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Abstract 

EpichloelNeotyphodium endophytes are a group of clavicipitaceous fungi that form 

symbiotic associations with temperate grasses. The asexual N lolii form asymptomatic 

mutualistic associations with ryegrass whereas the sexual E. typhina behaves similar to a 

mutualist during the vegetative phase of plant growth but switches to epiphytic growth 

and formation of an external stroma upon development of the floral inflorescence. The aim 

of this project was to study the metabolic interaction between these endophytes and their 

perennial ryegrass host. The role of endophyte thiamine biosynthesis in host colonisation 

and stroma development was chosen, because of the key role this coenzyme plays in 

primary cellular metabolism and because thiamine biosynthetic genes are induced in several 

fungal-plant interactions. 

The orthologue (thil) of Saccharomyces cerevisiae THI4 was isolated from N lolii and E. 

typhina by peR using degenerate primers designed to conserved regions of known thiazole 

biosynthetic genes. This gene is expressed in planta and in culture, and is alternatively 

spliced, with distinct patterns of the isoforms expressed under different nutritional 

conditions. Mutant with a deletion in the E. typhina thil gene was constructed and shown 

to have reduced hyphal density and branching compared to the wild-type on defmed 

media lacking thiamine. Both thiamine and thiazole complemented this defect. Artificial 

inoculation of the mutants into plants showed that the thil mutant retained the ability to 

colonise the perennial ryegrass host and form stromata. However, the mutant had some 

differences in host colonisation and growth, including reduced hypha I branching and 

reduced detrimental effects on the host. In addition, glycogen-like deposits, which were 

abundant in the wild-type hyphae, were not evident in the mutants. 

Unexpectedly, both the thil mutant and wild-type strains formed some stromata on 

vegetative tissue. Electron microscopic examination revealed that the cells of epiphytic 
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hyphae found on the vegetative tillers typically were enlarged, lacking in cytoplasm and 

highly vacuolated, an ultrastructure similar to that found for hyphae growing in 

reproductive tillers. The mutants retained the ability to form conidia on the outer layer of 

the stromata. Extensive vascular colonisation and hyphal ramification in the mesophyll 

were common characteristics of stromata bearing regions. Although the morphology and 

ultrastructure of stromata formed on vegetative tillers is very similar to those on 

reproductive tillers, one significant difference was the presence of abundant glycogen-like 

deposits in hyphae of vegetative tillers. Furthermore, there were dramatic differences in 

the levels of glycogen-like deposits in hyphae in different regions of the vegetative tillers, 

indicating that the energy demand changes during stroma development. This is the first 

report of E. typhina forming stromata on non-inflorescence tillers. 
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Chapter one 

Introduction 



1 . 1 .  The importance of EpichloelNeotyphodium 

endophytes 

Epi chlodNeotyphodium endophytes are a group of Clavicipitaceous filamentous fungi that 

live in the intercellular space of temperate grasses (Pooideae grasses) including important 

forage grasses (Schardl, 1 996a; Schardl and Moon, 2003) .  These endophytes comprise the 

sexual Epi chloe typhi na, other Epi chloe species and their c losely related asexual derivatives, 

Neotyphodium spp. , which were formerly classified in A cremonium sect. Al bo-lanosa 

(Glenn et aI .,  1 996 ; Leuchtmann, 2003 ; Morgan-Jones and Gams, 1 982; Schardl, 1 996a) . 

These fungi live within the grass host, deriving nutrients from the host for growth .  They 

confer benefits for the grass including protection from mammalian (Bacon et aI . ,  1 977; 

Bacon et aI ., 1 99 1 ;  Bush et aI .,  1 997) and insect herbivory (Siegel et aI . ,  1 990), resistance t o  

nematodes (Bacon and White, 2003 ; Kimmons et a! . ,  1 990) and some fungal pathogens 

(Gwinn and Gavin, 1 992), increased drought tolerance (Arachevaleta et aI . ,  1 989 ;  

Malinowski and Belesky, 2000; Richardson, 1 992; West, 1 994) and greater field persistence 

(Hill et aI ., 1 990). Asexual Neotyphodi um species are asymptomatic on their hosts, and are 

vertically transmitted through the seeds. The relationship of these endophytes with their 

host grasses is c lassified as mutualistic. The sexual Epichloi:f species may produce external 

stromata on host reproductive tillers. On the stromata, the sexual stage is initiated and 

infectious sexual spores are formed and horizontally transmitted. The production of 

stromata prevent emergence of the developing inflorescence, thus the relationship of these 

species with the host is described as antagonistic. Epichloe species vary widely in the degree 

of horizontal versus vertical seed transmission during their life cycles (White, 1988; White et 

al., 1997). Epi chlodNeotyphodium endophytes thus form a continuum of symbiotic 

relationships with the plant host, spanning the spectrum from antagonistic to mutualistic, 

making them an ideal system for studying the evolution of fungal mutualists (Christensen et 
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aI. , 1 993; Schardl et aI. , 1 994; Schardl and Moon, 2003 ; Tsai et aI. , 1 994; White, 1988; 

White et aI. , 1 997). 

The major benefits of endophyte infection are largely attributed to a range of secondary 

metabolites (alkaloids) produced during the interactions of the endophyte and their host 

grasses (Bush et al., 1 997). While these alkaloids are highly beneficial to the endophyte­

grass symbiosis, some of them are toxic to grazing mammals, resulting in syndromes such as 

ryegrass staggers and/or fescue toxicosis, which are responsible for large economic losses to 

agriculture in New Zealand and the United States. Consequently, 'scientists are studying 

the symbiotic interactions to exploit the potential of endophytes as biological control 

agents, and as a source of nematicides, insecticides and pharmaceuticals, as well as into the 

evolution of the mutualistic association' (Scott and Schardl, 1 993; Yue et al. , 2000). 

1 .2 .  Life cycles and host interactions of 

Epichloe/Neotyphodium endophytes 

1 .2. 1 .  G rowth and l ife cyc les of endophytes i n  g rass host 

A striking characteristic of EpichloelNeotyphodium endophytes is their strictly controlled 

intercellular growth throughout the host plant (Christensen et aI. , 2002 ; Schardl et aI. , 2004; 

White et aI. , 1 997).  The hyphae have never been found to enter the host cell or to form 

specialised feeding structures such as haustoria or arbuscules [Schardl, 2004 #945 ;  

Christensen, 2002 #39 1 ; White, 1 997 #3 1 .  Microscopic examination showed that 

endophyte hyphae are unevenly distributed in the plant, with high concentrations in the leaf 

sheath, seeds and crowns, tissues which act as 'sinks' for accunmlation of soluble nitrogen 

and carbohydrate substances (Christensen et aI. , 1 998; Siegel et aI. , 1 987). Different strains 
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of endophytes may vary in hyphal concentration and distribution within the plant 

(Christensen et aI . ,  2002). Hyphae of some strains may colonise vascular bundles, without 

apparent effects (Christensen et al. , 200 1 ). Despite the differences, growth of all known 

endophytes in the host vegetative stage seems to be tightly control led and cause l ittle visible 

symptoms of infection (Christensen et a! . ,  2002; Tan et aI . ,  200 1 ) . 

However, during the reproductive stage of the grass, endophytes may undergo e ither a 

sexual or asexual life cycle, resulting in dramatically different effects on the host 

(Leuchtmann and Clay, 1 997; White, 1 988) .  For the asexual endophytes, hyphae grow 

within the elongated inflorescence tiller, colonise the seed to be vertically transmitted 

(Majewska-Sawka and Nakashima, 2004; Phi lipson and Christey, 1 986). Hyphae may 

directly invade the embryo sac soon after fertilisation (Philipson and Christey, 1 986). 

Alternatively, hyphae may not colonise the embryo sac, but penetrate from the 

sporophytic tissue into the developing embryo during the development of the seed 

(Majewska-Sawka and Nakashima, 2004). The mode of vertical transmission is highly 

efficient in some associations, with nearly 1 00% of the seed from infected mother plants 

carrying the endophyte (Philipson and Christey, 1 986). 

For endophytes that have the potential to enter the sexual life cycle, once the grass host 

enters the reproductive stage, endophyte hyphae emerge from the flag leaf sheath and the 

inflorescence of flowering tillers, forming external stromata (White and Bultman, 1 987) .  I n  

this stage, the sexual l ife cycle can be initiated when spermatia (conidia) are deposited on a 

stroma of the opposite mating type. This heterothalIic mating in nature is mediated by 

Botanophila flies (Leuchtmann, 2003). Following the mating and cross-fertilisation, 

ascospores are formed, ejected and may infect new hosts probably by way of the florets to 

ultimately give rise to infected embryos and seed (Chung and Schardl, 1 997; White and 

Bultman, 1 987) .  Thus the endophyte in a sexual l ife cycle is transmitted horizontally. As 
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development of stromata on a grass prevents emergence of the inflorescence, this horizontal 

mode of endophyte transmission is antagonistic to the host (Schardl, 1 996a) . 

Some Epichloe spec ies (for example E. festucae) are described as pleiotropic (Schardl, 

1 996a). For example, E. festucae in F. rubra can form stromata on some but not all flowers 

of a plant. In  the asymptomatic tillers the endophyte is vertically transmitted (Schardl, 

1 996a). 

As the expreSSIOn of the endophyte life cycle depends on both the genotype of the 

endophyte and the host, White ( 1 988) classified the endophyte-grass associations into three 

types, according to the life cycles they express on the grass host. Type-I include those 

associations where stromata form on all culms of endophyte-containing grasses. This type 

of association was described as the most pathogenic since the fungus effectively steril ises 

the host. Type- I I  associations include those that have stromata produce on til lers of some 

but not others of the infected individuals in a population. Type-Ill associations are those on 

which no stromata are formed and the endophyte remains completely asymptomatic in all 

infected individuals (White, 1 988) .  

1.2 .2. Host s pecificity and com patib i l ity 

EpichloelNeotyphodium endophytes in nature are usually restricted to certain host species 

or genera, suggesting that these grass endophytes have host specificity (Leuchtmann and 

Clay, 1 997). Evidence for this indirectly comes from studies of isozyme genotypes of 

endophytes from the host (Leuchtmann and Clay, 1 990; Leuchtmann, 1 992, 1 994b). I solates 

of Epichloe endophytes from the same host population are usually identical or very similar 

in isozyme genotypes, whereas those from different host populations are usually different 

from one other (Leuchtmann and Clay, 1 990; Leuchtmann, 1 992; Leuchtmann and Clay ,  
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1 997). The fmding indicates that the endophyte and host plants have a history of 

coevolution and a broadly compatible genotype across host-species lines in fme fescues 

(Leuchtmann, 1 994a). 

Host specificity and compatibility was also studied by artificially inoculating endophytes 

into grasses that were the natural host or non-host and observing the outcome of these 

inoculations. Epichloe or Neotyphodium isolates often failed to form stable associations with 

grass species other than their original hosts (Leuchtmann, 1 992).  For some isolates, stable 

associations were obtained, but mostly with grasses closely related to their original hosts 

(Christens en, 1 995). Some changes in host tissues and fungal hyphae were observed in the 

grasses artificially infected with endophytes (Christensen, 1 995 ; Koga et al. , 1 993) . These 

included death of host cells in the stem apex and premature death of hyphae (Christensen, 

1 995; Koga et al. , 1 993) . In other associations, changes in host wall or increased levels of 

peroxidase, which indicates reaction of the host to the endophyte infection, have also been 

detected (Christensen et al. , 2002; Naffa et al. , 1 999). These incompatible responses 

presum ably reflect a breakdown in compatibility between the host and endophyte and 

elicitation of a host defense response (Scott, 200 1 ). Although the molecular basis for this 

remains unknown, host specificity may have been a major factor for the co-evolution of 

mutualistic endophyte-grass associations (Leuchtmann and Schardl, 1 998). 

1 .2 .3 .  Mutual istic relationsh ip  and a l ka lo id prod uction  

Epichloe/Neotyphodium endophytes are a group o f  biotrophic symbionts (Schardl e t  al. , 

2004; Siegel et al. , 1 987; White et al. , 1 997). They complete their entire life cycle on or in 

host tissues, and obtain all their nutrients from the host-living tissue to sustain hyphal 

growth and form reproductive structures. I t  is clear that the endophyte benefits from the 

host by receiving nutrients, long-term protection and dissemination through the seed. 
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Although there is a cost to the plant host as endophytes absorb nutrients and may cause 

abortion of flower development and seed production, infection is generally advantageous to 

the host. Some studies showed that endophyte-infected grasses grow better (Belesky et aI . ,  

1 987; Cheplick et al. , 1 989; Latch et a! . ,  1 985), are more vigorous and aggressive than 

uninfected members of the same endophyte-free species (Clay, 1 990) and have a greater 

field persistence (Hill et ai., 1 990). Studies also showed that endophyte infection can 

increase host tolerance to drought (Arachevaleta et a! . ,  1 989; Richardson, 1 992; Richardson 

et aI. , 1 993; West, 1 994) and resistance to fungal disease (Lewis et aI ., 2003;  Siegel and 

Bush, 1 997) and nematodes (Joost, 1 995; Kimmons et a! . ,  1 990; Latch, 1 993).  However, the 

most striking characteristic of endophytes is that endophyte infection induces the synthesis 

of a wide range of secondary metabolite-alkaloids which confer host resistance to insect and 

animal herbivores (Bacon et aI., 1 977; Bacon et aI., 1986; Siegel et al., 1 990; Siegel and Bush, 

1997) (Spiering, 2000; Wilkinson et a! . ,  2000) 

Four classes of alkaloids produced by the endophyte-grass associations have been 

intensively studied to date. These include lolines (pyrrolizidines), ergot alkaloids, indole 

diterpenes, and peramine (a pyrrolopyrazine) (Siegel and Bush, 1 997). Lolines are potent 

insecticides, and peramine is an insect feeding deterrent which is important for protection of 

perennial ryegrass from Argentine stem weevil (ASW; Listronotis bonariensis) (Bush et a! . ,  

1 993; Bush et a! . ,  1 997; Rowan and Latch, 1 994; Wilkinson et a! . ,  2000). Ergot alkaloids are 

a group of anti-mammalian compounds with some insecticidal activity (Bush et a! . ,  1 997). 

These compounds include clavines, ergolene acids and alcohols, simple lysergic acid 

derivatives and ergopeptines. They cause the classical symptoms of fescue toxicosis in 

grazing animals, for examples, elevated temperatures, vasoconstriction, reduced feeding, 

reduced fertility, stillbirth, gangrene and occasionally death (Bush et a! . ,  1 997) .  Indole 

diterpenes include tremorgenic neurotoxins commonly known as lolitrems, of which the 

most abundant is lolitrem B. Lolitrem B is the main toxin implicated in ryegrass staggers 
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(G allagher et aI., 1 98 1; Raisbeck et al., 1 99 1 ) . Ryegrass staggers is a neurotoxic disorder of 

livestock grazing perennial ryegrass infected with N lolii. Indole diterpenes are potent 

inhibitors of high conductance potassium channels. 

A lthough genes for alkaloid production are of fungal origin (Blankenship et al., 2 00 1 ;  

Panaccione et al., 200 1; Scott, 2003a; Spiering et al. ,  2002; Wilkinson et al., 2000), the type  

and levels of alkaloids synthesised are dependent on  both fungal and host genotypes. 

Among the natural endophyte-grass associations analysed to date, peramine was detected in 

most associations, whereas ergot alkaloids were present in 50%, lolines in 3 5% and 

lolitrems in only 1 0% of the symbiotic associations (Siegel et al., 1 990) . Among the 

important forage grasses, tall fescue grass in association with most N coenophialum strains 

produces lolines, ergot alkaloids and peramine; perennial ryegrass in association with some 

N lolii endophytes produces lolitrems, ergot alkaloids and peramine. Meadow fescue in 

association with N uncinatum produces only lolines (Bush et al., 1 997). How the plant 

regulates the biosynthesis of the fungal alkaloids is unclear. Different plants may provide 

different types and/or levels of precursors, or exert different effects on the physiology of 

the fu ngi (Schardl, 1 996a). 

As the genes responsible for the alkaloid synthesis are of fungal origin, the distribution and 

concentration of the alkaloids in the plant may reflect the location and concentration of the 

endophyte hyphae (Keogh and Tapper, 1993; Keogh et al., 1 996; Siegel and Bush, 1 997; 

Spiering, 2000). Plant tissues with abundant endophyte hyphae often contain high 

concentrations of alkaloids (Keogh and Tapper, 1 993; Siegel and Bush, 1 997; Spiering, 

2000). However, translocation of the alkaloids may occur as indicated by the presence of 

alkaloids in tissues with no or little endophyte (Siegel and Bush, 1 997). Environmental 

factors, such as nitrogen fertiliser, soil water deficit and temperature, can all affect alkaloid 

production (Lane et aI., 1 997; Lyons et al .,  1 986). 
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1 .3 .  Genetic studies of endophyte-host interactions 

1 .3. 1 .  C lon i ng and characterisation of genes for a l ka l o i d  

b iosy nthes is  

The cloning of alkaloid biosynthesis genes has been a challenging task as i t  i s  difficult to 

establish conditions for reliable expression of the metabol ites in culture (Scott, 2003a). 

Genes involved in the biosynthesis of indole diterpenes and ergot alkaloids were initially 

cloned from other fungi, such as Claviceps fusiformis, C. purpurea or Penicillium paxilli, in 

which the intermediates for the alkaloid biosynthesis were detectable, and subsequently 

homologous genes were isolated from endophytes (Scott, 2003a). However, one advantage 

is that genes involved in secondary metabolite biosyntheses tend to be organised in  large 

gene clusters, so that once one gene is cloned, the remainder of the genes in the pathway can 

be isolated by chromosome walking (Scott, 2003b). 

Ergot alkaloids are metabol ites produced by many members of Clavicipitaceae fungi 

including Claviceps species, EpichloelNeotyphodium endophytes and other Balansia species 

(Panaccione and Schardl, 2003) .  The ergot alkaloid biosynthesis pathway and the enzymes 

involved have been intensively studied in Claviceps species (Tudzynski et al. , 200 1 ) . An 

enzyme CD MAT synthase) involved in the biosynthesis has been purified from C. 

fusiformis (Gebler and Poulter, 1 992). The gene dmaW encoding for this enzyme has been 

isolated by a PCR approach using primers designed to the peptide sequence (Tsai et al. , 

1 995) .  Following this, several other genes including the lysergyl peptide synthetases (cppsl 

and cpps2) involved in synthesis of ergot alkaloids (ergopeptine) were isolated from C. 

purpurea isolates (Correia et al. , 2003 ; Panaccione et al., 1 999; Panaccione et al. , 200 1 ;  

Panaccione and Schardl, 2003 ; Tudzynski, 1 999) . Based on this information, genes encoding 

lysergyl peptide synthetase (IpsA) and DMAT synthase (dmaW), were isolated from the 
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endophytes N IoW (Panaccione et aI. , 200 1 )  and Neotyphodium sp. strain L p l  (Wang et aI., 

2004). Targeted deletion of IpsA or dma W  in L p l  resulted in a strain that was unable to 

produce ergovaline in the grass host, confirming the function of the genes in production of 

ergovaline (Panaccione et aI., 200 1 ;  Wang et aI., 2004). 

Cloning of genes responsible for lolitrem B biosynthesis started with the cloning of paxilline 

synthesis genes in the fIlamentous fu ngus P. paxilli. As the tremorgenic indole-diterpene 

paxilline is a common product of both P. paxil li and N lolii, paxilline was predicted to be 

one of the precursors of lolitrem B (Young et aI. , 1 998). I n  order to clone the genes for 

paxill ine biosynthesis, paxilline negative (Pax-) mutants were generated using the technique 

of plasmid mutagenesis (Itoh et aI. , 1 994; Young et al. , 1 998). The gene cluster responsible 

for paxilline biosynthesis was identified by mapping four Pax- deletion mutants and DNA 

sequence analysis of the region (Young et aI. , 200 1 ). The cluster contains a series of open 

reading frames (ORPs) including a geranylgeranyl pyrophosphate synthase (pax G) , a FAD­

dependent monooxygenase (paxM), a prenyl transferase (pax C), two cytochrome P450 

monooxygenases (paxP and paxQ), and a D MA T synthase (paxD) (Scott et aI., 2004) .  

Deletion of the paxG in this c luster gave rise to a paxilline negative mutant (Young et  aI. , 

2001 ), and deletion of paxP or paxQ gave rise to mutants that accmnulate proposed 

intermediates for paxill ine synthesis (McMil lan et aI. , 2003), confirming that thi s  region is 

indeed involved in paxilline biosynthesis (Scott et aI., 2004). The cloning and 

characterisation of the genes for the paxilline biosynthetic pathway from P. paxilli has 

opened the way for isolating the homologous genes from endophyte isolates. A gene ItmG, 

an orthologue of the P. paxill i  paxG, was isolated from a N IoW isolate by a PCR approach 

using degenerate primers designed to conserved regions of fungal GGPP synthases  (Young 

et al. , 2004). Genes including ItmM and ltmK, homologues of pax M and paxP, clustered with 

ltmG in a region of 25-kb that was subsequently isolated from the N lolii isolate. A similar 

gene cluster was isolated from E. festucae (Young et aI. , 2004). I nterestingly, both sides of 

the c luster in N IoW are flanked by retro-elements which are abundant in the genome of 
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both N loW and E. Jestucae (Scott and Young, 2003). E. Jestucae transformants with the 

ltmM deleted have been constructed and introduced into perennial ryegrass. The lolitrem B 

negative phenotype of these associations confirmed that this gene is required for lolitrem B 

biosynthesis (Young et al. , 2004). 

Cloning of genes for peramine synthesis has been achieved by a differential disp lay -R T­

PCR (DD-RT-PCR) technique combined with screening a cosmid genomic l ibrary (Aiko 

Tanaka and Barry Scott; unpublished results). Candidate genes were detected by DD-RT­

PCR using primers designed to two conserved sequences within the putative modules of a 

non-ribosomal peptide synthase. One of the candidate gene fragments was used as a probe 

to screen an E. Jestucae cosmid genomic library. A gene of 8370 bp in size, designated as 

perA was isolated and confirmed to be required for peramine biosynthesis by gene deletion 

analysis (Aiko Tanaka and Barry Scott; unpubl ished results). 

Genes for loline biosynthesis in E. festucae were shown to be c lustered in a single genetic 

locus, which co-segregated with two AFLP polymorphic markers (Wilkinson et al. , 2000) . 

This finding together with the observation that production of loline was induced in axenic 

culture aJ N uncinatum growing in minimal media (Blankenship et al. , 200 1 )  enabled two 

loline biosynthetic genes, lalA and laIC, to be cloned by suppression subtractive 

hybridisation, of which expression was strictly correlated with loline production in N 

uncinatum (Kutil et al. , 2003 ; Spiering et al. , 2002). Subsequently, these two genes have 

been shown to be part of a c luster of 9 putative genes for loline biosynthesis (Kutil et al. , 

2003; Spiering et al. , 2002). 

The cloning and characterisation of these alkaloid biosynthetic genes now provides the 

opportunity to determine how these genes are regulated in endophyte-host interactions, 

determine the distribution of these genes, screen for toxin-negative strains for agricultural 

use or potentially modify endophyte isolates by genetic manipulation (Scott, 2003a) .  
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1 .3 .2 .  C lo n i n g  and characterisation  of other endophyte genes 

A number of other endophyte genes have been isolated. Some of them have been used for 

endophyte phylogenetic studies. The tub2 gene which encodes �-tubulin,  was isolated and 

sequenced from E. typhina (Byrd et aI . ,  1 990). The �-tubulin is a main component of the 

microtubule apparatus. The non-coding intronic region of this gene is informative and 

widely used for endophyte phylogenetic studies (Schardl et aI . ,  1 994). Similarly, the non­

coding sequences of teJl (elongation factor I -a) and actl (actin), which were more recently 

isolated, have been used in phylogenetic studies to distinguish the endophyte species 

(Craven et aI . ,  200 1 ;  Moon et aI . ,  2002). 

