family (Figure 3 . 1 8), 
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differ at two amino acid residues. The most similar protein to the E. Jestueae Fl l and 

N lolii Lp 1 9  Prt2 proteins is the Pr l I  protease from M anisopliae (Hu and St Leger, 

2004). 

The genl,  cycl and ptnl genes were identified downstream of the prt2 gene in 

E. Jeslueae Fl l (Figure 3 . 1 0). The gcnl gene encoded a putative f3- 1 ,6-glucanase that is 

highly similar to f3 - 1 ,6-glucanases from a Neotyphodium sp. endophyte and from the 

mycoparasitic fungus T. harzianum (Lora et aL , 1 995 ; Moy et al. ,  2002) (Figures 5 .2  and 

5 .3) .  Other characteristics of the gcnl gene are described in Section 6 .3 . The eyc l and 

plnl genes, which do not encode hydro lases, were syntenic with their F. graminearum 

homologues, FG0498 1 . 1  and FG04982. 1 respectively. While other studies have shown 

large regions of synteny between E. Jeslueae and F. graminearum genomes (Tanaka et 

aI. , 2005) (S.  Foster, G. Bryan, personal communicat ion), this was the only case of 

conserved synteny with another fungal genome observed in this study. 

The cycJ gene encodes a putative C-type cyclin that may be a homo logue of the 

S. eerevisiae etk2 gene (Appendix A4). In S. eerevisiae, Ctk2p acts with two other 

subunits as part of a divergent cyclin-CDK (cyclin dependent kinase) complex (CTDK

I) (Hautbergue and Goguel, 200 1 ;  Stemer et aI. , 1 995). CTDK-I phosphorylates a serine 

residue in the carboxyl-terminal domain (CTD) of RNA polymerase 1 1 ,  a reaction that is 

critical for efficient transcription elongation and correct processing of mRNA 3 '  ends 

(Ostapenko and Solomon, 2005). CTDK-I also regulates activity of the RNA polymerase 

I CTD involved in ribosomal RNA biosynthesis (Bouchoux et aI. ,  2004). 

The plnl gene encodes a putative phosphoinosit ide 3-phosphatase related to the PTEN 

(phosphatase and tens in) phosphoinositide 3 -phosphatases. These related proteins are 

spec ialised protein tyrosine phosphatases that dephosphorylate phosphoinositide 

substrates such as phosphatidylinosito l 3,4,5 triphosphate (PIP3) (Maehama et aI. , 200 1 ) .  

These proteins act as  antagonists of signalling through the PI-3-kinase pathway in S. 
pombe and in higher eukaryotes (Downes et al., 200 1 ;  Mitra et aI. , 2004) .  The putative 

E. Jeslucae Fl l Ptn l protein shares al l of the residues critical for the catalyt ic action of 
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PTEN homologues (Appendix A5) .  The catalytic signature domain (HCKAKGRSG) of 

E. Jestucae Ptnl was almost identical to that of S. pombe ptn lp  (HCKAKGRTG), which 

dephosphorylates PIP3 in vitro and suppresses PIP3 levels in vivo. This differs to the 

catalytic signature of the corresponding protein from S. cerevis iae, T ep 1 p 

(HCRMGKGRSG), which does not appear to dephosphorylate PIP3 (Heymont et aI. ,  

2000). Conserved amino acid residues that form positive charges at the catalytic site (Fl l 

Ptn l H93, K l 64 and K1 67) were all conserved (Mitra et aI., 2004). The Q22 1 residue 

required for hydrogen bonding to PIP3 was conserved. The other residue required for 

hydrogen bonding to PIP3 , S2 1 7, differed to threonine found at this position in related 

sequences. However, threonine and serine have similar functional groups, so this may 

not alter hydrogen bonding to PIP3 at this position. 

6.1 . 1 .3 The prt3 locus 
Sequence similarity to the E. typhina At I gene was used to identifY the E. Jestucae Fl l 

and N. lolii Lp 1 9  Atl homologues (designated as prt3; Section 3 . 1 . 3 ) .  The prt3 gene of 

N. lolii Lp 1 9  and Lp5 strains had a single nucleotide deletion towards the end of exon 2.  

This deletion leads to a frame shift in the prt3 open reading frame, which will result in 

premature truncation of the Prt3 protein. As the truncated Prt3 protein lacks the 

conserved catalytic residues required for enzymatic activity, the Prt3 protein in N. lolii 

Lp 1 9  (and Lp5) is expected to be non-functional (Section 3 . 1 .3 .2) .  The deletion in the N. 
lolii Lp 1 9  and Lp5 prt3 homologues has a similar effect to the minisatellite sequence 

downstream of the prtI gene in N. lolii Lp 1 9  (Section 3 . 1 . 1 ), where a stop codon is 

introduced into the orf4 gene, resulting in premature truncation of the Orf4 protein. 

Analysis of gene fragments in the S. cerevisiae genome suggests that after gene 

duplication, the function of many genes is lost by the accumulation of deleterious 

mutations (Lafontaine et aI. ,  2004) . 

The inactivation ofprt3 in the Lp 1 9  and Lp5 strains (and premature truncation of orf4 in 

Lp 1 9) may be a reflection of the exclusively mutualistic, asexual lifestyle of N. lolii. 

Selection pressure to retain gene function in the asexual N loW may be reduced in 

comparison to its sexual ancestor, E. Jestucae. However, the deletion may also be a 
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consequence of the asexual life cycle of  the N. lolii strains . These strains will tend to 

accumulate genetic mutations which are not compensated for by new genetic material 

introduced during sexual reproduction, which tends to make genomes of asexual 

organisms unstable (Taylor et aI. ,  1 999). It is also possible the prt3 gene may only be 

required during the sexual phase of growth, which could mean its function is no longer 

necessary in the asexual N. lolii strains. However, not all asexual N. lolii strains 

contained the single base pair deletion leading to truncation of the Prt3 protein. 

Although prt3 expression is up-regulated in planta, the level of expression is still 

relatively low (Section 3 .6) . The Prt3 orthologue in E. typhina, Atl ,  is a highly abundant 

protein in the leaf sheaths of E. typhina-infected P. arnpla (Lindstrom and Belanger, 

1 994). Using northern analysis, (Reddy et aI. , 1 996) showed that while the At]  transcript 

was readily detected in endophyte-infected Poa spp. grasses, transcripts of prt3 in 

grasses infected with N. lolii or E. Jestucae were at much lower levels. The results 

obtained in this study were consistent with these findings, with prt3 from E. Jestucae and 

N lolii expressed at relatively low levels in planta. Reddy et al. ( 1 996) suggested the 

differences in expression for the E. typhina A t ]  and E. Jestucae and N. lolii prt3 genes 

could be due to differences in gene regulation or to fungal biomass within the p lant. 

Expression of the N. lolii Lp 1 9  and E. Jestucae pr!3 genes were up-regulated during 

infection of L.  perenne cv. Nui compared to conditions in culture (Figure 3 .39) .  These 

findings were interesting because expression of the E. typhina Atl gene was not detected 

in the same host. Although the N. lolii Lp 1 9  prt3 gene produces a truncated product, it is 

expressed in culture, and as for E. Jestucae Fl l  prt3, the N. lolii Lp 1 9  prt3 gene appears 

to be up-regulated in planta. 

An interesting finding in this study was that when the E. typhina endophyte from 

P. arnpla was inoculated into L. perenne cv. Nui, A t] gene expression was not detected 

in culture or in planta by RT -peR (Figure 3 . 39).  This was despite the biomass levels of 

the E. typhina endophyte in L. perenne being higher than that of either E. Jestucae or 

N. lolii in the same host. This was due to an increase in the number of extracellular 
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hyphae on the leaf surface of  L. perenne infected with E. typhina (Appendix A1 5) ,  a 

finding consistent with the results seen for Poa sp. infected with a different E. typhina 

strain (M. Christensen, personal communication). This study suggests that AtI gene 

expression may be regulated differently in its natural Poa ampla host than it is when in 

an artificial association with L. perenne. Potentially, different nutritional environments 

or specific host factors between the two hosts affect the regulation of gene expression. 

This may be particularly relevant to researchers attempting to identify novel endophytes 

for grass pasture species. Often researchers have found that some artificial associations 

lead to incompatible interactions. Although the association between E. typhina PN23 1 1  

and perennial ryegrass was compatible, endophyte gene expression is obviously affected 

by host factors. 

The At 1 protease is not the only endophyte protein identified at high levels in the 

association between E. typhina and Poa ampla. Interestingly, the major protein produced 

in culture, a chit inase, is also found in apoplastic fluids of infected plants (Amiard et aI . ,  

2004). N-acetylglucosaminidase and � - 1  ,6-glucanases have also been detected (Li et aI. , 

2005 ; Moy et al., 2002). The fact that all of these proteins are found at relatively high 

levels in endophyte-infected P. ampla suggests differences in expression may be due to 

a difference in biomass levels. This difference could be experimentally determined by 

microscopy, or by using a real-time PCR approach similar to that described by Young 

(2005) .  

Analysis of sequence upstream and downstream of prt3 identified the ats I and gao I 

genes (Figure 3 . 1 5). These genes are not closely linked to each other or to a prt3 

homologue in the closely related species, F. graminearum. The atsI gene encodes a 

putative asparaginyl-tRNA synthetase. The gao 1 gene encodes a putative galactose 

oxidase, which oxidise primary alcohols and generates hydrogen peroxide (Whittaker, 

2003) .  All of the residues required for catalytic activity are conserved in the E. festucae 

Fl l  Gao 1 protein. Like other galactose oxidases, the Gao 1 protein contains a putative 

carbohydrate binding domain (Baumgartner, 1 998) and two putative Kelch domains 
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(Adams et aI. , 2000). In Fusarium, the two Ke1ch domains fonn a 7-fold beta propeller 

structure (Whittaker, 2003). 

6. 1 . 1 .4 The prt4 gene 

The prt4 gene was identified by degenerate PCR with pruners based on vacuolar 

proteases from other fungi (Figure 3 . 1 9). Fungal vacuolar proteases are involved in the 

recycling of macromolecules in the vacuole during autophagy (Pinan-Lucarre et aI. , 

2003 ; Takeshige et aI. , 1 992). The prt4 gene encodes a putative vacuolar protease 

belonging to subfamily 3 of proteinase K family. Phylogenetic analysis con finned that 

the Prt4 protein was closely related to other fungal vacuolar like proteases (Figure 3 .25). 

6. 1 .2 Kex2 is a member of the kexin family of subtilisin-like proteases 

The E. festucae F l l  kex2 gene was identified by screening of a genomic DNA cosmid 

library with a N lolii Lp 1 9  kex2 probe (Section 3 . 3) .  kex2 encodes a putative proprotein 

convertase of the kexin family of subtilisin-like proteases, with similarities to related 

sequences from F. graminearum, M grisea, N crassa and Aspergillus spp. Proteins that 

pass through the fungal secretory pathway, in particular the trans Golgi network, are 

potentially targets of kexins (Redding et al. , 1 99 1 ) .  As such, the proteins encoded by 

some of the genes identified in this study are potential targets of the E. festucae Fl l  

Kex2 protein. One potential example of  kexin processing identified in this study was the 

Gcnl protein, which shares a conserved kexin recognition site with related proteins from 

Neotyphodium sp . FCB2002 and T harzianum (Figure 5 .2,  recognition site KR at 

residues 39-40; Moy et aI., 2002). 

6. 1 .3 Regulation of expression of genes encoding subtilisin-like 
pro teases 

The expression of genes encoding subtilisin-like proteases in fungi is commonly 

regulated by carbon catabolite repression, nitrogen metabolite repression or pH. The 

global regulatory systems mediated by CreA or AreAlNit2 prevent expression of 

enzymes for utilising alternative carbon or nitrogen sources if preferred carbon or 
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nitrogen sources are available (Strauss et aI. ,  1 999; Tao and Marzluf, 1 999) . pH 

regulation is mediated by Pace, which activates gene expression of alkaline protease 

genes under alkaline conditions (Tilburn et aI., 1 995) .  Expression of some genes is 

induced by an external protein source. The regulation of expression of subtilisin-like 

protease genes is described in Table 6. 1 .  

Expression of the prlA gene from the entomopathogenic fungus M anisopliae is 

repressed in the presence of preferred carbon and/or nitrogen sources (St Leger et aI. ,  

1 992). pr 1 A is also pH regulated, with maximal gene expression at alkaline pH (St 

Leger et aI. , 1 998). Proteinaceous components of insect cuticle induce pr 1 A gene 

expression (Paterson et aI. , 1 994). Expression of the prbl gene from the mycoparasitic 

M. anisopliae pr1A ProtK sf 1 

T. harzianum Prb 1 ProtK sf 2 

Proteinaceous 
-V components of i nsect 

cuticle 
Ch iti n ,  fungal cell walls 

(if C and N derepr) 
Osmotic stress 

N dere 

amily or subfamily of fungal subtilisin like proteases based on (H u and St Leger, 2004) 
carbon catabolite repression, where the presence of glucose represses the expression of genes for 
utilisation of alternative carbon sources 

metabolite 

fungus T harzianum is also repressed in the presence of preferred carbon and nitrogen 

sources (Geremia et aI., 1 993 ; Olmedo-Monfil et aI. , 2002) .  If a preferred nitrogen 
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source is absent, expreSSIOn of prbl can be induced by chitin, fungal cell walls or 

osmotic stress (Olmedo-Monfil et al. , 2002). Expression of the A. oligospora PII gene is 
repressed in the presence of preferred carbon and nitrogen sources, but was induced by 

an external protein source (Ahman et al. ,  1 996) . 

The opilI and opic protease genes from the wood-staining Ophiostoma sp . fungi showed 

different regulation patterns (Hoffman and Breuil, 2004a) . opilI expression was not 

subject to carbon or nitrogen repression, but was expressed if the ambient pH was 

alkaline. The presence of  exogenous protein also induced opilI gene expression. The 

opic gene was subject to carbon and nitrogen repression, and was regulated by pH. If  no 

preferred carbon or nitrogen source was available, gene expression could be induced by 

exogenous proteins . 

Genes encoding vacuolar subtilisin-like proteases differed in their regulation. Expression 

of the pepC (Aspergillus niger), opU2 (0. piliferum) and psp2 (P. brassicae) genes were 

not repressed in the presence of preferred carbon and nitrogen sources or ambient pH, 

nor were these genes induced by an exogenous protein source (Hoffman and Breuil, 

2004a; Jarai et al. , 1 994 ; Keniry et al., 2002) .  However, expression of the vacuolar 

protease genes from S. cerevisiae and C. albicans were regulated in a different manner. 

Expression of the C. albicans CaPRBI gene was not repressed in the presence of 

glucose, but was repressed in the presence of a preferred nitrogen source (Orozco et al. , 

2002). CaPRB 1 expression was also induced by heat shock and by N-acetylglucosamine 

if glucose was absent. The S. cerevisiae PRBI gene was repressed in the presence of 

preferred carbon and nitrogen sources (Hofinan-Bang, 1 999; Moehle et al. , 1 987). 

The different regulation patterns observed with the extracellular and vacuolar subtilisin

like protease genes corresponds to their cellular functions. The extracellular subtilisin

like proteases are used by the cell to break down proteins to provide carbon and nitrogen 

sources to support growth. If preferred carbon and nitrogen sources are present, the 

fungus will utilise these sources first, and the protease genes will be repressed. When the 

preferred nutrient sources have been utilised, expression of the fungal protease genes 
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will be derepressed. Induction by exogenous protein acts to promote protease gene 

expression in the presence of the protease substrate . Subtilisin-like proteases are 

generally most active at neutral to alkaline pH. Regulation of gene expression by 

ambient pH allows the genes to be expressed under conditions where the encoded 

proteins are most likely to be active. Vacuolar proteases are likely to have a 

housekeeping function within the cell, by breaking down components of 

macromolecules within the vacuole. The constitutive expression of vacuolar protease 

genes in filamentous fungi is consistent with a housekeeping function of vacuolar 

proteases within the cell (Hoffman and Breuil, 2004a). 

Carbon, nitrogen and pH regulation of genes encoding subtilisin-like pro teases was 

correlated with the presence of CreA and AreA binding sites within promoter sequences 

(Cortes et aI. ,  1 998;  Screen et aI. , 1 997) . On the basis of this, CreA, AreA and Pace 

consensus binding sites were analysed in the untranslated regions upstream of the prtl, 

prt2, prt3, prt4, prt5 and kex2 open reading frames (Figures 3.6, 3 . 1 2 , 3 . 1 7 , 3 .24 and 

3 .29). The regions upstream of the prtl, prt2, pr!3, prt4 and prt5 genes all contain 

multiple sequence motifs that could potentially be bound by the CreA, AreA and PacC 

transcription factors. However, the role of potential transcription factor binding sites 

must be confirmed by experimental procedures such as DNA mobility shift assays. In 

addition, the effects of preferred carbon and nitrogen sources, pH and exogenous protein 

on expression of the prt and kex2 genes remain to be experimentally determined. 

Recognit ion site distribution and frequency suggests that the prt5, prt2, prt3, prt4 and 

kex2 genes may be regulated by carbon and nitrogen catabolite repression controlled by 

orthologues of the A. nidulans CreA and AreA proteins. The prt3 gene may also be 

regulated in response to ambient pH by an orthologue of the PacC protein. The prtl gene 

may be regulated in response to glucose by a CreA orthologue. 

Some genes that are up-regulated in planta are also induced by carbon or nitrogen 

starvation (Snoeijers et aI., 1 999; Solomon et aI., 2005; Talbot et aI. ,  1 993) .  In terms of 

endophyte growth, it is generally assumed the apoplast where the endophyte grows is 
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nutrient poor. Studies of different grass-endophyte systems have proved contradictory. A 

study by Bacon and White (2000) showed that endophyte infection has a significant 

effect of the host plant's  nitrogen metabolism, with the concentration of ammonium 

doubled in the leaf sheaths of infected plants. This situation is similar to that found by 

Solomon et al. (2003), who showed that the concentration of nitrogen sources in the leaf 

increased during compatible infections of tomato by Cladosporium fulvum. However, 

experiments by lohnson and Rasmussen (unpublished) have shown that free amino acids 

in endophyte-infected grass tissues are significantly reduced compared to uninfected 

tissues, suggesting that the endophyte may be growing in an environment that is 
relatively low in available nitrogen. This could have implications tor the regulation of 

subtilisin-like protease genes in planta if gene expression is derepressed in the absence 

of a preferred nitrogen source. 

The Seb I protein is a transcriptional regulator that is involved in, but is not required for, 

the response to osmotic response in Trichoderma a!roviride (Seidl et aI. , 2004) . In this 

study, the distribution of Sebl was studied in the promoters of the prt and kex2 genes. 

The distribution patterns of Seb 1 b inding sites in the prt5, pr!3 and kex2 genes suggested 

that these genes could be regulated by the Seb 1 transcription factor. However, the 

significance of these binding sites is unclear, as the function of Seb 1 homologues in 

other fungi has not been determined. In T. atroviride, the sebl gene was identified by its 

sequence similarity to the S. cerevisiae genes encoding the Msn2p/Msn4p proteins 

(Peterbauer et aI. , 2002) ,  which regulate gene expression in response to stress (Schmitt 

and McEntee, 1 996). However, although Seb 1 binds to the same sequence as 

Msn2p/Msn4p, it was not able to functionally complement a �msn2/4 mutant of S. 
cerevisiae (Peterbauer et aI. ,  2002) .  

MEME analysis (Bailey and E lkan, 1 994) also identified some sequence motifs that 

were present in the regions upstream of the pr! genes. While several of  these motifs are 

found in multiple copies in the promoters of several prt genes, the functional 

significance of these motifs is unclear. Again, DNA mobility shift assays using DNA 

fragments from the promoter containing particular MEME motifs and promoter deletion 
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analysis may provide an insight to any potential function of these motifs. Other motif

finding programs that are purported to be more sensitive than MEME have also been 

developed, which may be more accurate at finding motifs in the prt promoters (Down 

and Hubbard, 2005; Leung and Chin, 2005).  

Whole genome analysis would also provide clues to the abundance of these motifs in the 

promoters of other genes, potentially providing information about the function of these 

motifs. Comparative analysis, where the promoters of the E. festucae Fl l  prt and kex2 

genes are compared with the orthologous sequences from other Epichloe or related 

species, could help distinguish which motifs may be functional. Similar studies have 

been used to identify potential protein-binding motifs in S. cerevisiae and related 

Saccharomyces species (Kellis et al. , 2003).  

In this study, the expression of the prt and kex2 genes was compared in culture and in 

planta (Section 3 . 6) .  Due to biomass differences between the endophyte in culture and in 

planta, it was necessary to normalise the expression levels of a constitutively expressed 

gene between culture and symbiota samples to allow for this difference in biomass . The 

endophyte tub2 gene was selected as a constitutively expressed gene, and cDNA 

dilutions analysed by RT-PCR were compared for similar levels of tub2 expression 

(Figure 3 .37) .  

Analysis in E. festucae Fl l showed that expression of the prtl, prt3 and prt4 genes 

appeared to be up-regulated in planta compared to in culture (Figure 3 .38) .  Expression 

of the prt5, kex2 and prt2 genes were below the detection levels of the RT -PCR 

approach used in this study. The expression of the gcnl gene appeared to be unchanged 

between the two growth conditions. This study also confirmed that expression of  the 

ltmM gene is induced during growth in planta, but not during growth in culture, a result 

consistent with previous experiments performed by Young (2005) .  

Studies using a wider range of plant-endophyte associations confirmed the differential 

expression o f  the prtl and prt3 genes in symbiota of E. festucae Fl l with perennial 
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ryegrass, and in meadow fescue (Festuca pratensis) (Figure 3 .39) .  The prtl and prt3 

genes were also up-regulated in a symbiotum of N lolii Lp 1 9  and perennial ryegrass. 

However, the two genes appeared to be regulated quite differently in a symbiotum of an 

E. typhina strain (from Poa ampla) with perennial ryegrass. The prtl homologue in E. 

typhina was expressed at the same levels in culture and in planta, which differs to the 

increased prt] expression in planta that was observed for the N lolii/perennial ryegrass, 

E. /estucae/perennial ryegrass and E. /estucae/meadow fescue symbiota. Meanwhile, 

expression of the prt3 homologue Atl in the E. typhina strain was not detected either in 

culture or in planta. Expression of the prt2 gene was not detected in any of these 

endophyte strains either in culture or in planta. 

Some inherent limitations are present with this technique. Firstly, it is assumed that 

expression of the tub2 gene is truly constitutive, and that expression of the gene does not 

change when the endophyte grows in planta. This may not be true during growth within 

the plant. Analyses of arbuscular mycorrhizal symbioses have indicated that for these 

zygomycete fungi, tubulin gene expression is differentially regulated during growth in 

planta (Delp et aI. ,  2003 ; Rhody et aI. ,  2003). 

The expression differences observed between hyphae growing in culture and in planta 

may also be due to differences in nutrient availability. While the mycelia grown in 

culture are grown under rich conditions in potato dextrose broth, which contains plenty 

of glucose and amino acids, the hyphae growing in planta may have been growing in an 

environment with less available carbon and nitrogen sources. Experiments analysing the 

effect of various carbon and nitrogen sources on expression of the prt genes still need to 

be carried out to ensure differences in expression are due to growth within the plant 

rather than nutritional differences. There is some precedent for the expression of 

endophyte genes up-regulated in planta not being influenced by nutrient availability in 

culture. Expression of  the lo litrem biosynthetic genes, ltmG, ltmM and ltmK, is strong 

up-regulated in planta, but does not appear to be induced by a lack of nutrient 

availability in culture (Young et aI., 2005) . 
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The expression of  genes in culture is analysed at a particular stage of growth. Expression 

of  the prt and kex2 genes may vary during development and aging of fungal hyphae in 

culture. This is particularly important when comparing the express ion of genes in 

various endophyte strains. In this experiment, the E. typhina strains were grown for five 

days, E. festucae for seven days, and N. lolii for twelve days in an attempt to allow for 

the different growth rates of the strains and to isolate roughly equivalent amounts of 

fungal biomass. However, the earlier harvest of the E. typhina culture in particular may 

have meant that expression of some of the genes may not have been induced at this 

stage. For the prt3 homologue, At l ,  Reddy et al. ( 1 996) found that expression levels 

were higher in older cultures. 

6. 1.4 Genomic distribution of s ubtilisin-like proteases in filamentous 
fungi 

The genomes of filamentous fungi contain varying numbers of subtilisin-like proteases 

(Table 1 .2). While saprophytic fungi such as A .  nidulans and N. crass a contain only a 

few, some phytopathogenic fungi such as M grisea and F. graminearum contain large 

numbers of  subtilisin-like proteases (Hu and St Leger, 2004). However, the number of 

subtilisin-like proteases in a fungal genome does not necessarily correspond with fungal 

lifestyle, as the phytopathogenic fungi B. cinerea and S. sclerotiorum contain relatively 

low numbers of subtilis in-like protease-encoding genes (Table 1 . 2) . 

The distribution of subtilisin- like protease genes in fungal genomes suggests these genes 

have been duplicated and diversified in some lineages, but have been lost in other 

lineages (Hu and St Leger, 2004). However, genes encoding vacuolar subtilisin-like 

pro teases and kexin-like proprotein convertases are found in all fungal genomes 

sequenced to date (Table 1 . 2). This is probably a reflection of the specialised biological 

functions of the vacuolar and kexin-like proteases in macromolecule recycling in the 

vacuole and post-translational modification of secreted proteins. 

However, the numbers of genes encoding subtilisin-like proteases from the proteinase K 

family subfamilies 1 and 2 and the pyrolysin family are much more variable (Hu and St 
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Leger, 2004) . It has been suggested that extracellular subtilisin-like proteases from 

proteinase K subfamily 1 were originally found in Ascomycetes, and subsequent gene 

duplication and diversification resulted in the evolution of the proteinase K subfamily 2 

members based on the presence of subfamily 1 protease-encoding gene in the genome o f  

the yeast S. cerevisiae. Alternatively, these genes may b e  derived from duplication and 

diversification from the sequences found in the common ancestor of basidiomycetes and 

ascomycetes, with deletion of the subfamily 2 class in S. cerevisiae and deletion of  both 

the subfamily 1 and 2 c lasses in S. pambe (Table 1 .2). 

Based on the number of proteases present in fungi that are closely related to 

E. festucae Fl l ,  such as M anisapliae and F. graminearnm (Hu and St Leger, 2004), it is 

possible that more subtilisin-like protease-encoding genes are present in the 

E. festucae genome. Classes of particular interest are the proteinase K subfamilies l and 

2, and the pyrolysin family. The closely related M anisapliae, which like 

E. festucae is a member of the Clavicipitaceae, contains five and four genes respectively 

from the proteinase K subfamilies 1 and 2 classes respectively. This study identified 

three subfamily 1 and two subfamily 2 protease-encoding genes from the proteinase K 

family in E. festucae. 

Three protease genes each in F. graminearnm and M anisopliae encode proteins that 

group closely with the E. festucae and N. lalii Prt l proteins (Figure 3 . 1 8) .  The 

conservation of the three proteins across the two species suggests the E. festucae 

genome may also contain other sequences that are closely related to prtl.  Previous 

Southern analysis with N lolii genomic DNA appears to support this hypothesis (data 

not shown). The prt6 gene appeared to encode a homologue of the M anisopliae Pr 1 J  

protein, which is also a member o f  subfamily 2 from the proteinase K family. The prt2 

and prt5 gene products clustered closely with the Pr l I  and Pr l K  proteins respectively 

from M anisopliae. However, the prt3 gene products, while c lustering c losely with the 

E. typhina At 1 protease, did not cluster with a particular M anisopliae or other fungal 

protein within subfamily 1 of the proteinase K family. However, the conserved intron 
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structures of the pr!2 and prt3 genes may suggest these two genes have arisen within 

subfamily 2 by gene duplication followed by genetic divergence. 

Members of the pyrolysin family are common in the filamentous fungal genomes, 

especially in the genome of the phytopathogenic fungus M grisea. The role of these 

proteases in fungi is currently unclear. The pyrolysin-like proteases are characterised by 

the presence of a protease-associated (PA) domain, which may be associated with 

substrate binding and recognition. To date, the only functionally characterised pyrolysin, 

PoS 1 is from the basidiomycete P. ostratus, where it is associated with triggering a 

proteolytic cascade that regulates degradation of laccase isoenzymes involved in lignin 

degradation. Two genes encoding pyrolysin-like enzymes were identified in this study: 

the prt7 gene (from subfamily 2) ,  and the prt8 gene (from subfamily 1 ) . 

In this study, protease genes were identified in a very specific manner. The prt 1 and prt2 

genes were identified in a previous study, using probes amplified from N lolii Lp 1 9  

genomic DNA with primers designed based on the sequence of the At 1 gene from 

E. typhina (McGill, 2000) . These primers were designed to nucleotide sequences 

encoding conserved regions of the At l protein, but the primers were not degenerate. It is 

unclear why the At l homologue of N lolii Lp 1 9  (prt3) did not amplify using these 

primers. However, by amplifying N lolii Lp 1 9  genomic DNA using a different primer 

set based on the A tl nucleotide sequence rather than on conserved polypeptide 

sequences, pr!3, the AtI homologue was discovered and subsequently characterised in N 
lolii Lp 1 9  and E. festucae Fll  (Section 3 . 1 .3) .  The prt5 gene was only identified because 

of its proximity to the prt 1 gene in the E. festucae Fl l and N lolii Lp 1 9  genomes 

(Figures 3 .2 and 3 .3). 

The prt4 gene was identified by peR using degenerate primers designed to regions that 

were conserved in related vacuolar subtilisin-like proteases such as prl H (Section 3 .2) .  