Other EpichloelNeotyphodium endophyte genes that have been isolated and characterised 

include pyr4, hmg and Atl. The pyr4, which encodes orotidine-5 ' -monophosphate 

decarboxylase, was isolated from an LpTG-2 strain Lp l (Col lett et al. , 1995). The hmg 

encoding 3-hydroxy-3-methylglutaryl coenzymeA reductase is a key enzyme required for 

the biosynthesis of mevalonic acid (Dobson, 1 997). Mevalonic acid is a primary metabol ite 

precursor required for the biosynthesis of cholesterol and isoprenoids, including the 

secondary metabolites lolitrem B and ergovaline. Endophyte transformants with the GUS 

reporter gene (gusA) under the control of the hmg promoter were used to detect metabolic 

activity, distribution, and propagation of endophytes in planta (Schrnid et al. ,  2000) . 

Results showed that the gene is constitutively expressed in the host, but the growth of the 

transformants differed from the wild type. Atl is a proteinase gene isolated from the 

endophyte N. typhinum. The product of this gene, a serine proteinase, is highly abundant in 

N. typhinumlPoa ampla associations, suggesting that it may be involved in host colonisation 

(Reddy et al. , 1 996). 
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More recently, significant efforts have been directed towards the identification of genes that 

are differentially regulated in symbiosis .  Techniques that have been applied include 

suppression subtractive hybridisation (Johnson et aI . ,  2004), EST (expressed sequence tags) 

sequence analysis (Spangenberg et aI . ,  2000), proteomics analysis (Zhang et aI . ,  2004) and 

plasmid mutagenesis (Tanaka, A. and Scott, B . ;  personal communication). Many genes that 

are activated in the endophyte-grass interactions have been identified, but functional 

analysis of these endophyte genes remains to be carried out. 

1 .4. Evol ution of EpichloelNeotyphodium endophytes 

1 .4. 1 .  Epichloe/Neotyphodium endophyte species 

To date, at least ten sexual stroma-forming Epichloe species have been formally identified 

(Table 1 . 1 ) . Five of them form type I associations and the other five form type 1 1  

associations with their host grasses (Leuchtmann, 2003 ; Schardl, 1 996a; White et aI . ,  1 993 ;  

White, 1 994) . Each of these 10  Epichloe species, with the exception of E. clarkii, 

constitutes a single mating population. E. clarkii belongs to MP-I mating type as does E. 

typhina, but it is in a different host species and is infertile in crosses with E. typhina (White 

et al. , 1 993) .  All these species, except E. typhina, are host specific and restricted to one or a 

few grass species within the Pooideae. E. typhina has a broad host range forming 

associations with grasses in tribes Poeae, A veneae and Brachypodieae (Schardl et al. , 1 997). 

Host specialisation was suggested to drive the speciation of the sexual endophytes (Schardl 

and Moon, 2003). 

Many asexual Neotyphodium species have been identified and shown to be derived from one 

or more of the Epichloe species (Table 1 . 1 ) .  Many of them are interspecific hybrids arising 

from two or even three ancestors (Schardl and Moon, 2003) .  The asexual Neotyphodium 
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Table 1 . 1 .  Epichloe/Neotyphodium species and their life cycles 

S p e c i e s  M a t i n g  Host genera L i fe C l o s e s t  R e fe re n c es 

type cyclea  n o n - h y b rid 

relatives 

E. typhina M P - I  A nthoxan thum. SIP (Leuchtmann, 2003;  

( Per. : Fr.) A rrhenatherum, (I/fI) White et al. , 1 993) 

Tu \ .  Brachypodium. 
Dactylis. Lolium. 
Phleum. Poa. 
Puccinellia 

E. clarkii M P - T  Holcus S (Leuchtmann, 2003;  

( 1 )  White et al. , 1 993) 

E. baconii MP-V Calamagrostis. S (Leuchtmann, 2003;  

Agrostis ( r )  White et al. , 1 993) 

E. bromicola MP-VI Bromus, S/A (Leuchtmann and 

Hordelymus ( l /I I I )  Schard l, \ 998) 

E. glyceriae M P - Glyceria S (Schardl and 

V I I I  ( I )  Leuchtmann, 1 999) 

E. festucae M P- l I  Festuca. Koeleria P (Leuchtmann, 1 994) 

( 1 I )  
E. elymi MP- I I I  Elymus P (Schardl and 

( l l )  Leuchtmann, 1 999) 

E. amarillans MP- I V  Agrostis, P (Leuchtmann, 2003;  

Calamagrostis, ( l l )  White, 1 994) 

Sphenopholis 
E. sylvatica MP-VI I  Brachyopodium P (Leuchtmann and 

( l l )  Schardl, 1 998) 

E. M P - I X  Brachyelytrum P (Schardl and 

brachye Iytr i ( l l )  Leuchtmann, 1 999) 

N lolii N/A L. perenne A (Latch et aI. , 1 984 ; 

( I I I )  Schardl and Moon, 
2003) 

N. typhinum N/A Poa nemoral is A (Morgan-Jones 
( I l l )  and Gams, 1 982; 

Schardl and 
Moon, 2003)  

N typhinum N/A Lolium A (Moon et al. , 
var. canariensis ( I I I )  2000)  
canariense 
N aotearoae N/A Echinopogon A (Moon et al. , 

ova/us ( I l l )  2002)  
N chilense N/A Dactylis A (Morgan-Jones et 

glomerata ( I l l )  aI. , 1 990; Schard l 
and Moon, 2003 ) 

N huerfanum N/A F. arizonica A (Schardl and 
( I I I )  Moon, 2003 ; 

Wh ite and 
B u ltman, 1 987) 
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N. starrii N/A Bramus A (Schardl and 
anomalus, ( I l l )  Moon, 2003 ;  
Festuca spp. White and 

Morgan-Jones, 
1 98 7 )  

N. N/A Lolium arundina A E. festucae, (Morgan-Jones and 

coenophialum ( I l l )  E. typhina, Gams, 1 982 ; 

E. baconii Schardl and Moon, 
2003) 

LpTG- 2  N/A L.  perenne A N. lolii (or (Christensen et 
( I l l )  E. festucae) ,  al. , 1 993 )  

E. typhina 
N. uncinatum N/A F. pratensis A E. (Schard l and 

(Meadow fescue) ( I l l )  bromicola, Moon, 2003 ) 
E. typhina 

N. occultans N/A Lolium rigidum, A E. (Moon et al. , 
L. multiflorum, ( I l l )  brom icola, 2000)  
Lolium spp. E. baconii 

FaTG-2 N/A F. arundinacea A E. baconii (Christensen et 
(Tall fescue) ( l I I )  E. festucae al. , 1 99 3 )  

FaTG-3 N/A F. arundinacea A E. baconii, (Chri stensen et 
(Tal l  fescue) ( I l l )  E. typhina al. , 1 993 ) 

N. sieglii N/A F. pratensis A E. (Schardl and 
(Meadow fescue) ( I l l )  bromicola, Moon, 2003)  

E. festucae 
N. N/A Echinopogan A E. typhina, ( Moon et al. , 
australiense ovatus ( I l l )  E. festucae 2 0 0 2 )  
N. melicicola N/A Melica spp. A N. (Moon et al. , 

( I l l )  aotearoae, 2002)  
E. festucae 

N. N/A Poa hueca and A E. typhina, (Cabral et al. , 
tembladerae Festuca spp. (I I I )  E. festucae 1 999)  
N. chisosum N/A Stipa eminens A E. (Schardl and 

( I I I )  amarillans, Moon, 2003 ; 
E. typhina, White and 
E. B u ltman, 1 987)  
bromicola 

a A =' asexual on ly; S =' sexual only; P == pleiotropic (sexual and seed-transm itted) (Leuchtmann, 
2003 ) 
b LpTG-2 : L. perenne endophyte taxonom ic grouping two (Schardl et al., 1 994) 
c FaTG-2: F .  arundinacea endophyte taxonomic grouping two (Leuchtmann et al. , 1 994) 
d FaTG-3 : F .  arundinacea endophyte taxonomic grouping three (Schardl and Moon 2003) 
e Type I ,  1 1  or I I I  associations were defined according to White 1 988 
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endophytes have significant diversity and are distributed widely in many host specIes 

(Schardl and Moon, 2003) .  As Neotyphodium endophytes show few if any symptoms on 

their hosts and some, such as N occul tans, are unculturable (Moon et al . ,  2000), they are 

difficult to detect and identify. The Neotyphodium species listed in Table 1 . 1  probably 

represent only part of this genus. With the application of new detection methods such as 

PCR amplification of DNA from grass tissue using specific primers for microsatellite loci 

(Moon et aI . ,  2000) combined with systematic sampling of the grass, more species should 

be found. 

1 .4 .2 .  Evo l ution of asexual Neotyphodium endophytes by 

i nterspecific hybrid isation 

Various lines o f  evidence indicate that asexual Neotyphodium species are close relatives of 

sexual Epichloe endophytes. The asexual Neotyphodium endophytes and sexual Epichloe 

endophytes have similar conidial morphology (White and Morgan-Jones, 1 987), similar 

alkaloid production (Siegel et al . ,  1 990), and similar or related isozyme patterns 

(Leuchtmann and Clay, 1 990). Recent molecular genetic analysis of tub2 and rrn (rDNA) 

non-coding sequences also indicate that the asexual Neoty phodium and sexual Epichloe 

endophytes are closely related (Schardl et aI. , 1 99 1 ;  Schardl et aI. , 1 994) .  

Many asexual endophytes appear to have evolved from sexual ones by interspecific 

hybridisation between two or more sexual and asexual strains (Moon et al . ,  2002; Schardl et 

al . ,  1 994; Tsai et aI . ,  1 994) . I sozyme analysis showed that some asexual endophytes exhibit 

multiple bands for each of many enzymes, suggesting two or more loci for the enzymes 

(Christensen et aI . ,  1 993; Schardl, 1 994). In contrast, isolates of sexual Epichloe strains had 

a single band for each enzyme, which is typical of haploid species (Christensen et al . ,  

1 993) .  Analysis of tub2 and rrn non-coding sequences also showed that some asexual 
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isolates had two tub2 copies. One (tub2-1 )  was closely related to that of sexual Epichloe 

strains. The other (tub2-2) had the same intron sequence as that of the tub2 in isolates of N 

lolii or E. festucae (Schardl et al., 1 994; Tsai et al., 1 994). The relationships were further 

confirmed by evidence from phylogenetic analysis of pyr4 gene sequences (Collett et al., 

1 995). To explain the origins of strain Lp 1 ,  an interspecific hybrid between E. typhina and 

N. lolii, Schardl proposed that a plant which had been infected with a N. lolii strain was co­

infected with an Epichloe typhina strain by horizontal transmission, and the two strains 

subsequently underwent anastomosis and karyogamy to form an interspecific hybrid 

(Schardl, 1 994; Tsai et al., 1 994) . The recent finding that single plants were multiply 

infected in the natural population (Meijer and Leuchtmann, 2000) provides support for this 

hypothesis.  Recent analysis of asexual endophytes has identified further interspecific 

hybrids (Moon et al., 2002; Schardl and Moon, 2003) .  Interspecific hybridisation appears 

to be a relatively common event in the origin of the asexual Neotyphodium endophytes. 

Interspecific hybridisation has been proposed as a rapid evolution track of non-pathogenic 

fungi from the relative pathogenic ones, as the hybridisation event combines the potential of 

two genomes (Brasier, 2000). 

1 .4.3. Evol ution  of asexual  Neotyphodium endophytes by 

accumu lation  of detrimental m utatio ns 

An alternative pathway by which the asexual Neotyphodium endophytes evolved from their 

sexual ancestors is that the endophyte lost the ability to complete the sexual life cycle and 

be transmitted horizontally through accumulation of gene mutations (Schardl and Moon, 

2003) .  When sexual Epichloe endophytes lose their ability to produce stromata on which 

the sexual life cycle initiates, or lose the ability to complete sexual development (for 

example lose the ability to develop sexual fruiting bodies), they will lose the sexual life sty le 

(Schardl and Moon, 2003). N. lolii is an example of an endophyte that may have arisen from 
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its sexual ancestor, E. festucae, through loss of the sexual life cycle (Schardl and Moon, 

2003) .  Molecular phylogenetic studies indicate that N. loW endophytes are derivatives of 

pleiotropic E. festucae endophytes (Schardl and Moon, 2003). However, no interspecific 

hybridisation appears to have been involved as N. loW is haploid (Kuldau et aI . ,  1 999; 

Schardl et aI . ,  1 994). N. loW is commonly associated with L. perenne grasses and stromata 

have never been observed on its hosts. E. festucae endophytes have a pleiotropic life cycle 

when in association with F. rubra, but have not been observed to form stromata when in 

association with L. perenne (Moon et aI . ,  2000). E. festucae differs from the N. loW 

endophyte in that it can produce abundant conidia in culture, and the conidia can act as 

spermatia when transferred onto a stroma of the opposite mating type. A hypothesis 

proposed for the origin of N. loW is that E. festucae accumulated mutations which deleted or 

limited stroma development, leading to loss of the sexual life cycle (Schardl and Moon, 

2003). Loss of mating-type genes would contribute to loss of the sexual life cycle, but 

artificial mating tests showed that many asexual endophytes still exhibit mating activity 

(Schardl, 1 996b), suggesting that their asexual nature is not due to deletion or mutation of 

mating-type genes. 

Mutations of genes in key metabolic pathways may contribute to the evolution of 

mutualistic endophytes, as these mutations may result in physiological dependence of the 

endophyte on the host, and reduced the ability of endophytes to form external stroma 

(Scott, D. B .  personal communication). Recent analysis of genomic sequences of symbionts 

has given us an insight into genomic evolution of mutualistic microbes. For example, 

Buchnera sp. (a obligatory bacterial symbiont of aphids) is a close relative of Escherichia 

coli. Its genome size is only a seventh of that of E. coli (Shigenobu et aI. ,  2000). Many 

genes are missing from the genome of this symbiont, including genes for biosynthesis of 

amino acids and cell surface components, genes for DNA repair, recombination and 

regulation, and genes required for the tricarboxylic acid cycle (TeA cycle). The loss of these 

genes has been proposed to drive the co-evolution of each partner and the evolution of the 
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mutualistic association (Shigenobu et al., 2000). Gene compaction and reduced metabolic 

capacity, such as lack of genes for some biosynthetic pathways and/or for the TeA cycle, 

appear to be traits associated with parasitic or symbiotic lifestyles in both bacteria and 

fungi (Henrissat et  al. , 2002; Katinka et  aI. , 2001 ). 

1 .4.4. Evolution of asexual  endophytes versus Mu l ler's ratchet 

Although the loss of the sexual life cycle reduces the detrimental impact of the endophyte 

on the host through loss of 'choking' , loss of sex itself may be disadvantageous to the 

asexual endophytes (Mul ler, 1 964). Muller pointed out that asexual clonal organisms should 

progressively accumulate deleterious mutations, which lead to decrease in fitness of the 

clonal organisms over successive generations or even extinction of the clonal organisms 

under selective conditions. This phenomenon known as Muller ' s  ratchet can be overcome 

by recombination during the sexual cycle as a result of meiosis (Muller, 1 964). Muller's 

ratchet as an important evolutionary phenomenon favouring sex has been supported by 

results of recent experiments (Lynch, 1 997). For endophytes, selection acts on the 

association of endophyte and the grass host rather than the individuals. The sexual life cycle 

may be disadvantageous in nature as it results in steri lisation of the grass host, and 

horizontal transmission occurs at a very low rate in nature. The asexual life cycle, which 

benefits both the partners is favoured. In the long-term survival of the association, 

interspecific hybridisation was possibly a mechanism that evolved to reduce the impact of 

Muller' s ratchet as it provides the opportunity for genome recombination (Schardl and 

Moon, 2003). 
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1 .5 .  Variation in  nutrition req uirement and metabol ism 

1 .5 . 1 . Variatio n  in  n itrogen and carbon source uti l isation 

Endophytes can utilise a wide range of carbon and nitrogen sources in culture (Bacon and 

White, 2000) . For example, the endophyte isolated from tall fescue grass,  N. coenophialum, 

can utilise glucose, fructose, mannose, sucrose, trehalose, raffinose, mannitol and sorbitol 

(Kulkarni and Nielsen, 1 986). Among nitrogen sources, ammonium and amino acids such as 

arginine, asparagine, cysteine, glutamine, proline and serine are effectively utilised, but 

nitrate is not utilised (Kulkarni and Nielsen, 1 986). Further analysis of nutrient requirement 

showed that endophytes can grow well in complex media with a wide range of nitrogen 

sources, but growth can be variable in cultures supplemented with a single nitrogen source 

(Ferguson et aI . ,  1 993; Naffaa et aI . ,  1 998; White et aI . ,  1 99 1 ). For example, leucine, arginine 

or glutamine supported good growth for some isolates of N. coenophialum, but not for 

others (Ferguson et al. , 1 993). In contrast to the work of Kulkami and Nielsen, experiments 

by two other groups showed that potassium nitrate was well utilised by most isolates of N. 

coenophialum, but poorly utilised by N. loW isolates from L. perenne (Ferguson et aI . ,  1 993;  

Naffaa et al. , 1 998) .  As amino acids are important precursors for alkaloid biosynthesis, 

variation in nitrogen metabolism could impact on the types and levels of alkaloids ill 

endophyte-grass associations and the dependence on hosts (Ferguson et aI . ,  1 993). 

Variations exist between asexual and sexual endophytes in their ability to utilise carbon and 

nitrogen sources (Bacon and White, 2000; Naffaa et al. , 1 998;  White et aI . ,  1 99 1 ; White and 

Morrow, 1 99 1 ). These studies showed that sexual endophytes are better adapted to growth 

in culture than asexual endophytes. Sexual endophytes can uti lise a wider range of carbon 

and nitrogen sources, and grow faster on various media. In particular, sexual stroma-forming 

endophytes isolated from the grasses Elymus, Hystrix and Agrostis grew significantly faster 
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on low fructose, sucrose and xylose than asexual non-stroma formers. High levels of 

fructose, sucrose or xylose inhibit both stroma formers and non-stroma formers, however 

the former still grow more rapidly than the latter (White and Morrow, 1 99 1 ) . Similar results 

of the inhibitory effects of higher concentrations of glucose or fructose were also shown for 

several other Epichloe endophytes (Naffaa et al. , 1 998; White et al. , 1 99 1 ) . The reduced 

ability of the asexual isolates to utilise common carbon sources may be responsible for the 

reduced hyphal growth in planta, and may be a contributing factor to reduced stroma 

development (Naffaa et al. , 1 998;  White et  al. , 1 99 1 ). Kirby ( 1 96 1 )  showed that the growth 

rate of endophyte relative to that of the inflorescence is crucial for the development of an 

external stroma (Kirby, 1 96 1 ). Reduced endophyte growth in planta may thus reduce the 

ability to form stromata. 

1 .5 .2 .  Thia m i ne req u i rement for endophyte growth 

Thiamine was first reported by Kulkarni and Nielsen ( 1 986) as an obligate requirement for 

the growth of an asexual mutualistic N. coenophialum isolate. Thiamine or vitamin B 1 is an 

essential cofactor for several important enzymes, including transketolase, pyruvate 

decarboxylase and a-ketoglutarate dehydrogenase, which play key roles in energy 

metabolism (Hohmann and Meacock, 1 998). The requirement of thiamine for N 

coenophialum growth in culture would suggest that this endophyte is dependant on the host 

for thiamine when growing in planta and is therefore physiologically adapted to mutualist 

growth - an endophytic rather than an epiphytic growth (Barry Scott; personal 

communication) . Further studies of vitamin requirements showed that many asexual 

Neotyphodium endophytes require thiamine, nicotinic acid and pyridoxine for growth in 

culture (Ferguson et al. ,  1 993). Addition of thiamine can greatly increase the mycelial dry­

weight of these asexual endophyte isolates in vitro. 
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In a more comprehensive survey, 33 strains of Neotyphodium, E. festucae, and E. typhina 

were examined for thiamine auxotrophy . Four asexual mutualistic endophytes and two 

pleiotropic E. festucae isolates were found to be thiamine auxotrophs, while all the hybrid 

isolates and the one E. typhina examined were all prototrophic for thiamine (Xiuwen Zhang, 

and Barry Scott; unpublished results, Appendix 2), further indicating that many asexual 

Neotyphodium isolates have completely or partially lost the ability to synthesise thiamine. 

In a further survey of 28 isolates of N lolii, E. bromicola, E. festucae, and E. sylvatica from 

different grass hosts (Adrian Leuchtmann and Barry Scott; unpublished results; Appendix 

2), thiamine showed a tendency to promote growth of many E. festucae strains. In E. 

bromicola, thiamine supplementation had no significant effect on endophyte growth. 

Strains of E. sylvatica showed a range of responses to thiamine addition. While the growth 

of some strains of E. sylvatica were significantly promoted by thianline, growth of others 

were not affected or repressed by supplementation with thiamine. It would be interesting to  

know the correlation of the thiamine response with the compatibility of these strains within 

the plant. Loss of the ability to synthesise thiamine and other key fungal metabolites such 

as amino acids may drive the co-evolution of mutualistic endophyte-grass associations, as 

these mutations may make the endophyte more dependent on the host and/or restrict 

external hyphal growth (Barry Scott; personal communication). 

1 .6 .  Thiam ine biosynthetic pathway and genes 

1 .6 . 1 .  T h iam i ne b iosynthesis pathways 

Plants and many micro-organisms can synthesise thiamine de novo (Belanger et al. , 1 995) .  

While the genes and enzymes for thiamine biosynthesis have been studied for over 30 years 
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Figure 1 .2. Thiamine biosynthesis pathway and genes in yeast 
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in a variety of organisms, including Escherichia coli, Salmonella typhimurium, Bacillus 

subtilis, Saccharomyces cerevisiae and S. pombe, the pathway has still not been completely 

characterised in any one organism (Morett et aI . ,  2003) .  Synthesis of thiamine requires two 

precursors: 4-methyl-5-[�-hydroxyethyl] thiazole monophosphate (HET -P) and 4-amino-

5 -hydroxymethyl-2-methylpyrimidine pyrophosphate (HMP-PP) (Hohmann and 

Meacock, 1 998). These two precursors condense to form thiamine monophosphate (ThP) 

by the action of thiamine phosphate pyrophosphorylase. In S. cerevisiae, thiamine 

monophosphate (ThP) is hydrolysed to form free thiamine, then transformed into thiamine 

pyrophosphate (ThPP) which is the active form of the enzyme cofactor (Fig 1 .2). In E. coli, 

thiamine monophosphate is directly converted into thiamine pyrophosphate (Estramareix 

and David, 1 996). Thiamine in the medium can be transported into the cell by the 

transporter protein which is encoded by THIl 0 in yeast (Enjo et aI . ,  1 997). The expression 

of THIl 0 is regulated at the mRNA level by intracellular thiamine pyrophosphate and a 

positive regulatory factor encoded by THI3  gene. Thiamine monophosphate (ThP) and 

thiamine pyrophosphate (ThPP) may be hydrolysed into free thiamine by PH03 before 

transport (Hohmann and Meacock, 1 998). 

The steps producing HET-P and HMP-PP appear to be different in different organisms 

(Y oung, 1 986). The initial substrates for thiazole biosynthesis in yeast are glycine, cysteine 

and 2-pentulose-5 -phosphate (probably D-ribulose-5-phosphate or D-xylulose-5-

phosphate derived from the pentose phosphate pathway) (Hohmann and Meacock, 1 998). 

In plants and bacteria, the initial substrates are tyrosine, cysteine and a 1 -deoxy-2-

pentulose-5-phosphate (Hohrnann and Meacock, 1 998). In E. coli at least six enzymes 

(encoded by thil F, S, 1, G, H and iscS) are required for the formation of thiazole from 

tyrosine, cysteine and 1 -deoxy-2-xylulose-5-phosphate (Leonardi and Roach, 2004). The 

pyrimidine precursor in yeast is proposed to be derived from histidine and pyridoxine 

which is derived from glutamine and 5-phosphoribosyl- l -amine) (Hohrnann and Meacock, 
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1 998), and in E. coli from 5 -aminoimidazole ribonucleotide (AIR), a precursor shared 

between thiamine and de novo purine biosyntheses (Leonardi and Roach, 2004) . The 

pyrimidine unit of thiamine in yeast originates from a CsN fragment which is derived from 

C-2',2,N,C-6,5,5 '  of pyridoxol (Vitamin 86) and an N-C-N fragment derived from L­

histidine (Zeidler et al. 2003) .  HET-P and HMP-P can be salvaged from HET and H M P  

respectively after degradation of thiamine or thiamine diphosphate (ThPP) (Hohmann and 

Meacock, 1 998; Nosaka et al. , 1 994). 

1 .6.2. Thiamine b iosy nthesis genes 

Genetic studies and recent genome sequence analysis have identified many genes involved in 

the pathways in E. coli, S. typhimurium, B. subtilis, S cerevisiae and S. pombe, but not all 

the enzymes and the catalytic steps are understood (Hohmann and Meacock, 1 998;  M orett 

et al. , 2003) .  Table 1 .2 lists the thiamine biosynthesis genes identified in S. cerevisiae and 

their proposed functions. 

THI4 encodes a 35 kDa protein which possesses an adenine dinucleotide binding site and is 

required for the synthesis of the thiazole precursor HET-P (Praekelt et al. , 1 994). This gene 

was originally isolated as a cDNA clone through a screen for genes expressed during entry 

into the stationary phase when yeast was grown in industry molasses medium and was thus 

named as MOLl (Praekelt and Meacock, 1 992). Expression of this gene was later found to 

be induced under condition of thiamine depletion (Praekelt et al. , 1 994). TH14 of S. 

cerevisiae has dual roles in both DNA damage repair and thiazole biosynthesis (Machado et 

aI . ,  1 996; Machado et aI . ,  1 997) .  Analysis of the sequence of the THI4 protein revealed that 

This protein contain segments homologous to DNA binding motifs and to bacterial DNA 

polymerase (Machado et  al. , 1 996). The presence of a signal peptide suggests that it is  

localised to the mitochondria (Hohmann and Meacock, 1 998). 
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Four genes, THIl l ( YJR156c), THIl2 (YNL332w), THIl3 (YDL244w) and THI5 

( YFL058w), are involved in the synthesis of hydroxymethylpyrimidine (HMP) (Wightman 

and Meacock, 2003). These four genes are highly conserved to each other and homologous 

to the nmtl gene from S. pombe (Hohmann and Meacock, 1 998) .  A nmtl -negative mutant 

strain was reported to be a thiamine auxotroph that could be rescued by supplementation 

with thiamine or hydroxymethylpyrimidine (HMP) (Manetti et aI. , 1 994) . Combinations of 

deletions in THIl l ,  THI12 , THIl 3 and THI5 were constructed and the phenotypes 

analysed (Wightman and Meacock, 2003). Only mutants with all four genes deleted showed 

severely reduced growth on medium lacking thiamine or HMP, suggesting redundant 

function of these genes in yeast. In addition, TENA has been identified to be involved in 

HMP-P biosynthesis in the yeast (Morett et aI. , 2003).  

THI6 is required for the condensation of HET-P and HMP-PP to form thiamine 

monophosphate (ThP) (Nosaka et aI. , 1 994). This gene may also play a key role in salvage 

of HET-P from thiazole (HET) (Hohmann and Meacock, 1 998) .  THI80 encoding the 

pyrophosphokinase (EC 2.7 .4 . 1 6), is responsible for the phosphorylation of thiamine to 

thiamine diphosphate (ThDP) (Nosaka et aI. , 1 993) .  Other genes, including SNZ2, SNZ3, 

SN02 and SN03, may also be required for thiamine biosynthesis. Transcripts of these 

genes accumulated in the absence of external thiamine (Rodriguez-Navarro et aI. , 2002). ill 

interaction with THI5 and THI 1 1  and 

Additional thiamine biosynthetic genes have been cloned and characterised from other fungi 

(Table 1 .3) .  Most of these genes are either homologues of Thi4 from S. cerevisiae or 

homologues of nmt 1 from S. pombe. Nmt2 and nmtl were both isolated in a screen for 

thiamine-repressible genes in S. pombe. Disruption of nmt2 resulted in thiamine auxotrophy 

(Manetti et a!. , 1 994) . Sti35 was isolated in a screen for genes induced under condition of 

heat shock and treatment with ethanol or phytoalexins (Choi et a!. , 1 990). This  gene was 

shown to complement an E. coli thiamine biosynthesis minus mutant (Choi et aI. , 1 990). 
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Table 1 .2 .  Genes and enzymes involved in  thiamine biosyn thesis in yeast 

E nzym e  Gene Function Reference 

EC 2 . 5 . 1 .3 THI6 Hydroxyethylth iazole k inase (N osaka et al. , 1 994) 
(EC 2 .7 . 1 . 50)  
EC 2 . 7 . 1 .49 T H I 2 0  Hydroxymethylpyrim idine www.yeastgenome.org 

(TH I 2 1 )? kinase . 
EC 2 .7 .4 . 1 6  THI80 Thiamine-phosphate k inase (N osaka et al. , 1 993 ) 
EC 2 . 7 . 1 .89 ? Thiam ine kinase www.yeastgenome.org 
EC 2 . 7 .4 .7 TH I 2 0  Phosp homethylpyrim idine www.yeastgenome.org 

(THI2 1 )? kinase 
THI4 Thiazole b iosynthesis  (Praekel t  et al. , 

1 994)  
THI5 HMP biosynthesi s  (Wightman and 

Meacock, 2003) 
THIl l HMP biosynthesis (Wightman and 

Meacock, 2003 ) 
THIl2 HMP b iosynthes is (Wightman and 

Meacock, 2003 ) 
THI13 HMP biosynthesis (Wightman and 

Meacock, 2003 ) 
TENA HMP biosynthesis ( Morett et aI. , 2003) 

SNZ2 I nteract with THI S  (Rodriguez-Navarro et 
al. , 2002) 

SNZ3 I nteract with THIS (Rodriguez-Navarro et  
al. , 2002) 

SN02 I nteract with THI protein (Rodriguez-Navarro et 
aI. , 2002) 

SN03 I nteract with THI protein (Rodriguez-Navarro et 
aI. , (2002) 

THI2 Putative transcriptional (Hohmann and 
(PH06) act ivator Meacock, 1 998)  
THI3 Regulator of gene expression ( Hohmann and 

Meacock, 1 998)  
PDC2 Regulator of  gene expression (Hohmann and 

Meacock, 1 998)  
RPII Multiple transcriptional ( Hohmann and 

act ivator Meacock, 1 998)  
PH03 Thiamine-repressible acid ( Hohmann and 

phosphatase Meacock, 1 998)  
TH17 Thiam ine transporter ( Hohmann and 
�THIlO1 Meacock, 1 9981 
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Table 1 .3. Homologous genes of yeast TH I4 and TH IS from other fungi 

Gene F u n g i  Hom ology in yeast Reference 

nmt2 S. pombe THI4 (Manett i et al. , 1 994b) 

thiA Aspergillus oryzae (Kubodera et al. , 2003 ) 

thiF A .  nidulans (Kubodera et al. , 2003) 

Aful A .  jumigatus ( Kubodera et al. , 2003) 

Fgrl Fusarium graminearium (Kubodera et al. , 2003) 

sti35 F. oxysporum (Choi  et al. , 1 990) 

sti35 F. solani (Choi et al. , 1 990) 

nmt- J Neurospora crassa ( Kubodera et al. , 2003) 

mgr l Magnaporthe grisea (Kubodera et al. , 2003) 

THI2 Uromyces fabae (Sohn et al. , 2000) 

TR2 1  Puccinia triticina Eriks (Thara et af. , 2003) 

n m t l  S. pombe THI5 (Manett i  et al. , 1 994a) 

n m t l  A .  parasiticus (Cary and Bhatnagar, 

n m tA A .  oryzae 1 99 5 )  

Afu2 A .  fumigatus ( Kubodera et al. , 2003) 

Fgr2 F. graminearium (Kubodera et al. , 2003) 

Ncr2 N. crassa (Kubodera et al. , 2003) 

THIl U. fabae (Kubodera et al. , 2003 ) 

TR4 P. triticina Eriks (Sohn et al. , 2000) 

(Thara et al. , 2003) 

Disruption of sti35 had no detectable effect on growth and development at varIOUS 

temperatures, nor on the ability to acquire thermotolerance in nutrient medium. But the 

sti35 mutants showed increased thermotolerance compared to the wild-type strain when 

incubated in minimal medium after heat treatment (Thanonkeo et aI., 2000). In the rust 

pathogenic fungi, Uromyces fabae and Puccinia triticina Eriks, two thlamine biosynthesis 

genes (THll and TH!2) were isolated in a screen for genes that were differentially expressed 

during host colonisation (Hahn and Mendgen, 1 997;  Thara et aI., 2003) .  These two genes 
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were highly induced in the haustoria, a structure important for nutrient uptake and formed 

when the fungus invades host cells (Sohn et aI. , 2000). 

1 .6.3.  Regu lation of th iamine b iosynthes is 

Thiamine biosynthesis in the cell is tightly regulated to prevent energy wastage (Hohmann 

and Meacock, 1 998). In S. cerevisiae, several genes have been identified that are able to 

regulate thiamine biosynthesis. THI2, TH13 and PDC2 were identified as positive regulators 

of thiamine biosynthetic genes (Hohmann and Meacock, 1 998). A mutation in THI2 

blocked thiamine production and reduced expression of many of the thiamine biosynthesis 

genes including THI4, THI5, TH16 and TH180 (Hohmann and Meacock, 1 998). A mutation 

in TH13 reduced both thiamine transport and thiamine biosynthesis (Nishimura et aI. , 

1 992) . The product of PDC2 seems to be required for thiamine biosynthesis and may 

function as a transcription factor (Hohmann and Meacock, 1 998) . 

Genes involved in thiamine biosynthesis (Hohmann and Meacock, 1 998; Rodriguez­

Navarro et aI. , 2002; Wightman and Meacock, 2003) are repressed by the presence of 

thiamine and/or thiamine precursors. Thiamine may regulate the expression of thiamine 

biosynthesis genes through thiamine-dependent regulatory proteins that can sense the levels 

of thiamine and bind to the DNA or RNA to affect the transcription initiation (Hohmann 

and Meacock, 1 998). However, transcription of THIl and THI2 in U. fabae was not 

repressed by the presence of thiamine (Sohn et al. , 2000). Recent studies showed that 

thiamine or thiamine diphosphate could bind directly to the mRNA and subsequently lead 

to regulation of the gene (Mironov et aI. , 2002; Winkler et at. , 2002). In E coli, a mRNA­

thiamine complex is formed in the presence of thiamine and this complex adopts a distinct 

structure which inhibits translation of the mRNA (Winkler et aI. , 2002). In B. subtilis, the 
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mRNA-thiamine complex adopts a structure that causes premature termination of 

transcription and thus represses gene expression (Mironov et al. , 2002). 

The RNA sequence to which thiamine binds, designated a thi-box, is highly conserved in 

many thiamine biosynthesis genes in both bacteria and fungi, but the regulatory mechanism 

in fungi seems to be different from that in prokaryotes (Kubodera et al. , 2003) .  The thi-box 

of thiA from Aspergillus oryzae, contained two conserved motifs, regions A and B, in one of 

the two introns in the 5 '  -untranslated region. Deletion of either region A or B inhibits 

splicing of the introns and inhibits feed-back repression by thiamine or thiamine derivatives 

(Kubodera et al. , 2003). 

1 .6.4. T h iamine biosy nthes is genes i n  microbe-plant 

interact ions 

Using suppressive subtractive hybridisation techniques to isolate and characterise genes 

induced in microbe-host interactions, high level expression of thiamine biosynthetic genes 

was detected in host tissues containing the fungal pathogens U fabae (Hahn and Mendgen, 

1 997; Sohn et al. , 2000) and P. triticina (Thara et al. , 2003). The mRNA of thiamine 

biosynthetic genes thil and thi2 of U jabae together represent about 5% of the total 

haustorial mRNA when the fungus switches from host plant invasion toward to parasitic 

growth (Hahn and Mendgen, 1 997). Thil and thi2 are homologous to yeast TH15 and TH14 

respectively which are involved in the biosynthesis of HMP and HET precursors (Hahn 

and Mendgen, 1 997; Sohn et al. , 2000). The high level of expression of thiamine 

biosynthesis genes during host colonisation in different fungal pathogens further suggests an 

important role for thiamine biosynthesis in fungal colonisation (Thara et al. , 2003) .  
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In some bacteria that colonise plants, thiamine biosynthetic genes have been mapped to 

large plasmids in Rhizobium meliloti (Finan et al. , 1 986; Finan et ai., 200 1 )  and Erwinia 

herbicola (Gantotti and Beer, 1 982). R. meliloti is a mutualistic symbiotic bacterium that 

induces nodule formation of legumes. The megaplasmid, with a molecular mass of over 450 

megadaltons, contains genes for nodulation (nod) and nitrogen fixation (nif) (Finan et al. , 

1 986; Finan et al. 200 1 ). E. herbicola is an epiphytic bacterium that grows on various plant 

surfaces. Coincidentally ,  thiamine biosynthetic genes, together with genes for biosynthesis 

of biotin, nicotinate and genes required for nodule formation and nitrogen fixation were 

identified on a chromosomal symbiosis island of several Mesorhizobium loti strains 

(Sullivan et al. , 1 995 ;  Sullivan and Ronson, 1 998 ;  Sullivan et al. , 2002). This symbiosis 

island is a large chromosomally integrated element that can be transferred from symbiotic to 

non-symbiotic Mesorhizobium bacteria, converting the latter to symbiotic strains. Of the 

seven naturally occurring non-symbiont Mesorhizobium strains analysed, all were 

auxotrophic for thiamine. Presence of thiamine biosynthetic genes on plasmids of these 

symbiotic organisms was suggested to confer a selective advantage for the bacteria to 

colonise their hosts (McCallum, 200 1 ) . 

1 .7.  Aims and objectives 

Although considerable progress has been made in cloning and analysing genes involved in 

alkaloid secondary metabolites, little is known about the role of endophyte primary 

metabolic genes in the interaction of the endophyte with the grass host. The aim of this 

study was to determine the importance of endophyte thiamine biosynthesis in the 

endophyte-grass interaction, and in particular, the role in host colonisation and stromata 

development. Thiamine biosynthesis was chosen as thiamine is an important coenzyme in 

cell energy metabolism. In addition, thiamine is an essential growth factor for many asexual 

Neotyphodium endophytes and thiamine biosynthetic genes are up-regulated in a number of 

fungal-plant interactions. 
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The hypothesis to be tested was that thiamine biosynthesis in the sexual E. typhina 

endophyte is required for colonisation of the host, and for external growth and stroma 

development. Loss of endophyte thiamine biosynthesis might reduce the degree of host 

colonisation and/or stop stromata development on the host. 
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3 5  

Chapter two 

Mate ria ls and Methods 



2. 1 .  Biological materials 

2.1 . 1 . Fungal  and bacteria l  stra ins ,  p lasm ids and A. clones 

Fungal and bacterial strains, A clones, plasmids and plants used throughout this study 

are listed in Table 2 . 1 .  

2.1 .2 .  Growth and ma intenance of o rgan isms 

Escherichia coli strains were grown at 37°C on LB agar plates (Appendix 4)  or  in  LB broth 

with shaking at 200 rpm. The LB medium was supplemented with either tetracycline ( 1 0  

mg/L) or ampicillin ( l OO mglL) when necessary. For long-term storage, cultures were stored 

at -80°C in 1 5% (v/v) glycerol. 

Epichloe and Neotyphodium strains were routinely grown on PD agar plates (Appendix 4) 

for several weeks or in PD broth with shaking at 200 rpm at 22°C for several days 

depending on the growth rate. For sub-culturing, a small piece of mycelial block was cut out 

from a colony edge and inoculated onto a fresh PD agar plate and grown at 22°C for several 

weeks. For short to medium-term storage, cultures were maintained on PD agar plates at 

4°C. For long-term storage, fungal cultures were kept at -80°C in 3 0% (v/v) glycerol .  

For cultures used for DNA extraction, or protoplast preparation, mycelia were collected by 

scraping the colony surface using a scalpel and were ground to a fine suspension in 500 ).11 

of PD broth or CM broth (Appendix 4.4). The suspension was inoculated into 50 m1 of P D  

broth in a 1 25 ml flask. This culture was incubated at 22°C with shaking at 200 rpm for 

several days (four to seven days) until a thick mycelial suspension was observed. 
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Table 2. 1 .  Fungal and bacterial strains, A clones, plasmids and plants 

S t rai n s  

Fungi 

Neotyphodium 
lolii 
Lp 1 9  (PN2 1 9 1 )  

Neotyphodium 
spp . 
Lp 1 (PN22 1 5) 

Epichloe typhina 

E8 (PN2238) 

T l  

T 1 20 

T48 

T56 

T63 

T97 

T I 03 

T 1 40 

T I 50 

T293 

T30 1  

WTI (PN2284) 

WT2 (PN2285) 

WT3 (PN23 1 2) 

WT4 (PN23 1 3 )  

E C  I (PN2286) 

EC2 (PN2287) 

K03 (PN2282) 

K04 (PN2283) 

KO I 

K02 

Escherichia coli 

KW25 1 

Relevant C haracteristics 

Wild-type isolate; haploid 

Wild-type isolate; diploid 

Wild type isolate, haploid, parent strain of the 
thi l  deletion m utants 
[thil : :hph]', derivative of E8 (PN2238) 

[thil : :hph], derivative of E8 (PN223 8) 

[thil : :hph], derivative of E8 (PN2238) 

[thil : :hph], derivative of E8 (PN2238) 

[thi 1: :hph], derivative of E8 (PN2238) 

thil : :hph, derivative of E8 (PN223 8) 

thi l : :hph, derivative of E8 (PN2238) 

thil : :hph, derivative of E8 (PN2238) 

[thil : :hph], derivative of E8 (PN223 8) 

[thil : :hph], derivative of E8 (PN2238) 

thi l : :hph, derivative of E8 (PN223 8) 

O t h e r  

n a m e s  

E 8  wild-type isolate sub-cultured from E8 PN2284 
(PN2238) 
E8 wild-type isolate regenerated from E8 PN2285 
(PN2238) protoplast 
E8 culture re-isolated from p lant G 1 080 that PN23 1 2  
was infected w ith E8 WT2 (PN2285). 
E8 culture re-isolated from E8 infected plant at PN23 1 3  
AgResearch, Palmerston North (Christensen, 
M .) .  
[thil : :hph] ; s ingle-spore isolate from TI PN2286 

[thil : :hph]; s ingle spore isolate from T I20 PN2287 

thil : :hph; single spore isolate from TI40 PN2282 

thil : :hph; single spore isolate from T30 1 PN2283 

thi l : :hph; single spore isolate from T97 

thil : :hph; single spore isolate from T I 03 

FsupE44 galK galT22 metS 1 hsdR2 mcrS 1 
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R e fe re n ces 

(Christensen et al. , 
1 993) 

(Christensen et al. , 
1 993) 

(Schardl et al. , 
1 997) 
This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Promega Corp. 



XL- I 

Lambda clone 

AXZ l 

AXZ2 

AXZ3 

AXZ4 

AXZ5 

Plasm ids 

pAN7-1 

pUC I I S  

pGEM-T 

pGEM-T easy 

PUChph 
(PN I 6S7) 
pXZ l 

pXZ2 

pXZ3 

pXZ4 

pXZ5 

pXZ6 

pXZ7 

pXZS 

pXZ9 

pXZ I O  

pXZ I I 

pXZ I2  

pXZ I 3  

pXZ I4  

pXZ I 5  

pXZ I6  

pXZ I 7  

pXZ I S  

pXZ I 9  

pXZ20 

pXZ21 

pXZ22 

pXZ23 

mcrA [argAS I  :Tn l O]recD l O  14  
supE44 hsdR I 7  recA I endA I gyrA46 thi re/AI 
lac· F ' [proAB+ lacIq lacZf,M l 5  Tn l 0(Tet)] 

AG EM I I  + Lp 1 9  thi! fragment 

AGEM 1 1  + Lp 1 9  thil fragment 

AG EM 1 1  + Lp 1 9  thi! fragment 

AG EM I I  + Lp 1 9  thi I fragment 

AGEM 1 1 + Lp 1 9  thil fragment 

6.S kb HygR AmpR 

3 .2 kb Am pR 

3 .0 kb AmpR 

3 .0 kb AmpR 

AT l - l  

AT2- 1  

AT3- 1  

AT4- 1 

AT5- 1 

pUC 1 1 S  + 2 .37-kb XbaI fragment from pPN 1 6S7 
pCHygl 
pUC l l S  + Lp l 9  thi! 3 .2 kb HindI I l  fragment pTH2 

pUC l l S  + Lp 1 9  0.7 kb SstI fragment pT63- 1  

pUC l l S  + Lp1 9  thi] 7 . 2  k b  SstI fragment pT99-1 

pGEM-T + ES thil  PCR product pGEXZ I 05f 

pGEM-T + ES thil  PCR product pGEXZ75 

pGEM-T + ES thil TAIL-PCR product pGXZ3T3 

pGEM-T + ES thi!  TAIL-PCR product pGXZ3T2 

pGEM-T + ES (hil TAI L-PCR product pGXZ5T l l 

pGEM-T + ES thil TAIL-PCR product pTaiI I 

pGEM-T + ES thil TAIL-PCR product pTaiI2 

pGEM-T + ES thil Inverse PCR product pGXZ3 120 

pGEM-T + ES thil Inverse PCR product pGXZ2042 

pGEM-T + Lp l 9  thi] 5 '  RACE product pXZ5RC- l 

pGEM-T + Lp l 9  thil 5 '  RACE product pXZ5RC-3 

pGEM-T + Lp 1 9  thi] 5' RACE product pXZ5RC-4 

pGEM-T + Lp 1 9  thil 5 '  RACE product pXZ5RC-5 

pGEM-T + Lp l 9  thil 5' RACE product pXZ5RC-7 

pGEM-T + Lp l 9  thil 5' RACE product pXZ5RC- I I  

pGEM-T + Lp l 9  thi! 5 '  RACE product pXZ5RC I 2  

pGEM-T + Lp 1 9  thil 5 '  RACE product pXZ5RC I 3  

pGEM-T + 3 '  RACE product pG3RACE - I  

pGEM-T + 3 '  RACE product pG3RACE-2 

pGEM-T + 3' RACE product pG3RACE-3 
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(Bullock et al. , 
1 987) 

This study 

This study 

This study 

This study 

This study 

(Punt et al. , 1 987) 

(Vieira and 
Messing, 1 9S7) 
Promega Corp. 

Promega Corp. 