However, the peptide sequences to which these degenerate primers were designed were 

not present in the extracellular subfamilies ( 1  and 2)  of the proteinase K family. This 

meant only the vacuo lar protease gene was likely to be amplified from the E. festucae 
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Fl l genome using these primers. The kex2 gene was identified based on an N lolii Lp 1 9  

sequence fragment (Section 3 .3) .  For both the prt4 vacuolar protease and kex2 kexin-1ike 

protease-encoding genes, only a single copy of each gene was expected in the E. 

festucae genome based on the distribution of related genes in other fungal genomes 

(Table 1 .2) .  

An alternative degenerate peR strategy was used to identify other subtilisin-like 

protease genes in the E. festucae genome (Section 3 .4) . Other subtilisin-like protease

encoding genes from E. festucae Fl l were amplified using degenerate primers designed 

to the most conserved protein regions surrounding the histidine and serine residues 

required for catalytic activity. Sequencing of some of the products amplified using these 

degenerate primers revealed the presence of the prt6, prt7 and prt8 genes encoding 

subt ilisin- like proteases in the E. festucae Fll genome. However, some of  the products 

amplified using these degenerate primers have not yet been characterised. At least two 

products are the size expected for the prt 1 gene and the prt2, prt3, and prtS genes. 

Sequencing of these products would confirm if any of the remaining products have been 

amplified from the subtilis in-like protease encoding genes identified in this study, or if 

they represent novel subtilisin-like protease-encoding genes. 

The chromosomal localisation of the prt genes and kex2 genes differed between the 

endophyte strains (Section 3 .5) .  As expected due to the proximity of the prtS and prtl 

genes, these two genes were found on the same chromosome in all the strains analysed. 

However, the distribution of the other prt genes and kex2 genes varied between strains. 

In E. festucae Fl l ,  prt 1, prtS, prt2 and prt3 genes were all on the same chromosome, or 

on chromosomes that were similar in size. prt4 and kex2 were located on different 

chromosomes to each other and to the chromosome containing the other prt genes. 

However, in N lolii, the prt2, prt3, prt4 and kex2 genes were all located on separate 

chromosomes to each other, and were not on the chromosome containing the prtS and 

prtl genes. In E. typhina PN23 1 1 , the prt2, prt3 and prt4 genes all appear to be on the 

same chromosome or a chromosome of similar size, with the prtS and prt1 genes on one 

separate chromosome and the kex2 gene on another separate chromosome. 
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The chromosomal distribution of the protease-encoding genes is important as it provides 

an insight into the evolution of the subtilisin- like gene family. Initially, the subtilisin

like protease gene family in fungi probably arose through successive gene duplications, 

followed by divergence of sequences and/or gene loss in some strains (Hu and St Leger, 

2004). Some classes of subtilisin-like protease genes diverged in function at an early 

time point in evolution. For instance, kexins (proprotein convertases) are common to all 

eukaryotes, suggesting these genes diverged from other subtilisin-like protease genes 

early during eukaryote evolution. Other genes may have arisen by more recent 

duplication and divergence (Hu and St Leger, 2004). 

6.2 HETEROLOGOU S EXPRESSION OF PRT1 AN D PRT2 I N  
EPICHLOE FES TUCAE F L  1 

Studies in other fungi suggest subtilisin-l ike proteases play important roles in fungal

host interactions. Based on these results, it was hypothesised that the Prt 1 and Prt2 

subtilisin-like proteases may affect the interaction of E. festucae with its host grass. The 

prtI and prt2 genes were selected for analysis based on their different patterns of 

regulation. While prt 1 is  expressed in culture and in planta, no prt2 expression has been 

detected (Section 3 .6) . This suggests the Prt l protein may be present in the symbiosis. 

The presence of the Prt2 protein in the grass-endophyte symbiosis, where it is not 

normally present, may perturb the fungal-host interaction. 

Many strategies have been used to identify the role of hydrolytic enzymes in fungal host 

interactions (Section 1 .  7). However, most of these strategies contain some limitations for 

characterising the role of subtilisin-like proteases in fungal-host interactions. While gene 

replacement is a commonly used technique to investigate gene function, this method 

may not be suitable for determining the function of subtilisin-like protease-encoding 

genes due to gene redundancy in fungal genomes (Table 1 .2). In E. festucae, the exact 

number of subtilisin-like protease genes within the genome is unknown. Sequential 

rep lacement of genes is often used to determine gene function where members of a gene 

family may be partially or fully redundant, as described for the TH! gene family in S. 
cerevisiae (Wightman and Meacock, 2003). 
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The creation of strains bearing multiple gene replacements can be both tedious and time

consuming. The primary organism used in this study, E. festucae Fl l ,  grows more 

slowly in culture than model fungi such as A. nidulans and N crassa. Protoplast 

regeneration after transformation is relatively slow, with hygromycin resistant 

transformants routinely growing for at least two weeks before becoming visible on 

plates. The frequency of homologous recombination resulting in gene replacement is 

relatively low. In addition, E. festucae is not genetically well characterised and 

auxotrophic strains that enable the use of nutritional selectable markers have not yet 

been developed. Only two selectable markers are in regular use in E. festucae, one of 

which confers hygromycin resistance, the other of  which confers genetic in resistance. 

While replacements in two genes could be constructed, selectable markers would need to 

be recycled if more gene replacements were to be performed. The Flp and Cre 

recombinases have both been used to excise selectable markers from fungal genomes so 

they can be reused to replace other fungal genes (Fickers et aI. , 2003;  Guldener et aI. , 

1 996; Iwaki and Takegawa, 2004; Toh-e, 1 995) .  The Flp and Cre recombinases both 

catalyse the recombining of DNA at particular target sequences, so if the marker is 

flanked by these target sequences, the recombinases can effectively excise the marker 

DNA. 

Functional analysis of protease-encoding genes by gene replacement has had mixed 

success in fungi. In the wood rot fungus O. pilijerum, deletion of the albin gene 

encoding the major protease activity produced by the fungus resulted in significant loss 

of protease activity and reduced growth rates on BSA and on wood (Hoffman and 

Breuil, 2004b) . However, in F. oxysporum, deletion of the prt1 gene, which appeared to 

be expressed constitutively in low levels both in culture and in planta, did not result in 

any detectable changes in proteolytic activity or in pathogenicity, virulence or host 

colonisation (Di Pietro et aI. ,  200 1 ) .  The presence of unrelated enzyme activity can also 

complicate analysis of the phenotype of strains with deletions. Gene replacements in 

protease-encoding genes from fungi such as S. nodorum and C. carbonum have shown 
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that the presence of multiple protease activities complicates study of the phenotype 

(Carlile et aI., 2000; Murphy and Walton, 1 996) . 

As an alternative approach, an RNAi approach could have been used. It is possible to 

silence two genes simultaneously using chimeric RNA molecules that form hairpin 

structures in fungi (Fitzgerald et aI. ,  2004). While this method may be useful for 

determining the function of two genes simultaneously, the RNAi method has the same 

limitations of the gene rep lacement in determining gene function in gene families, 

especially where there are many family members. 

A strategy resulting in increased expression of subtilisin-like protease genes has been 

successful in identifying the function of subtilisin- like proteases in the interactions of the 

insect pathogenic fungus M an isop liae , the mycoparasitic fungi T. harzianum and T. 
virens and the nematode pathogenic fungus A. oligospora (Ahman et aI. , 2002; Flores et 

aI., 1 997; Pozo et aI., 2004; St Leger et aI. ,  1 996c) . Over-expression of genes encoding 

subtilisin-like proteases in these fungi was clearly detrimental to the host for all of these 

fungi, indicating these pro teases play roles in the pathogenesis or virulence of these 

fungi toward their hosts. 

Over-expression has advantages over the gene replacement and RNAi methods because 

an increase in activity is being studied, rather than a loss of activity. The phenotype from 

a loss of activity may be difficult to analyse, as it may be masked by the presence of 

other related activity that may partially or fully compensate for this loss. However, the 

phenotype resulting from over-expression is not masked by other similar activities that 

are present . Although this technique has an advantage over gene replacement in terms of 

detecting a phenotype, there are some disadvantages. Over-expression of a particular 

protein may be harmful to cells, which can cause defects in growth or even cell death. In 

addition, over-expressing a gene may result in abnormal distribution of proteins within 

the cell. Localisation in a particular subcellu lar compartment may be required for the 

normal activity of a protein. If  the protein is over-expressed, it might also accumulate in 

other subcellular compartments where activity may change or be lost. 
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In light of the results obtained in other functional analyses of  pro teases, the decision was 

made to analyse the function of E. Jestucae Fl l prtl and prt2 in symbioses with 

perennial ryegrass. The prt 1 and prt2 coding regions (containing introns) were expressed 

under the control of the gpdA promoter from A. nidulans or the ItmM promoter from 

E. Jestucae Fl l (Section 4. 1 ). The gpdA promoter was previously shown to drive 

constitutive expression of  the uidA reporter gene in planta (Saunders, 1 997). The ItmM 

promoter controls expression of a lolitrem biosynthetic gene that is induced and highly 

expressed during growth in planta, but is expressed at very low levels, if at all, in culture 

(Young et aI., 2005).  

The copy number of the transgenes inserted into the genome of transformants varied 

markedly between different strains (Section 4 .2). As circular DNA was used for 

transformation, integration into the E. Jestucae Fll  genome could occur at any point 

within the vector DNA. A Southern approach was used to determine how many 

transgenes had inserted into the E. Jestucae Fl l  genome with the prt 1 or prt2 coding 

regions were still intact. The copy number for intact prt 1 or prt2 transgenes varied 

widely between the strains. While some transformants contained only one intact copy, 

others contained more than twenty intact copies. 

In culture, RT -peR analysis showed that the prtl and prt2 genes were expressed under 

the control of the gpdA promoter in strains transformed with e ither the PgpdA-prtl or 

PgpdA-prt2 transgenes respectively (Figure 4.7). These analyses were particularly useful 

for prt2, where gene expression had not previously been detected either in culture or in 

planta. The fact that the prt2 transgene was expressed and spliced to create an mRNA 

that creates a functional protein suggests prt2 expression has not been detected due to a 

strong repressible element in the prt2 promoter or to a lack of a suitable transcription 

start site. cDNA sequencing also indicated the intron in the 5 '  untranslated region of the 

gpdA gene that was fused to the prt2 gene is spliced out during RNA processing in the 

same manner as in A. nidulans (results not shown). 
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No expression of the prtl or prt2 genes under control of the ItmM promoter was detected 

in culture. This result was expected because the wild type ItmM gene is expressed at 

either undetectable or detected at very low levels in culture (Young, 2005 ; Young et al. , 

2005) .  However, this analysis may need to be repeated, as one of the primers used in this 

study, 101 107, may anneal within the promoter region rather than in the 5 '  untranslated 

region of the ItmM gene. 

As the prtl and prt2 transgenes were expressed under the control of the gpdA promoter 

in all transformed strains containing these constructs in culture, it was expected the 

expression of these transgenes would also be detected in planta, as the gpdA promoter is 

meant to drive constitutive gene expression. However, no expression was detected for 

the PgpdA -prtl transgene in plan ta, and only two strains expressed the PgpdA -prt2 

transgene in planta (Figures 4 .8  and 4.9) .  As the !tmM gene is strongly induced in 

culture, it was also expected that the PltmM-prtl or PltmM-prt2 transgenes would be 

strongly expressed in transformants containing these constructs. However, only three of 

the P ItmM-prt 1 transformants and one of the P !tmM-prt2 transformants showed evidence 

of prt 1 or prt2 transgene expression. 

In these experiments, differences between strains that did or did not express the 

transgenes in p!anta could not be explained by the number of intact copies. Potentially, 

the lack of  transgene expression in some strains could be explained by two means. 

Firstly, posit ional effects could suppress the expression of some of these constructs in 

planta. Transgenes may have inserted in genomic regions where the chromosome is 

maintained as heterochromatin, and is not available for gene expression. Constructs may 

also have inserted near regions that suppress the endophyte gene expression during 

growth in planta. Secondly, gene silencing may be taking place in some strains . In N. 
crassa, transgenes are silenced during vegetative growth by a reversible post

transcriptional gene silencing phenomenon called "quelling" (Cogoni et al. , 1994; 

Romano and Macino, 1 992) .  A similar mechanism may have silenced expression of the 

transgenes introduced during this study. 
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No significant differences were detected between wild type and transformant strains 

during growth in planta (Section 4.4). The transformant hyphae grew between the host 

cells with infrequent branching in the same manner as wild type hyphae. Epiphytic 

hyphae also appeared for both wild type and transformant strains. These results were 

expected as most of the transformants strains did not express the transgenes in planta. 

However, the analysis of fungal growth in planta was very limited, with only the leaf 

sheath tissues studied. Different hyphal phenotypes may be observed in other host 

tissues such as meristematic zones, developing inflorescences and leaf blades. None of 

the associations resulted in stunting of the host grass, a phenotype that has been 

observed in some other associations (Zhang, 2004). 

6.3 FUN CTION OF TH E E. FES TUCAE FL 1 GCN1 G E N E  

In mycoparastic fungi, P- l ,6-glucanases act synergistically with other enzymes to 

degrade fungal cell walls. However, related P- l ,6-glucanases have also been identified 

in plant pathogenic fungi such as F. graminearum and S. nodorum, saprophyt ic fungi 

such as A. nidulans and also in a Neotyphodium sp. grass endophyte. While the ro le of p -

1 ,6-glucanases in  the interaction of mycoparasitic fungi with their hosts i s  obvious, it is 

unclear what function these glucanases may have in fungi that do not rely on 

mycoparasitism. In this study, it was hypothesised that the Gcn l  P- l ,6-glucanase played 

a role in the interaction of E. Jestucae Fl l  with its grass host. 

The gcn 1 gene was first identified in the ON A located 3 '  to the end of the N. lolii Lp 1 9  

prt2 gene (Section 3 . 1 .2). Sequenc ing confirmed that gcnl was also located directly 

downstream of the prt2 gene in the E. festucae Fl l genome. The major difference in the 

gene arrangement between the two strains was a 406 bp insertion in the prt2 -gcnl 

intergenic region in E. festucae Fll  compared to N. lolii Lp 1 9  (Figure 5 . 1 ) .  

The E. festucae Fl l  and N. lolii Lp 1 9  Gcnl proteins were 99.3% identical to each other, 

with three amino acid changes at 76 (Fl l R>Lp 1 9  M), 248 (Fl l A>Lp 1 9  C) and 373 (Fl l  

Q>Lp 1 9  K) (Figure 5 .2). The proteins were also very similar to the P- l ,6-glucanase 
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from Neotyphodium sp. FCB2002 (Moy et aI., 2002) .  SignaIP3 .0 analysis showed that 

the Gcnl proteins appear to contain signal peptides of  1 7  amino acid residues. This 

corresponds with the predicted signal peptides of the Neotyphodium sp. �- 1 ,6-glucanase 

and the T. harzianum BGN 1 6.2 protein. Another feature also conserved with the 

T. harzianum BGN 1 6 .2 was the presence of a kexin recognition site (KR) at residues 39-

40. The Kex2 cleavage site in T. harzianum was confirmed by N-terminal sequencing of 

secreted BGN 1 6 .2, which started at residue 41 of the BGN 1 6.2 preproprotein (Lora et 

aI., 1 995).  Kexins (such as the enzyme encoded by kex2) digest proteins on the carboxyl 

terminal side of a dibasic peptide motif, such as KR, KK or RR (Henrich et aI. , 2005) .  

Kexin recognition motifs were conserved in BGN 1 6.2,  Bgn3 and the three endophyte �-

1 ,6-glucanases, but not in  the VfGlu1 protein (Amey et  at , 2003 ; Kim et  aI. , 2002; Lora 

et aI., 1 995). Together, this data suggests the Gcnl proteins are synthesised as 

preproproteins. The signal peptide would be removed from the preproprotein by signal 

peptidase in the endoplasmic reticulum, before a second proteo lytic processing mediated 

by Kex2 in the Golgi body. 

All three endophyte �- 1 ,6-g1ucanases contain the conserved IEVLNEP catalytic 

signature, where the glutamic acid residues (shown in bold) are probably critical for 

catalysis (Lora et aI. , 1 995). Phylogenetic analys is showed that the E. festucae Fl l and 

N. lolii Lp 1 9  Gcn 1 proteins were members of glycosyl hydrolase family 5 (Figure 5 .3) .  

Other members of glycosyl hydrolase family 5 include the endo-�- l ,6-glucanases such 

as the Trichoderma spp. BGN 1 6.2 and Bgn3, exo-�- 1 ,3-g1ucanases and endo-�- 1 ,4-

glucanases. 

Expression of the gcnl gene was detected at approximately the same levels in culture 

and in planta (Figure 3 .38) .  However, much further analysis needs to be conducted to 

determine factors regulating expression of the gcnl gene. In Neotyphodium sp. 

FCB2002, production of �- 1 ,6-glucanase gene was induced by the �- 1 ,6-glucan 

pustulan. Analysis of the prt2-gcnl intergenic region revealed five CreA binding sites 

and five Nit21 AreA binding sites. Expression of the related BGN 1 6.2 gene was repressed 

by glucose in T. harzianum, suggesting that gcn l expression could be regulated in a 
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similar manner. However, the degradation of � - l  ,6-glucan produces glucose. Lora et al 

( 1 995) suggested degradation of pustulan by � - 1 ,6-glucanases will produce glucose, 

which may in turn repress gene expression. No PacC motifs were identified in the prt2-

gcnl intergenic region, suggesting the gcnl gene is not subject to PacC-mediated pH 

regulation. However, the prt2-gcnl intergenic region did contain multiple copies of the 

STRE element CCCCT, associated with expression under stress conditions in yeast 

(Peterbauer et al. ,  2002) .  Based on these findings, it would be interesting to study the 

expression of gcnl in the presence of  pustulan, under carbon limitation and stress 

conditions. 

Homologues of the gcnl gene in other fungi are associated with mycoparasitism, with 

the VfGlul and BGN 1 6.2 proteins implicated in antifungal activity. The BGN 1 6.2 

protein directly degrades S. cerevisiae cell walls, and can act synergistically with other 

cell wall degrading enzymes such as chitinases to degrade the cell walls of filamentous 

fungi (De la Cruz et al. , 1 995). The BGN I 6.2 protein also inhibits growth of B. cinerea 

and G. fujikuroi. Deletion of VfGlul reduced V. fungicola growth on chit in, and reduced 

chitinase activity (Amey et aI. , 2003) .  It is unclear why deletion of the VfGlul,  encoding 

a putative � - 1  ,6-glucanase, affects growth on chitin, a polymer of � - 1  ,4-linked N-acetyl

D-glucosamine. However, the synergistic action of BGN I 6.2  with chitinase (De la Cruz 

et al. ,  1 995), may suggest that the VfGlu l protein could degrade the � - 1 ,6-glucan 

attached to chit in in the fungal cell wall, thus making the remaining chitin po lymer 

easier to access for chitinases. 

This study represents the first attempt to characterise the function of a putative �- 1 ,6-

glucanase from a fungus that is not mycoparasitic . In order to characterise the role of the 

gcnl gene in fungal growth in culture and during grass infection, the gcnl gene was 

replaced by an hph cassette conferring hygromycin resistance (Section 5 .2) .  The rate of 

gene replacement by homologous recombination was relatively high, with 1 0% of 

transformants screened containing a gene replacement . The use of large 2 .8  kb flanking 

fragments probably contributed to the high efficiency of homologous recombination. 
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Southern blotting confirmed that two transformants contained one copy of the gcnl : :hph 

construct that had replaced the wild type gcnl gene. 

E. Jestucae F l l  f1gcnl strains were indistinguishable from wild type and ectopic 

gcnl : :hph strains when grown on a complex media such as potato dextrose agar (PDA) 

or on a media containing glucose (Section 5 .2 .2) .  However, when grown on plates 

containing the � - 1 ,6-g1ucan pustulan, clear differences in growth were seen between the 

f1gcnl strains and the wild type and ectopic gcnl : :hph strains. Although the I1gcn l 

colonies were a similar diameter, they lacked the aerial hyphae seen in the wild type and 

ectopic strains . The submerged hyphae that are present for the f1gcnl strain are sparsely 

distributed. Deletion of the gcnl gene also led to the loss of the major � - l  ,6-glucanase 

activity produced during growth on pustulan. Both I1gcnl strains grown on pustulan did 

not produce the large halo of degraded � - l  ,6-g1ucan identified by Congo red staining for 

the wild type and ectopic strains. 

A possible explanation for the lack of aerial hyphae in I1gcnl strains may be that in these 

colonies, vegetative hyphae could not differentiate to fonn aerial hyphae due to a lack of 

available carbon during growth on pustulan. However, in other fungal species, carbon 

starvation is known to lead to the production of aerial hyphae and conidia. However, the 

induction of conidiation by carbon starvation in E. Jestucae F l l  has not been studied. 

The media used in this study did contain 0. 1 % yeast extract, which probably provided 

some carbon to support fungal growth. 

Some residual � - 1 ,6-glucanase activity that is unrelated to Gcnl may still be present in 

the endophyte. In the fungus T. harzianum, three different unrelated � - 1  ,6-g1ucanase 

activities have been identified. However, of  these three activities, BGN 1 6.2 (the T. 
harzianum homologue of Gcn l )  is the most effective at degrading pustulan. The 

possibility of  residual �- l ,6-glucanase activity in the I1gcn 1 strain is supported by the 

presence of a hydrolytic halo around the I1gcnl strains that have been incubated on 

pustulan for a pro longed time. The residual f3 - 1 ,6-glucanase activity may still degrade 

pustulan to support fungal growth. 
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Further work is needed to confIrm the source of any residual 13- 1 ,6-glucanase activity in 

the �gcnl strains. Two approaches could be used to detennine this: a protein activity 

approach, or a gene expression approach. If extracellular proteins were collected from 

the culture supematant during growth on pustulan and separated using SOS-PAGE, 13-

1 ,6-glucanase activity can be determined by incubation with a replica gel containing 

pustulan following renaturing of the proteins in the polyacrylamide gel (Soler et aI. , 

1 999) . A more sensitive method to detect activity was also suggested by Soler et al 

( 1999) , with the incubation of extracellular proteins separated by isoelectric focusing 

(IEF) with solubilised pustulan followed by detection of released reduced sugars with 

2,3,5-triphenyltetrazolium chloride. These protein-based methods should ensure all 13 -

1 ,6-glucanases induced during growth on  pustulan are detected. 

Of the three known l3- l ,6-glucanases, DNA and protein sequences are currently only 

available for the BGNI6.2 and for two of the BGNI6.3 (known as P I  and P2 

respectively) genes (Lora et aI. , 1 995; Montero et aI. , 2005) .  To date, no sequence is 

available for the BGN 1 6. l gene, which encodes a basic l3- l ,6-glucanase (de la Cruz and 

Llobell, 1 999). A degenerate peR approach based on the BGN 1 6.3-encoding P I  and P2 

genes and related genes such as N. crassa negl could be used to identify if a related 

gene is present in the E. festucae Fll genome. RT -PCR could be used to identify if a 

gene encoding a glycosyl hydrolase family 30 �- 1 ,6-glucanase was expressed in both the 

wild type and �gcnl strains during growth on pustulan. 

Complementation of the �gcnl phenotype by the wild type or ectopic strains was seen in 

some instances (Section 5 .2 .2) .  However, complementation was only detected after 

prolonged growth when �gcnl hyphae were grown in very c lose proximity to the wild 

type or ectopic strains. Near the interface between the colonies, �gcnl colonies 

produced some aerial hyphae, although not at the level of the wild type strain. On the 

other side of  the �gcnl colony, where hyphae were not in close proximity to wild type 

or ectopic strains, no complementation of the �gcnl phenotype was observed. 
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To confirm the phenotype o f  the gcnl strains was so lely due to deletion of the gcnl 

gene, genetic complementation of the MM20. I S  f).gcnl strain was performed (Section 

S .3) .  The f).gcnl strain was co-transformed with pMM44, which contains the complete 

gcn 1 gene and the S '  region of the cycl gene, and pII99, which contains the nptll gene 

that confers genetic in resistance. Transformants were screened by PCR and for 

complementation of the f).gcn l growth defect on pustulan p lates. Co-transformation with 

pMM44 and pII99 restored P- I ,6-glucanase activity and the f).gcnl growth defect on 

pustulan plates for 19 of the 20 transformants analysed. The phenotype of the geneticin

resistant complemented strains grown on pustulan varied, with phenotypes ranging from 

small dense colonies with large halos of pustulan degradation to a phenotype that 

resembled wild type, with only a moderate zone of pustulan degradation. The one 

geneticin-resistant strain tested that did not degrade pustulan showed a similar 

phenotype to the f).gcn l strain, with a lack of aerial hyphae and a much larger colony 

diameter . 

The differences seen between the pustulan degrading complemented strains could be due 

to a number of factors. Firstly, it should be noted that the copy number of  the constructs 

inserted into each strain has not been determined. Therefore, differences in phenotype 

between the complemented strains could be due to a variation in gcn l copy number. 

However, the integration sites of the pMM44 plasmid in the E. festucae genome may 

affect gcn 1 expression. 

Complemented strains where pustulan hydrolysis was detected early ( i.e. after 2 days) 

and that produced large hydrolytic zones tended to produce quite small, dense colonies 

with many aerial hyphae. Potentially, two explanat ions could explain this phenotype. 

Firstly, the overproduction of glucanase may be detrimental to fungal cell wall 

formation, which could reduce growth rate and colony size. However, the dense and 

small colonies for these strains were similar to colonies grown in glucose, which could 

suggest the availability of glucose affects colony morphology of the 

E. festucae FI l .  Strains over expressing glucanases will break down more pustulan into 

glucose, so the compact colony morphology could be due to increased glucose 
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availability. In S. cerevisiae, S. pombe and A.  nidu/ans, glucose activates the cAMP

PKA signalling pathway (Hoffinan, 2005; Lafon et aI. , 2005; Thevelein et aI. , 2005). 

Activation of the cAMP signalling pathway by addition of exogenous cAMP in A. niger 

(Oliver et aI., 2002) results in a reduction in radial growth that is similar to that observed 

for strains overproducing Gcnl .  This may suggest that when these strains are grown on 

pustulan, they degrade more pustulan to produce higher glucose levels than wild type 

strains. These high levels of glucose could increase the levels of cAMP, resulting in 

activation of the cAMP pathway, which may in turn inhibit radial growth. 

Secondly, the phenotype of these strains could be affected by altered expression of  the 5 '  

region o f  the cycl gene. As the Cyc I protein i s  thought to be a part o f  the CTD kinase 

that affects RNA polymerase, potentially an altered Cyc 1 protein could affect the CTD 

kinase complex, potentially affecting gene expression within the organism. 

Strains over expressing the gcnl gene may also be more effective at inhibiting the 

growth of phytopathogenic strains compared to wild type or !1gcnl strains. Although the 

gcnl gene is expressed in culture and in planta, higher levels of gcn 1 expression may be 

induced by the presence of P- l ,6-glucan (Moy et al. ,  2002). This might suggest that in 

the presence of fungal cell walls containing p - l ,6-glucan, the gcnl gene could be 

induced at higher levels in some of the complemented strains than in wild type strains. 

Growth inhibition studies with strains with high levels of  gcnl expression could 

potentially provide an insight into the role of P- l ,6-glucanase activity against other 

fungal species. 

The phenotype of endophyte hyphae during grass infection for the !1gcnl strains was 

compared with that of wild type E. festucae FH and the ectopic !1gcnl : :hph strains. No 

differences in hyphal growth were observed between the strains. However, the analysis 

was only conducted in epidermal peels of infected grass leaf sheaths. Phenotypic 

differences between the !1gcnl and wild type strains may be observed in other infected 

plant tissues, such as the meristematic zone, leaf blade or developing and mature 

inflorescences. As no phenotypic differences in colony morphology were observed 
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between !:!.gcn l and wild type strains when colonies were grown in PO agar or media 

containing glucose, perhaps no phenotypic differences should be expected between the 

!:!.gcn 1 and wild type strains during growth in planta. In previous studies of the phloem 

sap of the grass L. perenne, the major carbohydrate identified was sucrose (Amiard et 

aI., 2004). The endophyte tends to be at highest concentrations in grass s ink tissues i. e. 

where phloem unloading takes place. Based on this, it is expected the endophyte would 

grow in an environment where sucrose is the major available carbon source. In this 

environment, the hyphal growth of !:!.gcnl and wild type strains should be similar. 

The phenotype of strains over expressing gcnl has not yet been determined in planta. 

However, it may be interesting to determine if these strains still grow normally in 

planta. In culture, strains overproducing the Gcn1 protein did not appear to grow 

differently in the complex PO agar medium. Based on these results in culture, it may be 

that no difference is seen in the phenotype of the gcn l over expressing strains in planta. 

However, phenotypic differences between the !:!.gcnl ,  wild type and gcnl over 

expressing strains may be observed when symbiota are challenged by phytopathogenic 

fungi that contain 13- 1 ,  6-g1ucan in their cell walls. One means o f  assessing the possible 

induction of gcnl in planta in response to attack of the host by phytopathogenic fungi 

could be to involve the use of symbiota containing E. jestucae Fl l  transformed with a 

Pgcn l-uidA reporter gene construct. 

The E. Jestucae !:!.gcnl strain created in this study is a valuable tool in assessing the 

function o f  J3 - 1 ,6-glucanases in fungi that are not mycoparasitic. However, further 

experiments must be carried out to analyse the role of the gcnl gene during growth in 

planta. In order to conduct these studies, the phenotype of the !:!.gcn 1 endophyte hyphae 

must be analysed throughout the symbiota life cycle (as described in Figure 1 . 1 ). 

Expression of the gcnl  gene in different host tissues is currently being analysed in 

symbiota with fungal transformants containing the Pgcnl-uidA reporter construct (May 

and Bryant, unpublished results). The effect of gcnl deletion or over-expression on the 

interaction of the symbiota with other fungi remains to be determined. 
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A1 : Restriction maps 
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Appendix A 1 . 1 Vectors for general use 

A1 . 1 . 1  pFunGus 

A1 . 1 .2 pAN7-1 

Hindl l l  

Pstl 

pFunGus 
5495bp 

Sal 

BamH 

Sstl 

EcoRI 

EcoRI 

pAN7.1 
6756bp 

"""-
S a i l  �'ORI 

BamHI 
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Appendix A 1 . 1 Vectors for general use 

A1 .1 .3 phGFP2 

A1 .1 .4 pll99 

EcoRI 

Hind l l l  

phGFP2 
5644bp 

H ind" l 

Ncol 

I 

EcoRI 

11I-/)" 

p l l99 
5249bp  

Ncol 

Ps!1 
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Appendix A 1 . 1 Vectors for general use 

A1 .1 .S pPN1 688 

A1 .1 .6 pUC1 1 8  

212 

EcoRI 

M1 .,. ... � 
pPN1 688 
4572bp 

�"r!j-

pUC 1 1 8  
3731 bp 

Hindlll 

�Jcol 

S p h l  

EcoRI 



Appendix A 1 . 1 Vectors for general use 

A1 .1 .7 pXZ56 

Hindlll 
PsII 

A1 . 1 .8 pGEM-T Easy 

Hindll l 

pXZ56 
821 1 bp 

"GEM ·T Easv 
Vector 

(30 1 '-bp) 

Xbal Sstl 
Hindl l l  Pstl 

H t 
;\pa l  
Aal l t  S,oh l  
BslZ I 
Nco I 
8s Z I 
Arm I 
$de ll 
EcoR I 

1 
St t 

1 4  
20 
2 
3 
37  
43  
43 
49 
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Appendix A 1 .2 prt1 vectors 

A1 .2.1 pMM2 

Sai l  

Xhol 

A1 .2.2 pMM3 

2 14  

EroRI 

p M M 2  
5977bp 

\ \CORI 
Sstl 

EcoRI 

M 1 3  � 
p M M 3  

5 0 1 2 b p  

Sai l  ,/ 



Appendix A 1 .2 prt1 vectors 

A1 .2.3 pMM4 

A 1 .2.4 pMM51 

Xhol 

pMM4 
4680bp 

Sstl 

BamH 

S a i l 

PsI! 

1 1  

EcoRI 

Ssl! EcoRI  

Sstl 
-

Sail 

BamHI 

Sail 

Hindlll 

PsI! 
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Append ix A1 .3  prt2 vectors 

A1 .3.1 pMM7 

A1 .3.2 pMM44 

2 1 6  

Spill 

KflIll 
Ncol 

Pstl 

EcoRI 

Sstl 

KflIll 

BamHI 

Kpnl 

)(bal 

BamHI 

Xbal 

Sail 

Spill 

Hindlll 

Sstl 

BamH 

pMM44 
7795bp 

BamHI 

Sstl  



Appendix A1 .4 kex2 vectors 

A 1 .4. 1 pMM65 

EcoRI 

Sstl 

BamHI 

bal 

Sail 

Pstt 

5phl 

55tl 

, 

� \ 
EcoRI 

Sstl BamHI 5stl 

Sail 

Pstl 

BamHI 

Sail 

Appendix A 1 .5 Other genomic sequences 

A1 .S.1 ltm cluster 1 from E. festucae FI1 

Rua 

I 

1 1  • •  1 1 1111 11 

4K 

101 07 

101238 10128 

-
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Appe n d ix A 1 .5 Othe r genomic seq uences 

A1 .S.2 The E. festucae FI1 tub2 gene 

T 1 . 1  

A1 .S.3 The A. nidulans gpdA gene 

�
�_M_6_9

� 

______ �Pg_P_d�A ____________ ���i __ " __ _ 

300 600 900 1 200 1 500 1 800 2 1 00 2400 2700 3000 3300 3600 3900 

• 
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APP E N D IX 

A2 : Comparison of E. festucae and N. lolii sequences 
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A2 . 1  Comparison o f  the E. festucae F I 1  a n d  N. lolii Lp 1 9  prt5 a n d  prt1 

sequences 

Alignment of the nucleotide sequences of the E. festucae F I 1  and N. lolii Lp 1 9  prt5 and prt1 
sequences. Non-codi ng sequences such as i ntergenic sequences and i ntrons are shown in  
lower case letters. Coding sequences are shown in u pper case letters. Identity between 
E. festucae FI1  and N. lolii Lp 1 9  in intergenic sequences, coding sequences and i ntrons is 
ind icated by grey, black and yellow shading respectively. The positions of the transl ation 
init iation and termination codons of the genes are identified by green and red boxed arrows 
respectively. Exons and introns are labelled at the beginn ing of the relevant sequence by 
green and yel low boxes respectively. The (YTT)4(YA) 13 m inisatell ite is  indicated by dark 
green shad ing. The Lp1 9  m inisatel l ite sequence is i nd icated by a green border. Red borders 
indicate d irect repeats surrounding the Lp 1 9  mi nisatell ite sequence. 

Lp1 9 1 5 9  
F l l  8 4 1  9 0 0  

Lp1 9 6 0  gcgctccccaacggcctcggggagtttccgagcttcttcgtgtatcgacttatctattc 1 1 9  
F l l  9 0 1  9 6 0  

Lp 1 9  1 2 0  1 7 9  
F l l  9 6 1  1 0 2 0  

Lp 1 9  1 8 0  2 3 9  
F l 1  1 0 2 1  1 0 8 0  

Lp 1 9  2 4 0  2 9 9  
F l l  1 0 8 1  1 1 4 0  

Lp1 9 3 0 0  cggctggttgt catggcgattgct ccctcccctcctgggtctagcctcgtttagggagg 3 5 9  
F l l  1 1 4 1  c99ctg9ttgtcgatggcgattgctccctc cctcct ggtctagcctcgt tagggagg 1 2 0 0  

Lp1 9 3 6 0  taatggtcatccggggccatgt tgtaggc aatgtaggcaatcacgcaatgtaggcgacg 4 1 9 
F l 1  1 2 0 1  taatggtcatcc gggcc atgttgtaggcaatgtaggcaatcacgcaatgtaggcgacg 1 2 6 0  

Lp1 9 4 2 0  ccccgcgacacggccgagaaga acgcatgttatcgtacgtgtgggtgcacgcggacaaga 4 7 9  
F l l  1 2 6 1  cccc cgacacggccgagaagaacgcat ttatcgtacgtgtgggtgcacgcggacaaga 1 3 2 0  

Lp1 9 4 8 0  ttgccgttgatctgcgcctaaccgtctggttcagggaggagtccggaggacaacgagat 5 3 9  
F l l  1 3 2 1  ttgccgttgatctgcgcc taaccgt ctggttcagggaggagtccggaggacaac a at 1 3 8 0  

Lp1 9 5 4 0  5 9 9 
F l l  1 3 8 1  1 4 4 0  

Lp1 9 6 0 0  tcttgggtctgggt tgccaacttgc tagt aacctaccagtaccgacgacggaacggtgg 6 5 9  
F l 1  1 4 4 1  tcttgggtctgggt tgccaact tgctagt aacctaccagtaccgacgacggaacggtgg� 1 5 0 0  

Lp 1 9  6 6 0  7 1 9  
F l l  1 5 0 1  1 5 6 0  

Lp 1 9  7 2 0  7 7 9  
F l l  1 5 6 1  1 6 2 0  

Lp 1 9  7 8 0  aattggattccaaggcgcttcatccccatcat tttcccatctcgcttatctcgcccat 8 3 9  
F l l  1 6 2 1  aattggattccaaggcgc ttcatccccatcattcttcccatctcgcttatctcgcccat 1 6 8 0  

Lp1 9 8 4 0  ttgcacacatacacgacccagaacaaggtccagaaacttctttccaagttaccaaat cgo 8 9 9 
F l l  1 6 8 1  ttgcacacatagacgacccagaacaaggt cc agaaacttctttccaa ttaccaaat cg 1 7 4 0  

WMji" 
Lp1 9 9 0 0  9 5 9  
F l l  1 7 4 1  1 8 0 0  
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Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

L p 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l 1  

9 6 0  
1 8 0 1  

1 0 2 0  
1 8 6 1  

1 0 8 0  
1 9 2 1  

1 1 4 0  
1 9 8 1  

1 2 0 0  
2 0 4 1  

1 2 5 9  
2 1 0 1  

1 3 1 9  
2 1 6 1  

1 3 7 9  
2 2 2 1  

1 4 3 9  
2 2 8 1  

.. c c g a c t t t t caaggagatgt ga t t t t gc tgacgac a a c t tgaa aaa - ca 
c cgac t t t t caaggagatgt g a t t t t gc tgacgac a a c t tgaaaa aa ca 

� " . " . . . .  " . . , . . . . . . . . . " . 

. . . . 

c c ccccc ctcc cccccc t t t aaaaaaaaatagcga t t caaagcgt acatggctgacgaaa 
c cc c c c c c - - - cccccc c t t aaaaaaaa at agcga t t caaagcgt acatggctgacgaaa 

1 erl5 exon 31 
Lp 1 9  1 4 9 9  c t a c c a a aaca 
F l 1  2 3 3 8  c t a c c a a aaca 

• • •  • • • • • • • • • • . . "  r "  • • ,. 
• " r  i . . . . r • " .  r '  r r 

Lp 1 9  1 5 5 9  
F l l  2 3 9 8 

Lp 1 9  1 6 1 9  
F l 1  2 4 5 8  

!' • r • • • • - . , • , • o r " • • • 'f - . . • • 
,. r r " r  ,, '  o r  r • • • f " " r . ' r '  • • 

lerl5 intron 31 
Lp 1 9  
F l 1  

1 6 7 9  _gtaagCaaCaga aaaacaccac tgCc a taccca t t ggat t tgtgtgtcccca 
2 5 1 8  gtaagcaacagaaaaacaccactgccatacccat tgga t t tgtgtgtcccca 

1 ert5 exon 41 
Lp 1 9  1 7 3 9  a g t t c t a acaatc tgc c c c c ag 
F l 1  2 5 7 8  a g t t c ta acaa t c tgcccccag 

Lp 1 9  1 7 9 9  

F l 1  2 6 3 8  

Lp1 9 1 8 5 9  
F l 1  2 6 9 8  

Lp 1 9  1 9 1 9  
F l l  2 7 5 8  

Lp 1 9  1 9 7 9  
F l l  2 8 1 8  

Lp 1 9  2 0 3 9  
F l 1  2 8 7 8  

Lp 1 9  2 0 9 9  
F l l  2 9 3 8  

Lp 1 9  2 1 5 9  
F l 1  2 9 9 8  

Lp 1 9  2 2 1 9  
F l l  3 0 5 8  

, . . . . .  - .  . . . . .  - . , . . . . . - . 

, . , ' r '  • • r " " • r r 

• • • • • • • • • • - . • • • o r  
. . . . " ,  . .  , . .  , 

. . . . . . . . . .  . 

• •  • • • • • • • • o r • • • r 

1 0 1 9  
1 8 6 0  

1 0 7 9  
1 92 0  

1 1 3 9  
1 9 8 0  

1 1 9 9  
2 0 4 0  

1 2 5 8  
2 1 0 0  

1 3 1 8  

2 1 6 0  

1 3 7 8  
2 2 2 0  

1 4 3 8  
2 2 8 0  

1 4 9 8  
2 3 3 7  

1 5 5 8  
2 3 9 7  

1 6 1 8  
2 4 57 

1 6 7 8  
2 5 1 7  

1 7 3 8  
2 5 7 7  

1 7 9 8  
2 6 3 7  

1 8 5 8  

2 6 97 

1 9 1 8  
2 7 5 7  

1 9 7 8  
2 8 1 7  

2 0 3 8  
2 8 7 7  

2 0 9 8  
2 9 3 7  

2 1 5 8  
2 9 97 

2 2 1 8  
3 0 5 7  

2 2 7 8  
3 1 1 7  
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Lp 1 9  2 2 7 9  2 3 3 8  
F l l  3 1 1 8  3 1 7 7  

Lp1 9 2 3 3 9  2 3 97 
F l l  3 1 7 8  3 2 3 7  

Lp 1 9  2 3 9 8  2 4 5 7  
F l 1  3 2 3 8  3 2 97 

Lp 1 9  2 4 5 8  gcacatggatgggggcatgt tctttcgattgtatttacttttttttt 2 5 1 7  
F l l  3 2 9 8 gcacatg atggg c atgttctttcgattgtatttacttttttttt 3 3 5 6  

Lp 1 9  2 5 1 8  2 5 7 3  
F l l  3 3 5 7  3 4 1 6  

Lp1 9 2 5 7 4  2 6 3 3  
F l l  3 4 1 7 3 4 7 6  

Lp 1 9  2 6 3 4  2 6 9 3  
F l l  3 4 7 7  3 5 3 6  

Lp1 9 2 6 9 4  cgatacctgtcaatgactcggcaaggta 2 7 5 3  
F l l  3 5 3 7  tga tacctgtcaatgactcggcaaggta 3 5 9 6  

Lp1 9 2 7 5 4  2 7 97 
F l l  3 5 9 7  3 6 5 6  

Lp1 9 2 7 9 8  2 8 5 7  
F l 1  3 6 5 7  3 7 1 6  

Lp1 9 2 8 5 8  tcctccattgctctaaatcaaacagcgaatcgc atctcttcaaagtgcacaattgcacc 2 9 1 7  
F l l  3 7 1 7  tcctccattgctctaaatcaaacagcgaatcgc at ctcttcaaagtgcacaattgcacc 3 7 7 6  

Lp 1 9  2 9 1 8  2 9 7 7  
F l l  3 7 7 7  3 8 3 6  

Lp1 9 2 9 7 8  ttttttaacccgccccgccgccaacatgattggagttcgtgttgcgagaggtcagtgat 3 0 3 7  
F l l  3 8 3 7  ttttttaaccc ccccgccgccaacatgattggagttcgtgttgcgagaggtcagt ata 3 8 9 6  

Lp1 9 3 0 3 8  3 0 9 7 
F l 1  3 8 9 7 3 9 5 1  

Lp 1 9  3 0 9 8  tcacggtcgcggccgagccattgtctttgacttct tggccatgaaacccctgagcagag 3 1 5 7  
F l 1  3 9 5 2  tcacggtcgcggcc agccattgtcttt acttct tg�ccatgaaacccctgagcagag� 4 0 1 1  

Lp1 9 3 1 5 8  3 2 1 7  
F l l  4 0 1 2  4 0 7 l  

Lp1 9 3 2 1 8  atctattgtcctcgcgtgcgctacaaagtgcagagccgctcggtgctgttggcatcact 3 2 7 7  
F l l  4 0 72 atctattgtcctc c tgcgctacaaagtgcagagcc ctcggtgctgttggcatcact 4 1 3 1  

Lp 1 9  3 2 7 8  3 3 3 7  
F l l  4 1 3 2  4 1 9 1 

Lp1 9 3 3 3 8  gtttttttt 3 3 9 6 
F l l  4 1 9 2 gtttttttt 4 2 5 1  

L p 1 9 3 3 9 7  gtggagccagcttggtggctttgtctctttcctttcgttggattcctttcaatcctcgc 3 4 5 6  
F l l  4 2 5 2 gtggagccagcttggtggcttt tctctttccttt cgttggattcctttcaatcctcgc 4 3 1 1  

Lp1 9 3 4 5 7  aagagctcgggctcaaagaagtcaggactgagcgagcaaccgtggtggttgagtttcgcg 3 5 1 6  
F l 1  4 3 1 2  aagagctcgggctcaaagaagt caggactgagcgagcaaccgtggtggttgagtttcgcg 4 3 7 l  

Lp1 9 3 5 17 acgatgcacatcatggcagcctcttggtggccatgttgtccggcagcgctttcctaatat 3 5 7 6  
F l l  4 3 72 acgatgcacatcatggcagcctcttggtggccatgttgtccggcagcgctttcctaatat 4 4 3 1  
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Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  

F l l  

Lp1 9 
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

3 5 7 7  
4 4 3 2  

3 6 3 7 
4 4 9 2 

3 6 9 7  
4 5 5 2  

3 7 5 7  
4 6 1 2 

3 8 1 7  
4 6 7 2  

3 8 7 7  
4 7 3 0  

3 9 3 7  

4 7 9 0  

3 9 9 7  
4 8 5 0  

4 0 5 7  
4 9 1 0  

4 1 1 7  
4 9 7 0  

4 1 7 7  
5 0 3 0  

4 2 3 7  

5 0 9 0  

4 2 9 7 

5 1 5 0  

3 6 3 6  
4 4 9 1 

3 6 9 6 
4 5 5 1  

3 7 5 6  
4 6 1 1 

tcgctattcttcttccaggcgggcacacgggaaaacgccccgagccaaatctactcttg 3 8 1 6  
t c  ctattcttcttcca gc g�cacacgggaaaacgcccc a ccaaatctactcttg 4 6 7 1  

• � " , . ' r  t 'f ' " ' , . ,. , . . .  - . . . . . 
:: " :: " : ' '; 

,
' : :. :: " : " : : :  : :  

'r '" • . - , . r - , r "  ' " " 
,. .  ' , . r _ . • • •  • 0 , .  • -

3 8 7 6  
4 7 2 9  

3 9 3 6  
4 7 8 9  

3 9 96 
4 8 4 9  

4 0 5 6  
4 9 0 9  

4 1 1 6  
4 96 9  

4 1 76 
5 0 2 9  

4 2 3 6  
5 0 8 9  

4 2 96 

5 1 4 9  

· r I' ' r "  . or • • r '  
• • r • • •  • • • • 

Iprl1 intron 11 
gt tagttgagactttttttttttttctt - - - - - ctc 4 3 5 1  
gttagt tgagacttttttttttttttt ttttttctc 5 2 0 9  

4 3 5 2 c ccattc atgatgaggcatgct aacatgatgtgatgact 
5 2 1 0  c ccattc atgatgaggcatgctaacatgatgtgatgact 

4 4 1 1  

5 2 6 9  

4 4 1 2  
5 2 7 0  

4 4 7 2  
5 3 3 0  

4 5 3 2  
5 3 9 0  

4 5 9 2 

5 4 5 0  

4 6 5 2  
5 5 1 0  

4 7 1 2  
5 5 7 0  

4 7 7 2  
5 6 3 0  

4 8 3 2  
5 6 9 0  

• . " . . "  • " O f ' '' ' ' ' r '  ' '' " r , f • • • • 

· . . . . " - . . . . . 
. . 

,. • • • • " , . , f r ' r '  r f '  • •  ,.. . ' . . .
. . 

: " " "i " ' "  " " ' : ' , 
.

: ': 

, " " , , " " ' . 
· . . . . . 

4 4 71 
5 3 2 9  

4 5 3 1  
5 3 8 9  

4 5 91 
5 4 4 9  

4 6 5 1  
5 5 0 9  

4 7 1 1  
5 5 6 9  

4 7 7 1  
5 6 2 9  

4 8 3 1  
5 6 8 9  

4 8 91 

5 7 4 9  
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Lp1 9 
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp1 9 
F l 1  

Lp1 9 
F l l  

Lp1 9 
F l 1  

Lp 1 9  
F l 1  

Lp1 9 
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp1 9 
F l l  

Lp 1 9  

F l l  

Lp 1 9  

F l l  

Lp 1 9  

F l l  

Lp 1 9  

F l l  

Lp1 9 

F l 1  

Lp1 9 

F l 1  

Lp 1 9  

F l l  

Lp 1 9  

F l l  
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4 8 9 2 
5 7 5 0  

4 9 5 2  
5 8 1 0  

5 0 1 2  
5 8 7 0  

5 0 7 2  
5 9 3 0  

5 1 3 2  
5 9 9 0  

5 1 9 2 
6 0 5 0  

5 2 5 2  

6 1 1 0  

5 3 1 2  
6 1 7 0  

5 3 7 2  

6 2 3 0  

5 4 3 2  
6 2 9 0  

5 4 9 2  
6 3 5 0  

5 5 5 2  
6 4 1 0  

5 6 1 2  

6 4 7 0  

5 6 5 0  
6 5 3 0  

5 7 0 5  

6 5 9 0 

5 7 6 5  

6 6 4 7  

5 8 2 5  

6 7 0 7  

5 8 8 0  

6 7 6 7  

5 9 3 0  

6 8 2 7  

5 9 9 0  

6 8 8 7  

6 0 4 3  

6 9 4 7  

6 0 8 5  

7 0 0 7  

4 9 5 1  
5 8 0 9  

5 0 1 1  
5 8 6 9  

5 0 7 l  

5 9 2 9  

5 1 3 1  
5 9 8 9  

5 1 9 1 
6 0 4 9  

5 2 5 1  
6 1 0 9  

5 3 1 1  

6 1 6 9  

5 3 7 l  
6 2 2 9  

5 4 3 1  

6 2 8 9  

ggaccaataat 5 4 9 1  t t c t t c t tc tt tat atat ac a t a c a t a t a t a t acata 
t tc t t c t t c t t tatatatacatac at a t a t a t a cata 9 accaataat 6 3 4 9  

tgcac c c t ca atgctggt ctct aaatcgtcaagtc gtccacgtttcgtcgtgatgcaat 5 5 5 1  
tgcacc c t caatgc tggt c t c t aaatcgtcaagtcgt ccacgt tcgtcgt atgCa 6 4 0 9  

5 6 1 1  
6 4 6 9  

5 6 4 9  

6 5 2 9  

5 7 0 4  
6 5 8 9  

5 7 6 4  

6 6 4 6  

5 8 2 4  

6 7 0 6  

5 8 7 9  

6 7 6 6  

5 9 2 9  

6 8 2 6  

5 9 8 9  

6 8 8 6  

6 0 8 4  

7 0 0 6 

6 1 1 7  

7 0 6 6  



L p 1 9  6 1 1 8  
F l 1  7 0 6 7  

Lp 1 9  
F l 1  

L p 1 9  
F l l  

Lp 1 9  
F l l  

L p 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l 1  

Lp 1 9  

F l 1  

Lp 1 9  
F l l  

6 1 7 8  
7 1 2 7  

6 2 3 8  
7 1 8 4  

6 2 9 8  
7 2 4 4  

6 3 5 8  
7 3 0 4  

6 4 1 8  
7 3 6 4  

6 4 7 8  
7 4 2 4  

6 5 3 8  

7 4 8 4  

6 5 9 8  
7 5 4 4  

. M . . . . 

i 8 : • 
. 

I 
. . . I 

• . o · . . I '1' . 

, , . , '  � . ::: : . . : . . . . ,  
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6 1 7 7  
7 1 2 6  

6 2 3 7  
7 1 8 3  

6 2 97 
7 2 4 3  

6 3 5 7 
7 3 0 3  

6 4 1 7  
7 3 6 3  

6 4 7 7  
7 4 2 3  

6 5 3 7  
7 4 8 3  

6 5 97 

7 5 4 3  

6 6 5 7  
7 6 0 3  
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A2 .2 Com parison of the E. festucae F I 1  a n d  N. lolii Lp 1 9  prt2 a n d  gcn 1 

seq uences 

Alignment of the nucleotide sequences of the E. festucae FI1  and N. lolii Lp1 9 prt2 a nd gcn 1 
sequences. Non-coding sequences such as i ntergenic sequences and i ntrons are shown in  
lower case letters. Coding sequences are shown in  upper case letters. Identity between 
E. festucae FI1  and N. lalii Lp1 9 in intergenic sequences, coding sequences and i ntrons is 
i nd icated by grey, black and yel low shadi ng respectively. The positions of the translation 
i nitiation and termi nation codons of the genes a re identified by green and red arrows 
respectively. Exons and introns are label led at the begi nn ing of the relevant sequence by 
green and yel low boxes respectively. The i nsertion i n  the E. festucae FI 1 prt2-gcn1 
i ntergenic region relative to the same region in N. lalii Lp 1 9  is i nd icated by purple shading. 

Lp 1 9  1 ggatccgtattt atggtagct tgtgcgcat tc tgtgcgcaggccgca tccgc a t agccct 6 0  
F l l  1 t 1 

Lp 1 9  6 1  aacctacatgtacatgtagctgcacacaatccgcatcctt actggacccggacttgaccc 1 2 0  
F l l  2 aacctacatgtacatgtagc tgcacacaat ccgcatccttac tggacccgga - ttgaccc 6 0  

Lp 1 9  1 2 1  ggacttgacccggacttgacctaagcttatctcgattcca tgacgacgtgtcacggc ttt 1 8 0 
F l l  6 1  ga - - - - - - - - - - gacttgacctaagcttatctcgattccatgacgacgtgtcacggc ttt 1 1 0  

Lp 1 9  1 8 1  cggcctagatgatgaaaacagagtcaaggctgagatacgccgtcgctgctagatgatgtt 2 4 0  
F I 1  1 1 1  cggcctagatgatgaaaacagagtcaaggc tgagatacgc cgtcgctgctagatgatgtt 1 7 0 

Lp19 2 4 1 ct tctgccaagaaaaccaaggggtgggttacacagcgtcggcacgtcgttcac tgctgtg 3 0 0 
F I 1  1 7 l  cttctgccaagaaaaccaaggggtgggttacacagcgtcggcacgtcgttcactgctgtg 2 3 0  

Lp 1 9  3 0 1  gtccgtctgctcaacttcggtcacagagagcagt tgtactccgt agagttggggt caata 3 6 0 
F I 1  2 3 1  gtccgtc tgt tcaacttcggtcacagagagcagt tgtactccgtagagttggg - - - - - ta 2 8 5  

Lp 1 9  3 6 1  t tgatgcgtcatggaaacacccaccacaag tcattgttctat ccgctgcatccgccatat 4 2 0 
F l l  2 8 6  ttgatgcgtcatggaaacacccaccacaagtcattgttctatccgctgcatccgccatat 3 4 5  

Lp19 4 2 1  gcgattgacctgcc tagaagcattcat tgcatcaaaattcggtgagcgtgcgcataagcc 4 8 0 
F l l  3 4 6  gcgattgacc tgcc tagaagcattcattgcatcaaaattcggtgagcgtgcgcataagcc 4 0 5 

L p 1 9  4 8 1  cgatagtccgcagatt tatt tcccgacaatcattttt tcggccttctggctcgaggatga 5 4 0  
F I 1  4 0 6  cgatagtccgcagatttatt tcccgacaat cattttttcggccttctggctcgaggatga 4 6 5 

Lp 1 9  5 4 1  ctgcttctttgcaagttggggacggttacgctctcatgcatgcgcccagaccatgcccaa 6 0 0 
F I 1  4 6 6  ctgcttc tttgcaagttggggacggttacgctctcatgcatgcgcccagaccatgcccaa 5 2 5  

Lp 1 9  6 0 1  acgctgaaagtaatcgacccatgccatgtgatgatgatgatgacatgtgttggatat cgc 6 6 0 
F l l  5 2 6  acgctgaaagtaatcgacccatgccatgtg - - - - - - - - - atgacatgtgttggatatcgc 5 7 6  

Lp 1 9  6 6 1  agcctcc tatatcgcgtttgtcatcgtgacccgtgctatgctttgtttgttaatctattc 7 2 0  
F I 1  5 7 7  agcctcctatatcgcgtttg tcatcgtgacccgtgctatgctctgtttgttaatctattc 6 3 6  

Lp 1 9  7 2 1  caagaccttgctttgtttgtgaa- ccagagacgaacaaga tgtatggcctttggatgttc 7 7 9  
F l l  6 3 7 caagacc ttgctttgtttgtgaaaccagagacgaacaagatgtatggccattggatgttc 6 9 6 

L p 1 9  7 8 0  aatcgcgcggcaaaggctctcaggactccaggagggtcatgtctgcattttgaaactctt 8 3 9  
F l l  6 9 7  aatcgcgcggcaaaggctctcaggactccaggagggtcatgt ctgcattttgaaactctt 7 5 6  

Lp 1 9  8 4 0  gatacctggcattctcgaccaagacttcagcatttccatgctgcaaagaactcatccttc 8 9 9  
F I 1  7 5 7  gatacctggcattctcgaccaagacttcagcatttccatgctgcaaagaactcatccttc 8 1 6  

Lp 1 9  9 0 0  gtcc tagcagccgt t ttgaaatttgggggt ttccagt tct tgaatct cagggttagggtt 9 5 9  
F I 1 8 1 7  gtcctagcagccgtttcgaaat ttgggggt ttccagttct tgaatct cagggttagggtt 8 7 6  
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Lp 1 9  9 6 0  gtccaacgtct ttcacggcgcaattagcagacttgtcgac tcaaaagcgggaagaaagaa 1 0 1 9  
F l l  8 7 7 gtccaacgtctttcacggcgcaattagcagacttgtcgac tcaaaagcgggaagaaagaa 93 6 

Lp 1 9  1 0 2 0  c tatgcc tggcgagtccggcagctc tc atggcggcatgggacttttccccgggtacaggg 1 0 7 9  
F l l  9 3 7  ctatgcc tggcgagtccggcagctctcatggcggc atgggacttttccccgggtacaggg 9 9 6  

Lp 1 9  1 0 8 0  gcgcccgggcccggggccgggatggaatatcatgtggtgccagctatcgcgc ataatttg 1 1 3 9  
F l l  9 9 7 gcgcccgggcccggggccgggatggaa tatcatgtggtgccagctatcgcgcataa tttg 1 05 6  

Lp 1 9  1 1 4 0  agtgacattt tgtttcatgcacatgcaaatcgggaaggtgtc tccgtgcgtc tcccagtg 1 1 9 9  
F l l  1 0 5 7  agtgacattttgtttcatgcacatgcaaatcgggaaggtgtctccgtgcgtc tcccagtg 1 1 1 6  