(McMillan et al. , 
2003) 
This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Thi s  study 

This study 

Thi s  study 

Thi s  study 

This study 

Thi s  study 

This  study 

Thi s  study 

This study 



pXZ24 pGEM-T + 3 '  RACE product pG3RACE-4 This study 

pXZ50 E8 thi! disruption plasm id pEXZ 1 I This study 

pXZ5 1 E8 thi! disruption plasmid pEXZ2 1 This study 

Plants 

Nui Perennial ryegrass (Christensen et at 
1 997) 

G 1 077 Nui grass infected with E8 (PN2284) This study 

G 1 078 Nui grass infected with E8 (PN2284) This study 

G I 079 Nui grass infected with E8 (PN2284) This study 

G I 080 Nui grass infected with E8 (PN2284) This study 

G I 08 1 Nui grass infected with E8 (PN2284) This study 

G I 082 Nui grass infected with E8 (PN2285) This  study 

G I 083 Nui grass infected with E8 (PN2285) This  study 

G I 084 Nui grass infected with E8 (PN2285) This  study 

G I 085 Nui grass infected with E8 (PN2285) This study 

G I 086 Nui grass infected with E8 (PN2285) This study 

G 1 087 Nui grass infected with EC I (PN2286) This study 

G I 088 Nui grass infected with EC l (PN2286) This  study 

G I 089 Nui grass infected with EC I (PN2286) This  study 

G I 090 Nui grass infected with EC I (PN2286) This  study 

G I 09 1  Nui grass infected with EC I (PN2286) This  study 

G I 092 Nui grass infected with EC2 (PN2287) This study 

G I 093 Nui grass infected with EC2 (PN2287) This study 

G I 094 Nui grass infected with EC2 (PN2287) This study 

G I 095 Nui grass infected with EC2 (PN2287) This study 

G I 096 Nui grass infected with EC2 (PN2287) This study 

G I 097 Nui grass infected with K03 (PN2282) This study 

G 1 098 Nui grass infected with K03 (PN2282) This study 

G I 099 Nui grass infected with K03 (PN2282) This study 

G I I OO Nui grass infected with K03 (PN2282) This study 

G I I O I  Nui grass infected with K03 (PN2282) This  study 

G I I 02 Nui grass infected with K04 (PN2283) This study 

G I I 03 Nui grass infected w ith K04 (PN2283) This  study 

G I I 04 Nui grass infected with K04 (PN2283) This study 

G I I 05 Nui grass infected w ith K04 (PN2283) This study 

G I I 06 Nui grass infected w ith K04 (PN2283) This study 

IMP566 Perennial rye grass AgResearch 
Grasslands 

EGH3 1 4  I MP566 infected with EC2 (PN2287) 
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EGH33 1  

EGH332 

EGH389 

EGH396 

IMP566 infected w ith E8 (PN2285) 

IMP566 infected with E8 (PN2285) 

IMP566 infected with E8 (PN2284) 

I MP566 infected with E8 (PN2284) 

a hph =PglaA-hph-TtrpC; addition of [ ] indicates that the thi 1 replacement construct may have integrated 

into an ectopic location 

2.2 .  DNA isolation, purification and quantification 

2.2 .1. Large-scale  isolation of endophyte DNA 

Endophyte genomic DNA was isolated using a modification of the Byrd et al (Byrd et al. , 

1 990) method. Freezed-dried mycelia (about 1 00 mg) were ground to a fine powder in liquid 

nitrogen using a pre-chil led mortar and pestle and re-suspended in 1 0  ml of extraction buffer 

( 1 50 mM Na2EDTA, 50  mM Tris-HCI (pH 8.0), 1 % (w/v) sodium lauroyl sarcosine). To 

the suspension, proteinase K (Boehringer) was added to a final concentration of 2 mg/ml 

and the mixture incubated at 37°C for 20 min, followed by centrifugation at 20,200 x g at 

4°C for 1 0  min to pellet the cellular debris. The supernatant was recovered and extracted 

with phenol/chloroform (Section 2 .2 .9 .2) .  The DNA in the aqueous phase was prec ipitated 

with an equal volume of i sopropanol at -20°C for at least 1 5  min and centrifuged at 8,000 x 

g for 30 min. In order to remove polysaccharides, the DNA pellet was re-suspended in 5 ml 

of 1 M NaCI, and centrifuged at 8,000 x g for 5 min. The DNA pellet was washed with 70% 

ethanol, air dried and re-suspended in 500 III water. 
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2.2.2 .  Smal l  scale isolati on of endop hyte DNA 

Endophyte genomic DNA was isolated using the method described by Al-Samarrai and 

Schmid (2000) . Freeze-dried mycelia ( 1  to 30  mg) were ground to a fine powder in liquid 

nitrogen, and re-suspended in 500 pI of freshly prepared lysis buffer (40 mM Tris-acetate; 

20 mM sodium acetate; 1 mM EDTA and 1 %  (w/v) SDS; pH 7 .8)). The suspension was 

mixed vigorously by pipetting about 50 times with a Gilson P I 000 pipetmann until l ots of 

froth formed indicating detachment of DNA from polysaccharides. Then 1 65 III of 5 M 

NaCl solution was added, and the solution mixed by inverting 5 times and centrifuged at 

1 3 ,000 x g for 20 min to precipitate polysaccharides, proteins and cellular debris.  The 

supernatant was recovered and extracted with phenol/chloroform (Section 2.2.9.2) . The 

DNA in the aqueous phase was precipitated with 2 volume of 95% ethanol and centrifuged 

at 1 3 ,000 x g for 1 0  min. The DNA pellet was washed with 70% ethanol three times, air 

dried then re-suspended in 5 0  III water. 

2.2 .3 .  Bacteriophage A DNA iso lation 

Bacteriophage A DNA was isolated using the method based on that of Sambrook et al 

(Sambrook et aI. , 1 989). A mixture of 1 00 III phage and 1 00 III KW25 1 cells was incubated 

at 3 7°C for 30 min, mixed with 3 m1 of top agarose (Appendix 4. 1 )  then plated onto LB 

agarose (Appendix 4 . 1 )  plates and the mixture incubated at 3 7°C until there was confluent 

lysis (about 6 - 8 h) . The plate was overlaid with 5 m1 of SM buffer and left overnight at 

4°C . The overlaying SM buffer (Appendix 4.3) was collected and the bacterial debris 

removed by centrifugation at 3 ,000 x g for 1 0  min (4°C) . The supernatant was recovered 

and DNase and RNAse both added to a [mal concentration of 1 Ilglml ,  and incubated at 

37°C for 30 min. PEG 6000 solution (20% (w/v) PEG 6000 in 2 M NaCl) was added (5 

ml), and the solution mixed and incubated on ice for 1 h, then centrifuged at 5 ,800 x g for 30 
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min at 4°C. The pellet was re-suspended in 0 .5  ml of S M  buffer, containing 5 III of 1 0% 

(w/v) SDS and 1 0  Jll of 250 mM Na2EDTA, then incubated at 68°C for 1 5  min. To remove 

the phage coat and protein, the supernatant was recovered and extracted with 

phenol/chloroform (Section 2 .2 .9 .2). The DNA was precipitated by the addition of an equal 

volume of isopropanol and 50 III of 3 M sodium acetate (pH 5 .2), incubated at -20°C for 

20 min and centrifuged at 1 3 ,000 x g for 1 0  min. The DNA pellet was washed with 70% 

ethanol, air dried and re-suspended in 50 III of TE ( 1 0/0 . 1 )  (Appendix 4.3) .  

2 .2 .4. Plasmi d  DNA isolation us ing rapid boi l ing  method 

Plasmid DNA from E. coli was isolated using the method described by  Holmes and Quigley 

(Holmes and Quigley, 1 98 1 ) . An overnight E. coli culture of 1 .5 ml was centrifuged at 

1 3 ,000 x g for 1 min and the pellet thoroughly re-suspended in 350 III STET buffer (8% 

(w/v ) sucrose; 5 % (v/v) Triton X- l OO; 50 mM Na2EDTA (pH 8.0) and 50 mM Tris-HCl 

(pH 8.0)). An aliquot of 25 III of lysozyme ( 1 0  mg/ml in 1 0  mM Tris-HCl (pH 8 .0)) was 

added to the suspension and the mixture was boiled for 40 sec and centrifuged at 1 3 ,000 x g 

for 1 0  min. The gelatinous pellet was removed immediately. The DNA in the aqueous phase 

was precipitated by the addition of an equal volume of isopropanol, incubated at -20°C for 

at least 20 min, then centrifuged for 1 0  min at 1 3 ,000 x g. The DNA pellet was washed with 

70 % ethanol, air dried and re-suspended in 50 III of sterilised water. 

2 .2.5.  P lasmid DNA isolation us ing a n  a lka l i ne lys is method 

Plasmid DNA was isolated using the alkaline lysis method described by Sambrook et al 

(Sambrook et aI. , 1 989). An overnight culture ( 1 .5 ml E. coli) was centrifuged at 1 3 ,000 x g 

for 1 min and the pellet re-suspended in 1 00 III of ice-cold solution I (50 m M  glucose; 25  
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mM Tris-HCl and 1 0  mM Na2EDTA; pH 8 .0) .  To the suspenSIOn, 200 j..I.l of freshly 

prepared solution II (0.2 M NaOH and 1 % (w/v ) SDS) was added and mixed thoroughly 

by inversion. An aliquot of 1 50 III of solution III (29.44% (w/v ) potassium acetate and 

1 1 .5  rnl glacial acetic acid per 1 00 rnI) was added to the solution, and the solution was 

inverted several times to mix thoroughly .  The mixture was incubated on ice for 3-5 min, and 

then centrifuged at 1 3 ,000 x g for 5 min. The supernatant was recovered and extracted with 

phenol/chloroform (Section 2 .2 .9 .2) .  DNA in the supernatant was precipitated by the 

addition of two volumes of 95% ethanol ,  and centrifuged for 5 min. The DNA pellet was 

washed with 70 % ethanol, then air dried and re-suspended in 50 III of sterilised water. 

2.2 .6 .  P lasm id DNA isolation using a Quantum Min i prep kit 

Plasmid DNA was extracted using a Quantum Prep Plasmid Miniprep Kit (Bio-Rad) 

following the manufacturer's  instructions. An overnight culture ( 1 . 5 rnl E. coli) was 

centrifuged at 1 3 ,000 x g for 1 min and the pellet re-suspended in 200 j..I.l of cell re­

suspension solution. To the suspension, was added 250 j.l.l of cell lysis solution, and 250  III 

of neutralisation solution. The solution was mixed, then centrifuged at 1 3 ,000 x g for 5 min 

to remove cell debris. The supernatant was transferred into a spin filter which was inserted 

in an Eppendorf tube. To the supernatant, 200 j.l.l matrix solution was added and mixed 

thoroughly, and centrifuged at 1 3 ,000 x g for 30 sec and the filtrate discarded. The matrix 

was washed twice with 500 j.l.l wash solution and DNA in the matrix was eluted by the 

addition of 1 00 j.l.l sterilised water to the matrix and centrifuged for 1 min. 
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2.2.7.  Isolation of DNA from SeaPlaq ue agarose gel 

DNA was recovered from SeaPlaque agarose gels using the method described by Thuring et 

al (Thuring et al. , 1 975). After electrophoresis, fragments of interest were excised from the 

gel and melted at 65°C for 1 5  min, mixed thoroughly with an equal volume of Tris­

equilibrated phenol (Appendix 4) and frozen at -20°C for at least 2 h. The mixture was 

centrifuged at 1 3 ,000 x g for 1 0  min. The aqueous phase was recovered and extracted with 

phenol/chloroform (Section 2 .2 .9.2) .  DNA in the supernatant was precipitated by the 

addition of 1 1 1 0  volume of 3 M sodium acetate (PH 5 .2), 2 . 5  volume of 95% ethanol and 

chilled at -20°C for at least 2 h, and centrifuged at 1 3 ,000 x g for 1 5  min. The DNA pellet 

was washed in 95 % ethanol, air-dried and re-suspended in 1 0  to 20 III steri lised water. 

2.2 .8. DNA isolation from plant material 

Total genomic DNA was isolated from endophyte-infected or endophyte-free plant tissue 

using the method based on that of Moller (Moller et al. , 1 992). Grass pseudostem tissue 

(0.5 to 1 .0 g fresh weight) was ground to a fine power in liquid nitrogen, re-suspended in 1 0  

ml TES buffer ( 1 00 mM Tris and 1 0  mM EDTA pH 8.0,  2% SDS). To this suspension, 2 

mg of proteinase K was added and the mixture incubated at 65°C for 1 h with occasional 

gentle mixing. To the mixture, 2 .8  ml of 5 M NaCl and 1 .28 ml of 1 0% 

hexadecyltrimethylammonium bromide (CTAB) were added and incubated at 65°C for a 

further 1 0  min. Chloroform ( 1 4  ml) was then added and the solution mixed gently, placed on 

ice for 30  min then centrifuged at 1 ,600 x g for 1 0  min. The aqueous phase was recovered 

and 4.5 ml of 5 M ammonium acetate added. This was gently mixed and placed on ice for 30  

min and then centrifuged at 1 ,600 x g for 10  min. DNA in the aqueous phase was 

precipitated by the addition of 1 0  ml cold isopropanol ,  centrifuged at 1 ,600 x g for 1 0  min. 
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The DNA pellet was washed in 70% (v/v) ethanol, air dried, then re-suspended in 500 !ll 

sterilised water. 

2.2.9 .  Pu rification and  precip itation  of D NA 

2. 2. 9. 1 Purification of PCR product by Concert™ Rapid PCR purification system 

PCR products for molecular cloning or sequencing were purified using the Concert™ Rapid 

PCR purification system (GibcoBRL) following the manufacturer's instructions. To 1 00 fll 

of PCR product, 400 j..ll binding solution (H I )  was added and mixed thoroughly, and the 

mixture loaded onto a spin cartridge and centrifuged at 1 3 , 000 x g for 1 min. The DNA in 

the spin filter was washed by addition of 700 fll of washing solution and centrifuged for 1 

min. The filtrate was discarded and the spin filter was centrifuged for a further min to 

remove trace ethanol. The DNA was then eluted by adding 50 fll of sterilised water at 65°C 

into the filter, incubated for 1 min, then centrifuged for 2 min. 

2. 2. 9. 2. Purification of DNA by phenollchloroform extraction 

DNA was purified by adding an equal volume of phenol/chloroform to the solution which 

was mixed by inversion, then centrifuged for 5 min at 1 3 ,000 x g. The aqueous phase was 

recovered and two volumes of chloroform added to the solution which was mixed and 

centrifuged at 1 3 ,000 x g for 5 min. The DNA in the aqueous phase was precipitated by  

adding 1 1 1 0  volume of 3 M sodium acetate, and either 2 . 5  volume of 95  % (v/v) ethanol or 

0 .6 to 1 volume of isopropanol and followed by incubation at _20 0 C for at least 3 0  min. 

DNA was pelleted by centrifugation for 1 0  min at 1 3 ,000 x g. The DNA pellet was washed 

with 70 % ethanol, air dried and re-suspended in sterilised water. 
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2.2 . 1 0. Detection,  sizing and q u antification of DNA 

2. 2. 1 0. 1 . Fluorometric quantification of DNA 

DNA was quantified usmg a Hoefer Scientific TKO 1 00 Fluorometer following the 

manufacturer' s instructions. The fluorometer was calibrated by adjusting the zero dial to 

zero using 2 ml of dye solution ( 1  x TNE buffer ( 1 0  mM Tris-HCI, 1 mM Na2EDTA, and 

1 00 mM NaCI pH 7 .4) and 0. 1 �g/ml Hoechst 3 3258 dye (Sigma)). The scale dial was then 

set to 1 00 when 2 J.lI of 1 00 �g/rn1 calf thymus DNA was added to 2 ml of dye solution. 

With these settings, 2 /-!l of the sample DNA was added to 2 rn1 of dye solution and the 

resulting reading was recorded as the DNA concentration in �g/ml. 

2. 2. 1 0. 2. Agarose gel electrophoresis 

DNA samples in SDS dye (Appendix 4.3) solutions were electrophoresed in an agarose gel 

alongside a series of DNA standards of known concentration. The concentration of agarose 

used varied from 0 .7% to 2% (w/v ) in either 1 x TBE buffer (Appendix 4 .3)  or 1 x TAE 

buffer (Appendix 4.3) .  Gels were run in TBE buffer or TAE buffer, at 80 to 1 20 V for 1 -2 

h, or at 30 V overnight for gels to be Southern blotted (Bio-Rad sub-Cell). 

After electrophoresis, gels were stained in 1 mg/L ethidium bromide for 1 0  to 20 min for a 

small gel or 30 min for a large gel, then de stained in sterilised water. Bands on the gel were 

visualised on a UV transilluminator and the image captured with an Alpha Innotech gel 

documentation system. DNA fragment sizes were determined by comparison to known 

standards using Alpha Innotech gel documentation system software. This program 

compares the distance the fragment has migrated from the well to the distance migrated by 

molecular markers of known size, such as A HindIII digested DNA or 1 kb ladder, BRL. 
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2.3 .  Genomic l ibrary screening 

The method of genomic library screening is based on that of Sambrook et al (Sambrook et 

aI. , 1 989). 

2.3. 1 . Genomic l ibrary p lating and fi lter l ifts 

An aliquot of 1 00 f.ll diluted phage (2 x 1 04 pfu/ml) in SM buffer (Appendix 4.3) was mixed 

with 1 00 f.ll of KW25 1 cells, incubated at 37°C for 30 min to allow phage to absorb, then 

the mixture added to 3 ml of top agarose (Appendix 4.2) at 50°C and poured onto LB 

plates. These plates were then incubated at 37°C for about 8 h until small plaques were 

visible. 

Filters (Hybond-N+) were marked asymmetrically and placed onto the KW25 1 /phage 

plates for 60 sec. The plates were labelled with the same marks for later alignment. The 

filters were removed from the plates and placed (DNA side up) successively onto 3 layers 

of 3 MM paper moistened with Southern blotting solution 1 (Appendix 4.5) for 2 min, 

Southern blotting solution 2 (Appendix 4.5) for 2 min, Southern blotting solution 3 

(Appendix 4.5) for 5 min, and 2 x SSC (Appendix 4.5) for 2 min. The filters were then air 

dried and baked in a vacuum oven at 80°C for 2 h. Duplicate lifts were carried out, with the 

second filter left on the plate for 90 sec instead of 60 sec. 

2.3 .2. Probe label l ing and p laque DNA hybrid isation 

The probe DNA was radio-labelled with [a-32P]dCTP using the High Prime Labelling Kit 

(Boehringer Mannheim). DNA (25 ng) in a volume of 1 1  f.ll was denatured in a boiling water 
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bath for 1 0  min and immediately placed on ice. To this 4 �l  of High Prime Solution and 5 �l 

(50 �Ci) [a-3 2P]dCTP (Amersham) was added. The reaction was mixed, spun briefly in a 

centrifuge and incubated at 3 7°C for 1 h. The reaction was stopped by addition of 2 III of 

0.2 M Na2EDTA (pH 8) and 28  III TES buffer ( l 0  mM Tris-HCI, 0. 1 mM EDTA, 1 00 

mM NaCl). The mixture was run through a 0.9 ml (packed volume) Sephadex 0-50 mini­

spin column by centrifugation to remove the unincorporated nucleotides. 

For hybridisation, the Nylon filters (Roche Mannheim) were pre-hybridised with 30 m1 of 

10 x Denhardts solution (Appendix 4.5) at 65°C for at least 2 h. After prehybridisation, 

boiled radio-labelled probe was added to the tube and hybridisation was carried out at 65°C 

overnight. The filter was removed and washed three times for 20 min each, in 3 x SSC 

(Section 2 .2 .5) at 50°C. The washed filter was wrapped in Oladwrap and exposed to Fuji 

X-ray film in the presence of Cronex intensifying screens at -70°C for an appropriate time. 

Once autoradiographs had been exposed for an appropriate time, they were developed in 

Kodak developer D- 1 9  developing solution for 5 min, rinsed with water and fixed in Kodak 

Rapid Fixer solution A for 5 min. The autoradiographs were rinsed in water and dried before 

analysis. 

2.3.3.  Purification of positive lam bda clones 

Positively hybridising plaques were identified as signals on the autoradiographs in identical 

positions on duplicate filters. The positions of the positive plaques on the KW25 1 plates 

were determined by alignment of the asymmetrical markings on the plates and filters with 

the autoradiograph. Plaques corresponding to signals were picked with the pipette tip of a 1 

ml Gilson autopipettor from which the end had been removed and were stored at 4°C in 500 

�l SM buffer containing a drop of chloroform. 
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The phage from these plaques were purified twice more as outlined above except that 30-

300 phage per plate were plated. DNA was extracted from the positive hybridising plaques 

for further analysis. 

2 .4 .  DNA d igestion ,  l igation, cloning and subcloning 

2.4. 1 .  Restriction endon uclease d igestio n  of  genomic DNA 

Digestion of endophyte genomic DNA was carried out in a reaction mixture (400 M-I) 

containing 2 Ilg DNA, 1 x buffer, an excess of enzyme (about 50 to 60 units depending on 

the efficiency of the enzyme), and 20 M-g BSA. The digestion was performed in a water bath 

at temperatures recommended by the manufacturer (usually 37°C) overnight. A small 

aliquot of digested DNA was checked by electrophoresis to ensure complete digestion. If 

digestion was incomplete more enzyme was added and the reaction re-incubated. If the 

digest failed to go to completion, the DNA was purified by phenol/chloroform extraction 

(Section 2 .2 .9 .2) and re-digested. For Southern blotting, the digested DNA were 

precipitated by adding 1 1 1 0 volume of 3 M sodium acetate (pH5 .2) and 2 .5  volume of 95% 

(v/v) ethanol, incubated at _20 0 C for at least 30 min, and centrifuged for 1 0  min at 1 3 ,000 x 

g. The DNA pellet was washed with 70% ethanol, air dried and re-suspended in 50 I .. d 

steril ised water. 

2.4.2.  Restriction endo n uclease d igestion of A phage DNA, 

p las m id DNA and peR p roducts 

Digestions of A phage DNA, plasmid DNA or purified PCR products were carried out in a 

similar manner to that described for digestion of genomic DNA (Section 2 .4 . 1 ), except that 
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the volume was smaller and incubation times were one to two hours. Usually, digestion of A 
phage DNA was carried out in a reaction mixture (50 J.!l) containing 300 - 800 ng DNA, 1 x 

buffer and 20 units of enzyme. Digestions of plasmid DNA or purified PCR product were 

carried out in a reaction mixture (20 J.!l) containing 50 to 500 ng DNA, 1 x buffer and 1 0  

units of enzyme. 

2.4 .3 .  CAP-treatment of vector D NA 

Digested vector DNA was dephosphorylated usmg calf alkaline phosphatase (CAP, 

Boehringer) to prevent self ligation. Vector DNA (5 J.!g) was digested with the appropriate 

restriction enzyme (Section 2 .4 .2), then the restriction enzyme was inactivated by heating 

for 1 0  min at 65°C. To this digestion reaction, 0.5 units of calf alkaline phosphatase (CAP, 

Boehringer) was added, and the reaction mixture incubated at 37°C for 30  min. Na2EDTA, 

SDS and proteinase K (Boehringer) were then added to final concentrations of 5 mM, 0 .5% 

(w/v ) and 50 J.!g1ml respectively, and the mixture was incubated at 56°C for 30  min. The 

DNA was purified by phenol/chloroform extraction (Section 2 .2 .9.2) and precipitated with 

ethanol (Section 2 .2 .9.2). 

2.4.4. L igation of D NA fragments 

Ligation of DNA fragments into digested vectors (usually CAP-treated) was performed in a 

reaction mixture ( 1 5  to 20 Ill) containing 3 0  to 60 ng DNA fragments, 20 ng vector DNA, 1 

x ligation buffer and 1 0  units of T4 DNA ligase (NE Biolabs), and incubated at 4°C 

overnight. 
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Ligation of PCR products into pGEM-T vector was carried out using a pGEM-T ligation 

Kit (Promega). The reaction mixture (20 Ill) contained 1 0  to 50 ng PCR products, 20 ng 

pGEM-T vector, 1 x ligation buffer supplied with the kit and 2 units of ligase, and 

incubated at 4°C overnight. 

Ligations were checked by removing 2 III samples before and after ligation and analysing the 

products by electrophoresis. 

2.4.5. Preparation of com petent cel ls and transformation by 

electroporation 

One litre of XL- l E. coli cell culture (A6oo = 0.5- 1 .0) was chilled on ice for 20 rnin and the 

cells harvested by centrifugation at 4,000 x g for 1 0  min at 4°C. The cells were washed 

twice with 1 litre then 0 .5  litre of ice-cold water by centrifuging (at 4,000 x g for 1 0  min at 

4°C) and re-suspending, and finally washed with 20 ml ice-cold 1 0% (v/v) glycerol and 

centrifuged as above. The pellet was re-suspended in 4 ml ice-cold 1 0% (v/v) glycerol and 

the cells were stored at -80°C in 40 III aliquots. 