Lp 1 9  1 2 0 0  ccatctccggtatat atatatatccgatgctggggggttctctcggcagcac aatcgttc 1 2 5 9  
F l l  1 1 1 7  ccatctccggtatatatatatatccgatgctggggggt tc tctcggcagcacgctcgttc 1 1 7 6  

Lp 1 9  1 2 6 0  t tgat tgggaaagtatggaaataaatggtcacaact tctc ccgcgccatgcatagaagct 1 3 1 9  
F l l  1 1 7 7  t tgat tgggaaagtatggaaataaa tggtcacaac t tctcccgcgccatgcatagaagct 1 2 3 6  

Lp 1 9  13 2 0  caaggtc cgcgaagtaaagtt tccaagcatgctcctgccgcagtt tgtgtgagatttcag 1 3 7 9  
F l l  1 2 3 7  caaggtccgcgaagtaa agtttccaagcatgctcctgccgcagt t tgtgtgagatttcag 1 2 9 6  

Lp 1 9  13 8 0  ggaattgataaatggcggcgcccaacaaggccgcggccgtgagtcgtgagccgtcacggc 1 4 3 9  
F I 1  1 2 9 7  ggaat tgataaatggcggcgcccaa caaggccgcggccgtgagtcgtgagccgtcacggc 1 3 5 6  

Lp1 9  14 4 0  t tcttcctgtcggcc atgttccgagtctaggacggccatgtacacggatgtgtacgattg 1 4 9 9  
F l l  13 5 7  t tcttcctgtcggcc atgttccgagtctaggacggccatgtacacggatgtgtacgattg 1 4 1 6  

Lp 1 9  1 5 0 0 aatggcatcacttggtggctccatgac tttgttcttcagatggccgtgaatc agtccgtc 1 5 5 9  
F l l  14 1 7  aatggcatcacctggtggctccatgac tttgttct tcagatggccgtgaatcagtccgtc 1 4 7 6  

Lp 1 9  1 5 6 0  ccaccgactcaaaagcc ggcggtcaccacagcagggcctcccgatcagttgggtaacggg 1 6 1 9 
F l l 14 7 7  ccaccgactcaaaagccggcggtcacc acagcagggcctcccga tcagttgggtaacggg 1 53 6  

Lp 1 9  1 6 2 0  t tgctgctggaaatcgaggagtcgcgtctccctcggccatgcatcaagtgagcaactgca 1 6 7 9  
F l l  1 5 3 7  t tgctgctggaaatcgaggagtcgcgtctccctcggccatgcatcaagtgagcaactgca 1 5 9 6  

Lp 1 9  1 6 8 0  ggcatggtggcacaccgcgtt tcctaa tcct ttcc cggcgacatgtcaac agcggagggg 1 7 3 9 
F l l  1 5 97 ggcatggtggcacaccgcgtttcctaa tcct ttcc cggcgacatgtcaacaacggagggg 1 6 5 6  

Lp 1 9  1 7 4 0  agggggggagccacgaaaacgaatcaa tggtgcggcggccgccgaccgtgat ccgcgagc 1 7 9 9  
F l l  1 6 5 7  agggggggagccacgaaaacgaatcaatggtgcggcggccgccgaccgtgatccgcgagc 1 7 1 6  

Lp 1 9  1 8 0 0  cacatgccaaatcgttggcggctgcggccctcgtgcgacgcccgtgatcaaagtcttaca 1 8 5 9  
F l l  1 7 1 7  cacatgccaaatcgt tggcggctgcggccctcgtgcgacgcccgtgatcaaagtcttaca 1 7 7 6  

Lp 1 9  1 8 6 0  t tggcat cggcatctcatcttgtgcgtaacgtgacgtccgaatgacaccgat catggcag 1 9 1 9  
F I 1  1 7 7 7 t tggcatcggcatctca tcttgtgcgtaacgtgatgt ccgaatgacaccgat catggcag 1 8 3 6  

Lp 1 9  1 9 2 0  aacaccttcttgtcgaaaccttcctct ttgggcgaa tccgcgcgggagctgccagccttg 1 9 7 9  
F l l  1 8 3 7  aacac cttcttgtcgaa accttcctct ttgggcgaatccgcgcgggagctgccagccttg 1 8 9 6  

Lp 1 9  1 9 8 0  gtgccctatcatccgcc cgcggagt attgtttttt ttatt ttcgggtggtggaaccgaca 2 03 9  
FI 1 1 8 9 7 gtgcc ctatcatccgcc cgcggagt attgt t t t tt ttattttcgggtggtggaaccgaca 1 9 5 6  

Lp 1 9  2 0 4 0  cggcaggacactgcttatgctggaccagcataacgaatgtcatc ttcagacagagcctgc 2 0 9 9  
F l l  1 9 5 7 cggcaggacactgctta tgctggaccaggataacgaatgtcatcttcagacagagcctgc 2 0 1 6  

Lp 1 9  2 1 0 0  a tggt tcgacaaaaacgaactccaaggttcgaaagacgtcttcgtct tgcgcaagagatc 2 1 5 9  
FI 1 2 0 1 7  atggttcgacaaaaacgaactccaaggttcgaaagacgtc ttcgtcttgcgcaagggatc 2 0 7 6  

Lp 1 9  2 1 6 0  gagccatccgccacgcc aaacagggtcgtttccgcaaagaaccgttacaccaagtt tgta 2 2 1 9  
Fl l 2 0 7 7  gagccatccgccacgccaaacagggtcgt t tccgc aaagaaccgttacaccaagtt tgta 2 13 6  
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Lp 1 9  
F l 1  

Lp19 
F l l  

Lp19 
F l l  

Lp19  
F l l  

Lp 1 9  
F l 1  

Lp19 
F l l  

Lp19 
F l l  

Lp 1 9  
F l 1  

Lp19 
F l l  

2 2 2 0  2 2 7 9  
2 1 3 7  2 1 9 6  

2 2 8 0  2 3 3 9 
2 1 9 7  2 2 5 6  

2 3 4 0  2 3 9 9  
2 2 5 7  2 3 1 6  

24 0 0  gtatcct 
2 3 1 7  gtatcct 

!i! c:S · MM •••• 'MiI 
ccac 

-.MW 2 4 5 9  
2 3 7 6  

2 4 6 0  
2 3 7 7  

2 5 2 0  
24 3 7  

2 5 8 0  
24 9 7  

2 6 4 0  
2 5 5 7  

2 7 0 0  
2 6 1 7  

:;<:;� �CC::;T'�;;'.TC ..;.; ;.� .. �.CP. ... Z"..�T.z:..C.';'TT ]TT;'��.T.z:..C.!:.j:· .. z:.}: .... z:..::;.z:·.C.:".TTTTCT.z:..TT ]CCTC 

]::;� ]�' C::;T ].:'.TC ..:.i.:..3.:._=-.C'.:. ... :. . ..3T.:..-::::'.:..TT ]TT.!:._="_l'...T.:'.C.:;.�;._:. .. r...].:;C'.:'.TTTTCT.:"TT _;==T::.:' 

]CC ]r..TC.l-.C'.z:..CTTT.L. .. L. ... z:...'3 _;CJ"..T ] C'.r.. 3C _;CT ...-; 3T 3CC ].t:.. C'.:'. 3.:'. _;T _;TP·.CTC C.z:. ... :'.C;'.TCTTC 

.:;CC 3.:..TC.:..C.2:..CTTT.:. .. :.] ... 3 _�=.:'.T .:; =.:.. 3C 3CT ..:; JT 3ce 3l--.C.:'. 3.l'...3T 3TP ... CTC C.z:. ... :'.C.:'.TCTTC 

2 5 1 9  
2 4 3 6  

2 5 7 9  
2 4 9 6  

2 6 3 9  
2 5 5 6  

2 6 9 9  
2 6 1 6  

1 prl2 intron 1 1 
gtgagact tggccaagtagtggacactggacatggcca tggcaaattactaact ttgtgc 2 7 5 9  
gtgagact tggccaagtagtggacactggacatggcca tggcaaattactaact ttgtgc 2 6 7 6  

1 prl2 exon 21 
Lp 1 9  2 7 6 0  tccccaaaaca 
F l 1  2 6 7 7  tccccaaaaca 

2 8 1 9  
2 7 3 6  

Lp 1 9  
F l 1  

Lp19 
F l l  

Lp19 
F l l  

Lp19 
F l l  

Lp19 
F l l  

Lp19 
F l 1  

Lp 1 9  
F l l  

Lp 1 9  
F l l  
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2 8 2 0  
2 7 3 7  

2 8 8 0  
2 7 9 7  

2 9 4 0  
2 8 5 7  

3.::'., 3 c.:.. 3C::;C 3.t:..T3CTCCTC _;::; ::;::;P.,.TT3.L• 3.L..C 3T--;TTTCTC;'.CC::; '---.:'.3 _; ]T3.:'.:.!'..TTr] 3T 

3]..3C;', 3C::;C ":;'::'.T']CTCCTC ]1] J.3.l..TT3.!'..3J'..C3T 3TTTCTChCC.3 � .!:..3 ]'3T3.:'.C.:"TT'::; 3T 

2 8 7 9  
2 7 9 6  

2 9 3 9  
2 8 5 6  

1 prt2 intron 21 
gtatgtc att tcgtccaagtcgatcccgatgt gcccaggt tc 2 9 9 9  
gtatgtc att tcgtccaagtcgatcccgatgtgcccaggt tc 2 9 1 6  �TT �;.:..C :::.:'.CTCCC.:'.:::CCT 

1 prl2 exon 31 
3 0 0 0  tcgctggcaaggcggacatcccaac taacccggagtcgca 
2 9 1 7  tcgctggcaaggcggacatcccaac taacccggagtcgca 

· 3h3TT:3� ;3::;T23:3:TC 
· 3A�TTC3A ; J3TC���CTC 

3 0 5 9  
2 9 7 6  

3 0 6 0  
2 9 7 7  

3 1 2 0  
3 0 3 7  

3 1 8 0  
3 0 9 7  

3 2 4 0  
3 1 5 7  

T2_;�T ; ; :,=,.-'�;'T: � ;T;' ;--"�" -, 
TC��T ;.:;=:-.:..r"--'.:'.Tl' ;  ;T.:'.� ' C -' 

TT "; �'I�'3TCC;'.':;::;.�.C _� =C.t. . .:; ;C.Z'.._t..C �t.)' .. � ---'T �C"--; ('(':'_Z'...::;':;]T3TT(-'TC3=-'C.z:._:'.C'.Z'...T ':;.Z'...]TC 

TT ..;:=:: ':;T22.:'.':; ::;.:...C � :2J..':; ';:.:'_:'.":: .:;.:._t..::;CT .:; ":: ..:;�.'=_:._:..::; �':;T ":;TT =-'T:=':; :C.Z'.._:'.:.Z'...T .:;;. . .]TC 

3 1 1 9  
3 0 3 6  

3 1 7 9  
3 0 9 6  

3 2 3 9  
3 1 5 6  

3 2 9 9  
3 2 1 6  



Lp 1 9  3 3 00 
F l l  3 2 1 7 

Lp1 9  3 3 6 0 
F l l  3 2 7 7 

Lp 1 9  3 4 2 0  
F l 1  3 3 3 7  

Lp 1 9  3 4 8 0  
F l l  3 3 97 

Lp 1 9  3 5 4 0  
F l 1  3 4 5 7  

Lp 1 9  3 6 0 0 
F l l  3 5 1 7 

Lp 1 9  3 6 6 0  
F l 1  3 5 7 7 

Lp 1 9  3 7 2 0  
F l l  3 6 3 7  

Lp 1 9  3 7 8 0  
F l l  3 6 97 

Lp 1 9  3 8 4 0  
F l 1  3 7 5 7 

Lp 1 9  3 9 0 0  
F l l  3 8 1 7  

Lp19 3 9 6 0  
Fl l 3 8 7 7  

Lp 1 9  4 0 2 0  
F l 1  3 9 3 7  

Lp 1 9  4 0 8 0 
F l 1  3 9 9 7 

Lp 1 9  4 1 4 0  
F l l  4 0 5 7 

Lp 1 9  4 2 0 0 
F l 1  4 1 1 7  

Lp 1 9  4 2 6 0 
F l l  4 1 77 

Lp 1 9  4 3 2 0  
F l 1  4 2 3 7  

Lp 1 9  4 3 6 9  
F l l  4 2 9 7 

TC� ;T _� ; :='.:'.. ;.:'.T:'.('1' C ;  �.::... ;TI--' �--'T �.=. .. :.. '':;':''1' ..;(�' ;  ;,' :  _;=--1'1 ':' -:;:--.T ;:'.TTI�·.:'. ;T(�T':; ;r"'.:; --- -_. -
TC 3 ;T � ; :':"" ;.:".T:"'.:='T:=- � �'.:'. iT:' ;:1' ;.::..:.. -. .:;.:.. T _; .. .:; _; � �� ; -'T �.:-.':;.:·.T ;:'.1''1' ,--'.:'. ;T ,-' r � �;_�..; 

T 'TT '='T �' ; ,., ;T�' ; :-' ;:T ; ;,:'_-�:' 'Co ::T: ; � ':. ; ;::,T ; , 'T ''1' ; �;  'F',"T: ;=' �'T .0 'LT 
T �'T'1 :,"!, =' ;  ',' ;T,' ; ,',' ;�'T ; ;,=,_=�·,,,',:: .. :.:r,' ;:'�';, ; �;:,T ;�' �"L::1 ; �; 'T,:" 'L' ;:,'T .o,':T 

'T ;,::, ; , '';:' ;T ;TTT ;=',�,:�' �;T ' ;  ;,-,T ,';,:', ' ;  ;:',T,:: ;:"1::' ;:., '::, ;T 'T 'T:'TT ',:',T1'CT - ----- --------------
:1' _;.! .. ':;I� '1_' �.�--. ;T ;1'TT':; '.:'.::':' ;T ,-' ; ;.:"1' ,---'.:'�:'" . ; ;.:'.1' l·. ; �'TC'=' ;':'" '.:� _;'1' ... 'T,-'T �TTl-..:..TT\_·T 

",',:.,�,:T,:.,T ; ;'::""';: ;T� ;T -, ;;,1' ::,T �:T ; ; � �� ': ; ; �T: � ;,::, � -·,TT �T1'T: ',::, � �T ; ; ::: 

I-=C.�J .. =T.:..T ; ;.:'�:'.],--' ;T(, iT,," ].::'.T.:'.T L"CT .:; ]L'L"'C'L'C':; ]CT,-'C ].:'.C.:'.T1'CT1'1'C\_'.:'.('C'1' _;..:;C 

3 3 5 9  
3 2 7 6  

3 4 1 9  
3 3 3 6  

3 4 7 9  
3 3 9 6  

3 53 9  
3 4 5 6  

IOIt2 intron31 
taagt tgaagct tcgtccttgc cgaccaccgattcaacatgt tcc 3 5 9 9  
taagttgaagct tcgtccttgccgaccaccgattcaacatgt tcc 3 5 1 6  

:='C'; ... ;1' _; ; C.:'.]C.':"TL

C C";]T ]":;C.L.]L'.';TL-

a tgcc ttgacactgcctgctctca 
a tgcc ttgacactgcctgctctca 

I prt2 exon4 I 

CP .. TT :;TT :;:;TCTC :;C.';'; C.oTf'.,TCTT :;CT :;:;T CT,:',:;,:',:;:; XTTCCC.:',';:;: ,; CC'c.:.,.o .oCCCT 

CATT:;TT:;:;TCTC:;CA.o C.o1'ATCTT.oCT.o.oT CTA:;A.o:;:;CTT CCCA:;:;C'; CCCA:;.oCCCT 

CT<:;Chl\3C:; 3.l.,. TCC;'. 3T CTC1'1"':;CT ACTCC;'. ��;'.�CC.�.TC.L..�CA..L..C _-;TCCCT � JP-.3 .3T.l:..C 

CT(3C;'.l·.::;C] ::;.� Tce;.. 3TCTCTT ::;CT .l\CTCC.!.. 3 .3.r..::; 2CATC.t.. . .3C.!:.....t...C .3TCCCT .33.L.S'3TAC 

TCTA.Z\,.ACTTATTGG'':;CTTCAAT ,;GAAACCCCTCT':;':;TT:; 

3 6 5 9  
3 57 6  

3 7 1 9  
3 6 3 6  

3 7 7 9  
3 6 9 6  

3 8 3 9  
3 7 5 6  

gggcgggaagcgacttgggagccga t t ttgatgacagcagctgccctcgaatgtatgatt 3 8 9 9  
gggcgggaagcgacttgggagccga t t ttgatgacagcagctgccctcga atgtatgatt 3 8 1 6  

tcgac ttctacgcat cgcgtaacgcat cgcggcat cgcgacaattggcacatggagttga 3 9 5 9  
tcgac ttctacgcat cgcgtaacgcat cgcggcat cgcgacaattggcacat ggagttga 3 8 7 6  

aaacggtgtatattttgtgctggat aaataccgat cgtttcctcaaaccgtgacgtatgt 4 0 1 9  
aaacggtgtatattttgtgctggat aaataccgatcgttt cctcaaaccgtgacgtatgt 3 93 6  

gagtacagatcgacgac tgaacaggct agccaccggactggcgatcgtgcgt cgtcgatc 4 0 7 9  
gagtacagatcgacgac tgaacaggct agccaccggactggcga tcgtgcst cgtcgatc 3 9 9 6  

cgttagaagatggggctggatgggt ct tcagatgactggagtaatattca ttattcctgt 4 13 9  
cgttagaagatggggctggatgggt ct tcagatgac tggagtaatat tca ttattcctgt 4 0 5 6  

t tgggtaagaaaattcggattgtaacagcgcaatgcaacggcaacatgttgtgatggaaa 4 1 9 9  
t tgggtaagaaaatt cggattgtaacagcgcaatgcaacggcaacatgttgtga tggaaa 4 1 1 6  

gagtt tgcatgtgccgagttgtgac tt tcgtggcgccttgtggc t tctttggggctaggg 4 2 5 9  
gagtt tgcatgtgccgagttgtgac tt tcgtggcgcct tgtggcttctttggggctaggg 4 1 7 6  

c tgtt tatt t ttgaatacatacgtcagccacattggcacctcaatgaccctgcctggtgg 4 3 1 9  
c tgtt tatt t ttgaatacatacgtcagccacattggcacctcaatgaccctgcctggtgg 4 2 3 6  

gggttgatgagtgagat tgggaagt tc ctccaatggcagagcagactct - - · - · - - - - - - 4 3 6 8  
gggttgatgagtgagat tgggaagt tcctccaatggcagagcagactctGEiE€FG€'" 4 2 9 6  

agattcccagatt cccagatcccaagtggagggtc taatctgacttgctttcct agc tat 
4 3 6 8  
4 3 5 6 
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Lp19 
F l l  

Lp 1 9  
F l l  

L p 1 9  
F l l  

L p 1 9  
F l l  

Lp19 
F l l  

Lp19 
F l l  

Lp 1 9  
F l l  

Lp19 
F l l  

Lp 1 9  
F l l  

Lp19 
F l l  

Lp19  
F l l  

Lp19  
F l l  

Lp19  
F l l  

Lp19  
F l l  

Lp19  
F l l  

Lp19  
F l l  

Lp 1 9  
F l l  

L p 1 9  
F l l  

L p 1 9  
F l l  

Lp19 
F l l  
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4 3 6 9  
4 3 5 7  

4 3 6 9  
4 4 1 7  

4 3 6 9  
4 4 7 7  

4 3 6 9  
4 53 7  

4 3 6 9  
4 5 9 7  

43 6 9  
4 6 5 7  

4 3 9 4  
4 7 1 7  

4 4 5 4  
4 7 7 7  

4 5 1 4  
4 8 3 7 

4 5 7 4  
4 8 9 7  

4 6 3 4  
4 9 5 7  

4 6 9 4  
5 0 1 6  

4 7 5 4  
5 0 7 6  

4 8 1 4  
5 1 3 6 

4 8 7 4  
5 1 9 6  

4 9 3 4  
5 2 5 6  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 6 8  
agtgc acagaagt cggggcctgatgtaagagagtagggggacgaaaagggggctgaca ta 4 4 1 6  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 6 8  
agatagcaaggtata aggggcatagcaaaagacaggta tcctaccttcctttct tccagt 4 4 7 6  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 6 8  
at tacaagcattcat actagc tttgagc tatatagtagtaggtgtcaggtgcacgcgcac 4 5 3 6  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 6 8  
gcgcgcggcctaataatcaattgtaaggtgcaaattaaacaatgcagggacagct agc at 4 5 9 6  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 6 8  
tgttggatctt ttggtctacggagtaatggc ttacctagcacaccttc taggtt c tgaca 

gactgacagtacggt tatattgata tttactgctt 

4 6 5 6  

4 3 9 3  
4 7 1 6  

cgctattataatatacaaatcgtggtacc t t tcaa tac t aatatacaggtatcttagtt 4 4 5 3  
cgctattataatatacaaatcgtggtacctttcaatat tgaatatacaggtatcttagtt 4 7 7 6  

aatag taaaaatcaa taaacataagccacactaaagttcggtgtgtggaccgtcgctcca 4 5 1 3  
aatag taaaaatcaa taaacataagccacac taaagtt cggtgtgtggac cgtcgctccg 4 8 3 6  

aattaggactaacgcggtatgcgcattt agtgacc cctaccattcgcgaaaaacacccag 4 5 7 3  
aat taggactaacgcggtatgcgca tttagtgacccct accattcgcgaaaaacacccag 4 8 9 6  

atcagggcctagtct acacatgcggcttgcctttc tgcaaacctt tc ac aaa tca t 4 6 3 3  
a tcagggcctagtctacacatgcggcttgcctttc tgcaaaccttgtcacgaaagtcatg 4 9 5 6  

acgatgtggttccacgtcttgacggcccgtc tgacggggcccagattctacaaaaaggcc 4 6 9 3 
acgatgtggttccccgtct - gacggcccgtc tgacggggcccagattc tacaaaaaggcc 5 0 1 5  

gcccggtaaatgccaactgtgaacaagtagaacaacac cctcgccgcgcc tcatcctc tc 4 7 5 3  
gcccggtaaacgccaactgtgaacaagtagaacaacaccc tcgccgcgcc tcatcctctc 5 0 7 5  

lwjmU 
c tctagagcgctcagcaaacaa 
c tctagagcgctcagcaaacaa 

• :".T 3 C'.;T C.2..CT C'C.L.TC CTT ]TCCC' _;.:;;: � =TCC1' � �cc::; 

. ':'.T �C.':'.T=.':'J'T�'C.':'.T=CTT ;T,'C:' ;:;C�CTL'�'T ;�CC:; 

; 1'  ':;--'T �T----'T'-' ;':;:'C'T3 ;=TTC="�"=.:'.::;::;.:'. ;�., ; �"�.:'.CTT �':;=-"T� '1'T1'C'.:' .. :'.=,' 2.:'. ;.:.." ;':;=-'T::::
;T ']:'T �T 'T-' ;':;:CT ; ;=TT�=·_·=.:'.':;].:'.':;= _; �·�.:'.-=-"TT':;':; 'T':; 'TTT-':' :" -''-':· ;:. -, ; ;  'T2 

;�TTT ;:--....: -'':'. ; :TT .:; ;-'.':'_:. ; =- � 'TT _' ]=' ; =.'" iT 'T 21' � :::" ., ':'_:'. ; � ; "']T .,.:._:.._.,.� _-. �.-.T -'.�. 

J ="TTT J.= .... .-: .. =.'.:.. ; =TT J':; '.:'_:'. ;-=-' ; 'TTe J�' ;=-. iTC'TCT ;CI_' '.:"'; .. ; J � -. ]T:'.:'_:'.�·.:'_:'. ;:'.T =.:... 

4 8 1 3  
5 1 3 5  

4 8 7 3  
5 1 9 5  

4 93 3  
5 2 5 5  

; ;:; ;C' ;T ;:._=-TTTC ; _; ' _; ------
J J J ; ., J1' ; ':_:" r TT =.' J _; ., ., 

gcn 1 intron 1 
gtatgtc ttgttt tataaaa atcccccgacgccttctcgtct 4 9 9 3  
gtatgtc ttgt tt tataaaaatcccccgacgccttctcgt c t  53 1 5  

Igcn1 exon21 
4 9 9 4  ccggcaacaactact aacacgggttgaaattctca 
53 1 6  ccggcaacaactact aacacgggttgaaatt ctca 

• ;-'T ; ; '1 '':'T "f :;T ;.:. ; , , ;T ; ;.:. -- -------
• _;�'T ; ; 'T '':'.T _'T ;T �;" ; . , ; r : ; . .:. 

5 0 5 3  
5 3 7 5  

5 0 5 4  
53 7 6  

5 1 1 4  
54 3 6  

5 1 7 4  
54 9 6  

;'-',:',T ; -.  ;.:._=....=- ·:....:..1'T . .:,..' ; ; r ; ;-'_:'.J _'.:'_:'_- -. ; -'.  ;.:,_' �:::,.: .. J ;  "-_:" ., ;.:. '.=-.. :-. ;TT . �.- ; -'. 'T: --- - - _.  - - ---- ---------
�C.::..T � �.�:".�.�._: .. ·.:'�::'.TT;'.=-·� ;r � ;=-.�:..� _: •. :._:._:... � ;;" ;.:.." �=.:'.� ;  .:.....:.,' ;:. ':':' ;TT ' ;.:. ;.':.�'T: 

:'.=-'T _; ;;-.� ;.:·.�'TT � �.:'.T='.:'_':T ; -. , ;=-.--';'. ;--- ;T -'--'.:' iT:='.':'.':;--- -'-':' ' ;:'---":; TT ; ; '  'T ;.:._:.�.:. 

:"�'T "; _;.:".-.-i�.:""--'TT-'3.=-.T,-'.:'_:'.T ; :'�'-'.:',C'.:'.-' --'-'T:'C.:', ;T:=',:'.]=":' ',:',"]::,,::":;TT"; ;-'="T ;:"_",:='." 

5 1 1 3  
5 4 3 5 

5 1 7 3  
5 4 9 5  

5 2 3 3  
5 5 5 5  



Lp 1 9  
F l l  

L p 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

Lp 1 9  
F l l  

5 2 3 4  
5 5 5 6 

5 2 94 
5 6 1 6  

53 54 
5 6 7 6  

5 4 14 
5 7 3 6  

5 4 7 4  
5 7 9 6  

5 5 3 4  
5 8 5 6 

5 5 94 
5 9 16 

5 6 54 
5 9 7 6  

5 7 14 
6 0 3 6  

5 7 74 
6 0 9 6 

5 8 3 4  
6 1 56 

5 8 94 
6 2 1 6 

5 9 54 
6 2 7 6 

6 0 14 
6 3 3 6  

6 0 74 
6 3 9 6 

6 1 3 4  
6 4 56 

· ;�TT . ; '.::"1'1' ·�C';·.T ; ; ;  ;1'.::"::-1' ; .;1' ::-•• 1'.= ...• ;1'.=, ;.:./'.=.1'1' ':;1'::- ;.:',::-;_=,, ; ; ;  ':,, ; ' ;:_'.�' 
• ; 'TT ' ;  _'; I I '='�':�T ; ; ; ;1':'.::::'1' ; ;'1':' "1 � .. . ;1':. ; . .:.. '.:'.'1"1 �TI..· ;::..:::.-:._:.. ; ; ; '\ ; . ;:._"-.. -. 

· '1'1'1' ; " ; ' . ; ;":.:. '.:'_:'. ;;·.T ; ·'j' · ' · 'J '. '  "I ;  ;:. ... ; . .  ;1''' ;T:' , ,_. '_:' ; ; . ' ; 'T ;  - - -- ----------------- . 
· 'TTI ; '  ; '. ' ; ;  "=":':'='_=''';:''1'':; 'T . . , . .  J •. ' 'J ; ;.= . . ; . '';L' ;r " '=._'. '';'' ; :  ' . ; 'r ; 

:.. " 1'  ' ; ;  '.'.1' ;1"'.1' ;1' '.:'.1' ,·:.T�'.;=·.T '1' ; ':" . ; ; ;  ;::- .. , , •• ; ;  .. ; ;: . . .. ; ':�'" ; '_'. ; ' . • ; 

:. . .  "1 . ; ; '':':' ; r :. T ;T . -.1' ',-.T: ; - T 'T ; ,- . ;  ; ; ; . . . . .  ; ; . ; ;�"' . - ; '.:_- : .  _. ;.: . . ; 

l' ·T1'!.' . . ; ;  , '= ; ' .. :. '.:,_. ".:�:'.'; " ; ;  . .  : ;TTJ TT .. _ .... ;.:.. ·r· ... '.· 'T1'J ; . " ;J ; --- - - --- --- - .- ------ - - -
T"TTT.:' . .  ; ;  , '.:'. :: .. '. '.:'_:'.:.:'_:'.':; " ; : ," ;  ;TTT 'rT ':_'" '':;.:'. '1.=.:.=·_'. '1'1'1 ;.:. " ;; ; 

':.'.'. ; ·';. ;T ;  ;.=·T ;er ' ;1' ;  ;;.1' ;.:'. ' ;:..:.. ; ' ; ·:'.T ' ·.:. ... :0··:._:. .. :. ... · ·1' ; ·  ·T:'. ' ; ' ", , . ; 
",'l'l'.:'. ;; .... .:..31' ; ;.':':1' ;1' ,-'3T 3.3.::'T ..:;;.. . .  ;/'....; ... ; . ;_'.:·.T'-·'---· . .::...l·."._·.7' ..... -_-.I�·'-·�·T _; __ ' ·T.:'.�· ; '_'.:' . . .  � 

TC ;3-... ."·.T �.:..TT ;:.. ; ;TTCT:=.· . .:_::.=.3; ... ;:=-'C ' ;T::::'T,-\-' ;� ;_':" ... :::'-":;.:'.=-':'.:'.] ; ; ' ;  ;: ... . ; ;T .. -.. r,::::, ------_._--------------------------------
1'C]] '.:''..1' .3.:·.T1' 3.:" . .3 ;TTCTC.:.....!..C];·._�=CL· ;'1'CT,--"I''';] ;=·.':'.C];'.CC:'.� _; ;='_;_;.:,._. ;.3T.':.I __ 'C 

Tee ;:.. ;.:'.T ; '\' ;.::....:.. ; C3T: ;2TC� ;C';T ; _;CT �l .. I,-..,.;..;r;.._��.::.�::.�CTCC7·. "'�T ;'�.:""::.TT=-'.'; 

TC: �.:'�. ;.:... T ;=-'I�' �;'] .. � ,-' �T2 �2T2 � _;C":;T _; ;2T _;.::, __ . � �:.::' ... :'. �.:._::..� :T:.='::"'.:'.: �T _; '.:' .. ::'.TT ::"'."' 

T :::;TCC'C'.::'. :::;.:: .. :....::..T � � ;.:'.CT'"" -; -; :,C'.,;.p··. CC C _�C ;C ...;; .. C.t....Z'...C'TCT :::;CC �T":; �C'Cl-]. .. C ;.!...C.�··.}." ;C 

T 3TCCC;.....; . .:J' ..... =-.T ..; � ;; ... ::T:' � � ::;C'l .. �:"CC C � _. �C ].:'�"::".�Z'...CT\_�T:::; -=--=-:::;T .; ; �\,-..,::::. '""' ;:. '""':":: ;1' 

T3.!...CT �..-., :::;TTC' _;.:"T _;.Z'...CC.Z'...C.:':._Z'...CT.Z'...C.L.TT ; _;TTTT ":;CC ;T C;'-] ... ..:; ';.Z'...C.!.�r.. ;..; ";C.r.�r..C'C]' ;,� 
T �J'..CT ;=-' �TT:: ;.l:..T ;.Z'...: C.r....C.=-_r..CT;'. 2.:'" TT ..; �TTTT ":;CC ";T CJ..';'.� �.t...C;�J·.� � _; ::..·.:...J· ... CC _;�] 

:... I�·.:.. .. :.... ; \.. 'TC.:'.T ;.:....:..�TC J 3=CT ::;C.:...� JJ.:..C . .:. ... :..TC ;: :'TC JT · J.::'.C'::; J::; :1. i1 .. C' ]TTC ] ("C.r. 
;...C.Z'.. .. :... ;CTC.!..T ;;.�r....3TC":; ]:CT ::;C.Z'...J J.3J'..Cl'-_!..TC .;::..' ']TC.3T I' J.t..C J'; �=-';..�.t..C �TTC _;I'""'C;'.. 

TT.!..::"',-" ;';2 �.:""=-.T ..; � . .:. ;:.:'.T .3.:":.':.TC ..;...; .� ... C' ]T :::;':"'_;=-�C�=-� �.:..=:::;.:..=.:.�:.�:... ;.:'�.=TTCTT ::"·.:' .. :'. ;.:... 

TT ;'.CC � � C ;.:. ... ::.T.; _;.:.. _;:.:".T J.:'.C.=-.TC' .; "';.!..'""' ;T J.=-. ;=:CCC ';.!..C J.!..C.!.] .... =-. ;.=-.C"TT I.'TTC.=-.. .!' .. J.'; 

IJ:::;;'.C iT J ;.!:...;.. ;p·.c iC;..:::; TT3.Z'.. •. P·.T _;P·.TCCTC'IJCT ; ;P·.CCTAC'TCT ].l..C ;CCJ'...C ;T.L.CC' ;C.r.. 

] .;.!..::.. .. ;T J ].':'J�.];".= ]�';'.JTT J.:....:...T �.:..TCCT= J2T ;�.r...==T.r...CT CT  :::;.:'.C _; ::"'C.:".I' �T.::.:=--- ;�." 

:' .. Z'...CT ;.Z'...TC ..... r-or-o;..=C].Z'...T ]CCJTT J ;CTT ;]!-.J:..J. .. ;].Z'..]·.T �T :::;T.!..T=.::.....:..J.:..T "';TCT ':;TT ::-.t.. 

:'�:".CT _i;'.T =:=":=':='.:'.:=,:=.' ;.!..T ':;=C:::;TT ...;] =TT ...; �.:. .. :.�!..�_;.:._z:..T ;T ]T.:'.T:='.:' .. :'.J.:'.T JT�:l ]TT �'=.!.. 

5 2 9 3  
5 6 1 5  

5 3 5 3  
5 6 7 5  

5 4 1 3  
5 7 3 5 

5 4 7 3  
5 7 9 5  

5 5 3 3  
5 8 5 5  

5 5 9 3  
5 9 1 5  

5 6 5 3 
5 9 7 5  

5 7 1 3  
6 0 3 5  

5 7 7 3  
6 0 9 5  

5 8 3 3  
6 1 5 5  

5 8 9 3  
6 2 1 5  

5 9 5 3  
6 2 7 5  

6 0 1 3  
6 3 3 5  

6 0 7 3  
6 3 9 5  

6 13 3  
6 4 5 5  

';1'1'':'.1'.:'.';.:'.1'':''':; 

agacacgt actttt tagatgaggt ctattgatacgaa 6 1 8 1  
agacacgt actttt tagatgaggtctattgatacctgtt gcgtctt tgt 6 5 1 5  
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A2 . 3  Comparison of t he e n dophyte sequen ces homologous to prt3 
Alignment of the nucleotide sequences of the prt3 homologues from E. typhina (At1 ), 
E. festucae (F1 1 and Fr1 ) and N. lolii (Lp 1 9, Lp5 and AR1 ) strains. Non-cod ing i ntron 
sequences are shown i n  lower case letters. Cod ing sequences are shown in u pper case 
letters. I dentity between the prt3 sequences is i nd icated for coding sequences and i ntrons by 
black or yellow shading respectively. Positions of the translation i nitiation and termination 
codons of the genes are identified by green and red arrows respectively. Exons and i ntrons 
are label led at the beg inning of the relevant sequence by green and yel l ow boxes 
respectively. The position of the deletion in exon 2 in N. lolii Lp 1 9  and Lp5 is ind icated by a 
red box. 

A t l  
F l l  
F r 1  
Lp 1 9  
L p 5  
AR1 

At l 
F l 1  
F r l  

Lp 1 9  
Lp5 
AR1 

Atl 
F l l  
F r 1  
Lp 1 9  

Lp5 
AR1 

At 1 
F l l  
F r 1  
Lp 1 9  
Lp5 
AR1 

Atl 

F l l  
F r 1  
Lp1 9 

L p 5  
A R 1  

6 1  
6 1  

1 

4 B  
1 
1 

1 2 1  
1 2 1  

1 
l O B  

1 
1 

1 8 1  

1 8 1  
1 

1 6 B  

1 

2 4 1  
2 4 1  

1 
2 2 8  

3 
4 

6 0  
6 0  

o 
4 7  

o 
o 

1 2 0  
1 2 0  

o 
1 0 7 

o 
o 

" . . . . . .  1 8 0  
1 8 0 

o 
1 6 7  

o 
o 

� . 

. .  . . '  . . . 2 4 0  
2 4 0  

o 
2 2 7  

2 
3 

- . 

........... 3· ........ 1 
' tI • 

. 

• • 
. 

prl3 intron 1 
t atgccgatccgc c c c - - - - 2 96 

t a tgccgatccgc cccatgt 3 0 0  
t atgccgatccgc c c c a tg t  5 8  
t atgccgatccgc cc c a tg t  2 8 7 
t a tgccgatccgc c c c a tg t  6 2  
t a tgccgatccgc c c c a tgt 6 3  

A t 1  2 9 7 cat - - - - - - - -gtc a t gg t c agggt ca tg t t c a t g t t c aacgcgc a aactgacat t ccc c 3 4 8  
F l 1  3 0 1  cat t - a tgatgg t c a t ggtcatggt ca tg t t c a t g t t c a acgcgc a aactgacat c c cc c 3 5 9  
F r 1  5 9  c a t t - t tgatggtc atggtc atggt ca tgtt catgtt c a acgcgca aactgac a t c c cc c  1 1 7  
L p 1 9 2 8 8  c a t t - a tgatggtc a t gg t c a t ggt ca tg t t c a t g t t ca acgcgcaaactgacatcccc c 3 4 6  
L p 5  6 3  c a t t - a tgatggtc a t gg t c a t ggt ca tg t t c a t g t t ca a cgcgc a aactgacat c c cc c  1 2 1  
AR1 64 c act ca agatggtc a t ggtc atggt c a t g t t c a t g t t ca acgcgc aaactgac a t c c cc c 1 2 3  

A t l  
F l 1  
F r 1  
Lp 1 9  
Lp5 
AR1 

232 

3 4 9  c t c - - - - - - c cc ct t a a  

3 6 0  cccc t c cc c c c t t t c a a  
1 1 8  cccc t c c c c c c t t t c a a  
3 4 7  ccc - t c cc c c c t t t c a a  
1 2 2  ccc - t c cc c c c t tt c a a  

1 2 4  ccc - t c cc c c c t t t c a a  

I prt3 axon 21 
• It � . 
· il • !J · 
· 
· 

4 0 2  

4 1 9 
1 7 7  
4 0 5  
1 8 0 
1 8 2  



At 1 4 0 3  

F l l  4 2 0  

F r l  1 7 8  

Lp 1 9  4 0 6  
L p 5  1 8 1  

AR 1 1 8 3  

A t 1  4 6 3  

F l l  4 8 0  

F r 1  2 3 8  

Lp 1 9  4 6 6  

L p 5  2 4 1  

AR 1 2 4 3  

A t 1  
F l l 
F r 1  
Lp 1 9  
Lp5 
AR 1 

5 2 3  

5 4 0  
2 9 8  
5 2 5  
3 0 0  
3 0 3  

• .. . &.I .. 

� 

.. .. • &.I 

. 
.. . . 

• 

· I 
113 intron 2 

I 
I 

c c t t c t tgt cc - - c t t t t t t t ccac 
gagaaaaatccc t t t t c c t t gt ct t t t t t t c c a c  
gagaaaaa t c c c t t t t c c t tgt c t t t t t t t c c a c  
gagaaaaat c c c t t t t c c t t gt ct t t t t t t c c a c  
gagaaa a a t c cc t t t t c c t tgt c t t t t t t t c c a c  

gagaaaaa t c c c t t t t c c t t gt c t t t t t t t c c a c  

A t l  
F l l  
F r l  
Lp 1 9  
Lp5 
AR 1 

5 8 1  a ac t c a ctcggcccggt t ca c c cgagcg c - gga a c t a a - - c agc a t - -

6 0 0  aa c t c gc tcggcccgc ct gacc cgagcgt agga a c t a aa c t g c c a t - -
3 5 8  aac tcgc tcggcc cgcttgacccgagcgcaggaac t a a a ct gccat a 
5 8 5  a a c t c gctcggcc cgcttgacccgagcgcagga actaaaca gcca t - -
3 6 0  a ac tcgctcggcccgcttgacccgagcgcaggaac t a a a ca gc c a t - - c 
3 6 3  a ac tcgctcggcccgc t t ga cc cgagcgcagga a c t a aa ca gccat - - c 

A t 1  
F l l  

F r l  
Lp 1 9  

Lp5 
AR 1 

A t l  
F l 1  
F r l  
Lp 1 9  

Lp5 
AR1 

At l 
F l 1  
F r l  
Lp 1 9  
Lp5 

AR 1 

A t l  
F l 1  

F r 1  
Lp 1 9  
Lp 5 
AR1 

At l 
F l 1  
F r l  

Lp 1 9  
Lp5 
AR1 

At l 
F l 1  
F r 1  
Lp 1 9  

Lp 5 
AR1 

6 3 6  
6 5 8  
4 1 8  
6 4 3  
4 1 8  
4 2 1  

6 9 6  
7 1 8  
4 7 8  
7 0 3  
4 7 8  
4 8 1  

7 5 6  
7 7 8  
5 3 8  
7 6 3  
5 3 8  

5 4 1  

8 1 6  
8 3 8  
5 9 8  
8 2 3  
5 9 8  
6 0 1  

8 7 5  
8 9 7 

6 5 7  

8 8 2  
6 5 7  
6 6 0  

9 3 5  
9 5 7  
7 1 7  

9 4 2  
7 1 7  
7 2 0  

I 

· � . ' . '1 ' . . . . . . . . . . . . . � �  .. . . .  i:I � . . . 
• .. . .

.� . 

&.I 

• 

.. . . . 
, . . 

I' , . • " • • 

. r . . . . . . . . . . - . . . . . .  £ . . . . . 
• 
. ' . 

. ' 
. 

� . . 
. .  • I .. · · ii . . m � . , .  
, e �  1 - I . 

11 . 
. .11 . : 

.. .... .. . . . � 
ii . • 

!il !il • 
. � , 

. . , 
. . . . . . 

; 
la � 

.. ..  1 .. &.I .. &,I. ..  .. 

m i 

4 6 2  
4 7 9  

2 3 7  
4 6 5 
2 4 0  
2 4 2 

5 2 2  

5 3 9  

2 9 7  

5 2 4  

2 9 9 

3 0 2  

5 8 0  
5 9 9 
3 5 7 

5 8 4  
3 5 9  

3 6 2 

6 3 5  
6 5 7  
4 1 7  
6 4 2  
4 1 7  

4 2 0  

6 9 5 
7 1 7  

4 7 7 
7 0 2 
4 7 7  
4 8 0 

7 5 5  
7 7 7  

5 3 7  
7 6 2  

5 3 7  
5 4 0  

8 1 5  

8 3 7  
5 97 
8 2 2  
5 9 7  

6 0 0  

8 7 4  
8 96 

6 5 6  
8 8 1  
6 5 6  
6 5 9  

9 3 4  
9 5 6  
7 1 6  
9 4 1  
7 1 6  
7 1 9  

9 9 4 

1 0 1 6  
7 7 6  

1 0 0 1  
7 7 6  
7 7 9  

233 



Atl 
F l l  

F r l  
L p 1 9 

Lp5 
AR1 

At l 
F l l  
Fr1 

Lp 1 9  
Lp5 
AR1 

Atl 
F l 1  
F r 1  

Lp 1 9  
Lp5 
AR1 

Atl 
F l l  
Frl 

L p 1 9 
Lp5 
AR1 

Atl 
F l l  
F r l  

L p 1 9 
Lp5 
AR1 

At l 
F l l  
F r 1  
Lp1 9 
Lp5 
AR1 

Atl 
F l l  
F r 1  
Lp 1 9  

Lp5 
AR1 
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9 9 5  
1 0 1 7 

7 7 7  
1 0 0 2  

7 7 7  
7 8 0  

1 0 5 5  
1 0 7 7  

7 9 5  
1 0 6 2  

8 3 7  
8 4 0  

1 1 1 2 
1 1 3 7  

7 9 5 
1 1 2 2  

8 9 7 
9 0 0  

1 0 5 4 
1 0 7 6  

7 9 4 
1 0 6 1  

8 3 6  
8 3 9  

1 1 1 1  
1 1 3 6  

7 94 

1 1 2 1  
8 96 
8 9 9 

prt3 intron 3 
gtatgt t t t t t t t tt - - - - - - ct tataaaaa tcc 1 1 6 5  
gta tgtttttttttt t t t t t ccaaataaaaaccc 1 1 96 

7 94 

tatgttttttttt - - - - - - - caaataaaaaccc 1 1 7 4 
tatgttttttttt - - - - - - - caaataaaaaccc 9 4 9  
tatgttttttttt - - - - - - - caaataaaaaccc 9 5 2  

1 prt3 exon 41 
1 1 6 6  ccg- - c ttggcgagcagaggaactgacatgcatga t - - - - gca 
1 1 9 7 ccccgt atgccgagcaaagatgaaggaactgaccatgattgca 

7 9 5  

1 2 1 9  
1 2 5 6  

7 9 4 

1 2 3 3  
1 0 0 8  
1 0 1 1  

1 1 7 5  ccc - gt atgccgagcaaagatgaaggaac tgacca tgat 
9 5 0  ccc - gtatgccgagcaaagatgaaggaac tgaccatgat 
953 ccc - gtatgccgagcaaagatgaaggaactgaccatgat 

1 2 2 0  
1 2 5 7  

7 9 5  
1 2 3 4  
1 0 0 9  
1 0 1 2  

1 2 8 0  
1 3 1 7  

7 9 5 
1 2 9 4 

1 0 4 0  
1 0 4 3  

1 3 4 0  
1 3 7 7  

7 9 5  
1 3 5 4  

1 0 4 0  
1 0 4 3  

" ., " ..  " " 0 0 " "  . . . . . . . . . 

' •. " . Iroj U . . . "  • " 
" "" . 

1 2 7 9  
1 3 1 6 

7 94 
1 2 9 3 
1 0 3 9  
1 0 4 2 

1 3 3 9  
1 3 7 6 

7 94 
1 3 5 3 

1 0 3 9  
1 0 4 2  

1 3 9 2 
1 4 2 9  

7 9 4 
1 3 7 6 

1 0 3 9  
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C S E G S G  G S G S G S G S Q A N A S S S D T  F l 1 0 r f 4  

F l 1 orf4 
Lp 1 9  orf4 

1 CTGCAGCGAAGGCAGCGGTATAATAGGTAGCGGCAGCGGCAGCGGCAGTCAAGCAAATGCCTCATCTTCCGACAC 7 5  

Q R N R S E S S K C R Q R D G Y Q C  T K T D C  F l 1 O r f 4  

Fl 1 orf4 
Lp 1 9  orf4 

76 TCAGCGCAATAGGTCAGAGTCATCAAAATGCCGACAGCGAGACGGCTATCAATGCATTATAACAAAGACAGACTG 1 5 0  

o 

P Q V C H V V P Y S W S G S G C T E V M S K L F H Fl 1 0 r f 4  

F l 1 orf4 
Lp 1 9  orf4 

1 5 1  TCCACAGGTCTGTCATGTGGTTCCCTATTCCTGGTCTGGAAGTGGTTGCACAGAAGTCATGTCTAAGCTATTCCA 2 2 5  

1 0 

Fl 1 O r f 4  

F l 1 orf4 
Lp 1 9  orf4 
Lp 1 9  Orf4 

Fl 1 Orf4 

2 2 6  

F l 1 orf4 3 0 1  

Lp 1 9  orf4 2 9  

Lp 1 9  Orf4 

Fl l Orf4 

F l 1 orf4 376 

Lp 1 9  orf4 1 04 

Lp 1 9  Orf4 

F l 1 0 r f 4  

Fl 1 orf4 4 5 1  

Lp 1 9  orf4 1 7 9  

Lp 19 orf4 

F l 1 0 r f 4  

F l 1 orf4 5 2 6  

Lp 1 9  orf4 2 5 4  

Lp 1 9  Orf4 

F l 1 Orf4 

Fl1 orf4 6 0 1  

Lp 1 9  orf4 3 2 9  

Lp 1 9  Orf4 

F l 1 O r f 4  

F l 1  orf4 676 

Lp 1 9  orf4 4 04 

Lp 1 9  Orf4 

Fl 1 0rf4 

F l 1 orf4 7 4 8  

Lp 1 9  orf4 4 7 9  

Lp 1 9  Orf4 

F l 1 0 r f 4  

Fl 1 orf4 
Lp 1 9  orf4 
Lp 1 9  Orf4 

F l 1 O rf 4  

Fl 1 orf4 
Lp 1 9  orf4 

F l 1 0 r f 4  

Fl 1 orf4 
Lp 1 9  orf4 

8 2 3  

5 5 4  

8 9 8  

6 2 9  

9 7 1  

7 0 4  

G M T  E Y  Y L V G R D G V D  D D �E L ijtM 
TGGGATGACAGAGTATTACCTTGTTGGCAGGGATGGAGTTGACGATG� 

A G F V 

D K D T T N P L A L G E I L P P P A N  P P P R S S IPIdIIAGAd,lcd,lcCAACclTTTGGCGCTTGGAllllTCCTCCCGCCGCcIIc�ccqacCCCcllGATd,lTC �GAacaaatggaadaaatagaa caaatgaaacaaatggaacaaatggaat a g a  aaaacaaatggaat 
N N 

P R A S R S G D K S P T R V V Q V Q R P L G I K 
GCcccJcGCc:f:;�CTGGCG- -�TCC�TGGTG�GTC.c;lccJcTGGGctr. 
aaatagaata atagaataaataaadc�a�agaat�aatggaataaat�aataa tagaa aaatag�ataaa 

T N T  K N E N Q R P G P 
AC�cJcIAI:;IIc**c.jGCGTCclGGGCC� 
taga t a t  ga t aaatagadtaaatagaataaata 7 7 8  

3 0 0  

2 8  

3 7 5  

1 0 3  

4 5 0  

1 7 8  

5 2 5  

2 5 3  

6 0 0  

3 2 8  

6 7 5  

4 0 3  

7 4 7  

4 7 8  

8 2 2  

5 53 

8 97 

6 2 8  

9 7 0  

7 0 3  

1 0 0 9  

Appendix  A3 Compa rison of the E. festucae F I1  and N. lolii Lp1 9 orf4 sequences 

Al ignment of the nudeotide sequences of the E. festucae FI 1 and N. lolii Lp1 9 orf4 genes 
along with the encoded Orf4 polypeptide sequences. Protein-codi ng sequences are shown 
in uppercase letters, and non-codi ng sequences are shown i n  lowercase l etters. Homology 
between sequences at the nudeotide level is i ndicated by black or grey shading for coding 
or non-codi ng sequences respectively. The stop codons a re ind icated in red text. The 
pol ypeptide sequences are indicated in blue text, with identity at the ami no acid level 
indicated by blue shad ing. 
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Method: Neighbor Joining; Bootstrap ( 1 000 reps); tie breaking = Random 
Distance: Poisson-correction 

Gaps distributed proportionally 

r-----------------------s. cerevisiae Pcl 1 p  

r-----------S. cerevisiae Ctk2p 
,--------S. pombe SPBC530. 1 3  

.--------A. nidufans AN51 58.2 (ed) 

F. graminearum FG04981 . 1  Ctk2-like 
E. festucae FI1 Cyc1 
M. grisea MG06833.4 
N. crassa NCU04495.2 
S. pombe Srb1 1 

r-----------S. cerevisiae Ume3p 

.----------A .  nidufans AN21 72.2 
,------M. grisea MG01 071 . 4  

.------N. crassa NCU01 563.2 

Gibbereffa moniliformis Fic1 
F. graminearum FG04355 . 1  

r----------S. cerevisiae Ccl1 p 
'----""""-I 

I-----------S. pombe Mcs2 
....-------A .  nidufans AN2212.2 l...-_----"til..j 

,----N. crassa NCU01067.2 

F. graminearum FG02126 . 1  
M. grisea MG05536.4 (ed) 

I-------------""'-t.---------A. nidufans AN4981 .2 
I--------S. pombe Pch1 

.-----N. crassa NCU031 96.2 '------'.U1L.i 
M. grisea MG01 258 .4 
F.  graminearum FG00467 . 1  

.---------S. pombe SPAC1296.05c 
'-----------�� .--------A.  nidufans AN7719.2 

.-----M. grisea MG01 347. 4 
F. graminearum FG061 86. 1  

N .  crassa NCU06979.2 

Ume3-like 

Ccl 1 - l i ke 

Pch1-like 

SP AC 1296.05c 
11<8 

Ap p e n d ix A4 P hy log e netic re lat i o ns h ip of Cyc1 to other fu n g a l  
C -ty pe c y c l i n s  

Phylogenetic relationsh ip of the E. festucae FI1  Cyc1 protein with other related 
fungal cyclins.  The phylogenetic tree in this figu re was prepared in the M acVector 
7 .2 .3 program, usi ng Neighbour joining and bootstrapping ( 1 000 repl icates) of 
seq uences al igned using the ClustalW module of MacVector. For d etai l s  of the 
seq uences u sed i n  this a lignment, see Append ix A1 3 .6 .  In th is phylogenetic tree, 
the FI 1 Cyc1 p rotein name is shown in b lue text, with all other protei n n ames in 
black text. C-type and NB-type cycl i n s  are indicated by red and blu e  l ines 
respectively. Ctk2, Ume3,  Ccl 1 , Pch 1 and SPAC1 296.05c-l ike cycl ins are indicated 
by blue, orange, green , red and purple l ines respectively. 
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phosphatase domain 

F l l  Ptnl 
S. pombe Ptnlp 
C. elegans daf - l B  
D .  melanogaster 
Human PTEN 

F l l  Ptnl 17 
S. pombe Ptnlp 16 
C. elegans daf - 1 8 61  
D.  melanogaster 24 
Human PTEN 17 

Fll Ptnl 69 
S. pombe Ptnlp 74 
C. elegans daf - 1 8 1 15 
D. melanogas ter 78 
Human PTEN 7 0  

F l l  Ptnl 129 
S. pombe Ptnlp 124 
C . el egans daf - l B  164 
D .  melanogaster 1 27 
Human PTEN 1 1 9  

.. 

Catalytic signature 

F l l  Ptnl 
S. pombe Ptnlp 
C. elegans daf - l B 
D .  melanogast.er 
HUman PTEN 

C2 dtmain 

1 8 8 IRFTSI!f ' r:1.<I·""", S"II.DRWTPHG�DRP1 E1VE1HVWGLRNGV 
1 54 Os ELYTE H- - I E

�
KQFPNYk KA� FNTGTTF!'JKS FKCLN 

1 9 5  Q 1  YYSII K- - H ' ERELNW PLRMQL1GVYVERPPKTW 
1 5 8  WYDE 'llK K- - SK!Y"'CSSVP S LNVCE1R SESSCVQ 
1 5 0  FYGE :!JR - - S�KNHLD RP LFHKMM ET1PMFS 

Fll Ptnl 
S. pombe Ptnlp 
C .  elegans daf - 1 8 
D. melanogaster 
Human PTEN 

F l l  Ptnl 
S. pombe Ptnlp 
C .  el egans da f - 1 B 
D. melanogaster 
Human PTEN 

F l l  Ptnl 
S . pombe Ptnlp 
C. elegans daf - 1 8 
D. melanogaster 
Human PTEN 

F l l  Ptnl 
S. pombe Ptnlp 
C . elegans da f - 1 8 
D. melanogaster 
Human PTEN 

F l l  Ptnl 
S. pombe Ptnlp 
C .  elegans da f - l B  
D .  melanogaster 
Human PTEN 

F l l  Ptnl 
S. pombe Ptnlp 
C. elegans da f - 1 8 
D. meianogaster 

Human PTEN 

2 4 8  
2 12 
2 5 3  
2 16 
2 0 8  
2 9 6  
2 4 3  
3 13 
2 4 9  
2 3 6  

3 5 1  
2 9 1  
3 73 
2 9 8  
2 87 

3 8 9  
3 18 
4 3 3  
3 55 
3 15 

4 4 9  
3 4 8  
4 93 
4 08 
3 6 8  

5 02 
3 4 8  
5 5 3  
4 66 
3 98 

KVDVGG DGKTl LALHTFsRTERLVVEAG - - - - - - - - - - -IAGIGEMLWC-LAGH 
1K- - - KNSSL1LSLHAF KGR- - - - - - - 1 - - - - - - - - - - - - ALWKSS - - - - - - - DI 
GGGSK1 �GNGST1LFKPDPL 11SKS�QRERATWLNNCD FDTGEQKYHGFVSK 
N- - -LG� CS1SVLHD ATE- - - - - - - NA- - - - - - - - - - - - RLKTLP - - - - - 1DFQ 
GGTYPQ CQLKVK1Y S - - - - - - - - - S - - - - - - - - - - - - RE- - - - - - - - - - -D 

SAAVGAS�PEEAELjTNPKDHRTPVE - - -iRHAL1RKG LVQKVS - -ANMGDG1 
SSHNVSlm:GKR - - I - 1QCNLETSE- - - - - LLRVERKGQ FPSS - - - -VQCWFH 
RAYCFMVPEDAWF VRID1RE1GFLKKFS KIGHV� CDGGLNGGHFEYV 
KSFVLTI�S1� - - � VKFELTKKS - - - - - RBK1 ICHFW�F VRNY - - - -SPCESD 
KFMYFEFPQPL - - 1KVEFFHKQNKM- LWCDKMF!ll'IiVli:r'F 1 P- - - - - -GPEETS 

E�KSKTSSNATTElDST'ITQDTTTQG - - - - - - - - - - - - - - - - - - - - - -LKASEEPEPGGL 
THFQP - - - -Mlr YTNGIN- - - - - - - - - - - - - - - - - - - - - - - - - - - -FQQG1NS FLQGQ 
D�TQPYIGDDTS1GRKNGMRRNETPMRK1DPETGNEFESPWQ1VNPPGLEKH1TEEQAME 
GTVNKYIHTLSKS�1DDVHKDSEHKRFSEEFK1S1VFEAENFSND- - -VQAEASEKERNE 
EIWEN- -GSLCDQE1DS ICS - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1ERADNDKEY 

AV,1 FKPSQP1RVPTSDVNVSVERRNGARKGLSLAMVSAVAHVWFNTFFEGQGPEQGGRPS 
QS1SFSWSEMDJNS - RRSDPFFEQLTIVYENVF 
NYTNYGM1PPRYT1SK1LHEKHEKGIVKDDYNDRKLPMGDKSYTESGKSGD1RGVGGPFE �NFERSDYDSLSPNCYAEKKVLTA1VNDNTTKSQT1 - - - - - -ETLDHKD1V -TK1QYD 
L TLTKNDLgKANKDKANRYFSPNFKVKLYFTKTVEE - - - - - - PSNPEASSS -TSVTPD 