For transformation, 40 III of competent E. coli cells were mixed with 2 III ligated DNA and 

the mixture was transferred into a 0.2 cm cuvette then placed on ice for 1 min. After the 

Gene Pulser (Bio-Rad) was set at 25 IlF, 2 .5  kV and 200 ohms, the cuvette with the mixture 

in the bottom was pulsed at these setting. The cells were immediately re-suspended in 1 ml 

of SOC medium (Appendix 4), incubated at 37°C for 1 h and plated at suitable dilutions 

onto selective LB plates. 
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2.4.6. Screening for transformants 

Transformants were usually screened by bacterial colony PCR (Section 2 .7 .7) with primers 

flanking the cloning site and primers within the insertion fragment to check the presence and 

orientation of the insert in the plasmid. The recombinant plasmids were also checked by 

restriction endonuclease digestion (Section 2 .4.2). 

2.5.  DNA sequencing,  sequence assembly and 

Bioinformatic analysis 

2.5 .1 . D NA sequencing and seq uence assembly 

DNA sequencing was carried out by the DNA Analysis Service in  the Allan Wilson Centre. 

DNA was sequenced by the dideoxynucleotide chain termination method (Sanger et al. , 

1 977), using Big-Dye chemistry (PE Applied Biosystems, Foster City, CA) and 

oligonucleotide primers synthesised by Invitrogen. The products were separated on an ABI 

Prism 3 77 sequencer (Perkin-Elmer) for detection. Sequences were assembled into contigs 

using Sequencher™ Version 3 . 1 . 1  (Gene Codes Corporation) . 

2.5.2.  Bioinformatic ana lysis 

Sequence data were analysed using the Wisconsin Package version 9.1 (Genetics Computer 

Group (GCG); Madison, WI). Homologues in the GenBank database were searched with 

the BLAST and F ASTA programmes (Altschul et al 1 997) through NETSCAPE 

NAVIGATOR version 4.7 at the National Centre for Biotechnology Information (NCBI) 

site (http://www.ncbi.nlm.nih.gov). Polypeptide sequences were aligned with the PILEUP 
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progranune from the GCG package or CLUSTAL W (http://www.ebi .ac.uklclustalw). 

Conserved amino acids were shadowed using the Seq V 1 . 1  program. 

Motif searches, PI/MW calculations and predicted cellular location were made usmg 

PRO SITE (http://www.expasy.ch/prosite) . The promoter sequence was analysed using the 

TRANSF AC database (http://www.cbrc.jp/research/db/TFSEACH.html) . 

2.6.  Southern blotting and hybrid isation  with Digoxigen i n  

(DIG) label led probe 

2 .6 . 1 . Southern blotti ng 

The blotting method used was based on that of Southern (Southern, 1 975).  DNA was 

separated by overnight gel electrophoresis and the ethidium bromide stained gel 

photographed. The gel was gently agitated in solution 1 (Appendix 4.5) for 1 5  min, solution 

2 (Appendix 4.5) for 30 min, and solution 3 (Appendix 4.5) for 1 5  min, then finally washed 

in 2 x SSC (Appendix 4.5) for 2 min. 

Two sheets of 3MM Whatman paper soaked in 20 x SSC were used as wicks. A film of 

gladwrap was used to cover the paper, and a rectangle was cut slightly smaller than the gel. 

The agarose gel with DNA was placed over the paper and overlapped the edge of the hole. 

A piece of positively charged Nylon membrane (Boehringer Mannhein GmbH) was cut 

slightly larger than the gel and placed on top of the gel. Anther two pieces of 3 MM paper 

were soaked in 2 x SSC, and placed on the membrane, followed by a stack of paper towels 

and a weight. After overnight transfer of DNA, the membrane was washed in 2 x SSC for 5 

min and cross-linked by UV-ray ( 1 2,000 Iljoules/cm
2
) .  
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2.6.2.  Hybrid isation using Digoxigenin (DIG)  label led probe 

The membrane filters were hybridised usmg DIG-labelled probe according to the 

manufacturer' s  instructions (Boehringer Mannheim). 

The DNA probe was labelled with digoxigenin using polymerase chain amplification (PCR) . 
The PCR reaction (50 J.lI in 0.2 m1 tube) consisted of I x  Taq DNA polymerase buffer 

(Roche), 250 J.lM each of dATP, dCTP and dGTP, 1 67 J.lM of dTTP, 1 00 J.lM of DIG- l l ­

dUTP, 200 nM of each primer, 0.02 unit/J.lI o f  Taq DNA polymerase (Roche), and 0.5 ng/J.lI 

fungal genomic DNA or 0.4 to 1 ng/J.lI plasmid DNA as template. The amplification was 

performed using a program of 1 cycle of 5 min at 94°C, 3 0  cycles of 3 0  sec at 94°C, 30 sec 

at 50-60°C (depending on the Tm of the primers) and an extension of 1 -2 min (depending 

on the size of the product) at 72°C, and 1 cycle of 5 min at noc. The DIG-labelled DNA 

showed a band of higher molecular weight than the non-labelled DNA on a gel. The 

efficiency of labelling of the probe was determined by autoradiography by comparing serial 

dilutions of DIG-labelled sample with standards spotted on a positively charged Nylon 

membrane. 

The membranes were pre-hybridised in DIG standard hybridisation buffer (Appendix 4.5) 
at 39-42°C for 2 h. The probe was denatured by boiling for 1 0  min and placed on ice, then 

added to the hybridisation buffer at a concentration corresponding to 3 ,000 to 1 0,000 fold 

dilution of the PCR product, depending on the efficiency of the probe labelling. 

Hybridisations were performed at 39-42°C for 1 6  to 24 h. After hybridisation, the 

membranes were washed twice in 2 x SSC and 0. 1 % SDS for 5 min, twice in 0.5 x SSC and 

0. 1 % SDS at 68°C for 1 5  min, and signals detected by chemiluminescent detection as 

described in the following section. 
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2.6.3 .  Chemi lumi nescent d etection of DIG-label led probes 

Chemiluminescent detection was carried out at room temperature with the membrane kept 

wet all time. The membrane was washed in DIG washing buffer (Appendix 4.5) for one 

min, then soaked in blocking buffer (Appendix 4.5)  for 30  min. Anti-Digoxigenin-AP 

antibody (Boehringer Mannheim GmbH) was diluted 1 :20,000 into the blocking buffer and 

incubated with the membrane for 3 0  min. The membrane was washed twice in washing 

buffer (Appendix 4.5) for 1 5  min, equilibrated in detection buffer (Appendix 4.5) for 2 min, 

drained and transferred to a plastic bag with the DNA face up. One millilitre of 1 :200 

diluted CDP-star (Boehringer Mannheim GmbH), in detection buffer (Appendix 4.5), was 

pipetted over the membrane. The bag was closed and bubbles on the membrane were 

removed. The membrane was then exposed to X-ray film (Fuji  Photo Film Co.) for 5 to 30 

min and the film developed. 

2.7.  Polymerase chain reaction (peR) ampl ification 

PCR reactions were carried out in a FTS-960 thermal sequencer, PC-960G gradient thermal 

cycler, a PC-960 thermal cycler (Corbett Research, Mortlake, Australia) or a GenAmp 2400 

(Perkin-Elmer Corp.) model thermocycler. To optimise PCR reaction conditions, annealing 

temperatures were varied depending on the Tm of the primers. Extension times of 1 rnin/kb 

were used. Sometimes, Mg
2+ concentration, primer and DNA template concentration were 

adjusted. PCR products were analysed by gel electrophoresis and visualised as in section 

2.2 . 1 0. 
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2.7. 1 . Ol igonucleotide primers 

The primers were ordered from Gibco BRL, Sigma Corporation or Life Technologies. Each 

primer was re-suspended in water to a final concentration of 1 00 �M and stored at -20°e. 

The primers were diluted to a working stock concentration of 5 �M for PCR reactions and 

3 .2 �M for sequencing reactions. Table 2 .2 lists the primers used in this study. 

Table 2 .2 Oligonucleotide primers used in this study 

N a m es Sequences (5'-3 ' )  A pp lications 

XZ I CAR TCI TGC A TG GAC CCI AA Degenerate PCR, RT-PCR 

XZ 3 CA T IGC ACC AAA IGT IGG ACC Degenerate PCR 

XZ5 AAG TAT CGG CGA GTC ATG 5 'RACE, c loning and sequencing 

XZ6 ATT GGA TGT CTG GAC TCG Cloning and sequencing 

XZ7 GCA ATC GCT ATC CAT ACC Clon ing and sequencing 

XZ8 GA T GCA TAG AGA CCA AGG 5 'RACE and c loning 

XZ9 GTG TGC TAG GAT TGC TTC Cloning and thi I  sequencing 

XZI O  AGT TGA AGT CAG GTC TGG Cloning 

XZ I I  T AC GAG GAT GAG GGT AAC Cloning, 5 ' RACE 

XZ l2 GAC CAT GCA TCT AAC ACG Cloning 

XZ I 3  CCT GAC CTG AAG ATT TGC Sequencing 

XZ I4  TCT TTC TGA CTG ACT GCC Cloning 

XZ l 5  GAA GCA ATC CTA GCA CAC Sequencing 

XZ I 6  TCC AGA CCT GAC TTC AAC TAI L-PCR 

XZ I 7  A TN A G N  TCC CAA GCT T TAIL-PCR 

XZ I 8  ACT TGG AGG TTT GAA TCG 5 'RACE 

XZ I 9  CAG C A T  A TC GAA AGC TTG C TAI L-PCR 

XZ20 ACG TGT GAC AAC TGG TTG AG T AIL-PCR, Reverse PCR 

XZ2 1 GAG GAC TTG ACG TT A TCC TC TAI L-PCR 

XZ22 CGT TGG T AC TGA TGA CAA TG TAI L-PCR 

XZ23 CAG CAA CCT CTC GAA TTG TC TAI L-PCR 

XZ24 GTC TTG ACA AAC CTC TCG TAIL-PCR 

XZ25 CCA TTG CAC CGA A TG TTG RT-PCR 

XZ26 T AC TCC AA T CCC GTC TTG RT-PCR 
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XZ27 CA T CCA A IT TIC AAA CCG TAIL-PCR 

XZ28 ITG ACT CTC ACG AA T GGG RT-PCR, 5 ' RACE 

XZ29 TGA TCA CAA CTC ITC AGG TAIL-PCR 

XZ30 CAA CAT TCG GTG CAA TGG TAIL-PCR 

XZ3 l GA T GAA GAT GTC GAC GTG T AIL-PCR, Reverse PCR 

XZ32  TTC TCG CTA TCT CGC ACC Sequencing 

XZ34 TGT GIT GCA ACG CTG GAA TC Reverse PCR 

XZ35  CGC CAA CGC ATC ATG CAT A TAIL-PCR and sequencing 

XZ36 TIT CAA GGA AGC ACA GAG Reverse PCR 

XZ40 TTG CAC CGA A TG ITG GAC C loning and sequencing 

XZ4 l CIT AGG AGC IT A CCT CTC Cloning and sequencing 

XZ42 GGT CT A GCT A TI AAA GTG C C loning 

XZ43 GAA TCA AGC AAG CAT GGC Sequencing 

XZ44 GGA ITG TCG AAG TCG GAC Sequencing 

XZ45Kpnl GGG GTA ACC GGT GCA A TT GCA AA T CTC Replacement vector construct 

XZ46BamHI CGG GAT CCC ATG CAG CAA ACA ITA CC Replacement vector construct 

XZ47HindlII  CCC AAG CTT TTG CGT GAA GCG TCT CG Replacement vector construct 

XZ48Hindl l l  CCC AAG CIT AGG G T  A ACT A T C  ITG TGC Replacement vector construct 

XZ49 GAG GTT TAG ATA AGG CAC PCR screening for KO 

XZ50 CGG GAA ITC GAT TCA TCG PCR screening for KO 

XZ5 l AGC TAT TAC ACT CCC TAG Sequencing 

XZ54 GAG ATA GCG AGA AGT ACA TC TAIL-PCR 

XZ55 CTG CCA TGC ITG CTG A IT C TAIL-PCR 

XZ56 TGT ACT TCT CGC TAT CTC G TAI L-PCR 

XZ57 TGT AGG AAG CGA GAA CTC PCR screening for KO 

XZ58 GTC TGG TCC GAG GTT TTC PCR screening for KO 

XZ59 CIT CTG TIT CTC CTG GTG PCR for probe 

XZ60 GTC CAT GCA AGA CTG GTC PCR for probe 

XZ6 l CCT ACT TGT CT A CT A GCA C Sequencing 

XZ62 CCT TAG ACT AGT AGC TTC C Sequencing 

AD l TG(A/T) GNA G(AIT)A NCA (G/C)AG A TAIL-PCR 

A D2 AG(A/T) GNA G(A/T)A NCA (A/T)AG G TAIL-PCR 

AD3 CA(A/T) CGI CNG A lA (G/C)GA A TAI L-PCR 

AD4 TC(G/C) TIC GNA CIT (AlT)GG A TAIL-PCR 

M 1 3 F  GCC AGG GIT TIC CCA GTC A C G  A Sequencing 

M l 3 R GAG CGG ATA ACA ATT TCA CAC AGG Sequencing 

T l . l  GAG AAA A TG CGT GAG A TT GT RT-PCR 

T 1 .2 TGG TCA ACC AGC TCA GCA CC RT-PCR 
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hmg29 GAC GTG GTC A AA TCC GTG TTG RT-PCR 

hmg30 GTT GGA TGT GAT CCT CGC AC RT-PCR 

T7 TAA TAC GAC TCA CTA TAG GG Sequencing 

pUChph7 ATT CCT GCA GAG ACC A TC PCR screening for KO 

pUChph9 CTC CAC GCG A CT ATA TAT PCR screening for KO 

CYLp I 9- 1  CAC CAT TTC G A G  GTA GTC Microsatell ite PCR 

CYLp I 9-6 CAT GAG GAA TCC CAC GAC M icrosatel l ite PCR 

CYLp 1 9- 1 3  AAA GAT GTT GTG GGC GAC Sequencing 

U P  GAG AGA ATT CGG ATC CTC TAG AG 5' RACE 

AAP GGC CAC GCG TCG ACT AGT ACG GG! IGG 5 ' RACE 

GII GGG nG 

A UAP GGC CAC GCG TCG ACT AGT AC 5 ' RACE 

2.7.2 .  Routine PCR 

Routine PCR reactions (25 III in 0.2 ml tube) consisted of Ix Taq DNA polymerase buffer 

(Roche), 50 IlM of each dNTP, 200 nM of each primer, 0.02 unit/Ill of Taq DNA 

polymerase (Roche) or 0.04 unit/Ill of Expand™ High Fidelity polymerase (Roche) . A 

concentraion of 0.6- 1 ng/j.ll fungal genomic DNA or 0 .4 to 1 ng/Ill plasmid DNA was used 

as the template in the amplification. The thermocycle conditions were 1 cycle of 2 min at 

94°C, 30  cycles of 30  sec at 94°C, 30  sec at 50-60°C (depending on the Tm of the primers) 

and 1 -2 min ( 1  minl l kb) at 72°C, and 1 cycle of 5 min at 72°C. 

2.7.3 .  Degenerate PCR 

Degenerate PCR was performed using the reaction and PCR cycle conditions described for 

routine PCR except that a higher primer concentration of 400 nM of each primer was used. 
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2.7 .4. Thermal  Asymmetric Interlaced PCR (TAI L-PCR) 

TAIL-PCR was carried out based on the method of Liu (Liu and Whittier, 1 995) .  Three 

nested sequence specific primers together with a shorter arbitrary degenerate (AD) primer 

were used in the T AIL-PCR to favour amplification of the desired specific product under 

controlled annealing temperatures. The TAIL-PCR consists of three consecutive PCR 

amplifications (primary, secondary and tertiary amplifications), which are summarised in 

Table 2 .3 . 

The primary amplification was performed in a GenAmp 2400 (Perkin-Elmer Corp.) model 

thermocyeler. The primary #2 procedure was run immediately after the # 1 procedure. The 

secondary and tertiary amplifications were performed in either a GenAmp 2400 (Perkin­

Elmer Corp.) model therrnocyeler or a PC-960G gradient thermal cyeler. 

The primary reaction (20 Ill) contained 1 x Taq DNA polymerase buffer (Roche), 1 88 n M  

o f  each dNTP, 1 25 nM o f  gene specific primer, 1 25 nM to 2500 nM o f  AD primers 

(usually 500 to 2500 nM of AD3 or AD4 primers were suitable), 0.05 unitS/ill of Taq 

DNA polymerase (Roche), and 0.5 ng/Ill of E8 genomic DNA as template. 

The secondary reaction (20 Ill) contained 1 x Taq DNA polymerase buffer (Roche), 1 25 

nM of each dNTP, 1 25 nM of gene specific primer, 1 250 nM of AD primer, 0 .05 unit/Ill of 

Taq DNA polymerase (Roche), and 2 III of 1 1 1 00 diluted primary TAIL-PCR product as 

template. 

The tertiary reaction (20 Ill) contained 1 x Taq DNA polymerase buffer (Roche) ,  62.5 n M  

of each dNTP, 1 25 nM o f  both gene specific primer and AD primer, 0.05 unit/Ill o f  Taq 

DNA polymerase (Roche), and 2 III of 1 1 1 00 diluted secondary TAIL-PCR product as 

template. 
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Table 2 .3. Cycling conditions used for TAIL PCR in this study 

A m p lification s  T hermal conditions Cycle n u m be r. 

Primary 1 #  92°e (2 min), 95°C ( I  min) 1 

94°e (20 sec), 65°C ( I  m in), noe (2 min) 1 0  

94°e (20 sec), 30°C (3 m in), noe (3 min) 

Ramping slowly 

Primary 2#  94°e ( 1 0  sec), 50°C ( I  min), noe (2  min) 6 

94°e ( 1 0  sec), 65°C ( I  min), noe (2 min) 

] 
94°e ( 1 0  sec), 65°C ( I  min), noe (2 min) 1 2  

94°e ( 1 0  sec), 50°C ( I  min), noe (2 min) 

noe (5 min) 

4°C on 

Secondary 94°e (2 min) 

94"C ( 1 0  "')' we (1 rni"), n"e (2 rni") 

J 

94°e ( 1 0  sec), 65°C (l min), noe (2 min) 1 2  

94°e ( 1 0  sec), 50°C ( I  m in), noe (2 m in) 

noe (5 m in) 

4°C or 25°e on 

Tertiary 94°e (2 min) 

94°e ( 1 5  sec), 5 1 °C (I m in), noe (2 min) 30  

noe (5  min) 

4°C on 

2.7.5. Inverse peR 

Inverse PCR was applied to clone the AT rich region of E8 thil J locus using mverse 

primers based on the known sequence .  A total of 500 ng of E8 genomic DNA was digested 

for 3 h at 37°C in a volume of 25 �l that contained 1 0  units of restriction enzyme HindIII ,  

20 Ilg RNase, and 1 x of restriction buffer. An aliquot of 10 III of digestion mixture was self­

ligated at 4°C overnight in 1 x T4 ligase buffer with 400 units of ligase in a total volume of 
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400 Ill. The ligation mixture was precipitated with ethanol (Section 2 .2 .9 .3) ,  re-suspended 

in 1 00 III water, and an aliquot of 30 III of the DNA suspension was used as template for 

amplification in 50 III using the reaction and PCR cycle conditions described for the routine 

PCR. 

2.7 .6 .  Long tem plate PCR 

Long template PCR reactions (50 III in 0 .2  ml  tube) contained 1 x Taq DNA polymerase 

buffer (Roche), 350  IlM of each dNTP, 1 50 nM of each primer, 0.525 unit/Ill of Expand™ 

Long Template polymerase (Roche). A concentration of 0 . 1 - 0.5 ngilll fungal genomic 

DNA or 0.05-0.5 ng/1l1 plasmid DNA was used as templates in the amplification. The 

thermocycle conditions were 1 cycle of 2 min at 93°C, 1 0  cycles of 1 0  sec at 93°C, 30 sec 

at 60°C and 4 min at 68°C, followed by 1 7  cycles of 1 0  sec at 93°C, 30 sec at 60°C and 4 

min at 68°C with the extension time for each subsequent cycle increasing by 20 s, and 1 

cycle of 7 min at 68°C. 

2.7.7 .  Bacterial colony PCR 

Bacterial colony PCR was used for identifying bacterial transformants using bacteria cells 

from the colony as template. A sterilised P l O  pipette tip or toothpick was used to lightly 

touch the colony and the cells then suspended in the reaction mixture used for a routine 

PCR. The thermocycle conditions were 1 cycle of 3 min at 95°C, 35  cycles of 30 sec at 

95°C, 3 0  sec at 60°C (depending on Tm of primers) and 1 to 2 min at noc, and 1 cycle of 

5 min at 72°C. 
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2.7.8. Gel stab peR 

Gel stab PCR was used to amplify DNA fragments from agarose gels .  The DNA band to be 

amplified was stained with ethidium bromide and visualised under UV light. A 20-200 III 

pipette tip was used to stab the DNA band in the gel and re-suspended in 20 III of sterilised 

water by pipetting. An aliquot of 5 III of the suspension was used as template in a PCR 

reaction (25 Ill) using reaction and PCR cycle conditions as described for the routine PCR 

(Section 2.7 .2). 

2.8. RT -PCR (reverse transcription PCR) 

2.8. 1 .  Isolation of total RNA with TRlzol® reagent 

Fungal mycelia or plant tissue ( about 1 g fresh weight) were ground to a fine powder in 

liquid nitrogen, and mixed with 1 0  ml of Trizol (BRL). After thawing, the mixture was 

centrifuged at 1 2,000 x g for 1 0  min at 4°C. The supernatant was mixed vigorously with 2 

ml chloroform, kept at room temperature for 3 min, then centrifuged at 1 2,000 x g for 1 5  

min at 4°C. The RNA in the aqueous phase was precipitated by adding 5 ml isopropanol 

and recovered by centrifuging at 1 2,000 x g for 1 0  min at 4°C. The RNA pellet was washed 

with 1 0  ml of 75 % ethanol, air-dried, and re-suspended in 200 III DEPC-treated water. 

2.8.2. Quantification of RNA 

RNA was quantified by measuring the absorbance at 260 and 280 nm using a Shimadzu UV 

spectrophotometer. Samples were usually diluted so that the absorbance reading was 

between 0. 1 to 1 .0 .  Good quality RNA samples should have a ratio of A260/A280 greater 
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than 1 . 8 .  The concentration of RNA was calculated by the following equation: [RNA] 

(/-.lg/ml) = 40 x A260 x dilution factor. 

2.8 .3 .  DNase I treatment of RNA 

RNA samples were treated with DNase I to remove residual DNA using the method 

described by Bradshaw & Piller ( 1 992). Total RNA ( 1  Ilg) was incubated with 1 unit 

DNase I (Roche), 1 unit RNase inhibitor (Roche), 1 mM 1 ,4-dithiothreitol (DTT) (Roche) 

in 1 x DNase I buffer (Appendix 4.6) at 37°C for 30  min, then another 0.5 units DNase I 

was added and the mixture incubated for a further hour. The mixture was extracted with 2 

volumes of chloroform and centrifuged at 1 3 ,000 x g for 1 0  min. The RNA was precipitated 

with 1 1 1 0  volume of 3 M sodium acetate and 2 .5  volumes of 95% (v/v) ethanol, and 

recovered by centrifuging at 1 3 ,000 x g for 1 0  min. The pellet was washed in 75% ethanol, 

air dried and re-suspended in DEPC-treated water and kept at -80°C. 

2.8.4. Reverse transcription of RNA i nto cDNA and ampl ification 

The RNA was reverse transcribed into cDNA using random hexamer primers and Expand 

Reverse transcriptase kits (Roche) based on the manufacture' s  instructions An aliquot of 1 

/-.ll of random hexamer primers (0.09 OD unit/Ill) was mixed with DNase I treated RNA ( 1  

Ilg), incubated at 90°C for 5 min, then cooled on ice immediately. Then a ' cocktail '  of 

reagents was prepared and added to the RNA so that the fmal reaction mixture (20 Ill) 

contained 1 x Expand RT buffer, 1 0  mM DTT, 50 IlM dNTPs, 1 unit/Ill RNase inhibitor 

and 2 .5  unitS/ill Expand Reverse Transcriptase. The reaction was incubated at room 

temperature for 1 0  min and then reverse transcribed into cDNA at 45°C for 45 min. 
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An aliquot (5 �l) of each cDNA dilution ( l i l O, 1 1 1 00 and 1 1 1 000) was PCR amplified as 

previously described (Section 2.7.2) in a reaction mixture of 25 �l using primers flanking the 

introns. The thermocyc1e conditions were 1 cycle of 2 min at 94°C, 3 5  cycles of 30 sec at 

94°C, 30 sec at 60°C (depending on Tm of primers) and 1 min at 72°C, and 1 cycle of 5 min 

at 72°C. 