DGG1FS1DWEAMDG1KGSS - - -RKGSRALDRMSVVWRAVD GE - - - - GEE1LEPAEGE 

1PYKAEEHVLTFPVYEMDRALKS KDLNNGMKLHVVLRCVDTRDSKMME�EVFGNLAFHN 
TSTNSKNTS TACKRKQPNSKTLLPSLNDSTKEE1KRNH1�QP - - 1 KJ<iTDL1KWQNSEV 
VSDN- - - - - - - - - - - EPD - - - -HYRYSDTTDSDPE - - - - - EP - - - - - - FDE - -DQ - - HT 

PVPQVAAAADWKG- - -RGDDDDDDDDAEGMEWARSSGPGGEDLVGNGQK 

ES�LQALTQMNPKWRPEPCAFGSKGAEMHYPPSVRYSSNDGKYNGACSENLVSDFFEH 
H1�INENKN1N- - - - - - - - -YNSY1TCKQSSPKFNCGTEDbEEDWESE 
Q1 :JlKV 

AP PENDIX AS . 1  Al ignment of  the  E. festucae F I 1  Ptn 1  p rote in  with 
p hosphoinositide 3-p hosphatase seq uences 

1 6  
1 5  
6 0  
2 3  
1 6  

6 8  
7 3  

114 
77 
6 9  

12 8 
123 
163 
126 
1 1 8  

1 8 7  
1 5 3  
194 
1 5 7  
14 9 

24 7 
2 1 1  
2 5 2  
2 1 5  
2 0 7  

2 9 5  
2 4 2  
3 1 2  
2 4 8  
2 3 5  

3 5 0  
2 9 0  
3 7 2  
2 9 7  
2 8 6  

3 8 8  
3 1 7  
4 3 2  
3 5 4  
3 1 4  

44 8 
3 4 8  
4 9 2  
4 0 7  
3 6 7  

5 0 1  
3 4 8  
5 5 2  
4 6 5  
3 9 7  

5 4 7  
34 8 
6 1 2  
5 0 6  
4 0 2  

Alignment of  the d educed FI 1 Ptn1 protein with known phosphoinositide 
3-phosphatases from other organisms. Included are Schizosaccharomyces pombe Ptn 1 p  (also 
known as SPBC609.02, accession nurrber CAA22831 . 1 )  ( Mitra et al 2004), Caenorhabditis e/egans 
daf-18 (Mihaylova et al 1999; accession number T51924), Drosophila me/anogaster PTEN (Smith et 
al 1 999; accession number AAF23236. 1 )  and human PTEN (Li et al 1 997; accession number 
NP _000305.2). Residues conserved between all sequences are shown in black shading, while 
residues conserved between most (but not all) sequences are shown in grey shading. Residues 
shown in red text are i mportant in catalysis. The residues shaded in yellow are absolutely required for 
catalysis. Residues shown in blue hydrogen bond with PIP3. Residues shown in purple shading have 
positive charges important in the catalytic site. The green box indicates an insertion in PTEN 
homologues that is not present n dual specificity phosphatases. 
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Method: Neighbor Joining; Bootstrap (1000 reps); tie breaking = Random 

Distance: Poisson-correction 
Gaps distributed proportionally 

1 00  

55 

98 

95 
55 

67 

S. cerevisiae PI cl p 

human Cdc14A 

'mouse Cdc14A 

S. pombe Rp1 p 

S. cerevisiae Cdc14p 
Cdc14-like 

A. nidulans ANS057.2 phosphalases 
N. crassa NC U03246.2 

F. graminearum FGOO543. l 

!M. grisea MG04637.4 

human dusp 1 6/MKP-7 

S. cerevisiae Tepl p 

S. pombe Pmp l p  

N. crassa NC U06252.2 

F. graminearum FG06977. l 

S. cerevisiae Msg5p 

S. cerevisiae Sdpl p 
Ppsl -Iike 

S. cerevisiae Ppsl P phosphalases 

A. nidulans AN0192.2 

M. grisea MG03l30.4 

F. graminearum FG04296, 1  

N. crassa NCU03426.2 

M. grisea MG08005.4 

E. festucae FI1  Plnl 

F. graminearum FG04982. l 

N. crassa NCU06969.2 
PTEN-l ike 

P. anserina conlig 454/455 phosphalases 

S. pombe Plnl p (SPBC609.02) 

Human PTEN 

Drosophila melanogaster PTEN 

A. nidulans AN44l9.2 

F. graminearum FG105l6. l 

M. grisea MG09700.4 

N. crassa NC U08l 58.2 Yvhl--like 

S. pombe SPBC1 7A3.06 phosphalases 

Human dusp1 2 

S. cerevisiae Yvhl p 

Ap pendix AS. 2 P hy loge net i c  re l at ions h i p  of Ptn 1  to fung al PT E N 
l ike p hos p hatases 

Phylogenetic relationsh ips of the E. festucae FI 1 Ptn 1 protein with other related fungal 
peptide sequences. The phylogenetic tree in th is fig ure was p repared in the MacVector 
7 . 2 . 3  prog ram ,  using Neighbour join ing and bootstrapping ( 1 000 replicates) of 
seq uences a l igned using the ClustalW mod ule of MacVector to form the tree. For 
detai ls  of the sequences u sed in th i s  al ign ment, see Appendix A1 3 . 7 .  In th is 
phylogenetic tree, the F I1  Ptn 1 protei n name is  shown i n  b l ue text, with a l l  other 
protein names in black text. Cdc1 4 ,  P ps 1 ,  PTEN and Yvh 1 -l ike p hosph atase groups 
are ind icated by blue, green , red and yellow l i nes respectively. 
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A6 : Analysis of Gao1 
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Fll Gaol 
Fusarium GaoA 

Fll Gaol 
Fusarium GaoA 

Fll  Gaol 
Fusarium GaoA 

9 8  Gr.J�I�rar.Vl+KIIETVALGAWYG�E 1 4 7  
1 0 1  K�NB; r.JSIG�SPVASGSWFAlS 1 5 0  

Fll  Gaol 
Fusarium GaoA 

2 4 8  
2 5 1  

F ll  Gaol 2 9 8  
Fusarium GaoA 3 01 

Fll  Gaol 3 4 8  IrJlNollDllr 
Fusarium GaoA 3 51 IsllpN.KlIN 

297  
3 0 0  

3 4 7  
3 5 0  

3 9 7  
4 0 0  

F l l  Gaol 
Fusarium GaoA 

3 9 8  1IAf3Ir_�IIJ:8S 
4 0 1  -.sIDllKS �� 4 4 7  

4 5 0  

F l l  Gaol 
Fusarium GaoA 

4 4 8  
4 51 

Fll  Gaol 4 9 8  
Fusarium GaoA 5 0 1  

4 9 7  
5 0 0  

�S 547  � 5 5 0  

F ll  Gaol 54 8  �K�L1Js��-VIQSvB- - DR- 593  
Fusarium GaoA 5 51 � - ofr'I��.YNIN.'lI __ KITRTSavKVGG 599  

Fll  Gaol 594  643  
Fusarium GaoA 6 0 0  6 4 9  

Appendix 6 . 1  Al ig nment of G a o 1  with GaoA fro m  Fusariu m s p .  

Alignment of th e  E. festucae FI1 galactose oxidase precursor protein with the related peptide 
sequence from Fusarium sp. (accession number 001 745). Residues conserved between the two 
proteins are shown by white text in black boxes. Tyrosine 3 1 3  (shown in whtie text in a purple box) 
and cysteine 269 (shown in green ) form an unusua l  covalent bond critical for enzyme activity. 
Tyrosine 536, Histidine 537, and Histidine 623 (shown in white text in a blue box) together with 
Tyrosine 3 1 3  bind the copper co-factor critical for enzyme activity. Also shown are residues 
phenyalanine 268 and tryptophan 333, which both interact with amino acid residues in the active site. 

Conserved domains are indicated by underscoring below the alignment. B lue underscoring represents 
a putative sugar binding domain, with two Kelch domains shown in red underscoring. 
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Method: Neighbor Joining; Bootstrap (1 000 reps
)
; tie breaking = Random 

Distance: Poisson-correction 
Gaps distributed proportionally 

,....-------------------------P. chrysospotium 

1 00 ,....-----M. gtisea MG05865.4 r-------------�� 

90 

M. gtisea MG01 655.4 

F. graminearum FG 1 1 097. 1 
99 ,....----------N. crassa NCU04 1 7 0. 1  r-------�� 

,....--------N. crassa NCU05935 . 1  

,------F,. graminearum FG05763. 1 

'M''---C. neoformans ser. 0 CNBG408 

C. neoformans ser. 0 CNBA6590 

,....-------------N. crassa NCU09209. 1 

,-----------E. festucae FI1 Ga01 

,....--------F. graminearum FG03569. 1 

nnr-----F. graminearum FG0025 1 . 1  

-_ r--Fusarium spp. GaoA 

F. graminearum FG 1 1032.1 

_ r--------P. anserina contig 232 '----------""'l 
,------u. maydis UM02809. 1 

__ r--M. gtisea MG02368.4 

F. graminearum FG09093.1  
L------------------M. gtisea M G 1 0878.4 

AP PEN DIX 6 .2  Phylogenet ic ana lys is of the E. festucae F I 1  Gao1 prote i n  with 
D-galactose oxidases 

Alignment of the deduced E. festucae FI1 Ga01 protein with galactose and glyoxal oxidases from other 
organisms. The phylogenetic tree in this figure was prepared in the MacVector 7.2.3 program, using 
Neighbour joining and bootstrapping (1000 replicates) of sequences aligned using the ClustalW module of 
MacVector to form the tree. For details of the sequences used in this alignment, see Appendix A 1 3.8. In this 
phylogenetic tree, the E. festucae FI 1 Ga01 protein name is shown in blue text, with all other protein names 
in black text. Glyoxal and galactose oxidases are indicated by green and red l ines respectively. 
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A7 : Des ign of degenerate primers 
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A 

Pr1H 1 8 0  
FGO O l 9 2 . 1  1 7 8  
PspA 174  
Spm1 176  

Pr1H 2 4 0  
FGO O 1 92 . 1  2 3 8  
PspA 234  
Spm1 236  

Pr1H 3 0 0  
FGO O 1 92 . 1  2 9 8  
PspA 294 
Spm1 296 

Pr1H 3 6 0  
FGO O 1 92 . 1  3 5 8  
PspA 3 5 4  
Spm1 3 56 

M M 93 • I' L- L • . 

: _
= 

_
_ �_��¥�� I -

:I I ' 1 1 ' • 

M M94 

. . . 

. -
-

-

• • ,. . • � ' .  :: j. \! 4 · 'v .. " ::  ',I . 

G 
. . 

- -
------�--

2 3 9  
2 3 7  
2 ] ]  
2 3 5  

2 9 9  
2 9 7  
2 9] 
2 9 5  

3 59 
] 57 
] 5] 
] 55  

4 1 9  
4 1 7  
4 1 3  iK�iI.llllllllllllllllisiiil 4 1 5  

B 
o H v D F E G 

A 
GA T CAT GT GT GA T TT T GA A GG C C C C G 

C 

1 
5 ' GAT CA T GTA GAT TT T GAA GG 3 '  

C C G 
MM 9 3  

G N D N A o A 

A A 
GG G AA T GA T AA T Gc G GA T GC 

T C C C T C 
C C 

T 
C A 

1 complement 

3 '  CC A TT G CTA TTG CGA CTA CG 5 '  

G 
MM 9 4  

Appen d i x  A7 . 1  Des i g n  of deg enerate p e R  pri m e rs used to a m p l ify the 

vac u o l a r  protease en cod i n g  gen e prt4 
(A) Partial alignment of peptide sequences corresponding to homologues of the 
S. cerevisiae Prb1 protein from the fungi M. anisopliae (Pr1 H), F. graminearum (FG00192. 1 ) ,  
P. anserina (PspA) and M. grisea (Spm 1 ). Identity between the peptide sequences is  shown by  black 
shading with white text. The position where the primers were designed are indicated by black shading 
with either orange (MM93) or green (MM94) text respectively, together with an arrow of the same 
colour showing the direction of amplification. Conserved residues required for catalytic activity of the 
enzyme are indicated by black text with yellow shading. (8) The peptide sequences to which the 
M M93 and MM94 sequences were designed are shown in orange and green respectively. The 
nucleotide sequence that codes for this sequence is shown beneath the peptide sequence in black 
text, with multiple letters at posttions where more than one codon specifies the same amino acid. The 
sequence of the the derived MM93 and MM94 primers is shown below in orange and green text 
respectively. 
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Appendix A7.2 Design of degenerate prime rs for prt isolation 
Gene Organism Class H site S site 

FG0 9 1 56 . 1  F .  graminearum Kex i n  RHGTRCA GTSAAAP 

MG0 3 7 4 2 . 4  M .  grisea Kex i n  RHGTRCA GTSAAAP 

NCU0 3 2 1 9 . 2 N .  cra ssa Kex i n  KHGTRCA GTSAAAP 

FG0 2 9 5 6 . 1  F .  graminea rum Othe r GHGTHVG GTSMAAP 

FG0 3 3 3 1 . 1  F .  graminearum Othe r GHGTHVA GSSMSSQ 

FG0 4 3 7 5 . 1  F .  graminearum Othe r GHGTH I A  GTSVSTP 

FG0 4 5 0 6 . 1  F .  graminearum Othe r GHGTHCA GTSCAAP 

FG0 9 1 1 5 . l  F .  graminearum Othe r GHGTAVA G S S FACP 

FG1 1 2 2 3 . l  F .  qraminearum Othe r GHGTHVC GTSMSTP 

MG0 4 9 3 9 . 4  M .  gri sea Othe r GHGTFVT GTS FATP 

FG0 2 9 7 6 . l  F . graminearum p ro t K  s f l  GHGTHVA GTSMASP 

FG0 3 3 l 5 . l  F . graminearum p ro t K  s f l  GHGTHVA GTSMACP 

MGO B 9 6 6 . 4  M .  grisea p ro t K  s f l  GHGTHVA GTSMASP 

MG 1 0 4 4 9 . 4  M. grisea p ro t K  s f l  GHGTHVA GTSMATP 

NCU0 7 l 5 9 . 2  N .  cra ssa p ro t K  s E l  GHGTHVA GTSMATP 

P r lA M .  ani sopl iae p ro t K  s f l  GHGTHCA GTSMATP 

P r l S  M .  ani sopl iae p ro t K  s f l  GHGTHLA GSSMSAA 

P r I G  M .  a n i sopl iae p ro t K  s f l  LHGTHVA GTSMAAP 

P r l I  M. a n i sopl iae protK s f l  GHGTHVA GTSMATP 

P r l K  M. a n i sopl iae prot K  s f l  GHGTHVA GTSMASP 

FGO O 8 0 6 . 1  F . graminearum p ro t K  s f 2  GHGTHVA GTSMATP 

FGO B 0 1 2  . 1  F . graminearum p ro t K  s f 2  GHGTHCA GTSMATP 

FGO B 4 6 4 . l  F .  graminea rum p ro t K  s f 2  GHGTHVA GTSMACP 

FG 0 9 3 B 2 . l  F . graminearum p ro t K  s f 2  GHGS HVA GTSMASP 

FG1 0 5 2 5 . l  F . graminearum p ro t K  s f 2  GHGTHCA GTSMACP 

FG 1 0 5 9 5 . l  F .  graminea rum p rot K s f 2  QHGT LVA GTSEAAP 

FG 1 0 7 l 2 . l  F . graminearum p ro t K  s f 2  QHGTLVA GTSEASP 

FGl 1 4 0 5 . l  F . graminearum p ro t K  s f 2  GHGTHVA GTSMAAP 

MG0 2 8 6 3 . 4  M .  qri sea prot K  s f 2  GHGTHVA GTSSATP 

MG0 6 5 5 8 . 4  M .  gri sea p ro t K  s f 2  GHGTHVA GTSMATP 

MG0 7 9 6 5 . 4  M .  gri sea protK s f 2  GHGS HVA GTSMATP 

NCU0 6 0 5 5 . 2  N. cra ssa p ro t K  s f 2  GHGS HVA GTSMASP 

NCU0 6 9 4 9 . 2  N. cra ssa p ro t K  s f 2  GHGTHVT GTSMASP 

P r l D  M .  ani sopl iae p ro t K  s f 2  GHGTHVA GTSMASP 

P r l E  M .  ani sopl iae p ro t K  s f 2  IHGDHGT G S S FATP 

P r l F  M .  ani sopl iae p ro t K  s f 2  GHGTHVA GTSMAAP 

P r l J  M .  a n i sopl iae p ro t K  s f 2  GHGTHVA GTSQAAP 

FG0 6 5 7 2  . 1  F .  graminea rum pyro l y s i n  s f l  GHGTHVA GTSMASP 

FGl 1 4 7 2  . 1  F .  qraminea rum pyrolys i n  s f l  GHGTHVA GTSMACP 

MG O O 2 B 2 . 4  M. gri sea pyro l y s i n  s f l  I HGTHVLG GTSMATP 

MG0 3 3 l 6 . 4  M .  gri sea pyro l y s i n  s f l  GHGTHVT GTSMACP 

MG0 3 B 7 0 . 4  M. gri sea p y ro l y s i n  s E l  GHGTHVA GTSMACP 

MG 0 7 3 5 B . 4  M .  grisea pyro l y s i n  s f l  AHGTHVS GTSMAAP 

MGO B 4 l 5 . 4  M .  grisea pyro l y s i n  s E l  GHGTHVA GTSMAAP 

MG 1 0 4 4 5 . 4  M. gri sea pyro l y s i n  s E l  GHGTHVA GTSMATP 

NCUO O 2 6 3 . 2  N. cra ssa pyrol ys i n  s f l  GHGSHVL GTSMACP 

P r l C  M .  ani sopl iae pyrol ys i n  s f l  GHGS HVA GTSMSCP 

FG0 6 3 3 2 . l  F .  graminearum pyro l y s i n  s f 2  GHGTHVA GTSMSAP 

MG0 2 5 3 l . 4  M .  gri sea p y r o l y s i n  s f 2  GHGTHVA GTSMACP 

MG0 2 6 4 9 . 4  M .  gri sea pyrolys i n  s f 2  GHGTHVA GTSMATP 

MG0 4 7 3 3 . 4  M. gri sea pyrol ys i n  s f 2  GHGTHVA GTSMATP 

MG O B 4 2 9 . 4  M. grisea pyro l y s i n  s f 2  GHGTHVA GTSMATP 

MGO B 4 3 6 . 4  M .  gri sea pyro l y s i n  s f 2  GHGTHVA GTSMATP 

MG0 9 3 5 2 . 4  M .  grisea pyro l ys i n  s f 2  GHGTHVA GTSQATP 

MG 0 9 B 1 7 . 4  M. grisea pyro l ys i n  s f 2  GHGTHVA GTSMATP 

MG0 9 9 9 0 . 4  M .  gri sea pyro l y s i n  s f 2  GHGTHVA GTSMATP 

FGO O 1 92 . l  F .  graminearum Vacuo l a r  GHGTHCS GTSMASP 

MG0 3 6 7 0 . 4  M .  gri sea Vacuo l a r  GHGTHCS GTSMASP 

NCUO O 6 7 3 . 2  N . cra ssa Va cuo l a r  GHGTHCS GTSMASP 

P r l H  M. a n i sopl iae vacuol a r  GHGTHCS GTSMASP 

protK sf1 and protK sf2 stand for proteinase K subfamily 1 and proteinase K subfamily 2 respectively 
pyrolysin sf1 and pyrolysin sf2 stand for pyrolysin subfamily 1 and pyrolysin subfamily 2 respectively 
The MM149 primer was designed to the H site and the MM1 50 primer was designed to the S site 
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F l l  O r f 2  

FG0 7 6 9 7 . 1 ' 
UM0 3 5 5 3 . 1b 
S almon e l l a  C 

F l l  O r f 2  

FG0 7 6 9 7 . 1 ' 
UM0 3 5 5 3 . 1 ° 
S a l mone l l a  C 

F ll O r f 2  

FG0 7 6 9 7 . 1  ' 
UM0 3 5 5 3 . 1 = 
S a l mon e l l a  C 

F l l  O r n  

FG0 7 6 9 7 . 1 ' 
UM0 3 5 5 3 . 1 b 
S a l mone l l a  

F l l  O r f 2  

FG0 7 6 9 7 . 1 ' 
UM0 3 5 5 3 . 1= 
S a l mone l l a  

1 
1 
1 
1 

1 7  
1 6  
5 1  
1 8  

6 7  
6 6  

1 0 1 
6 8  

1 1 7  
1 1 6  
1 4 2  
1 1 3  

1 6 6 
1 6 0  
1 9 0 
1 52 

MSETREHEQTIioEMS 
MPNATKTK�D T r T  

MVSTRSSASGCLAASS ST S PQRDPSR PRPTSASCGSS KFPYSLPY�L 
MA I KP FNYQQDFSlrlF 

. ' :10 ,, '  " ,  , ...::: . T J 
" I  • ' � � �� \ J ' 'v 

I . I �� I :  r :tt� .. ��rYQ� . . , _ � I " 
* * * * * * * * * * * *  * 

� ' J . � "  - � . ; .  � --,  ... I t , e l l-
.. I v v " , • v Y � c • r ' , , ' "  I' I 

• C ;i; "  � . " • . 
• .  I. c " . •  iJ . . ' . • . f "  

* * * . * * * . * * * . * * *  * * * . * * * * * *  * *  
LNT- - - - -

n ___ I4I�g�_�.���TCGGS 

- - Q E PN!rEIARIIKQ I LD E K I WKNA ENH I AWAKTRPLLTERSQ 
RGNDP lIAAlATvI�D K I RdIIDYL HQARWG 

. * .  

S PGA 

EVQSAILKDPSSQRLVKKW 

1 6  
1 5  

5 0  
1 7  

6 6  
6 5  

1 0 0  
6 7  

1 1 6  
1 1 5  
1 4 1  
1 1 2  

1 6 5  
1 5 9  
1 8 9  
1 5 1  

1 6 9  
1 5 9  
2 0 8  
1 5 1  

A FG0 7 6 9 7  r ep re s en t s  a t  l e a s t  two i ndependent genes - FGENESH w i l l  some t i me s  make e rror 

E d i t e d  to c orrespond t o  the O r f 2  locus 

B UM0 3 5 5 3  c on t a i ns a put a t i v e  i nt ron not recogn i z e d  by FGENESH - sequence was corrected 

t o  re f l ec t  thi s 

C S a l mone l l a  typhi murium LT2 STM2 6 5 5  put a t i ve cytopl asmi c prot e i n  

Ap pe nd i x  A8 : Al ig n me nt of E. festucae FI1  Orf2 w ith related 

fu nga l  a n d  bacteria l seq ue nces 

Alig n ment of the E. festucae FI1 Orf2 protei n with related sequences from 
F. graminearum (FG07697. 1 ) ,  u. maydis (U M03553 . 1 )  and Salmonella 
typhimurim. Identity between the seq uences is indicated by black shading . 
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F l l  Orf3 
NCU0 1 0 S 1 . 1  

F l l  Orf3 
NCU0 1 0 S 1 . 1  

F l l  Orf3 
NCU0 1 0 S 1 . 1  

9 1 Ill", ,.",r'l'1"' r) v rill Q 1l 
9 9  

F l l  Orf3 1 9 1  
NCU0 1 0 S 1 . 1  1 9 8  

Ap pen d i x  A9 : Al ig n me nt of E. festucae F I1 Orf3 w ith t he 

NCU0 1 0 51 . 1  seq ue nce 

2 3 9  
2 4 7  

Align ment of the E. festucae FI 1 Orf3 polypeptide with NCU01 05 1 . 1 .  
Identity between the sequences is  ind icated by b lack shading . 

254 



AP P E N DIX 

A1 0 :  Analysis of N c25 

255 



E .  fes t u cae Fll 
N.  l o l i i  Nc2 5 
N.  coenoph i a l um 

E .  fes t ucae Fl1  
N.  l o l i i  Nc2 5 
N .  coen ophi a l um 

E .  fes t ucae Fl1  
N.  l ol i i  Nc2 5 
N .  coenoph i a l um 

1 1 1 

5 1  5 1  5 1  

1 0 1  
7 8  1 0 1  

I IQFTLI F F ·i.;:,TL.::....:; F'-3L::....;:, P S E Q  v'3PDIJQESDELD }:F IlJ F}:r Vi 3.;:'C'L 
I 10FTL I  F F ·i.�.TL.::"";:'F 3L.::....;:,PSE;:i· · -3PDT:C E 3C ELC f.P IlJ Fr:ilp l � 3;"C L 
[·10FT:!!: r F ·l·;,TL,:,..;:, F 3 L.::....;:, P S E Q ·,' 3P[I," /QESri'fLDEP " JFr:r�i -3.;:'DL 

ShDGIVDSDmJQE3DELM:F PN FHI P 'i KilD 13 1  
7 7  

SAm1VDSDDVQESD ELM:R PN FKMVil" SADM 1 3 1  

Appendix A1 0:  Al i g n m e nt of E. festucae FI 1 Nc25 w ith 

re lated Neotyphodium seque nces 

5 0  5 0  5 0  

Alignment of the E .  festucae F I 1  Nc25 polypeptide with the homologous 
sequences from N. lolii and N. coenophialum . Identity between the sequen ces 
is ind icated by black shading.  The E. festucae FI1  Nc25 protein is 88% identical 
to the N. coenophialum Nc25 protein , and 54% identical to the N. lolii Nc25 
protein .  
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Appendix 1 1 . 1 :  MEME analysis of E. festucae FI1 prt promoters 

MEME (Multiple Excitation Maximisation for Motif Elicitation) analysis of the E. festucae FI1 prt 
prom oters was perfonned at the website http://meme .sdsc. edu/meme/website/meme.html (Bailey 
and Elkan, 1 994). ME ME analysis using an algorithm to recognise motifs (defined as a sequence 
pattern that occurs repeatedly in a group of DNA sequences) from a given subset of sequences. 

The promoter regions from the prt1, prt2, prt3, prt4 and prt5 genes were submitted for MEME 
analysis . The distribution of motifs within the sequence was set as "any number of repetitions", with a 
maximum number of 25 motifs searched for. The minimum motif size was set to 5bp, and the 
maximum size to 50 bp. 

The 25 motifs discovered are indicated on the promoter sequences as shown in Figures 3.6, 3 . 12 ,  
3. 1 7, 3 .24 and 3 .29. Motif numbers were entered, with common m otifs having a particular colour to 
differentiate them from other motifs . Less common motifs were left uncoloured . A list and alignment of 
the motif sequences is shown in Appendix 1 1 .2 .  The sequence alignments of the motifs are shown on 
the next four pages. 

Appendix 1 1 .2 M EME motifs 
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MOTI F 1 :  
Mullllevel 

consensus 

sequence 

AAAAAAAAAAAA"AAAAAAA 

C A � c c � 

NAME STRAND START P·VALUE SITES 

prll + 264 3. 74&-13 ::C::Acr�'!'AAA AAAAAAAAAAAAG AAAAAAA GTGGCCAGGT 
prl3 961 1 . 1 29012 GCGAG'::CAAA AAAAAAAAAAAAAAAAAAAA GGClv\GGTT� 

prll 1 044 4.979010 CGAATTCGAG AAAGAAA:; G GAAAAAAAAAA CCCGTCTCCA 

prtl 179 9.06e-l0 MTGCGAGGA AGAAAAAAAAAAG TAAATAC AA7CGAAAGA 

prt3 + 1 730 2.36e-09 GCGTCGACGC AAAAAAGAAGAAGAA:;AAAA CCAGCATC'I''I' 

prtl + 1 562 2. 70e-{)9 TCTTGTTGGG AGAAAAAAAAAAG TAC T TAA GGGCCCATGA 

prtl 223 1 . 57e-08 GCACGAG7GA CGAGAAAAAAAAG TCAC TAA �G7CATGTA7 

prt2 1921 2.02e-08 rTCCACCACC C GAAAATAAAAAAAACAAT A C'::CCGCGGGC 

prtl 1 1 22 2. 8ge-{)8 AMGGAA7:C AAC GAAAG GAAAGAGACAAA GCCACCAAGC 

prtl 783 7.34e-08 GCGACCG7GA T TG GAAA:; t: GAAAAAAAAAA CC7T::;rGGTC 

MOTIF 2: Multilevel 

consensus 
sequence 

G C TCCCT ACCCTCCATG CAT GCCATGACG 

C A " ':: A T 

T 

NAME STRAND START P·VALUE SITES 
prt3 + 765 9.32901 7  ACGGGGAGr� GCTCCCT TCCCTCGATG CAT GCCATG ACG GAACCGGGCC 

prt3 • 708 7. 7Se-1S TTACTAeT'!'T GCTC CG TTTC CTCGAT GCAT GCCAT GAC G AAACCGGCCr 

prt2 1635 4.93e-12 TTCG7GGC7C CCCCCCTCCCCT CCG T TG T T GACAT G TCG CGGGAAAGG 

prt5 + 1 637 1 . 1 19010 ATTCCAAGGC GCT TCATCCCCATCAT TC T TCCCATC TCG CTTATCTCGC 

prtl + 409 2. 1 59010 CAATGACTCG GCAAGG TAGCATCTAACCAT GAC ATGACG GTTACAA7CC 

prt3 + 1463 2.719010 GGCAGTCTTG G CTCTC TACT T TCCGAG GTAGCCAAGACA ATTCGAAAGA 

MOTIF 3: Mullilevel 
consensus 
sequence 

GGCCT TGTTG G G TGCG G CGA 

C C cc A C AC 

NAME STRAND START P·VALUE SITES 
prt3 800 1 . 22e-l0 GA GG�.ACCG GGCCTCGTTGGGTACG G G GA GTACGAGC G 

prt3 + 742 B.3ge-l0 TGACGAAACC GGCCTCATTG G GTACG G G GA GTTGCTCCCT 

prt2 1309 1 . 13e-09 TCACGGCCGC GGCCT TGTTGGGCGCCG CCA TTTATCAATT 

prt5 993 2.� AATCCATCAT CGCCTTGTTGCCT GCCG ACA AATCTTCCAT 

prt4 + 1296 8.05e-09 GTTGGC GGG CGCATTGATGGCTGCG GCCA TTGGCCTCAC 

prt3 lnO 1 .07e-{)B GTCGCTGAGC GGGCATCTTGGCTGCGGC GA AAGCCAATAT 

prt4 1 1 48 2.88e-08 AG�ACA GCG G CCCTCTTTGCG TGCG GAG G  AGTGCACTGG 
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MOTIF 4: Multilevel 
consensus 
sequence 

CC T G ACCC T ' TTC TC 

:' � �C T T  
� 

NAME STRAND START P-VALUE SITES 
prt3 1700 7.06e-09 �GA-G·-CA:'G TC T T  AC T T T  ' T T C TC JTAATAT1':'T 
prt2 124 9.06e-09 :G�AT:rCAG CC T T GAC T C T ' T T T T C ATCATCTAGG 

prtS 1699 4.62tHJ8 SAAAGAAG:r TC T GG AC C T T G T T C T - :;G�CG�CTAr 

prtS 1058 7.65tHJ8 T:C:CGT:r CC TAT CCCC T ' T T C TC ACGAG:'TCAC 

prtS 1084 1 .32tHJ7 :CCrC7GT�C C C T T TCCC T- TT C T :rCCCTGTCT 

prtS 1 105 2 12tHJ7 TCCCG:;AGAC C C T TC C C C T G TC C TC :'G':'CC:CS':' 

prt2 + 1437 2.30tHJ7 :C':'GG:'GGC! CCA T G AC T T TG T TC T T  :AGATGGCCG 

prtS + 326 9.03tHJ7 GTCTC7CG:r CC T C ; G AT T T  T T T T C �GACA�GAAT 

MOTIF 5: Mullilevel 

consensus 

sequence 

ATATATACATATA 

C :' C C 

NAME STRAND START P·VALUE SITES 

prt3 + 1903 7.85e-09 c:rC':'-TAT A T A TA T A T A T A T A T':'�A':'CCA'i'C 

prt2 1 1 27 7.85tHJ9 CCAGCATCGG A T ATA T A T A T A T A '-CGSAGATGG 

prtS + 747 7. lOe-Q8 cr:CCCSCAC ATATATACACATA CG:;:CGAGAG 

prtl 7 44  1 31tHJ7 CS :;,:AA':'AC ATACATACATATC ACSACC:C':' 

MOTIF 6: 

NAME S T RAND START P-VALUE 

prt5 + 834 4. 78e-09 

prt5 + 265 2. 51 e-08 

prt4 - 262 5 . 3 1 e-07 

prt5 + 1451 5 . 3 1 e-07 

prt4 - 1 330 1 . 1 3e-06 

prt2 + 2281 1 . 1 3e-06 

prt5 - 1 60 1 . 32e-06 

prt3 - 834 1 .43e-06 

prt2 - 1081 1 . 80e-06 

prt5 + 922 1 . 80e-06  

prt5 - 1 022 2.26e-06 
prt2 + 786 3. 16e-06 

MOTIF 7: 

NAME STRAND START P-VALUE 

prt3 - 1 500 6 . 74e-09 
prt4 + 1 600 1 . 35e-08 

prt2 + 1 776 2. 62e-08 

prt3 + 452 7. 18e-08 

prt5 - 1 147 7. 18e-08 

prt3 - 853 3.25e-07 

Multilevel 
consensus 
sequence 

C T T  C C  A C T "C 

C C A 0 _  7 

SITES 

AC'CAATGGGC C T T  C C uAT C T�C AAAAGGAGGC 

CCATCCG:'AC � C TT CC , AT T T ' C ACGCACGGCA 

G�7CCATATr C CA T CC AT C T TC CC:'C7G�CAT 

�C7�GGG�C7 � TT GC CAAC T T r-C �AGTAACC7A 

AGG7AGA�AA C AA C CAAu C T C CAACG�GAGG 

AAAAGTCCTC T A T T C C CAA. C T TC AGGTGTCAAC 

GA�CAGGCCA ... C T TC C CATC C T TC C�TC:CCGC G  

ACGATCAATC C TAC C C  A C T TC CCGGCGGC�C 

GCACGGAGAC AC C T TC C C  AT T TG C A7G�GCA7GA 

CGGCC�CGGG A � T T TCC GAuC T TC :'TCGTG7A:'C 

AGAC�C�C'CT T C T T  C C"AG T Tu A �GGAAGA7TT 

CAAGAC� TCA C A T T TCC ATG C T G C AAAGAACTCA 

Multilevel 
consensus 
sequence 

AT C GCATCGACA TC 

A 

SITES 

CACATGAAGA AT G G GCA TCGACA TC T��CGAATTG 

AAC:'A .CGGC AT C ' GC ATCATC A TC A�CATCATCA 

AAAG:'CTTAC AT T (" CA TC C A TC 7CAC' C �TG�G 

��C'G':'�GGGG C T CArCAT c rAC ATC CAACACG�CG 

GGAGGGAGCA AT C G CCAT CuAC AAC CAGr G("G�" 

ACAACAGGCG A�C G ('CAT CAC ('ATC AAC'CGCG7AC 

MOTIF 8:  Multilevel 
consensus 
sequence 

G TA TCAATTCG CACACATG TC 

TA T T C T C � 
T C 

NAME STRAND START P-VALUE 

prt4 + 53 6.32e-1 1 
prt2 - 1 287 2. 1 5e-Q9 

prt3 - 928 8.47e-09 

prt5 + 950 2. 36e-08 

prt2 + 893 4.07e-08 

prt2 + 627 5.03e-08 

prt4 - 733 6.65e-Q8 

prt2 - 732 7. 1 4e-08 

SITES 

A':AAGCACAA C- TC TCAATTT rCAr ACC TTTC TGGCGG':AAG 

GCGCCGCCAT TT ATCAATTCCC T'AAATCTC ACACAAA':'� 

AAGGT':':GG AA TCAATTT -CTT GCATC TC AT("cc("r�rA 

G':G':A':':GAC T TA TCTATTCGCA- CC TGT CC AA:'GGCAAA': 

CGTC7:'':CAC GGC CAATTAGCA ACT TG TC GAC:'CAAAAG 

C:'C':G�!TG� TAATCTATTCCAArACC TTCC '::":"G:'7':�:'G 

C:liCCA:CAT TTA TCATTTCACAC G CA G TC ,,�CAC!A;A:
GG:"A';' AAGA TTTCAAAA TGCA A CAT"'AC ,'C',:,rC'::G,AG 
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MOTIF 9: Multilevel 

consensus 

sequence 

T T T TC GAG T AT T T T TA 

NAME STRAND START P·VALUE SITES 

prtl 

prt4 

+ 
... 

679 2.57e-l0 CGC�T CCAAG T T T T TGAG T T T T T T TA ACCCGCCCCG 

5 5.3ge-l0 AAGC T T T T C GAG TAT T T T TA '::C GG G A'::'::':: C 

MOTIF 1 0 :  

NAME STRAND START P·VALUE 
prt5 - 1 61 1  4. 07e-07 

prt4 - 95 8 . 1 5e-07 

prt2 + 470 1 .63e-06 

prt5 + 1 71 8 1 .63e-06 

prt3 - 1 622 2.44e-06 

prt2 - 1 223 3.26e-06 

prt2 - 295 5.38e-06 
prt2 ... 368 7.42e-06 

MOTIF 1 1 :  

NAME STRAND START P-VAlUE 

Mu ltilevel 

consensus 

sequence 

T TC T T T CCAT G 

A C 

SITES 
GGAATC CAA� T TC T T TC CAT G ATGC�GGGCG 

CG':: �GCAAC� T T G T T T CC AT G T _AAATACCA 

GGATGACTGC T T C T T T GC AAG TTGGGGACGG 

G':'C AGAAAC T TC T T T CC AAG ';'TACCAAATC 

GCAGTCAGCG T T G T T T G C AT C GAGGG':'G':'AA 

GA ':'':'GAGC T TC T AT GC AT G GCGCGGGAGA 

C':' GTGGTGG G TG T T T CCAT G A G ATCAAT 
CCTAGAAGCA T TC AT T G CAT C AAAAT�CGG':' 

Multilevel 

consensus 

sequence 

AA T C AT T T TA T 

SITES 
prt4 
prt2 

2 1 8  3. 05e-07 TGAATAAGC ':' AA T C AT T T TA T CCTT CAT G CA 
+ 433 3.05e-07 ATT':'CCCGAC AA T C AT T T T T T  CGGCC':'':'CTG 

MOTIF 1 2 : 

NAME STRAND START P-VALUE 

prt1 ... 837 1 .90e-l0 

prt2 + 1 569 3. 14e-10 

prt3 - 1515  1 .24e-09 

prt4 428 1 .37e-09 

prt5 - 862 2.400-09 

prt3 ... 1243 1 .24e-08 

M OTIF 1 3 : 

Multilevel 
consensus 
sequence 

T TGGCAAT GCAACACAT GAGCA 

C C C C ':: A C 

r 

SITES 

r 

CT'::'::GACTTC T T GGCCAT GAAACCCC TGAGCA GAGGCCCGTT 

CGCGTCTCCC T C GGCCAT GCATCAAG TGAGCA ACTGCAGGCA 

AGGCTGTCCA T TG GCAAT CGAC CAC A TGAAGA A T G GGCA T CG 

AGTACTTCTG T TGGC TGT CCAACAAC T CA TCA CAAGGGAGAA 

GCA ':: TGCO::GA T TGGC T GT GCAATTCAT GA TAA CGGGCCTCCT 

:'GC'::GATGTC T CGGCAAT TGAC C TC GAGAGC T O::TGTCGACAG 

Multilevel 

consensus 

sequence 

AAATAT TG AGAG 

T 

NAME STRAND START P-VAlUE SITES 
prt1 - 1 538 8.81 e-08 CAACAAGAGC AAATAT TG TG AG A':'CG GG CCGC 
prt3 + 235 8.81 e-08 AACAGAA'::GA AAATA T TGAG AG TAAGTGAGTG 

MOTIF 1 4: Multilevel 
consensus 
sequence 

TAAAACT TACCATAAG 

T O:: T 

NAME STRAND START P-VALUE SITES 

prt3 + 372 1 . 1 3e-09 ACGCCACAGA TAATACT TATCATAAG GTGC'::TCTTA 

prt3 + 1579 2.37e-09 ':: G G'::AT'::AG TATAAGT TACCATAAG CCCA'::G'::'::TC 
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MOTIF 1 5: Multi level 
consensus 

sequence 

T T GT AC T CC G TAC T 

A C A 

NAME STRAND START P-VALUE SITES 

prt4 + 1 1 71 7.2�8 AGAGGGCCGC GT GT ACT C C GTAC T CGCCACCGGA 

prt2 + 264 1 . 0ge-07 CAGAGAGCAG T TGT AC T CCG TAGA G T T G GGTATT 

prt4 + 565 1 .4�7 A T T T G GCCAT T T T TACT CC GTC C T TCGCAGGCCT 

prt3 - 1 357 1 . 85e-07 AA:'CC:'A:'CG TAGT AT TCCG TAAT GGCT:'T GAA 

prt4 + 1 059 3.04e-07 :'GGCCGGCTA T TGT GC T CC GT C G T CGGTTGCATT 

prt5 - 1 360 5.00e-07 AGCAATCTCG T TGT CCT CC GGAC T CCTCCC:'GAA 

prt5 + 241 1 . �  AAGTAGTTGC TAC T A'"T CCG TAAT CCATCCG:'AC 

MOTIF 1 6: Multllevel 

consensus 

sequence 

AC TCAAAA 

NAME STRAND START P-VALUE SITES 
prt2 + 2267 1 .25e-05 CCTCTGAGAG AC TCAAAA G:'CCTC:"SAT 
prt2 + 1483 1.25e-05 C::;,CCCACC::; AC TCAAAA GCCGGc::;sr,-

MOTIF 1 7 : Multi level 
consen sus 
sequence 

AATCTA;T 

NAME STRAND START P-VALUE SITES 
prt4 
prt3 

+ 
+ 

722 1 25e-05 TCATACTTAC AAT TA T GACGACCTGC 

63 1 .25e-05 ACGT jTAG':'C AATGTA T :'AGTGCATGG 

M OTIF 1 8 : 

NAME STRAND START P-VALUE 

prtS + 1 243 S. 88e-08 

prt4 + 1 1 3  1 . 1 8e-07 

prtS + 1 226 4.01 e-07 

prtl - 582 1 .03e-06 

prt3 + 1 1 93 1 . 85e-06 

prt 1 + 1 2 7  2.65e-06 

M OTIF 1 9 : 

NAME STRAND START P-VALUE 

prt3 880 4.761H)5 

prt5 + 1 22 4.761H)5 

M OTIF 20: 

M ultilevel 

consensus 

sequence 

AC G C AAT G T AG G  

S I T E S  
GTAGGCAATC AC G C AAT G T AG G  CGACGC C C CC 
CAAAG:'TGCA AC G C T AT G T AG G  TGG TATCGA 
GCCAT G TTGT AG G CAAT G T AG G  CAAT:A:GCA 
ACGATGACAA AC G C GA TA T AG G  AGGCTGCGAT 
CAAGTCGGTC T C G C AAT G T AT G TC TCATGACA 
AATGACGACG AC G T T AT G A AG G  CTG CAGCAGG 

Multilevel 

consensus 
sequence 

AAAA"AA 

SITES 
TCTCCGCGAG AAAAGAA CAACAACAGG 

CGGTGATGTC AAAAGAA T G G T TGGGGT 

M ultilevel 

consensus 

sequence 

AATAGAT 

NAME STRAND START P-VALUE SITES 
prt4 
prt1 

M OTIF 21 : 

+ 496 4.76e-05 7:S::;AAGAG AATA�AT GGCAGCA3:;: 
923 4.76e-05 :'::;: 3AGGAC AATA - AT TGTAGAA3S:' 

Multilevel 
consensus 

sequence 

ACT T� TACATAC AA 

T � 

NAME STRAND START P-VALUE SITES 
prt3 + 1384 1 . 45e-08 7AGS"-':':':'GC ACTTTTACATACAA C.�GAGTGAGC 
prt2 + 2208 1 . 45e-08 C':' jA:'C �AA AC T T.:; TA ATA TAA AA(;GGjG'-AA 
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MOTIF 22: Multilevel ACA TG T TG T TG CATGC 
consensus ':' ':' ':' 
sequence 

NAME STRAND START P-VALUE SITES 

prt2 + 1 061  3.42e-10 AATTTGAG':'G ACAT T T T G T T TCAT GC ACATGCAAAT 
prt3 + 1034 1 . 5 1 e-09 ACACAC':'TAC AC T TG T TG T TGCA TG C TTTCGCCGAA 

MOTIF 23: Multilevel T T T CACAAACAA 
consensus C � 
sequence 

NAME STRAND START P-VALUE SITES 
prt2 649 8. 81 e-08 T : G::CTC TGG T T T CACAAACAA AGCp.AGGTCT 

prt2 . 1 177 1 .85e-07 ATT':'CCATAC T T T C C CAA T CAA GN\CGAGCGT 

Multilevel AT G T TC AAT 
MOTIF 24: consensus 

sequence 

NAME STRAND START P-VALUE SITES 

prt1 - 206 2. 97e-06 AATGTCATGT AT G T TC AAT G CGAGGAAGA 
prt2 + 691 2.97e-06 T G G C CATT G G  AT G T T C AAT C G C G C G G CAA 

MOTIF 25: Multi /evel T CGAAT ACT T TC 
consensus ':' 
sequence 

NAME STRAND START P -VALUE SITES 

prt2 531 9.70e-08 ATG GCAT GGG TCGAT TAC T T TC AGCGTTTGGG 
prt5 + 293 9.70e-08 CACGGCACGC T CGAATACT T TC GACTGGGGTC 
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identifier for the detected band for this sample 
sample refers to the transformant strains analysed. The M M 1 9. 1  strain is wild type E. festucae FI1 regenerated 
protoplasting 
PSL refers to the measurement scale used to measure signal intensity 
PSL-BG is the PSL reading minus background signal 
Ratio is the ratio of the PSL-BG signal for a particular band compared to the standard (in this case, the PSL-BG sign 
obtained for the wild type prt1 band) 
% of lane refers to the % of the total signal for a lane that the signal for a particular band represents 
Dist (mm) refers to the distance (in mm) that a particular DNA fragment is located at from a common start point 
RF shows the relative distance from the start point for a particular DNA fragment (where the whole length of the 
is set to 1 )  
This lane gives information about whether a ar band is at the wild-type genomic size (S, used as the <:t"nrl;".,i)1 
or at the ected size of the codin 
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Samples shaded in yellow were selected for artificial inoculations into plants 

a identifier for the detected band for this sample 
b sample refers to the transformant strains analysed. The MM 1 9 . 1  strain is wild type E. festucae FI1 regenerated afte 

protoplasting 
C PSL refers to the measurement scale used to measure signal intensity 
d PSL-8G is the PSL reading minus background signal 
• Ratio is the ratio of the PSL-8G signal for a particular band compared to the standard (in this case, the PSL-8G signal 
obtained for the wild type prt1 band) 

f % of lane refers to the % of the total signal for a lane that the signal for a particular band represents 
Dist (mm) refers to the distance ( in mm) that a particular DNA fragment is located at from a common start point 

h RF shows the relative distance from the start point for a particular DNA fragment (where the whole length of the 
is set to 1 )  

I This lane gives information about whether a particular band is at the wild-type genomic size (S, used as the standard) 
or at the size of the intact ions 
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identifier for the detected band for this s ample 
sample refers to the transformant strains ana lysed. The MM 19. 1  strain is wild type E. festucae FI1 regenerated after 
protoplasting 

LAU refers to the measurement scale used to measure signal intensity 
LAU-BG is the PSL reading minus background signal 
Ratio is the ratio of the LAU-BG signal for a particular band compared to the standard (in this case, the LAU-BG 
signal obtained for the wild type prt2 band) 
% of lane refers to the % of the total signal for a lane that the signal for a particular band represents 
Dist (mm) refers to the d istance (in mm) that a particular DNA fragment is located at from a common start point 
RF shows the relative distance from the start point for a particular DNA frag ment (where the whole length of the 
is set to 1 )  
This lane gives information about whether a particular band is at the wild-type genomic size (S, used as the standard) 
or at the ected size of the ies containi intact codi 
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identifier for the detected band for this sample 
sample refers to the transformant strains analysed. The M M 1 9 . 1  strain is wild type E. festucae FI1 regenerated afte 
protoplasting 
LAU refers to the measurement scale used to measure signal intensity 
LAU-8G is the LAU reading minus background signal 
Ratio is the ratio of the LAU-8G signal for a particular band compared to the standard ( in this case, the LAU-8G signal 
obtained for the wild type prt2 band) 
% of lane refers to the % of the total signal for a lane that the signal for a particular band represents 
Dist (mm) refers to the distance (in mm) that a particular DNA fragment is located at from a common start point 
RF shows the relative distance from the start point for a particular DNA fragment (where the whole length of the 
is set to 1 )  

I This lane gives information about whether a particular band is at the wild-type genomic s ize (S , used a s  the standard) 
or at the size of the contai intact 
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APPEN DIX A 1 3 . 1  Nu cleotide sequences used i n  rRNA phylogenetic ana lysis 
SPECIES PHYLUM CLASS ORDER FAMILY ACCESSION 

Rhizopus oryzae Zl'llomycota AY21 3685 

cryptococcus neoformans BasidiorTl}'c:ota Heterobasidiomycetes Tremellales T remellaceae AJ876598 

Pseudohydnum gelatinosum Basidiomycota Heterobasldiomycetes Auriculariales Hyaloriaceae AF384861 

P/eurotus ostreatus Basidiomycota Homobasidiomycetes Agaricales Pleurotaceae AY540332 

Coprinus cinereus Basidiomycota Homobasidiomycetes Agaricales Agaricaceae AB097562 

Phanerochaete chrysosporium Basidiomycota Homobasidiomycetes Agaricales Agaricaceae 

Usmago maydis Basidiomycota Ustilaginomycetes Ustilaginales Ustilaginaceae AY854090 

Tilletiopsis albescens Basidiomycota Ustilaginomycetes AB025697 

Saccharomyces cerevisiae Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae SCE275936 

Yarrowia lipolytica Ascomycota Saccharomycetes Saccharomycetales Oipodascaceae DQ249205 

Hyaloria brevisipffis Ascomycota OrtJiliomycetes Orbiliales Orbiliaceae AY514636 

Atthrobotrys oligospora Ascomycota OrtJiliomycetes Orbiliales Orbiliaceae AY773462 

Monacrosporium leptospermum Ascomycota OrtJiliomycetes Orbiliales Orbiliaceae AY773466 

Verticillium dahliae Ascomycota Sordariomycetes Phyllachorales mitosporic Phyllachorales DQ282123 

Ophiostoma piliferum Ascomycota Sordariomycetes Ophiostomatales Ophiostomataceae AY934516 

Leptographium truncatum Ascomycota Sordariomycetes Ophiostomatales mitosporic Ophiostomaceae AY935625 

Trichoderma asperellum Ascomycota Sordariomycetes Hypocreales Hypocreaceae AY667149 

Trichoderma reesei Ascomycota Sordariomycetes Hypocreales Hypocreaceae scaffold 862 

Trichoderma harzianum Ascomycota Sordariomycetes Hypocreales Hypocreaceae AF278793 

Trichoderma virens Ascomycota Sordariomycetes Hypocreales Hypocreaceae 00083023 

Atkinsonella hypoxylon Ascomycota Sordariomycetes Hypocreales Clavicipitaceae AHU57405 

Epichloe festucae Ascomycota Sordariomycetes Hypocreales Clavicipitaceae L07139 

Epichloe typhina Ascomycota Sordariomycetes Hypocreales Clavicipitaceae L07132 

Claviceps purpurea Ascomycota Sordariomycetes Hypocreales Clavicipitaceae DQ1 19114 

Verticillium chlamydosporium Ascomycota Sordariomycetes Hypocreales Clavicipitaceae AJ291800 

Metarhizium anisopliae Ascomycota Sordarlomycetes Hypocreales Clavicipitaceae AB027383 

Verticillium fungicola Ascomycota Sordariomycetes Hypocreales Clavicipitaceae AB107135 

Cordyceps bassiana Ascomycota Sordariomycetes Hypocreales Clavicipitaceae 00384698 

Fusarium graminearum Ascomycota Sordariomycetes Hypocreales Nectriaceae G578P601 93PB7. TO 

Magnaporthe grisea Ascomycota Sordariomycetes Sordariomycetes incertae sed is Magnaporthaceae AM1 80561 

Gauemannomyces graminis Ascomycota Sordariomycetes Sordariomycetes incertae sedis Magnaporthaceae AJ010034 

Neurospora crassa Ascomycota Sordariomycetes Sordariales Sordariaceae M 1 3906 

Podospora anserina Ascomycota Sordariomycetes Sordariales Lasiosphaeriaceae from genome 

Chaetomium globosum Ascomycota Sordariomycetes Sordariales Chaetomiaceae 00266046 

StaqonosJlQra nodorum Ascomycota Dothideomycetes Pleosporales Phaesphaeriaceae G707P6863FD1 O. TO 

Cochliobolus caroonum Ascomycota Dothideomycetes Pleo sporales Pleosporaceae AF071 326 

Leptosphaeria maculans Ascomycota Dothideomycetes Pleosporales Leptosphaeriaceae DQ1 33891 

Coccidioides immits Ascomycota Eurotiomycetes Onygenales mitosporic Onygenales AB232891 

Aspergillus nidulans Ascomycota Eurotiomycetes Eurotiales Trichocomaceae AF138289 

Aspergillus fumigatus Ascomycota Eurotiomycetes Eurotiales Trichooomaceae DQ325450 

Penicillium paxilli Ascomycota Eurotiomycetes Eurotiales Trichooomaceae AF033426 

Pyrenopeziza brassicae Ascomycota Leotiomycetes Helotiales Oermateaceae AJ305236 

Sclero�nia sclerotiorum Ascomycota Leotiomycetes Helotiales Sclerotiniaceae DQ1 17969 

Botrytis cinerea Ascomycota Leotiomycetes Helotiales Sclerotiniaceae Z73765 
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APPEN DIX A1 3.2 Polypeptide sequences used in Prt1 , Prt2, Prt3 a nd Prt5 
phylogenetic analysis 

Species Protein name 
Accession 

Contlg? Reference 
number 

C. cinereus - - 1 .277B Hu and SI LE!fler (2004) 
C. cinereus - - 1 .277A Hu and SI Leger 2004 
C. cinereus - - 1 .62 Hu and SI Leger 2004 
C. cinereus - - 1 .39B Hu and SI Leger 2004 

M. grisea MG10449.4 XP 366230 2.2008 Hu and SI Leger 2004 
F. graminearum FG0801 2. 1  XP 3881 88 1 .323 Hu and SI Leger 2004 
A. chrysogenum CahB CAB871 94 - Velasco el al . (2001) 
F. graminearum FG02976 . 1  XP 3831 52 1 . 1 44 Hu and SI Leger 2004 

F. oxysporum Prt1 AAC27316  - Di Pielro el al . (2001) 
T. album Proteinase T P2001 5  - Samal el al . (1989) 

M. anisopliae Pr1K CAC0721 9  - Bagga el al. (2004) 
E. festucae FI1 Prt5 - - This sludy 

N. lolii Lp19 Prt5 - - This study 
M. anisopliae Pr1G CAD24291 - Bagga et al . (2004) 
P. anserina - - 2663 http://podospora. igmors . u-psud.fr/index.html 

M. grisea MG08966 .4 XP 364121  2.1 683 Hu and St Leger (2004) 
N. crassa NCU07 159 . 1  XP 327445 3.4 1 6  Galagan et al . (2003); Hu and SI Leger (2004) 

P. anserina - - 508 http://podospora. igmors. u-psud.fr/index.html 
P. anserina - - 1 5 1  http://podospora. igmors. u-psud .fr/index. html 

M. anisopliae Pr1B CAC95044 - Baqqa et aLt2004J 
E. festucae FI1 Prt3 - - This study 

N. lolii Lp1 9  Prt3 - - This study 
E. typhina At1 AAB62277 - Reddy et al . (1 996) 

M. anisopliae Pr1 1 CAC95043 - Bagga et al . (2004) 
N. lolii Lp1 9  Prt2 - - This study 

E. festucae FI1 Prt2 - - This study 
M. anisopliae Pr1A (Pr1) P291 38 - Bagga et al. (2004); St Leger et al. (1 992) 

T. album Proteinase R P236531 - Samal et al. (1 990) 

T. album Proteinase K P06873 - Gunkel and Gassen (1 989) 
F. graminearum FG1 071 2 . 1  XP 390888 1 .446 Hu and St Leger (2004) 
F· flraminearum FG10595. 1 XP 390771 1 .444 (Hu and St Leger, 2004 

S. cerevisiae YCR045c - Hu and St Leger 2004 
M. grisea MG06558 .4 XP 370043 2 . 12 18  Hu and S t  Leger 2004 
M. grisea MG02863.4 XP 366787 2.583 Hu and St Leger 2004) 
M. grisea MG07965.4 XP 368061 2 . 1479 Hu and St Leger 2004) 

F. graminearum FG0331 5 . 1  XP 383491 1 . 1 51 Hu and St Leger 2004) 
T. virens Tvsp1 AA063588 - Pozo et al . (2004) 

T. harzianum Prb1 003420 - Geremia et al. (1 993) 
A. chrysogenum Alp P291 1 8  - Isogai et al. (1991) 

A. nidulans AN5558.2 XP 409695 1 .95 Hu and SI Leger (2004) 
A. fumigatus Serine proteinase P28296 - Kolattukudy et al. 1993J 
M. anisopliae Pr1J CAC95041 - Bagga et al . (2004) 

N. crassa NCU06949. 1 XP 327235 3.404 Galagan et al .  (2003); Hu and SI Leger (2004) 
F. graminearum FG10525. 1 XP 390701 1 .441 Hu and St Leger (2004) 

P. anserina - - 742 http://podospora. igmors. u-psud. fr/index. html 
M. anisopliae Pr1D CAC98215 - Bagga et al. (2004) 

F. graminearum FG00806 . 1  XP 380982 1 .35 Hu and SI Leger (2004) 
F. graminearum FG1 1405. 1 XP 391 581 1 .467 Hu and St Leger (2004) 
F. graminearum FG08464. 1 XP 388640 1 .34 Hu and St Leger (2004) 

M. anisopliae Pr1 F CAD68050 - Bagga et al . (2004) 
M. anisopliae Pr1E CAD68049 - Bagga et al. (2004) 
N. lolii Lp19 Prt1 - - This study 

E. festucae FI1 Prt1 - - This study 
P. anserina - - 2229 http://podospora. igmors .u-psud.fr/index.html 

A. oligospora PII CAA63841 - Ahman et al .  (1 996) 
A.  oligospora Aoz1 AAM93666 - Zhao et al . (2004) 

F. graminearum FG09382. 1  XP 389558 1 .383 Hu and St Lager (2004) 
N. crassa NCU06055.1 XP 3259 10  3.351 Galagan et al .  (2003); Hu  and St Leger (2004) 

P. anserina - - 1 086 http://podospora. igmors.u-psud.fr/index.html 
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APP E N DIX 1 3.3 Polypeptide sequences used in P rt4 phylogenetic a nalysis 