In order to confirm removal of genomic DNA following DNase treatment, a duplicated 

reaction without addition of Reverse Transcriptase was set up, and PCR amplification was 

carried out as no-RT control .  Absence of PCR product from the no-RT control was an 

indication of absence of genomic DNA. 

2.9 .  RACE (rapid ampl ification of cDNA ends) 

2.9. 1 . 3' RACE analys is 

3 '  RACE was used to determine the 3 ' end of the mRNA. The method involved first strand 

cDNA synthesis, degradation of the RNA, synthesis of the second cDNA strand and 

nested amplification. 

The first strand was synthesised from DNase I treated RNA using the method as described 

in section 2 .8 .4, except that oligo-dT primer and C. therm reverse transcriptase (Roche) 

were used instead of the random hexamer primer and Expand RT reverse transcriptase. 

DNase I treated RNA ( l llg) was mixed with 8 pmol of oligo-dT primers (BRL), incubated 

at 70°C for 1 0  min and then cooled on ice . A 'cocktail'  of reagents was prepared and added 

to the RNA so that the [mal reaction mixture (20 Ill) contained the reagents at final 

concentrations of 1 x C. therm Reverse Transcriptase buffer, 5 mM DTT, 800 IlM dNTPs, 

3 % (w/v ) dimethyl sulfoxide (DMSO), 1 unit/�l RNAse inhibitor and 0 .3  units/ill of C. 
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therm reverse transcriptase. The reaction mixture was incubated at 60°C for 30 rnin for 

reverse transcription, then heated at 95°C for 2 min to inactivate the reverse transcriptase. 

To degrade the RNA, 1 J..l1 of RNase mixture (Roche) containing both RNase H and RNase 

A, was added to the above reverse transcription reaction mixture, and incubated at 3 7°C for 

3 0  min. The digestion mixture was purified using a CONCERJ'TM PCR clean-up (BRL) kit 

(Section 2 .2 .9) and the cDNA was re-suspended in 50 J..lI water. 

An aliquot of 5 J..lI of the above-purified cDNA was used as template for the second cDNA 

strand amplification using a gene specific primer and an adapter UP primer that anneals to 

the oligo-dT region. This was followed by a nested amplification using UP primer and a 

nested gene specific primer to favour synthesis of the specific product. Both amplifications 

were performed using the reaction and PCR cycle conditions previously described (Section 

2 .7 .2) except that the UP primer was added to a fmal concentration of 800 nM. The fmal 

PCR products were sub-cloned into pGEM-T Easy vector (Section 2.4) for sequencing. 

2.9 .2 .  5' RACE analysis 

5 '  RACE was used to determine the 5 'end of the mRNA. The main difference between the 

5 'RACE and 3 ' RACE is that an extra step is required to add a poly-dC tail to the 5'end of 

cDNA so that an abridged adapter primer (AAP) can bind to it. 

The first cDNA strand was synthesised as described above for 3 'RACE in Section 2.9 . 1 

except that a gene specific primer (at a final concentration of 1 J..lM) was used instead of the 

oligo-dT primer. RNA was degraded and the cDNA purified in the same way as described 

for that of 3 'RACE. 
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To add a poly-dCTP tail to the 5 '  end of the first cDNA strand, an aliquot of 1 0  III of 

purified cDNA was added to a reaction mixture (25 Ill) containing 1 x Tailing buffer, 0.2 

mM of dCTP and 0.6 units/ill of terminal transferase. The reaction was incubated at 3 7°C 

for 1 0  min and then heated at 65°C for 10  min to inactivate the enzyme. 

The secondary cDNA strand was synthesised by amplification using a nested gene specific 

primer and an AAP primer that annealed to the poly-dC tail. Following that, a nested 

amplification was performed using primer AUAP and a secondary nested gene specific 

primer. Both amplifications were performed using the reaction and PCR cycle conditions 

previously described (Section 2 .7 .2). The final PCR products were sub-cloned into pGEM­

T Easy vector (Section 2.4.4-2.4 .6) for sequencing. 

2. 1 0 . Endophyte transformation 

2 .1 0.1 . Protoplast preparation 

Protoplasts of endophyte strain E8 (PN2238)  were prepared using modifications of the 

method described by Yelton et al (Yelton et al. , 1 984). Mycelia collected by scraping the 

colony surface were ground into a fine suspension and inoculated in 200 ml of CM broth 

distributed into 4 flasks ( 1 25 ml) and grown at 22°C with gentle shaking at 1 00 rpm until 

clouds of mycelia formed (3-6 days). The mycelia were harvested by filtration through two 

layers of nappy liner on a funnel using gravity flow. The mycelia were washed with 3 00 ml 

H20 then 1 00 ml OM buffer (Appendix 4.4). The mycelia were re-suspended in 20 ml of 

Glucanex cell wall lysis enzyme solution (Appendix 4.4), and cell walls digested by shaking 

at 1 00 rpm for 2-4 h at 28°C. During that time, the mixture was monitored for protoplast 

formation using microscopy . The digested hyphae were filtered through nappy liner and 

each of the 5 m1 filtrates overlaid carefully with 2 m1 of ST buffer (Appendix 4.4) . The 
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protoplasts formed a white band at the interface between the enzyme solution and ST 

buffer after centrifugation at 3000 x g for 20 min. The pro top lasts were recovered from the 

interface, washed 3 times with 5 rnl of STC buffer with gentle shaking and centrifuging at 

7,700 x g for 5 min. Protoplasts were re-suspended in STC buffer (Appendix 4.4) to a final 

concentration of 1 .25 x 1 08 per rnI. 

2.1 0 .2 .  E ndophyte transformation 

Protoplasts prepared as  described above were transformed with the replacement DNA 

fragment by modifications of the method of Vollmer and Yanofsky (V ollmer and Y anofsky, 

1 986), and Young et al. (Young et aI. , 1 998). Each transformation used 80 III protoplasts 

( 1 .25 x 1 08 protoplast/ml), 5 III heparin (5 mg/m1), 2 III spermidine (50 mM), 20 III 40% 

PEG solution (Appendix 4.4) and 1 . 7-5 Ilg of DNA. The mixture was vortexed gently and 

left on ice for 30 min, then a further 900 III of 40% PEG solution was added and mixed 

gently .  The transformation mixture was incubated at room temperature for 1 5-20 min. An 

aliquot of 1 00 III transformation mixture was mixed with 3 m1 molten CM top agar (50°C) 

(Appendix 4. 1 )  and spread onto a CM plate. The plates were incubated at 22°C overnight 

then overlaid as described above with hygromycin B (Boehringer) to a [mal concentration of 

1 50 mg/L. Alternatively, the transformation mixture of 1 rnl was incubated in 20 rnl C M  

broth at 22°C for three days and then spread onto C M  plate with 1 50 mgIL hygromycin B.  

In each transformation experiment, a sample of protoplasts without DNA was processed as 

a negative control. Aliquots ( 1 00 Ill) of 1/ 1 00, 1 1 1  000 and 1 1 1  0000 dilutions of the negative 

control protoplasts were grown on CM plates to determine the number of viable 

protoplasts after transformation, and an aliquot ( 1 00 Ill) of the negative control protoplasts 

was grown on CM plates containing 1 50 mgIL hygromycin B to confirm sensitivity to 

hygromycin. 
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2.1 0.3. S ing le spore isolation 

A drop of PD broth (50 fl l) was added onto the colony margin, sucked up and down with a 

200 fll pipetter several times, then spread onto a 3% PDA plate. The spores on the plate 

were incubated at 22°C for 24 h to germinate. Germinating spores that had one or two genn 

tubes extending from the spores were identified under a dissecting microscope and picked 

up and inoculated onto PDA plates containing hygromycin B (Boehringer) at a final 

concentration of 1 50 mg/L for further growth. 

2.1 1 .  Examination of g rowth characteristics of E8 thi1 

deletion mutants in cu lture 

2 .1 1 . 1 .  Measurement of colony d iameter 

A block of mycelium (3 x 3 mm) was cut from the colony edge and placed in the center of a 

CD plate or CD plate supplemented with thiamine or thiazole for growth. At least two 

plates were prepared from each isolate and the plates were incubated at 22°C for three to 

five weeks depending on the growth rate of the endophyte. The diameter of each colony 

was measured along two axes intersecting at right angles. The average of these two 

measurements was taken as the diameter of the colony on each plate. 

2.1 1 .2.  Exam ination of hyphal branching and morphology 

Hyphal branching and morphology were observed using a stereo dissecting microscope 

(Leica MZ 1 2) with a transmitted light beam passing upwards through the colony on 
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culture. The images were recorded using a NC3-CCD Camera and an InDy silicon Graphics 

computer connected to the dissecting microscope. 

2.1 1 .3 .  Exa m i nation of con id ia  formation 

Conidiospores were observed using a stereo dissecting microscope (Leica MZ 1 2) with a 

transmitted light beam passing upwards through the colony.  The conidia can usually be 

observed at the margins of a colony where they are attached to the tips of aerial hyphal 

branches. The length of the conidia were about 4 !lm. The images were recorded using a 

JVC3-CCD Camera and an InDy silicon Graphics computer connecting to the dissecting 

microscope. 

2. 1 2 . Exa m i nation of E8 thi1 deletion mutants in  the 

endophyte-plant interaction 

2 .1 2 . 1 . I nocu lation of endophyte into perenn ia l  ryeg rass 

seed l i ngs 

Seedling inoculation was carried out by the method of Latch and Christensen (Latch and 

Christensen, 1 985) .  The grass cultivar used was 'Nui ' perennial ryegrass which were 

obtained from AgResearch Grasslands, Palmerston North, New Zealand. The seeds had 

been confIrmed, by destructive examination of at least 50 seeds, to be free of fungal 

endophytes. Seeds were surface sterilised by soaking in 50% sulphuric acid for 30 min, 

rinsed with water three times, soaked in 50% commercial bleach for 20 min and rinsed in 

sterile water. The treated seeds were air dried then placed on 4% water agar for 1 week at 

22°C to germinate. A slit of 2-3 mm was made longitudinally in the region between the 
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mesocotyl and coleoptile of each seedling using a scalpel under a dissecting microscope. Into 

the resulting slit a small piece of mycelia cut out from a colony edge was inserted. The 

inoculated seedlings were incubated at 22°e for 5-7 days in the dark, then 5-7 days under 

light and then transferred into potting mix (AgResearch Grasslands, Palmerston North) in 

root-trainers. For potting, the plants were transplanted into pots or bags containing potting 

mix into which Osmacote slow-release fertil iser was supplemented .  The plants were 

randomly located in trays in the glasshouse (AgResearch Grasslands, Palmerston North) for 

growth and watered 2-3 times per week. The location of the plant was rotated regularly to 

minimise environment effects. Plants were maintained by regularly trimming several 

centimeters above the base. For measurement of fresh weight, the plants were cut at about 1 

cm above the base. 

2 . 1 2.2.  I nocu lation and treatment of the clonal  plantlets 

Perennial ryegrass clonal plantlets (IMP566) grown in MSO medirnn (Appendix 4. 1 )  were 

obtained from AgResearch Grasslands. The plantlets were separated into individual tillers 

and with the mature leaf blade trimmed. A longitudinal slit was cut at the junction of the 

root and shoot using a scalpel .  Into the resulting slit, a small piece of fungal mycelia cut 

from the endophyte colony was inserted. The inoculated plantlets were planted into M S O  

media (Appendix 4) for five days, then in transferred to MSOO.5 media (Appendix 4) . 

After 1 3  days growth in the culture room at 25°e and 1 6  h of light, the plants were 

transferred into the greenhouse in which the plants were transplanted into pit pots and 

covered with a plastic container to maintain a high humidity for 1 1  days .  These plantlets 

were then planted into potting mix into which Osmacote slow-release fertiliser was added 

and maintained as described above (Section 2 . 1 2 . 1 ). 
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2 .1 2 .3 .  Detection of endophyte in  g rass by t issue-pri nt immuno 

b lot 

Tissue-print irnmunoblot was carried out using a modified method based on that of Gwinn 

1 99 1  (Gwinn et al. , 1 99 1 ). The antibodies (AgResearch Grasslands, Palmerston North) 

were raised from New Zealand White rabbits that were injected with antigen fraction of N. 

lolii strain Lp5 (Christensen et at. , 1 993) .  Grass tillers were cut transversely at the base and 

dotted onto a nitrocellulose membrane (NCM) for several seconds. The membrane was 

washed in B S  solution (Appendix 4 .7)  at room temperature for 2 h, then transferred to 25 

rnl fresh BS solution with a dilution of antibody ( 1 :  1 000) and incubated overnight at 4 QC 

with gentle shaking. The membrane was rinsed in block solution (Appendix 4 .7) 5 times, 

then submerged in BS solution (25 mllmembrane) with secondary antibody ( 1  :2000) for 2 h 

at room temperature with shaking. After a [mal rinse with BS solution, the membrane was 

developed in freshly made Fast Red solution (Appendix 4.7) for about 1 5  min at room 

temperature with shaking. The prints of endophyte-infected tissues were deep red while the 

prints of the endophyte free tissues were brown or very light in colour. The membrane was 

then rinsed in water to stop the reaction and then air dried. 

2 .1 2.4 .  Exami nation of endophyte in  grass tissue by an i l i ne b lue  

sta i n i n g  

Strips o f  epidermis were removed from the adaxial (upper) surface of the leaf sheath close 

to the base. The strips were mounted in a drop of aniline blue solution (Appendix 4.7) on a 

slide. The slide with the sample was heated over a flame until boiling to fix the stain. 

Hyphae within epidermal strips were examined using a compound microscope. 
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2.1 2 .5. Re-isolat ion  of endophyte from plant tissues 

The endophytes were re-isolated from plant tissues using the method described in 

Christensen, Latch and Tapper (Christensen et af. , 1 99 1 ) .  Plant tissue was surface sterilised 

by washing 1 min in 95% ethanol, 1 min in 1 0% bleach (v/v) (Janola), and finally submerged 

in sterile water. Transverse sections of about 2 mm in length were excised from the leaf 

sheath and blade and placed on PDA medium with 5 mgIL oxytetracycline and incubated at 

22°C. 

2.1 2.6. Extraction and assay of pera m i ne in the symbiot ic  p lants 

Peramine levels were determined by the Chemical Analysis Service at AgResearch, 

Palmerston North, New Zealand using a modified method of Panaccione et af (2003) and 

Spiering et af (2002) .  Freeze dried pseudostem tissue of the plant was milled into a fine 

powder for extraction. Each sample (20 to 50 mg) of pseudostem powder was extracted 

with 1 ml of 50% isopropanol :water (w/v) and 1 % lactic acid by shaking vigorously for 22 

sec at speed 5 in a FastPrep FR1 20 machine, and then rotated with gentle agitation for 1 h 

at ambient temperature in darkness. The mixture was centrifuged at 450 rpm for 1 0  min in a 

Heraeus sepaTECH centrifuge and 0 .5  ml of the supernatant was recovered. A standard 

amount of homoperamine nitrate (obtained from AgResearch Grasslands) was added into 

the supernatant as an internal standard and the supernatant in HPLC vials was put into 

HPLC rack for quantitation of peramine. 

An aliquot of the extract (up to 50 Ill) was injected into a solvent stream of 

isopropanol:water:ammonium hydroxide (25%); (60 :40 : 1 v/v) pumped at a flow rate of 0 .4 

mllmin (M-6000A pump, Waters Associates, Milford, MA). The mixture was pumped 

onto a silica-based mixed-mode cation exchanger cartridge (RP-CS/cation guard column, 7.5 x 
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4.6 mm, 5 Ilm, Alltech Associates, Deefield, IL) for a two minute period. Peramine and 

homoperamine were retained in the cartridge while other compounds were washed away to 

waste. For separating peramine from homoperamine, the cartridge was washed with a 

solvent of 50 mM ammonium acetate, 5 mM guanidinium carbonate, 0.2% (v/v) acetic acid 

in water:methanol (4: 1 v/v) at speed of 1 rnlImin using a Perkin Elmer LC Pump 250 into a 

silica HPLC column (250 x 4.6 mm, Phenosphere 5 Ilm, Phenomenex, Torrance, CA) at 

28°C. Peramine and homoperamine peaks were detected at 286 nm UV absorption (UV -970 

detector, J asco Corporation, Tokyo) . 

2 . 1 3 .  Statistical analysis 

Statistical data analysis was carried out by the aid of programmes provided by Statistical 

Analysis System (SAS Institute Inc. 1 987). Multiple-means comparisons were carried out 

with ANOVA (analysis of variance, p = 0.05) or the Tukey test (Tukey ' s  test ex = 0.05) .  

Two-means comparison was carried out with the t test. Comparison of infection 

frequencies and host survival frequencies were analysed by normal test for proportions. 

2. 1 4. L ight and transmission electron m icroscopy 

Both light and transmission electron microscopy were carried out in the Keith Williamson 

Electron Microscope Unit, Hort + Research, Palmerston North, New Zealand. Leaf blade, 

stem or pseudostem segments of about 1 -2 mm long were excised from the tiller and fixed in 

3% glutaraldehyde and 2% formaldehyde in 0 . 1 M phosphate buffer pH 7.2 for 2 h at room 

temperature, and then in 1 % osmium tetroxide in 0. 1 M phosphate buffer pH 7.2 for 0 .5  h 

at room temperature . The tissues were washed 3 times in 0 . 1 M phosphate buffer pH 7 .2 ,  

dehydrated in an acetone/water series and twice in 1 00% acetone, infiltrated with an 

acetone/polarbed 8 1 2  resin mixture (50/50, v/v), and then embedded in fresh resin mixture in 

silicone rubber moulds and cured for 48 h at 60°C. Transverse sections of about 1 I-lm thick 
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were prepared and stained with toluidine blue for compound mlcroscopy . Sections for 

TEM were cut with a diamond knife and a Reichert ultracut E microtone, and collected on 

copper grids. These sections were stained with saturated uranyl acetate in 50% ethanol for 

4 min followed by lead citrate for 4 min and examined with a Phi lips 20 1 C TEM .  For 

specific staining for 1 ,  2-glycol groups of mucosubstance and polysaccharides, the sections 

were stained in alkaline bismuth solution (0.05% sodium hydroxide, 0 .02% potassium 

sodium tartrate, 0 .01  % bismuth sub nitrate) for 30 min at 40°C (Koga et aI. , 1 993) .  
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3. 1 .  C loning and bioinformatic analysis of the thi1 gene 

from N. /olii Lp1 9 and E. typhina E8 

3.1 . 1 . C loning and seq uencing of thi1 gene from N. loUi stra in  

Lp1 9 

The thil gene from N. lolii strain Lp 1 9  was cloned by screening a genomic library (Section 

2 .3)  with a probe amplified by PCR (Section 2 .7 .3)  using degenerate primers XZ l and XZ3 

(Fig. 3 . 1 ) . These primers were designed to conserved regions QSCMDPN and GPTFGAM, 

of thiamine biosynthetic polypeptide sequences from other organisms (Fig. 3 . 1 ) . These 

primers amplified a product of 330  bp from genomic DNA of S. pombe, N. lolii Lp 1 9, 

Neotyphodium sp. Lp l and E. typhina E8 (Fig. 3 . 2  A). The PCR product amplified from 

Lp I 9  genomic DNA was purified (Section 2 .2 .9 . 1 )  and sequenced. Blast X search in 

website (http://www.ncbi.nlm.nih.govlhlastlBlast.cgi) showed that the sequence was highly 

homologous to yeast THI4 and other putative thiamine biosynthetic genes, thus the PCR 

product from Lp 1 9  genomic DNA: was used as a probe to screen a Lp I 9  genomic library 

(Section 2 .3) .  Five /-.. clones (/-..XZ l ,  /-"XZ2, /-"XZ3 , /-"XZ4 and /-..XZ5) out of 1 05 plaques 

screened were confirmed as positive clones after three rounds of screening. Clones /-..XZ 1 

and /-"XZ3 were used to generate a physical map to the thil locus (Fig. 3 .2 B) and the thil 

gene located by probing (Section 2 .6) Southern digests of these clones with the PCR 

product. SstI and HindlII  fragments from /-"XZ I were sub-cloned (Section 2 .4) into 

pUC l 1 8 .  A total of 3 .6-kb of double-stranded sequence was generated (Section 2 .5) using 

these plasmids and /-.. clones /-..XZ 1 and /-"XZ3 as templates. 

The sequence data generated was assembled (Section 2.5) usmg the Sequencher™4. l 

software and is shown in Appendix 5 .  
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3 . 1 .2 .  Analysis of the Lp1 9 thi1 gene seq uence 

The nucleotide and deduced polypeptide sequence for Lp 1 9  thil is shown in Fig. 3 .3 .  The 

translation start site for the Lp 1 9  thil gene was identified based on a comparison of the 

deduced amino acid sequence with the homologous peptide sequences from other organisms 

by a BLAST-X search (Section 2 .5 .2) .  The sequence around the predicted start codon, 

CCA TCATGAGTC, is similar to the fungal Kozak consensus sequence (CCACCA TGGC) 

(Gurr et aI. , 1 987). The open reading frame was predicted to be disrupted by an intron of 59 

bp at the C-terminus. This was later confirmed both by RT-PCR and by analysis of the 

sequences of 3 'RACE products (Section 3 .2 . 1 .2). 

The deduced polypeptide sequence of Lp 1 9  thil is 320 amino acids and has an unmodified 

molecular mass of 34.4 kD. This polypeptide shares greater than 48% identity with 

homologous sequences from plants and fungi (Table 3 . 1 ) . An alignment of the sequences 

shows that significant differences are only seen in the N-terminal regions where in the plant 

these regions show features characteristic of transit peptides for chloroplast localisation, 

and in yeast these regions show features of mitochondrial targeting (Fig. 3 .4). 

Analysis of the Thi 1 polypeptide with the PSORT programme (Section 2 .5 .2) indicates 

that it is probably a cytoplasmic located protein as it lacks signal sequences for any 

organelles. 

The TFS search (Section 2 .5 .2) of the Lp 1 9  thil promoter region (- 1 575  to -1 bp) through 

Netscape Navigator version 4.7 identified many putative transcription factor-binding sites 

(Fig. 3 .3) .  Of particular interest are CreA, NIT2 and StuAp binding sites. CreA is a 

negatively acting regulator of carbon catabolite repression (Dowzer and Keller, 1 989; 

Felenbok and Kelly, 1 996). NIT2 in Neurospora is responsible for inducing expression of a 
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Figure 3 .1 .  Design of degenerate primers for cloning thil gene 

A: Alignment of partial deduced polypeptide sequences of thiamine biosynthetic genes. The 

genes include Z. mays thiJ -1 and Z. mays thiJ -2 ((Belanger et aI. , 1 995) ,  accession numbers 

U 1 7350 and U I 735 1 ), A. thaliana thil ((Machado et aI. , 1 996), accession number U I 7589), 

F. oxysporum and F. solani sti35 ((Choi et aI. , 1 990), accession numbers M 33643 and 

M 33642), S. pombe nmt2 ((Manetti et aI. , 1 994), accession number X82363) and S. 

cerevisiae THI4 (MOLl )  ((Praekelt et aI. , 1 994), accession number X6 1 669) . The conserved 

sequences identified for designing primers are shown in purple. 

B: Degenerate pnmers XZ 1 and XZ3 were designed based on the two conserved 

polypeptide sequences (in purple) identified in A. Inosine was incorporated at highly 

degenerate positions (shown in blue) and T was used at the third position of the glycine 

(GGT) (shown in green) . R (shown in yellow) is A or G. 
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A 
2 0 1  

Z . mays thi l - l  GG . . . . . .  RV 

Z . mays th i l - 2 RG . . . . . .  RV 

XZl 
GGWTNWALV SMNHDTQSCM 

GGVVTNWALV SMNHDTQSCM 

DtNVMEA . . .  

DPNVMEA . . .  

· . . . . . . . . .  

. .  . . . . .  . . .  

A . tha l i ana GN . . . . . .  RV GGVVTNWALV AQNHHTQSCM DPNVMEA . . .  . .  . .  . . .  . . .  

F . oxysporum . PSEEG . VR I  AGVVTNWTLV SMHHDDQSCM DPNT I NAP . .  · . . . . . . . . .  

F . solani . PS KEG . VR I  SGWTNWTLV SMHHDDQSCM D PNTI NAP . .  · . . . . . . . . .  

S . pombe · EGKDGKQR I AGWTNWTLV SLNHGLQSCM DPNT I NAH . .  . . .  . . . . . . . 

S . cerevi siae PPTEKGEVTV AGWTNWTLV TQAHGTQCCM DPNVI ELAGY KNDGTRDLSQ 

2 5 1  

Z . mays thi l - l · . KWVSSCG 

Z . mays thi l - 2 · . KWVSSCG 

A . thal i ana · . KIWSSCG 

F . oxysporum · . .  L I I STTG 

F . solani . . .  LVI STTG 

S . pombe . . .  LWSATG 

S . cerevi siae KHGVI LSTTG 

3 0 1  

Z . mays thi l - l · . TREWPGM 

Z . mays th i l - 2 · . TREWPGM 

A . tha l i ana · . TREWPGM 

F . oxysporum KGTRE IVPGL 

F . solani KGTRE IVPGL 

S . pombe KGTREVFPGM 

S . cerevi siae SGAYAGVDNM 

B 

Q S C M D P N 

5 ' CAATCTTGTATGGATCCTAAT3 '  

G C C C C C 

A 

G 

A 

C 

A 

G 

5 ' CA TC I TGJATGGACCClAA3 ' 

primer XZl 

3 0 0  

HDGPFGATGV KRLQD I GM I S  AVPGMKALDM NTAEDEIVRL 

HDGPFGATGV KRLQD I GM I S  AVPGMKALDM NAAEDE IVRL 

HDGPFGATGV KRLKS IGM I D  HVPGMKALDM NTAEDAI VRL 

HDGPMGAFCV KRLVSMQR I E  KLGGMRGLDM NLAEDA I V .  

HDAPMGAFCV KRLVSMGR I E  KLGGMRGLDM NVAEDAI V  . .  

HDGPFGAFCV KRLASAQLVS NLHDMRPLDM NRAEDL I V  . .  

HDGPFGAFCA KR I VD I DQNQ KLGGMKGLDM NHAEHDWI H  

3 5 0  

IVTGMEVAE I DGAPRMGPTF GAMM I SGQKA AHLALKALGR 

IVTGMEVAE I DGAPRMGPTF GAMM I SGQKA AHLALKALGR 

IVTGMEVAE I DGAPRMGPTF GAMM I SGQKA GQLALKALGL 

I VGGMELSEV DGANRMGPTF GAMALSGLKA AEEALKI FDT 

I VGGMELSEV DGANRMGPTF GAMVLSGLKA AEEALKVID 

I VGGMELSEF DGANRMGPTS W- - - - - - - - - - - - - - - - - -

YFAGMEVAEL DGLNRMGPTF GAMALSGVHA AEQ I L KHFAA 

Oil XZ3 

G P T F G A M 

5 ' GGTCCTACTTTTGGTGCTATG3 ' Degene rat e  
C C C C C C nuc leot i de 
A A A 

G G G 

A A 

G G 

complement 

3 ' CCAGG I TG AAACCACG ITAC5 ' 

primer XZ3 
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Figure 3.2. Cloning and sequencing of the Lp19  thil gene 

A: peR products ampl ified from genomic DNA of S. pombe ( lane 1 ), Lp 1 9  (lane 2), Lp 1 

(lane 3)  and E8 (lane 4) using the degenerate primers XZ 1 & XZ3 . Lane 5 was a DNA-free 

control .  Lane M contained the 1 00 bp ladder (GibcoBRL). 

B: Restriction map of the two overlapping A clones ",XZ 1 and AXZ3 . 

C: Primers used for sequencing thil .  

The black arrows indicate the position of primers used for sequencing thil .  The red arrows 

indicate the position of the degenerate primers XZ 1 and XZ3 used for amplifying the probe. 
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large number of nitrogen catabolic genes (Fu and Marzluf, 1 990). StuAp is an important 

regulator required for initiation of ascosporogenesis in sexual reproduction and mycelium 

morphological development of Aspergillus nidulans (Dutton et ai. , 1 997). A total of 1 0  

CreA and 1 1  N IT2 binding sites were identified in the Lp 1 9  promoter region, which may 

indicate the gene is regulated by carbon and nitrogen sources. The presence of 5 StuAp 

binding sites suggests that thil may also be under the control of signals for morphological 

development. 

The promoter region of thil contains two motifs (region A and B) which are highly 

conserved among fungal thiamine biosynthesis genes (Kubodera et al. , 2003 ). These motifs 

are proposed to be required for efficient intron splicing and regulation of the gene 

expression (Kubodera et ai. , 2003). Direct repeats of 58 bp and 52 bp were found in the 

promoter and 3 '  regions of the thil respectively (Fig. 3 .3).  The function of these repeats is  

unclear. 

3.1 .3. Cloning and sequencing of thi1 gene from E. typhina strain  

Ea 

The E8 thil gene was cloned by peR using sequence information from Lp 1 9  thil . The 

highly conserved coding region as wel l as the 5 '  and 3 '  flanking regions were cloned by 

peR (Section 2.7.2) using primers designed to Lp 1 9  thil sequence. However, primers 

designed to Lp 1 9  sequence outside these regions did not amplify E8 DNA. Alternative PCR 

approaches were therefore used to amplify these regions. TAIL-peR (Section 2 .7.4) was 

used to amplify regions from - 1 765 to -683 and + 1 1 5 3 to + 1 503. Inverse peR (Section 

2.7.5) was used to amplify a downstream AT-rich region from + 1 1 06 to +2636 to confirm 

the sequences obtained by TAIL-peR. The combination of these methods al lowed the 

cloning of a sequence of 4398 bp of the E8 thil locus. 
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3.1 .3.1 .  Amplification of E8 thi] by routine PCR 

E8 thil was cloned by routine PCR method (Section 2.7 .2) using primers based on Lp 1 9  

thil sequence (Fig. 3 .5). Using most of the primer combinations shown in Fig. 3 .5 ,  PCR 

products amplified from E8 were identical in size to Lp 1 9. However, PCR products 

amplified from E8 with primer pairs XZ 1 0 and XZ5, and XZ 1 0 and XZ6, were both smaller 

in size than those from Lp 1 9. As there is no difference in size for products ampli fied with 

XZ7 and XZ5 ,  we predicted that the region between XZ I 0  and XZ6 in the E8 thil was 

smaller than the corresponding region in Lp 1 9  thil .  Sequence analysis of these products 

confirmed this prediction. 

No PCR product was amplified from E8 genomic DNA using primers XZ l and XZ9, even 

at the lower annealing temperature of 50 ° C  (results not shown), suggesting that the 3 '  

region was divergent. 

3.1 .3.2. Amplification of E8 thil 5' and 3' flanking regions by T AI L-PC R 

The 5' and 3' regions flanking E8 thil that could not be amplified by normal PCR were 

amplified by TAIL-PCR (Section 2 .7 .4). 

Optimisation of the TAIL-PCR reaction conditions was necessary as annealing temperature, 

sequence of arbitrary primers and primer concentration are all critical to obtain specific 

products (Liu and Whittier, 1995). In amplification of the 3 '  flanking region using gene­

specific primers XZ30, XZ20 and XZ22 in combination with arbitrary primer AD3, specific 

PCR products were obtained when the AD3 concentration was between 0.5 to 2 .5  {LM, 

which corresponds to a 4 and 20 fold difference in the concentration of specific primers 

(Fig. 3 .6). A greater concentration of arbitrary primer may increase the probabil ity 
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Figure 3.3. Nucleotide and predicted polypeptide sequence of the Lp 1 9  thil gene 

The 3 ,675 bp nucleotide sequence from ",XZ l and ",XZ3 contains the thil open reading 

frame, starting at + 1 (corresponding to the A of the translation start codon) and finishing at 

1 0 1 9  (*) . The sequence (in dark green text) around the start codon i s  simi lar to the Kozak 

consensus sequence (Gurr et aI. , 1 987). The polypeptide sequence is shown below the 

nucleotide sequence. A putative TA TA box (Gurr et al. , 1 987) is outlined in green box. 

The 5' and 3' ends of the mRNA, which were determined by RACE, are indicated by purple 

arrows. Four introns, determined by RACE and subsequently by RT-PCR in section 3 .2, are 

shown in  lower case letters. The potential 5 '  and 3 '  splice sites, and sequences for 

formation of the lariat (Gurr et aI. , 1 987), are outlined in green text. Two potential 

polyadenylation recognition sequences (Gurr et aI. , 1 987) are shown in blue text. 

Two perfect 58 bp and two 52 bp direct repeats in the 5 '  and 3 '  region of thil are shown in 

purple text. Motifs region A and B which are proposed to be required for efficient spl icing 

(Kubodera et aI. , 2003) are underlined. 

and StuAP (eg. TGTC(i( '(iCAq 
�..=...;;=� , NIT2 (eg. ���., 

identi fied from the TRANSF AC database 

(http://www.cbrc.jp/researchldbffFSEACH.html) are highlighted in grey, turquoise and 

blue shading respectively. 

Primers used for sequencing or analysing the gene are indicated in red text, with the 

accompanying arrow showing the direction of extension from the primer. 
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- 1 575 CCCCGCGCAATCGCCGGCTCGTCGGCCTCTCTACAAAGATGTACTTCTCG����_CA 

HipdIII  
� . I . 

- 1 5 1 5  ACCGCCAAGTCACGGAGGGCTTTCTGGAACGCCTCGGCAAGCTTGCGCCTTCATCCCTCG 

- 14 5 5 C�CGTCGACATCTTCATCATTCCCGACTTTGTGTCCCTCGCCGAGACGGCAGAGCAGG 
XZ3 1 

- 1 3 9 5 TCAAGACGTCCC TGCCCGTCTGGCCGGGCGCGCAGGATTGCCACTGGGAAGACAGii 

XZ44 
- 1 3 3 5  iiOfiiiijiACGGGCGAGGTCAG����PCTGCTCAGCGAAGTGGGCGTCCGGATTGTCG 

- 1 2 7 5  AAGTC�GtCA��������CTGTTTGGCGAGGACGATGCGGTCGTGGCGAAAA 

- 1 2 1 5  AGGCTGCAGCGGTGAGCAGGAACGGCATGGTCCCTCTGGTGTG���gpAGCAGACGA 

. . . . 

- 1 1 5 5  GGGGGGGTATOGCCCTGGCGGTTGGTGAGi'lIiHHHiiiAGGTCGAGGCAGTTCTGGCGG 

- 1 0 9 5  GCGTGTCTCCCGCCGCAGAjiilriiBiiiGCGTATGAGCCGGTCTGGGCAATTGGTGCGA 

- 1 0 3 5  GCGAGCCTGCTGGTGAAGAGCATGT�!Q�gpTGGTTGAGGGCATTCGGCAGCTCGGCT 

- 1 5 1 6  

- 1 4 5 6  

- 1 3 96 

- 1 3 3 6  

- 1 2 7 6  

- 12 1 6  

- 1 1 5 6  

- 1 0 9 6  

- 1 0 3 6  

- 9 7 6  

- 9 7 5  GTGTCAAGTCAAGGGAGGGCGTTACGAGGATTGTGTACGGTGGGAGCGCAGGACCCGGCT - 9 16 

. XZ10 . . . . 

- 9 15 TGTATGCGCAGTTGAAGTCAGGTCT�ATGGACTGTTTCTGGGACGCTTCGGACATGATC - 8 5 6 4 XZ16 
. XZ63 . . . . . 

- 8 5 5 CCGAGAGGTTTGTCAAGkCAATTCAAGAGGTTGCTGAGGCGTAGGGGAGTCCAGGACCAC - 7 9 6 

- 7 9 5 GGTCCACAAGGCAACAACGTGTTGCGATGCGCGCAG·�����CGATTATAACAACATGT 

- 7 3 5  TTGCCTGCTGCTTACTCCGT ��� GCTAGCTACACTTGCCAGTGCTGCTGCGTCGG 

- 6 7 5  AATATTTCAC_� ____ �CATGAGGCCCCATGGGCCATGAAGGAGOGAT CCC 

- 6 1 5  

- 5 55 

- 4 9 5 

- 4 3 5  

5 '  end o f  mRNA 

CTCAT�CAAcTCAcAijt't18fiSiii�CTCGACCC�TCTTGC�TACTTGC�TAC 

XZ 2 6 . . . . . . 
TCCAATCCCGT�GTCACTTTTGATTCTGTCAATCCTGCACTGCCTACCTGCATATTCG 

Repeat 

CATCG�CATTGC�TCGCTATCCATACCACTTTGAG�GCCTACCTGCATATTCGCA 
Repeat 

TCGAAAACATTGCAATCG_���� _ _  
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- 3 7 5 

. .  . . .  

- 3 1 5  TTCAAACCGgt+e€FFGB€'l@ceegtgatg t a t c aa caat catggcatccttccgtggta 
Intron 2 

- 2 5 5 a t c caaacatgateacaaetettcaggtaatgt ttgttgeatgageeggtgeccac 
Int ron 3 

- 1 9 5  cccgct tgcttgctttcccccgatgegacagcegacatct t t cgtgt tgtaa ���ac 

- 1 3 5  

- 7 5  

- 1 5  

4 5  

1 0 5  

1 6 5  

2 2 5  

gggcaaagaagtaacggggtgtggctgagaat a tacggceetgaa e t t  ate 
Region B 

aeeagcgaaaggateatgcccecceccccc c t t t c tgateattccggtteacaatctaac 

Region A Ss tI 

I . 
ttgagt agATCCATCATGAGTCCCCCGGCCGCCATTTCTCCCCCTCGGCAGGTCGCTGAG 

M S P P A A I S P P R Q V A E 

CTCG�ACTCAAACCTCCAAGTTTGCCGTTTCGGGCGGTTCCAAGACGCAGACGATCGAT 
XZ18 

L A T Q T S K F A V S G G S K T Q T I D 

GAGATGATGGGCCAGTGGAACAGCTTCAAGTTCGCTC�CATTCGTGAGAGTCAAGTCTCT 
X Z 2 8  

E M M G Q W N S F K F A P I R E S Q V S 

CGGGCC�TGACTCGCCGATACTTCCAGGACCTCGACACCTACGCCGAGTCTGACATTGTC 
XZ5 

R A M T R R Y F Q D L D T Y A E S D I V 

ATCGTTGGCGCAGGGTCTTGCGGTCTCAGTGCAGCCTATGTCCTGGGCAAGCACCGACCT 

I V G A G  S C G L S A A Y V L G K H R P 

. XZ 1 3 . . . . . 

- 3 1 6 

- 2 5 6 

- 1 9 6 

- 1 3 6  

- 7 6  

- 1 6  

4 4  

1 0 4  

1 6 4  

2 2 4  

2 8 4  

2 8 5  GACCTGAAGATT�CATCATCGAGGCTTCTGTTTCTCCTGGTGGCGGTGCCTGGCTGGGC 3 4 4  

D L K I C I I E A S V S P G G G A W L G 

3 4 5  GGACAGCTCTTCTCTGCCATGGTGATGCGCAAGCCCGCGGACGCGTTCCTTCGAGAAATT 4 0 4  

G Q L F S A M V M R K P A D  A F L R E I 

4 0 5  
. . XZ l l  a . . . 

GGCGTTCCGTACGAGGATGAGGGT CTATGTGGTTGTTAAGCACGCCGCCTTGTTTACC 4 64 

G V P Y E D E G N Y V V V K H A A L F T 

4 6 5  TCGACCATCATATCCAAGGTCCTTTCTCTGCCCAACATTAAGATGTTTAATGCAACGTGT 5 2 4  

S T I I S K V L S L P N I K M F N A T C 
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52 5 GTTGAGGATCTGATTACCCGTCCCTCTGAAGAAGGCGTCCGCATTTCCGGTGTCGTCACT 5 8 4  

V E D L I T  R P S E E  G V R I S G V V T 

XZl • 
5 8 5  AACT�CCTTGGTCTCTATGCATCAACGACGACCAGTCTTGCATGGACCCCAACACCATC 6 4 4  

XZ8 
N W T L V S M H H D D Q S C M D P N T I 

6 4 5  AATGCTCCTCTTGTCATCTCCACCACTGGCCATGATGGTCCCATGGGTGCGTTCTGCGTG 7 0 4  

N A P  L V 1 S T T G H D G P M G A F C V 

7 0 5  AAACGTCTCGTCAGCATGCAGCGCATTGAAAAGCTCGGTGGTATGCGCGGACTCGACATG 7 6 4  

K R L V S M Q R I E K L G G M R G L D M 

7 6 5  AACACCGCCGAAGATGCCATTGTCAAAAACACTCGTGAAATTGTTCCTGGTCTTATTGTC 8 2 4  

N T A E D A I V K N T R E I  V P G L I V 

Sst1 

I 
8 2 5  GGTGGCATGGAGCTCTCCGAGATTGACGGAGCCAACCGCATGGgtaggg t gatctatcgt 8 8 4  

1nt ron 4 
G G M E L S E  I D G A N R M G 

X Z 3 0 . 
8 8 5  cgt t ctatgacattatacgcaact aacat tc t cccctatcagGTCC�CATTCGGTGCAA 9 4 4  

X Z 3  ( X Z2 5 )  
P T F G A M 

-. 
9 4 5 TGGTCCTTAGCGGTCTCAAGGCTG CCGAGGAAGCGCTCAAGGTTTTTGACCTTCGCGCAA 1 0 04 

1 0 0 5  

V L S G L K A A E E A L K V F D L R A K 

. . . XZ 2 0 . � . . 
AGCAGAATGCCATCTAAAGTATACGTGTGACAACTGGTTGA AATGAAGACTTGACGTTA 

Q N A I * 

1 0 64 

1 0 6 5 TCCTCGTCGTCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCACGCTCACGTT 1 1 2 4  
repeat 

1 1 2 5 

1 1 8 5  

1 2 4 5 

1 3 0 5  

GATACTGATGGCAATGATGAATTAGTCGGQpGTCAGTCAGAAAGAAATACAATTGACCAT 
X Z 1 4  

mRNA 3 ' end I 

TC+CGCTCACGTTGA�ACTGATGGC�TGATGAAT�AGTCGGCAG�CAGTCAGAA�GAAA 
Repeat 

mRNA 3 ' end 1 1  

TACAA�TGCCCtGACCTGTTGTACACTTATGTCGTGCTATTTGTGCTCATCCAACGTGAT 

GTTTCAATGCTCACCGAGGTCATTTTCACTTTGTGGCAGCGACTCTTATTCTTCTTGCCC 
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XZ1 5 . 
1 3 6 5  AAATG�TACTGTTT�AAGCAATCCTAGCACAC�GATTTACCGGACCAACAAATA�GCTG 1 4 2 4  

XZ9 

1 4 2 5  GTGCCGTCAATTGCGTTGTGAGGATGGATAGAGCTTGATCGTGGTGGCTTGGCGAGATTT 1 4 8 4  

14 8 5  GTGTTGCAACGCTGGAATGGGAAGGGCCTGCCTGCCTGGGCAAAAGAAACTCAAACAATA 1 5 4 4  

1 5 4 5  GCAACAAGCAACATGGTGAGTGACCGCATGTTCAGCGCGTGGACCGTACCAGAACACCTT 1 6 0 4  

1 6 0 5  GGGCCTACGTTGGTCACCAACGCATCATGGCTATTTCAAGGAAGCACAGAGTTCACTCGC 1 6 64 

1 6 6 5  ATTCCTGGCGTGACACACGTTTTCGAAAGGGCGGTTCCGTGCAGCATACCGTTGGCCAAG 1 7 2 4  

1 7 2 5  TGCAGCAGTACAATCTTGTGTTATTGACTAGGGGGACCTGCCAACCGCCACAAACCAACC 1 7 8 4  

1 7 8 5  TCGACTAAGTC CTGCGACCAAGTTCACGAGGCTGGATTGGAGGCTTCAAGAACACAGATA 1 8 4 4  

1 8 4 5  TGAATGCATTTGCATCCCTTTTGCATCTGGATTGCATGTGATGACATGATTTTTCTTCTC 1 9 0 4  

HindI I I  

1 9 0 5  TTCCACGCTCAAAAGGGGTGGCTTGACCCCACCTTG�GCTTTCGATATGCTGGGCGGG 1 9 64 
XZ 1 9  

1 9 6 5 AAAAGCCTGACACAAGCGGGTTGATCTCAATGTGAAATCGACGCTTGCCGTGTCCAC 
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Table 3.1 .  Blast X analysis of Thi l  homologous polypeptide sequences 

Polypeptide Defi n i tions  G e n e B a n k  Identity References  

abbreviations (Organisms) accession /si m ila rity 

(Original gene n u m b e r  with Lp19 

n a m es) Thil (%) 

THI4 FUSOX Thiazole  biosynthetic 
P2 3 6 1 8  8 5 .4/9 0 . 7  

(Choi et  al. , 
(sti35) enzyme, (Fusarium sp) 1 990)  

Thiazole  biosynthetic 
TH14 FUSSH enzyme, stress-inducible 

P2 3 6 1 7  8 5 .2/8 9 . 5  
(Choi et  al. , 

(sti35) prote in sti35  (Fusarium 1 990)  
sp) 

TH14 ASPOR Th iazo le biosynthetic 
Q9UUZ9 72 . 5/82 . 0  

(Kubodera et 
( thiA )  enzyme, (A. oryzae) aI. , 2000) 

THI2 SCHPO Thiazo le b iosynthetic 
P40998 6 5 . 5/73 . 2  

(Manetti et 
(nmt2) enzyme (s. pombe) aI. , 1 994) 

TH14 UROFA Thiazole biosynthetic 
Q9UVF8 5 6 .9/66 .7  

(Sohn et al. , 
(thi l )  enzyme (u. viciae-fabae) 2000) 

TH14 YEAST Thiazole b iosynthetic 
(Praekelt and 

(MOLl )  enzyme (s. cerevisiae) 
P 3 2 3 1 8  5 5 . 3/66 . 1 Meacock, 

1 992) 

TH14 CITSI Thiazole biosynthetic 
023 787 4 8 . 8/60 . 7  

(Jacob-Wi lk  
(C-thil) enzyme (Citrus sinensis) et af. , 1 99 7) 

TH14 A RA TH Thiazo le b iosynthetic 
Q3 8 8 1 4  4 8 . 6/6 1 . 5 

(Machado et 
(thi J )  enzyme (A. thaliana) al. , 1 996) 

TH41 MAIZE Thiazole b iosynthetic 
Q4 1 73 8  5 0 . 1 16 1 . 3 

(Belanger et 
(thi l - J )  enzyme (Zea mays) al. , 1 995) 

TH42 MAIZE Thiazole b iosynthetic  
Q4 1 73 9  49 .3/60 .7  

(Belanger et 
( thil -2) enzyme (Zea mays) al. , 1 995) 

Homologues of Lp 1 9  thil polypeptide sequence in the GenBank were searched with the B lastX 

program (Altschul  et al. , 1 997) in website (http://www.ncbi .n lm .nih .gov/blastlB last .cgi). 
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Figure  3.4. Alignment of the deduced polypeptide sequences of Lp19 and E8 thil 

genes with other homologous peptide sequences 

Polypeptide sequences of Lp 19 thil and E8 thil were aligned with the ten most similar 

polypeptides from other organisms identified by a BlastX (Altschul et al. , 1 997) search of 

GenBank. These included two stress inducible proteins of Fusarium oxysporum and F 
solani (THI4_FUSOX and THI4_FUSSH, accession numbers P23 6 1 8 and P23 6 1 7) ;  a 

putative thiazole synthase of Aspergillus oryzae (THI4_ASPOR, accession number 

Q9UUZ9); a nmt2 protein of Schizosaccharomyces pombe (THI2_SCHPO, accession 

number P40998); a thiazole biosynthetic enzyme of Uromyces fabae (THI4_ UROFA, 

accession number Q9UVF8); a thiazole biosynthetic enzyme of Saccharomyces cerevisiae 

(THI4_ YEAST, accession number P323 1 8), a thiazole biosynthetic enzyme of Citrus 

sinensis (THI4_CITSI, accession number 023787); THI4 of Arabidopsis thaliana 

(THI 4_ ARA TH, accession number Q3 88 1 4), THI l - l  and THI l -2 of Zea mays 

(TH41_MAIZE and TH42_MAIZE, accession numbers Q4 1 73 8  and Q4 1 739).  