Species Protein name 
Accession 

Contlg? Reference 
number 

S. pombe ISP6 P40903 - Sato et al . ( 1 994) 

P. chrysosporium - - Scaffold 1 3  -

C. cinereus - - 1 .39A Hu and St Leger (2004) 
U. maydis UM04400 . 1  XP 402015 http://WNw.broad .mit.edu/annotation/fu ngi/ustilago_maydis/ 

C. neoformans 1 .94 Hu  and St Leger (2004) 
serotype A -

S. pombe 
Psp3 Q9UTSO - Wood et al. (2002) SPAC1 006.01 

S. cerevisiae Prb1 NP  01 0854 - Moehle et al . ( 1987); Takeshige et al. ( 1 992) 
S. cerevisiae Ysp3 P25036 - Sterky et al. ( 1 996) 
P. oxalicum Pen 0 1 8  AAG44478 - Shen et al . (2001 )  
A. nidulans AN0238.2 XP 404375 1 .5 -

A. fumigatus ALP2 CAB45520 - Reichard et al . (2000) 
A. niger PepC P33295 - Frederick et al. ( 1 993) 

M. grisea 
Spm1 P58371 2.7 15  Fukiya et a l .  (2002) (MG03670 .4) 

P. anserina PspA AAC03564 1035 Paoletti et al .  l20011 Pinan-Lucarre et al .  (2003) 
N. crassa NCUOO673. 1 XP 324853 3.23 Galagan et al . (2003) 

F. graminearum FG00 192 . 1  XP 380368 1 .8 Hu  and St Leger (2004) 
M. anisopliae Pr1 H CAD1 3274 - Bagga et al. (2004) 

E. festucae FI1 Prt4 - - This study 
P. brassicae Psp2 CAC85639 - Keniry et al. (2002) 
0. piliferum - AAL0851 0 - Hoffman and Breuil (2002) 
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APPEN DIX 1 3. 4 Polypeptide seque nce s  used in Kex2 phylogen etic analysis 

Species 
Protein Accession 

Contig? Refe rence 
name number 

u. maydis UM02843.1 EAK84001 http://www.broad. m it. ed u/annotationlfungifustilago maydisl 
C. neoformans CNBL 1 060 EAL 1 7844 - -

C. cinereus - - 1 .52 Hu and St Leger (2004) 
C. cinereus - - 1 . 1 1 8  H u  a nd  St Leger (2004) 
C. cinereus - - 1 . 1 04 Hu and St Leger (2004) 

P. - - Scaffold 3 -

chrysosporium 
S. cerevisiae Kex2 P1 3 1 34 Mizuno et al. ( 1 988) 

C. albicans Kex2 N ewport and Agabian (1 997); N ewport et al .  (2003) 
S. pombe Krp1 CAA93896 Davey et al. ( 1 994) 

P. carinii f. sp Kex1 AAB66701 Lugli et al. ( 1 997) 
carinii 

E. festucae FI1 Kex2 - - This study 
F. graminearum FG09 1 56. 1 EAA78206 Hu and St Leger (2004) 

M. grisea MG03742.4 EAA521 47 Hu and St Leger (2004) 
P. anserina - - 503 http://podespora.igmors.u-psud .fr/index. html 
N. crassa NCU032 1 9 . 1  XP 330655 Galagan et al. (2003) 

C. globosum - - 1 . 1 -

P. anserina - - 503 http://podespora.igmors . u-psud.fr/index. html 
C. immitis - - 1 .9 -

A. nidulans AN3583.2 EAA59791 Kwon et al. (2001 ) 
A. niger kexin CAB4692. 1 - J alving et al .  (2000) 
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APPEN DIX 1 3. 5 Polypeptide sequen ces used in  Gcn1 phyloge netic a nalysis 

Species Protein name 
Accession 

Contig Reference 
number 

T. h arzianum AGN1 3.1 CAC80493 - Ait-Lahsen et al .  (2001 ) 
U. maydis UM04357.1 XP 760504 1 . 1 54 http://www.broad.mit.edu/annotationlfungiJustilago maydis/ 

T. h arzianum P1  CAC80490 - Montero et al. (2005) 
M. grisea MG021 26.4 XP 365424 - http://www.broad .mit .edu/annotation/fungi/magnaporthel 
N. crassa Neg 1  - Oyama et al. (2002) 

(NCU04935.1) 
A. fumigatus Afu8g07120 XP 7475 10 - -
T. harzianum P2 CAC80492 - Montero et al. (2005) 
S. nodorum SNU10661 . 1  - 1 . 1 7  http://www.broad . mit.edu/annotationlfungilstagonospora _ n 

odorum/ 
M. grisea MG07846.4 XP 367942 2. 1 455 http://www.broad .mit .edu/annotation/fungi/magnaporthel 

F. graminearum FG039 1 8. 1  XP 384094 1 . 1 68 http://www.broad.mit .edulannotation/fungi/fusarium! 
F. graminearum FG0761 7 . 1  XP 387793 1 .3 1 5  http://www.broad.mit .edulannotation/fungi/fusarium! 

A. fumigatus Afu7g0561 0 XP 748948 - -
M. grisea MG09433.4 XP 364493 2. 1 808 http ://www.broad .mit.edu/annotation/fungi/magnaporthe/ 

S. nodorum SNU06608.1  - 1 . 9  http://www.broad . mit. edu/an notationlfun gils tagonospora _ n 
odorum/ 

S. nodorum SNU14269 . 1  - 1 . 3  http://www.broad . mit. edu/an notationlfungi/stagonospora_n 
odorum/ 

C. carbonum Exg2 AAF6531 0  - Kim et al. (2002) 
S. nodorum SNU00606 . 1  - 1 . 1  http://www.broad .mit .edu/annotationlfungilstagonospora_n 

odorumi 
A. nidulans AN4052.2 XP 4081 89 1 .65  http://www.broad.mit.edu/annotationlfungiJaspergillus/ 

A. oryzae HGT-BG CAD97460 - -
F. graminearum FG01 596. 1  XP 38 1772 1 .84 http://www.broad .mit.edulannotation/fungi/fusariuml 

A. fumigatus Afu2g09350 XP 755269 - -
A. nidulans AN3777.2 XP 407914 1 .6 1  http://www.broad.mit.edu/annotationlfungiJaspergillus/ 
S. nodorum SNU 12534 . 1  - http://www.broad.mit .edu/annotation/fungi/stagonospora_no 

dorum/ 
V. fungicola VfGlu1 AA063562 - Amey et al . (2003) 

Acremonium sp. Bgn6. 1 AAT97707 - -
OXF C 1 3  
T. virens Bgn3 AAL84696 - Kim et al. (2002) 

T. harzianum BGN16 . 1  CAA55789 - Lora et al . ( 1 995) 
F. graminearum FG08265 . 1  XP _388441 1 .348 http://www.broad .mit .edulannotation/fungi/fusariuml 
Neotyphodium beta- 1 ,6- AAN041 03 - Moy et al. (2002) 
sp. FCB2002 glucanase 
N. lolii Lp1 9  Gcn1 - - This study 

E. festuca e FI1 Gcn1 - - This study 
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APPEN DIX 1 3. 6  Polypeptide sequences used in Cyc1 phylogenetic a nalysis 

Species Protein name 
Accession 

Contlg? Reference 
number 

S. cerevisiae Pcl1 p NP 0 14 1 1 0  - Espinoza et al .  ( 1994) 
S. cerevisiae Ctk2p NP 0 12528 - Stern er et al. ( 1 995) 

S. pombe SPBC530. 13  NP 595326 - http://www.genedb.org/genedb/pombe/index.jsp 
A .  nidulans AN51 58.2* - 1 .88 http://www.broad.mit .edu/annotation/fungi/aspergillus/ 

F. graminearum FG04981 . 1  XP 3851 57 1 .200 http://www.broad.mit.edulannotation/fungi/fusarium/ 
E. festucae FIt Cyc1 - - This study 

M. grisea MG06833.4 XP 370336 2 . 1272 httpJlwww.broad. mit. edulannotation/fungi/mag naporthe/ 
N. crassa NCU04495.2 XP 323848 7.2 Galagan et al. (2003) 
S. pombe Srb 1 1  CAA22680 - Balciunas and Ronne (1999) 

S. cerevisiae Ume3p NP 0 14373 - Cooper et al. (1 997) 
A. nidulans AN21 72.2 XP 406309 1 .34 http://www.broad.mit.edu/annotation/fungi/aspergil lus/ 

M. grisea MG01 07 1 .4 XP 368 173 2. 1 89 htt p :llwww. broad. mit. ed u/annotation/fungi/m ag naporthel 
N. crassa NCU01 563.2 XP 328002 7.5 Galagan et al . (2003) 

G. moniliform is Fic1 AAK30047 - Shim and W oIoshuk (2001) 
F. graminearum FG04355.1 XP 384531 1 . 1 89 http://www.broad.mit.edulannotation/fungi/fusariuml 

S. cerevisiae Ccl 1 p  NP 01 5350 - Svejstrup et al . ( 1 996) 
S. pombe Mcs2 NP 595776 - Damagnez et al .  ( 1 995) 

A. nidulans AN22 12 .2 XP 406349 1 .35 http://www.broad.mit.edu/annotation/fungi/aspergillus/ 
N. crassa NCU01 067.2 XP 326560 7. 1 5  Galagan et al . (2003) 

F. graminearum FG02 126.1 XP 382302 1 . 1 1 1  http://www.broad.mit.edulannotation/fungi/fusarium/ 
M. grisea MG05536.4* - 2. 1 0 1 9  httpJlwww.broad. mit. ed u/a nnotation/fungi/mag naporthel 

A. nidulans AN4981 .2 XP 4091 1 8  1 .84 http://www.broad.mit.edu/annotation/fungi/aspergi llus/ 
S. pombe Pch1 CAA1 9367 - Furnari et al. ( 1 997) 
N. crassa NCU03 196.2 XP 330632 7.9 Galagan et al . (2003) 
M. grisea MG01258.4 XP 363332 2.228 httpJlwww.broad.mit .edu/annotation/fungi/magnaporthel 

F. graminearum FG00467. 1 XP 380643 1 . 1 9  http://www.broad.mit.edulannotation/fungi/fusarium/ 
S. pombe SPAC 1 296.05c NP 593045 - http://www.genedb.org/genedb/pombe/index.jsp 

A .  nidulans AN77 19 .2 XP 41 1 856 1 . 1 31 http://www.broad.mit.edu/annotation/fungi/aspergillus/ 
M. grisea MG01 347.4 XP 363421 2.244 httpJlwww.broad. mit. ed ulannotation/fungi/m ag naporthel 

F. graminearum FG061 86. 1 XP 386362 1 .247 http://www.broad.mit .edulannotation/fungi/fusarium/ 
N. crassa NCU06979.2 XP 327265 7.35 Galagan et al . (2003) 

* These sequences were edited compared to the protein sequences encoded by genes identified by FGENESH genome 
analysis. These putative genes appeared to contain exons from more than one gene, so the protein sequences were edited 

so they only contained sequence from the cyclin domains 
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APPENDIX 1 3. 7 Polypeptide sequences used i n  Ptn1 phylogenetic a na lysis 

Species Protein name 
Accession 

Contlg? Reference 
number 

S. cerevisiae Ptc 1p  S41 854 - Maeda et aL (1 993) 

Homo sapiens sapiens Cdc14A Q9UNH5 - Wong et al. (1 999) 

Mus musculus Cdc14A AAH72644 - Strausberg et al. (2002) 

S. pombe Flp 1 Q9P7H1 - Cue lie et al. (2001 ) 

S. cerevisiae Cdc14p NP 1 1 6684 - Taylor et al. (1 997) 

A. nidulans AN5057.2 XP _4091 94 1 .85 http://www.broad.mit.eduJannotation/fungi/aspergilkJs/ 

N. crassa NCU03246.2 XP 330682 7.9 Galagan et aL (2003) 

F. graminearum FGOO543. 1 XP 3801 79 1 .22 http://www.broad. mit.edu/annotation/fungi/fusarium/ 

M. grisea MG04637.4 XP 3621 92 2.870 http://www.broad.mit. ed ul annotation/fu ngi/magn aporih eI 
Homo sapiens sapiens Dusp1 6/MKP-7 AAH421 01 - Masuda et aL (200 1 )  

S .  cerevisiae Tep1 p NP 014271 - Heymont et aL (2000) 

S. pombe Pmp1 p 01 3453 - Sugiura et aL (1 998) 

N. crassa NCU06252.2 XP 326107 7.25 Galagan et al. (2003) 

F. graminearum FG06977. 1 XP 3871 53 1 .287 http://www.broad.mit.edu/annotation/fungi/fusarium/ 

S. cerevisiae Msg5p BAA04485 - Doi et aL (1994) 

S. cerevisiae Sdp 1p  NP 0121 53 - Hahn and Thiele (2002) 

S. cerevisiae Pps1 p NP 009835 - Emsting and Dixon (1 997) 

A. nidulans AN0192.2 XP 404266 1 .5 http://www.broad.mit.edu/annotation/fungi/aspergilkJs/ 

M. grisea MG03130.4 XP 360587 2.625 http://www.broad.mit. edu/annotation/fungi/magnaporihel 

F. graminearum FG04296. 1 XP 384472 1 . 1 85 http://www.broad.mit.edu/annotation/fungi/fusarium/ 

N. crassa NCU03426.2 XP 322684 7.8 Galagan et al. (2003) 

M. grisea MG08005.4 XP 362422 2 . 1485 http://www.broad.mit.edu/annotation/fungilmagnaporihel 

E. festucae FI1 Ptn1 - - This study 

F. graminearum FG04982. 1 XP 3851 58 1 .200 http://www.broad.mit.edu/annotationlfungi/fusarium/ 

N. crassa NCU06969.2 XP 327255 7.35 Galagan et al . (2003) 

P. anserina - - 454/455 http://podospora.igmors.u-psud.fr/index.html 

S. pombe Ptn 1p  CAA22831 - Mitra et aL (2004) 

Homo sapiens sapiens PTEN NP 000305 - Li et aL (1 997) 

D. melanogaster PTEN AAF23236 - Smith et aL (1 999) 

A. nidulans AN4419.2 XP 408556 1 .76 http://www.broad.mit.edu/annotation/fungi/aspergilkJs/ 

F. graminearum FG1051 6 . 1  XP 390692 1 .441 http://www.broad.mit.edu/annotation/fungi/fusarium/ 

M. gris ea MG09700.4 XP 364855 2 . 1 685 http://www.broad.mit.edu/annotation/fungi/magnaporihel 

N. crassa NCU08158. 1 XP _328864 7.52 Galagan et al . (2003) 

S. pombe SPBC 1 7  A3.06 NP 595588 - Wood et al. (2002) 

Homo sapiens sapiens Dusp12 CAH74153 - Martell et al. ( 1998) 

S. cerevisiae Yvh 1 p  N P  01 2292 - Park et aL (1996) 
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APPENDIX 1 3 . 8  Polypeptide sequences used in Gao1 p hylogenetic a na lys is 

Species 
Protein Accession 

Contlg? Reference 
name number 

P. chrysosporium glyoxal A48296 scaffold 52 Kersten and Culien ( 1 993) 
oxidase 

precursor 
M. grisea MG05865.4 XP 369599 2 . 1 1 06 http://www.broad.mit .edulannotation/fungilmagnaporthe/ 
M. grisea MG01655.4 XP 363729 2.307 http ://www.broad.mit.edulannotation/fungilmagnaporthel 

F. graminearum FG1 1 097. 1 XP 391 273 1 .459 http://www.broad.mit.edulannotation/fungi/fusariuml 
N. crassa NCU04 170. 1 XP 323510  7. 1 3  Galagan et al. (2003) 
N. crassa NCU05935. 1 XP _325790 7.4 Galagan et al . (2003) 

F. graminearum FG05763.1 XP 385939 1 .233 http://www.broad.mit.edu/annotation/fungi/fusariuml 
C. neoformans CNBG4080 EAL 1 9461 - Fung et al (unpublished) 

(serotype D) 

C. neoformans CNBA6590 EAL22890 - Fung et al (unpublished) 
(serotype D) 

N. crassa NCU09209. 1 XP _33 1 601 7.65 Galagan et al . (2003) 
E. festucae FI1 Ga01 - - This study 
F. graminearum FG03569. 1 *  - 1 . 1 60 http://www.broad.mit .edulannotation/fungi/fusarium/ 
F. graminearum FG0025 1 . 1 *  - 1 . 1 0  http://www.broad.mit .edulannotation/fungi/fusarium/ 

Fusarium spp. GaoA Q01 745 - McPherson et al (1 992); Ogel et al (1 994) 
F. graminearum FG1 1 032. 1 XP 391 208 1 .458 http://www.broad .mit .edulannotation/fungi/fusariuml 

P. anserina - - 232 http://podospora. igmors.u-psud.frlindex. html 
U. maydis UM02809.1 XP 400424 1 .94 http://www.broad.mit.edu/annotation/fungilustilago maydisl 
M. grisea MG02368.4 XP 365666 2.473 http://www.broad.mit.edulannotation/fungi/magnaporthe/ 

F. graminearum FG09093. 1 XP _389269 1 .370 http://www.broad.mit .edulannotation/fungi/fusariuml 
M. grisea MG1 0878.4 XP 360566 2.2099 http://www.broad.mit.edu/annotation/fungi/magnaporthe/ 

* These sequences were edited compared to the protein sequences encoded by genes identified by FGENESH genome 
analysis. These putative genes appeared to contain exons from more than one gene, so the protein sequences were 

edited so they only contained sequence from the cyclin domains 
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A 

FI 1 Prt 1  
1 00 200 300 400 

B SHP-EFE GSI-KIL 

I I 
FI 1 Prt2 

100 200 300 

RHP-EFE GRA-GRK 

I I 
FI1  Prt3 

1 00 200 300 

DHP-EFE 

DPS-VDF I 
FI 1 Prt5 

C 

FI1  Prt4 
1 00 200 300 400 500 

Ap pe n di x  14 . 1 C o ns e rvation of i ntron pos it ion i n  prt genes 

Structural features o f  t h e  p rt  cod i ng reg i o n s  a n d  correspon d i n g  p rotei n s  i n  
E. festucae F1 1 . Reg ions o f  p roteins correspondi ng t o  exo n s  i n  g ene are i n d i cated 
by d iscrete red b locks, with the su rrou n d i ng p rotein s equence i n d i cated i n  b lack text 
above . The putative s i g nal peptides ( identifi ed by the Signal P 3 . 0  algorith m )  are 
ind icated by b lue boxes. The position of on served active site res i d u es req u i red for 
p rotease activity are i n d icated by white text i n  b lack c ircles . (A) Protei nase K fam i l y  
subfamily 1 member, F I 1  Prt1 . (B) Protei nase K fami ly  su bfamily 2 members FI 1 
Prt2 , P rt3 and Prt5. (C) Protei nase K fami ly  subfamily 3 member (vacuolar 
p rotease) FI 1 P rt4. 
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1 00 200 300 400 500 

1 00 200 300 400 500 

100 200 300 400 500 

RRHPD-VEYIE 

1 00 200 300 400 500 

1 00 200 300 400 500 

100 200 300 400 500 

RRHPD-VDYIE 

1 00 200 300 400 500 

Appendix 1 4_2 C o nservat i o n  of intro n p o s it ion in F I 1  prt4 
Con servation of introns i n  genes encod ing vacuolar protease genes_ The cod ing 
sequence of the gene is shown as a schematic of the encoded protein .  Each exom 
is shown as a red box, with the encoded protein seq uence surround i ng the intron 
shown above the intron position.  The putative signal peptide for the protein 
(determined by SignalP 3 .0 analysis) is shown in blue. Conserved active site 
residues req uired for catalytic activity are shown in black circles. 
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SVAHW-GETGE 

1 1 
100 200 300 400 500 600 700 

... subtilase domait t � .P domai� 

SVAHW-GESGI 

1 
100 200 300 400 500 600 700 800 

� subtilase domain • .P domain • 
TVAHW-GESGV 

1 1 
100 200 300 400 500 600 700 800 

� subtilase domain • .P domain • 

SGDAI-HDDTV SVAHW-GESGV 

1 1 
100 200 300 400 500 600 700 800 

� Subtilase domain � .P domain . 

SWHW-GETGV 

1 
1 00  200 300 400 500 600 700 800 

'-sublilase domain -. .P domain . 
SGDAI-HTTDV I 

100 200 300 400 500 600 700 800 

� subtilase domain • 
.P domain . 

100 200 300 400 500 600 700 800 

� subtilase domain • .P domain • 

Appendix 1 4.3 : I ntron c o nservat i o n  i n  kex i n-enco d i ng genes 

Conservation of i ntrons in  genes encod ing vacuolar protease genes. The cod i ng 
sequence of the gene is shown as a schematic of the encoded protein . E ach exom 
is shown as a red box, with the encoded protei n  sequence surrou nding the intron 
shown above the i ntron position.  The putative signal peptide for the protei n 
(determined by Sig nalP 3 .0  analysis) is shown in  blue. Conserved active site 
residues requi red for catalytic activity are shown in black c irdes. Conserved 
su bti lase and P domains are indicated below the cod ing sequences by dou ble
ended arrows. 
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A 

B 

G1 444 
L. perenne cv. Nui/ 
E. typhina PN23 1 1 

G1 250 
L. perenne cv. Nui/ 

E. festucae FI 1 

Appendix A1 5 :  Growth of E. typhina PN23 1 1 in  perenn ia l  
ryegrass (L .  perenne cv. Nu i )  

Hyphal growth i n  the G 1 444 sym biota between E. typhina P N231 1 a n d  L. perenne 
cv. Nui  as ana lysed by an i l ine blue stain ing .  (A) Epiphytic hyphae g rowing on the 
leaf s u rface of the G 1 444 and G 1 250 sym biota. (8) Growth of E .  typhina PN23 1 1  

hyphae i n  an older leaf sheath of the G 1 444 sym biota . 

Epiphytic hyphae growing on the leaf sheath are m uch more prevalent i n  theG1 444 
com pared to the G 1 2 50 symbiota , which suggests that th e E. typhina PN23 1 1  

could re present a higher percentage of the biomass in the G 1 444 sym biosis than 
E. festucae F I 1  does in the G 1 250 sym biosis .  W ithin the leaf t issue, E. typhina 
PN23 1 1 grows i n  a simil a r  manner to E. festucae FI 1 (Figures 4. 1 0 , 4 .1 1 , 4. 1 2  and 
4. 1 3 , rowin withi n the i ntercel lu lar s aces . 
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A1 6:  Gene featu res 
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E Value 

e-60 

e-1 12 

0.0 

e-121 

e-168 
e-32 

e-86 

o 

e-57 

e-18 

e-59 

o 

e-37 

Blast X was analysed using the maximum availciJle coding sequence (and intrcns contained within this sequence) 
• ma-ks sequooces where the full coding sequence was not available. In these cases, the available sequence was used for BlastX analysis 
Sequences VoA'lere a feature is not present are marked v.Ath dashes 
Features that are not present in incOOlplete sequences are marked with questicn mark. 
The intrcns in the prt7 sequence are marked a, h, c etc. because other introns may be present within upstream sequences. 
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SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

i max. C 1 9  0.959 0.32 YES Most likely cleavaae site between pos.  1 8  and 1 9: AVA-AP 

- max. Y 1 9  0.887 0.33 YES Prediction: sianal peptide 
ii: max. S 1 3  0.993 0.87 YES Signal peptide probability: 1 .000 

mean S 1 - 1 8  0.961 0.48 YES Signal anchor probability: 0.000 

D 1 - 1 8  0. 924 0.43 YES Max cleavage site probability: 0.973 between pos. 1 8  and 1 9  

SiQnaIP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

1: max. C 22 0.507 0.32 YES Most likely cleavage site between pos. 21 and 22: AIA-AP l5. max. Y 22 0.598 0.33 YES Prediction: signal peptide -
ii: max. S 9 0.933 0.87 YES Signal peptide probab i lity: 1 .000 

mean S 1-21 0.759 0.48 YES Signal anchor probability: 0.000 

D 1-21 0.679 0.43 YES Max cleavage site probability: 0.962 between pos. 21 and 22 

SlanalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

� max. C 1 7  0.810 0.32 YES Most likely cleavage site between pos. 16 and 1 7: ALA-AP l5. max. Y 1 7  0.786 0.33 YES Prediction: signal peptide -ii: max. S 1 3  0.982 0.87 YES Sianal peptide probability: 1 .000 

mean S 1 - 1 6  0.946 0.48 YES Signal anchor probability: 0.000 

D 1 - 1 6  0.866 0.43 YES Max cleavaae site probability: 0.620 between pos. 16 and 1 7  

SianalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

- max. C 1 8  0. 724 0.32 YES Most likely cleavage site between pos.  1 7  and 1 8: VSA-WL c: 
� max. Y 1 8  0 . 7 1 3  0.33 YES Prediction: sianal peptide 
� max. S 1 3  0.928 0.87 YES Signal peptide probability: 0.997 

mean S 1 - 1 7  0.806 0.48 YES Signal anchor probability: 0.000 

D 1-1 7 0. 760 0.43 YES Max cleavage site probability: 0.793 between pos. 17 and 1 8  

SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

-
max. C 21 u >- 0.029 0.32 NO -

u max. Y 21 0.021 0.33 NO Prediction: non-secretory protein -ii: max. S 1 0.084 0.87 NO Signal peptide probability: 0.001 

mean S 1-20 0.040 0.48 NO SiQnal anchor probability: 0.000 

D 1-20 0.030 0.43 NO Max cleavage site probability: 0.000 between pos. 20 and 2 1  

SlanalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

- max. C 1 8  0. 1 1 2 0.32 NO -.s Q. max. Y 1 8  0.086 0.33 NO Prediction:  non-secretory protein -ii: max. S 1 3  0.414 0.87 NO Signal peptide probability: 0.008 

mean S 1 - 1 7 0.263 0.48 NO Signal anchor probability: 0.007 

D 1 - 1 7 0. 1 75 0.43 NO Max cleavaae site probability: 0.002 between pos. 1 4  and 1 5  

SlgnalP-NN prediction 
M EASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

tl max. C 1 7  0.257 0.32 NO Most likely cleavage site between pos. 1 6  and 1 7: AAA-AP l5. max. Y 1 7  0.428 0.33 YES Prediction: sianal peptide -
ii: max. S 1 3  0.992 0.87 YES Signal peptide probability: 0.999 

mean S 1 - 1 6  0.970 0.48 YES Signal anchor probability: 0.000 

D 1 - 1 6  0.699 0.43 YES Max cleavaae site probability: 0.460 between pos. 19 and 20 

SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

'0 max. C 1 9  0.485 0.32 YES Most likely cleavage site between pos. 1 8  and 19: AHS-AA .. Ol max. Y 1 9  0.587 0.33 YES Prediction: signal peptide -ii: max. S 1 3  0.942 0.87 YES Sianal peptide probability: 0.996 

mean S 1 - 1 8  0. 769 0.48 YES Signal anchor probability: 0.000 

D 1 - 1 8  0.678 0.43 YES Max cleavaQe site probability: 0.878 between pos. 18 and 1 9  

SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignaIP-HMM prediction 

{ max. C 1 6  0.405 0.32 YES Most likely cleavage site between pos. 1 5  and 1 6: AQA-AF 

- max. Y 1 6  0.547 0.33 YES Prediction: sianal peptide 
ii: max. S 6 0.937 0.87 YES Signal peptide probability: 0.999 

mean S 1 - 1 5  0.8 1 9  0.48 YES Signal anchor probability: 0.000 

D 1 - 1 5  0.683 0.43 YES Max cleavaae site probability: 0.5 1 9  between pos. 1 5  and 1 6  
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SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF S IG PEPTIDE SignalP-H MM prediction 

� max. C 29 0. 1 55 0.32 NO -
max. Y 35 0.020 0.33 NO Prediction: non-secretory protein .. 

u: max. S 34 0.071 0.87 NO Signal peptide probability: 0 . 000 

m ean S 1 -34 0.023 0.48 NO Signal anchor probability: 0.000 

D 1 -34 0.022 0.43 NO Max cleavage site probability: 0.000 between pos. -1 and 0 

SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignalP-HMM prediction 

� max. C 59 0.072 0.32 NO -

.. max. Y 59 0 . 1 44 0.33 NO Prediction: signal anchor 
u: max. S 55 0.843 0.87 NO Signal peptide probabilitv: 0.000 

m ean S 1 -58 0. 1 74 0.48 NO Signal anchor probability: 0.501 

D 1 -58 0 . 1 59 0.43 NO Max cleavage site probability: 0.000 between pos. -1 and 0 

SlgnalP-NN prediction 
MEASURE POSITION VALUE CUTOFF SIG PEPTIDE SignalP-H MM prediction 

It> 
max. C 19 0.881 0.32 YES Most likely cleavage site between pos. 1 8  <rid 1 9: GLA-AP '" u z max. Y 19 0.846 0.33 YES Prediction: signal peptide .. 
max. S 6 0.976 u: 0.87 YES Signal peptide probabilitv: 0 . 998 

mean S 1 -1 8  0.926 0.48 YES Signal anchor probability: 0.001 

D 1 -1 8  0.886 0.43 YES Max cleavaoe site probabiltl:L 0.830 between pos. 1 8  and 1 9  

SignalP-NN prediction 
MEASURE POSITION VALUE CUTOFF S IG PEPTIDE SignalP-H MM prediction 

N 
max. C 20 0.608 0.32 YES Most likely cleavage site between pos. 1 9  and 20: GIG-IG .. Cl> � max. Y 20 0.656 0.33 YES Prediction: signal peptide .. 
max. S u: 1 3  0.970 0. 87 YES Signal peptide probabilitv: 0.991 

mean S 1 - 1 9  0.831 0.48 YES Signal anchor probability: 0.007 

D 1 -1 9  0.743 0.43 YES Max cleavage site probability: 0.493 between pos. 1 9  and 20 
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