The sequences were formatted usmg FASTA, and aligned usmg CLUSTALW 

(http://www.ebi .ac .uk/c1ustalw) using the default settings. The alignment was shadowed 

using the SeqV l . l  programme. Grey shading indicates where over 60% of the sequence 

contain identical residues. 
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of annealing between the arbitrary primer and the target sequence. In  order to determine 

whether the nucleotide sequence of the arbitrary primer affected the amplification, XZ 1 7 

was used instead of AD3. Amplification using the degenerate arbitrary primer XZ 1 7  

produced different product profiles as shown in Fig. 3 . 7, indicating that the nucleotide 

sequence of the arbitrary primer may affect the amplification. Under optimised reaction 

conditions, sequences of about 900 bp were amplified from the E8 thil 5 '  flanking region in 

two independent TAIL-PCR reactions, and about 400 bp from the E8 thil 3 '  flanking region 

was ampl ified (Fig. 3 . 8). 

3.1 .3.3. Amplification of an E8 thil 3' AT -rich region by inverse peR 

In  addition, inverse PCR (Section 2.7 .5) was applied to generate further sequence data (Fig 

3 .9) . A unique PCR product of 1 .7 kb was amplified from self-ligated E8 genomic DNA 

using inverse primers XZ3 1 and XZ20, and a product of 1 .3 kb was amplified using nested 

inverse primers XZ3 1 and XZ34 (Fig. 3 .9) .  Sequence analysis of the 1 . 7-kb PCR product 

revealed that there is an AT-rich region in the downstream region. B last N (X) analysis 

suggests that this AT rich sequence is highly corrupted retrotransposon DNA. 

3.1 .4. A n a lysis of the E8 thi1 gene seq uence 

The nucleotide and deduced polypeptide sequences for E8 thil are shown in Fig. 3 . 1  O. The 

sequence around the deduced E8 thil translation start codon, CCA TCATGAGTC, is  

identical to that of Lp 1 9  thil . An intron of 59 bp was predicted to be at the corresponding 

location of the Lp 1 9  thil , and this intron was confIrmed by analysis of the 3 'RACE 

product from E8 thil gene (Section 3 .2.2). 
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The deduced polypeptide sequence of E8 thil is identical to that of the Lp 1 9  thil (Fig. 

3 . 1 1 )  with the exception of four conservative replacements. The polypeptide has 320 amino 

acid residues and a unmodified molecular mass was 34.5 kD. 

An alignment of the E8 and Lp 1 9  thil sequences indicated significant sequence conservation 

in the coding regions. However, in the promoter region, the E8 thil has several deletions 

compared to the Lp 1 9  thil, or alternatively, the Lp 1 9  thil has insertions (Fig. 3 . 1 2) .  Like 

Lp 1 9  thil ,  the E8 thil promoter region contains many putative transcription factor-binding 

sites for CreA (Dowzer and Keller, 1 989; Felenbok and Kelly, 1 996), NIT2 (Fu and 

Marzluf, 1 990) and StuAP (Dutton et aI. , 1 997) . There were 9 CreA, 1 0  NIT2 and 4 StuAP 

binding sites (Fig. 3 . 1 0) ,  suggesting that this gene may be regulated by carbon and nitrogen 

sources, as well as morphological development signals. The motifs (region A and B)  which 

are required for intron splicing and thiamine-regulated gene expression are also present in the 

promoter region of E8 thil . No significant conservation in the 3 '  flanking regions was 

observed between the Lp 1 9  and E8 thi] genes. 

3.1 .5.  Southern hybrid isation ana lysis of thi1 reg ion i n  Lp1 9 ,  

L p 1  a n d  E8 strains 

Southern blot hybridisations (Section 2 .6) were performed to determine thi] copy number 

in endophytes N lolii Lp1 9, Neotyphodium sp. Lpl and E. typhina E8 strains . Only a single 

band was observed in all the digestions from Lp1 9  or E8 genomic DNA (Fig. 3 . 1 3) ,  

demonstrating only a single thil gene copy being in these two strains. Two bands were 

present in the Lp l genomic DNA digested with HindUI, EcoRV, and PstI (Fig. 3 . 1 3), 

indicating two thil gene copies are present in the Lp l genome. In Lp 1 genomic DNA 

digested with BamHI, one of the two bands was very faint probably due to size and 

concentration of the fragment. While it is known that Lp 1 is an interspecific hybrid from E. 
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typhina and N lolii strains (Schardl, et al. 1 994), it was surprising that few of the bands in 

Lp 1 matched in size to those from Lp 1 9  or E8. These results suggest that the sequence has 

diverged in the region around the thil locus fol lowing the interspecific hybridisation event. 

3.1 .6.  Summary and d is c uss ion 

This study utilised a combination of peR methods to  clone the E. typhina E8 thi1 gene 

based on sequence information from the Lp 1 9  thil gene (Section 3 . l .3). While application of 

PCR methods in molecular cloning does not require a genomic library, a weakness of this 

approach is the possible introduction of nucleotide mismatch during peR amplifications . 

To overcome this limitation, both strands of the E8 thil gene were sequenced from 

independent PCR reactions using genomic DNA as template. Whenever there was an 

ambiguity, additional PCR reactions were carried out and the PCR products sequenced to 

eliminate the ambiguity. In  addition, the sequence obtained from inverse peR (Section 

3 . 1 . 3 .3)  overlapped with that from TAIL-peR (Section 3 . 1 .3 .2), further verifying the 

consensus sequence. This approach resulted in a high quality consensus sequence for both 

the Lp 1 9  and E8 thil gene. 

Although Bioinformatic analysis identified putative CreA and NIT2 binding sites in the 

promoter region of both E8 and Lp 1 9  thil gene (Sections 3 . l .2 and 3 . 1 .4), and some of these 

were conserved between the E8 and Lp 1 9  thil promoter (Fig. 3 . 1 2), whether these putative 

promoter elements are functional requires experimental analysis. 
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Figure 3.5. PCR amplification of E8 thil gene 

A:  The Lp 19 thil gene and primer locations. 

B: Comparison of the PCR products amplified from Lp 1 9  (black) and E8 (blue) genomic 

DNA. 

C: The E8 thil gene. 

D:  Agarose gel analysis of the PCR products amplified from Lp 1 9  (lanes 1 ,  3 ,  5 ,  7, 9, 1 1 , 

1 3 , 1 5  and 1 7) and E8 (lanes 2, 4, 6, 8, 1 0, 1 2, 14, 1 6  and 1 8) genomic DNA using Lp1 9  thil 

primer sets XZ I 0  & XZ5 (lanes 1 and 2), XZ I 0  & XZ6 ( lanes 3 and 4), XZ7 & XZ5 (lanes 

5 and 6), XZ7 & XZ8 (lanes 7 and 8), XZ 1 2  & XZ8 (lanes 9 and 1 0), XZ 1 1  & XZ3 (lanes 

1 1  and 1 2), XZ 1 3  & XZ1 4  (lanes 1 3  and 1 4), XZ l & XZ 14 (lanes 1 5  and 1 6) and XZ l & 

XZ9 (lanes 1 7  and 1 8) .  Lane M contained 1 kb + ladder (GibcoBRL). 
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Figure 3.6. T AIL-PCR am pIification of the 3'  region of E8 thil 

A: Profile of primary TAIL-PCR products amplified from E8 genomic DNA using a fixed 

concentration of primer XZ30 at 1 25 nM and variable concentrations of AD3 at 0 n M  

(lane1 ), 1 25 nM (lane 2), 250 n M  (lane 3) ,  500 nM (lane 4), 1 250 nM (lane 5 )  and 2500 

nM ( lane 6). Control amplifications were carried out using AD3 alone at 2500 nM (lane 7) 

and no primers (lane 8). 

B: Profile of T AIL-PCR products amplified from a 1 150 dilution of primary PCR products 

shown in A using a nested primer XZ20 at 1 25 nM with AD3 at 1 250 nM. 

C: Profile of TAIL-PCR products amplified from a 1 /50 dilution of secondary PCR 

products shown in B using a nested primer XZ22 with AD3 at 1 25 nM. 

Lane M in A and B contained the 1 kb ladder and lane M in C the 1 kb + ladder 

(GibcoBRL). 

The locations of primers XZ30, XZ20 and XZ22 are shown III Figure 3 . 1 0 . 
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Figure 3.7. TAIL-PCR amplification of the 3 '  region of E8 thil using arbitrary 

primer XZ17 

A:  Profile of primary TAIL-peR products amplified from E8 genomic DNA using a fixed 

concentration of primer XZ30 at 1 25 nM and variable concentrations of XZ 1 7  at 0 n M  

(lanel ), 1 25 n M  (lane 2), 250 nM (lane 3), 500 nM (lane 4), 1 250 n M  (lane 5 )  and 2500 

nM (lane 6). Control amplifications were carried out using XZ 1 7  alone at 2500 nM (lane 7) 

and no primers (lane 8). 

B:  Profile of TAIL-PCR products amplified from a 1/50 dilution of primary PCR products 

shown in A using a nested primer XZ20 at 1 25 nM with XZ 1 7  at 1 250 nM. 

C:  Profile of TAIL-PCR products amplified from a 1 /50 dilution of secondary PCR 

products shown in B using a nested primer XZ22 with XZ 1 7  at 1 25 nM. 

Lane M in A contained the 1 kb ladder and M in B and C the 1 kb + ladder (GibcoBRL). 
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Figure 3.S. Cloning the ES thil gene flanking regions by TAIL-PCR 

A: The scheme for cloning the E8 thil flanking regions by TAIL-peR and the location of 

the primers used. 

B: Primary, secondary and tertiary TAIL-peR products amplified from E8 thil 5 '  region 

using primers XZ23 & AD4 (lane 1 ), XZ24 & AD4 (lane 2), XZ 1 6  & AD4 (lane 3) 

respectively . 

C: Primary, secondary and tertiary TAIL-peR products amplified from E8 thil 5 '  region 

using primers XZ3 1 & AD2 (lane 4), XZ54 & AD2 (lane 5), and XZ55 & AD2 (lane 6) 

respectively. 

D :  Primary, secondary and tertiary TAIL-peR products amplified from E8 thil 3 '  region 

using primers XZ30 & AD3 (lane 7), XZ20 & AD3 (lane 8), and XZ22 & AD3 (lane 9) 

respectively. A 1150 dilution of primary and secondary products was used as template in 

the secondary and tertiary TAIL-peR amplification. 

Lane M contained the 1 kb + ladder (GibcoBRL). 
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Figure 3.9. Cloning the E8 thil 3'  AT rich region by inverse PCR 

A: The location of primers used for amplifying the E8 3 '  flanking region 

B: The inverse peR products amplified by primers XZ3 1 & XZ20 (lane 1 ), and XZ3 1 & 

XZ34 (lane2) respectively from about 30 ng of E8 genomic DNA that had been HindIII 

digested and self-ligated. 

Lane M contains the 1 kb + ladder (GibcoBRL). The black and the red lines indicate the 

known and unknown sequence regions respectively. 
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Figure 3.10. Nucleotide and predicted polypeptide sequence of the E8 thi1 gene 

The 4,398 bp nucleotide sequence from E8 contains the E8 thil open reading frame, 

starting at + 1 (corresponding to the A of the translation start codon) and finishing at 1 0 1 9  

(0) . The sequence (in dark green text) around the start codon is similar to the Kozak 

consensus sequence (Gurr et ai. , 1987). The polypeptide sequence is shown below the 

nucleotide sequence. 

The 5 '  and 3' ends of the mRNA, which were determined by RACE are indicated by purple 

arrows. The introns, determined by RACE and RT-PCR, are shown in lower case letters. 

The potential 5 '  and 3 '  splice sites, and sequences for formation of the lariat (Gurr et ai. , 

1 987), are outlined in  green text. The potential polyadenylation recognition sequence (Gurr 

et al. , 1 987) is shown in blue text. 

Putative transcriptional factor binding sites for CreA �-==� 

and StuAP (eg. TCiorCeiCGCAq identified from the TRANSF AC database 

(http://www.cbrc.jp/researchldbITFSEACH.html) are highlighted in grey, turquoise and 

blue shading respectively. Motifs region A and B which are proposed to be required for 

efficient splicing (Kubodera et ai. , 2003) are underl ined. 

Primers used for cloning, sequencing or analysing the gene are indicated in red text, with 

the accompanying red arrow showing the direction of extension from the primer. 

An AT rich downstream region is highlighted in yellow. 
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- 1 7 6 3  AGTGATTAGAGGAGTATCAAAGGGGTCTAGTCTTGGGCATCCCACTCTTTTTGCTCCCGA 

- 1 7 0 3 GGGCTGCCGGTTTTCCCAAAGAGGAAAGC CACCGGCCCGCAATGTCGGTCTGGTCCGAGG 

- 1 6 4 3  TTTTCTTGTTCTTGGAGAGAAAGGTCATGTAGGAAGCGAGAACTCGAGCAGCCTATTCCG 

- 1 5 8 3  

- 1 5 2 3 GGGGTTTTTTTTTCTCGGTATGAAATGAAGATTTGCTAAAACAAATAAGCAGGAAGAA 

· . . X Z 4 3 . . . 
- 14 6 3  AAAAACTCATCTGTTATTCGGiGAATCAGCAAGCATGGCtGCAATACGGCGCAATCGCCG 

X Z 5 5  

- 14 0 3 GCTCGTCGGCCTCTCTACAAA ATGTACTTCTCG 

XZ54 
GCAACCGCCAAGTCACGGA 

- 1 3 4 3  

- 1 2 8 3  

- 12 2 3 

- 1 1 6 3  

- 1 1 0 3  

- 1 04 3 

- 98 3  

- 92 3  

Hind! ! !  

GGGCTTTCTGGAACACCTCGGc1AGCTTGCGCC�TCATCCCTCGCCCACGTCGiCATCTT � XZ31 

CATCATTCCCGACTTTGTGTCCCTCGCCGAGACGGCAGAGCGGGTCAAGACCTGCCCGGT 

GCCCGTCTGGCTGGGCGCGCAGGATTGCCACTGGGAAGACAGCGGCGCGTTCACGGGCGA 

. . . . XZ44 . 
====�GGTGCTCAGCGAAGTGGGCGTCCGGATTGTCGAAGTCGGtCAC 

�gg�pAGACTGTTTGGCGAGGACGATGCCGTCGTGGCGAAAAAGGCTGCTGCGGTGAG 

CAGGAACGCCATGGTCCCCCTGGTGTGTATAGGAGAGCAGACGAGGGGGGATGTCGCCCT 

· . . . . . 
GGCGGTTGGTGAGiii+i+ifit4iAGGTCGAGGCGGTTCTGGCGGGCGTGTCTCCCGCCGC 

. . . . 

GGA@#iiiffiiiiiiGCGTATGAGCCGGTCTGGGCAATTGGTGCGAGCGAGCCTGCTGGTGA 

- 8 6 3  AGAGCATGTGC���TGGTTGAGGGCATTCGGCAGCTCGGCTGTGTCACGTCAAGGGA 

- 1 7 04 

- 1 644 

- 1 58 4  

- 1 524 

- 14 64 

- 14 0 4  

- 13 4 4  

- 1 2 8 4  

- 1 2 2 4  

- 1 1 6 4 

- 1 1 04 

- 1 044 

- 9 84 

- 92 4  

- 8 6 4  

- 8 0 4  

- 8 0 3 GGGCGTCACGAGGATTGTGTACGGTGGGAGCGCAGGACCCGGCTTGTijjiiijih( GAA - 74 4  

· X Z 1 0 . . . . . 
- 7 4 3  GTC GGTCT�ACGGACTGTTTCTGGGACGCTTCGGACATGATCCC�AGAGGTTTGTCAA - 6 8 4  

X Z 1 6  XZ24 

- 6 8 3  GACAATTCGAGAGGTTGCTGAGGCGTAGTGGCCGGCGAGTCCATAAACCAGGAA - 62 4  

- 6 2 3 

� XZ23 

CCAGGAACCACGAGGCAACACGTGTTGCGATGTGCGCA.GG�ggggCGATTGTAAGAAC 
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- 5 6 3  ATGTTTGCTGCTGTGCTGCGTCGGAACATTTCAAGC�C�C��CATGAGGCCCCATGAAGGA 

- 5 0 3  

- 4 4 3  

. . XZ 2 6 ,... ��� TAAAACCCCTCATACAACTGCAC ATCTCGAACTCCAATCTCGTCTTGCCAC 
5 '  end of mRNA 

TAT�CTTGCATCG�CATTGJ;ATCGdT!TC AC�ACTT�AAGACACCA�CTT9t9 

- 5 0 4  

- 4 4 4  

- 3 8 4  
Int ron 1 

X Z 1 2  
- 3 8 3  c a t  gcagagttggagaCCaLgCaCCCaa�cjagtc cag 

XZ6 

- 3 2 3  ATACCCAATTTCCAAACCGGTrijitunm+f4jiccCGTTATTCATCATCAATCATGGCTTCC 

- 2 6 3  TTCCGTGGTAC. � __ �CAAATATGATCACAAATTTTCAC�taatgtttgctgcatgagc 
Int ron 2 XZ4 6BamHI 

- 3 2 4  

- 2 6 4 

- 2 0 4 

- 2 0 3  cggtgcc t atcccgct t gcttgtttccctccgatgcgacagccgacatc t t t cgtgt tgt - 14 4  

- 1 4 3  agggacaaagaagtaacggggtgtggctgagaatatacggccctga a c t tga - 8 4 
Reg ion B 

- 8 3  �t�c�������==������ccaccccccct t t t c tgacca t tc cggt t cac - 2 4  

- 2 3  a t c c taact tgagtagATCCATCATGAGTCCCCCGGCCGCCATTTCCCCCCCTCGGCAGG 3 6  

SstI 
I 

M S P P A A I S P P R Q V 

3 7  TTGCCGAGCTCGC�CTCAAACCTCCAAGTTTGCCGTTTCGGGCGGTTCCAAGACGCAGA 9 6  
XZ18 

A E L A T Q T S K F A V S G G S K T Q T 

97 CGATCGATGAGATGATGGGCCAGTGGGACAGCTTCAAGTTTGCTCC�TTCGTGAGAGTC 1 5 6  
XZ2 8 

I D E M M G Q W D S F K F A P I R E  S Q 

1 5 7  AAGTCTCTCGGGCSiTGACTCGTCGATACTTCCGGGACCTCGACACCTACGCCGAGTCTG 2 1 6  
XZ5 

V S R A M T R R Y F R D L D T Y A E S D 

2 1 7  ACATTGTCATTGTTGGCGCAGGGTCTTGCGGTCTCAGTGCAGCCTATGTCCTGGGCAAGC 2 7 6  

I V I V G A G  S C G L S A A Y V L G K H 

. XZ13 . . . . . 
2 7 7  ACCGACCTGACCTGAAGA'I"�'GCATCATCGAGGCTTCTGTTTCTCCTGGTGGCGGTGCCT 3 3 6  

R P D L K I C I I E A S V S P G G G A W 

3 3 7  GGCTGGGCGGACAGCTCTTCTCTGCCATGGTGATGCGCAAGCCCGCGGACGCGTTCCTCC 3 9 6 

L G G Q L F S A M V M R K P A D  A F L R 
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· . . XZ l l . . . 
3 9 7  GAGAAATTGGCGTTCCGTACGAGGATGAGGGT�CTATGTGGTTGTCAAGCACGCCGCCT 4 5 6  

E I G V P Y E D E G N Y V V V K H A A L 

4 5 7  TGTTCACCTCGACCATCTTGTCCAAGGTTCTTTCTCTGCCCAACATCAAGATGTTCAATG 5 1 6  

F T S T I L S K V L S L P N I K M F N A 

5 1 7  CCACATGTGTTGAGGATCTGATCACCCGTCCCTCTGAAGAAGGCGTCCGCATTTCCGGTG 5 7 6  

T C V E D L I T  R P S E E  G V R I S G V 

· . . . . X Z 1  . 
5 7 7  TTGTCACCAACTGGAC�TGGTCTCTATGCATCACGACGACCAGTCTTGCATGGACCC� 6 3 6  

XZ8 
V T N W T L V S M H H D D Q S C M D P N 

6 3 7  ACACCATCAATGCACCTCTTGTCATCTCCACCACTGGCCATGATGGTCCCATGGGTGCGT 6 9 6  

T I N  A P L V 1 S T T G H D G P M G A F 

XZ4 7HindI I I  . . . . . 
6 9 7 TTTGCGTGAAGCGTCT�GTCAGCATGCAGCGCATTGAAAAGCTCGGTGGTATGCGCGGAC 7 5 6  

C V K R L V S M Q R I E K L G G M R G L 

7 5 7  TCGACATGAACACCGCCGAAGATGCCATTGTCAAGAACACTCGTGAGATTGTTCCTGGTC 8 1 6  

D M N T A E D A I V K N T R E I  V P G L 

Ss t I  

8 1 7  TTA�TGTCGGTGGCATG!AGCTC�CCGAGGTTGACGGAGCCAACCGCATGGgt�aggtga 
Int ron 3 

I V G G M E L S E  V D G A N R M G 

8 7 7  tttatcgtcgttctatgacattatacgc aactaacat t t t cccctatcagGTS(GACA1'T 

P T F 

9 3 7  

9 9 7  

1 0 5 7  

l l l 7  

XZ30 � 
Cr.aTGCAATGGTCCTTAGCGGTCTCAAGGCTGCCGAGGAAGCGCTCAAGGTTTTCGACCT 

XZ2 5 (XZ3 ) 
G A M V L S G L K A A E E A L K V F D L 

R A K Q N A I * 

TGACGTTATCCTCGGCATCCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCAT 

· . XZ2 2 � . . . 
GCTCACGTTGGTACTGATGACAA GATGGATTAGTCGG.AGTCAGTCAGAATGAAATACA 

XZ14 

1 09 

8 7 6  

9 3 6  

9 9 6  

1 0 5 6 

l l l 6  

1 1 7 6  



1 1 7 7  

1 2 3 7  

1 2 9 7  

1 3 5 7  

1 4 1 7  

1 4 7 7  

1 5 3 7  

1 5 9 7  

1 6 5 7  

1 7 1 7  

1 7 7 7  

1 8 3 7  

1 8 9 7 

1 9 5 7  

2 0 1 7  

3 '  end o f  mRNA 

• • 
TTTGCCTGGGCCTTTGAGGTTTATGTTGGGCAGACTTCACATTGTACACTTTGTGTCGTG 

CTATTTGTGCTTATCCAACGlGATGTTTCCGTGCTCACCGAGATCGTTTTCACTTTGTGG 
XZ3 9 

XZ38 . • 
CAGCGATTATTCGTATTCTTCTTGCCCAAACGAATACTGTTTGCAGCAATCCCAAATATG 

IS stI  
CTGGTGCCGTCAATTGCGTTGTTGTATGGGCAdAGCTCGAGGGTGGTGGCTTGG�GAGGT 

. XZ34 . . . . XZ 3 5 . 
TTGTGTTGCAACGCTG�TGGGAAGGGCCTGCCTGGCGCCAACGCATCATG�ATATTTC 

X Z 3 7  

. X Z 3 6 . . . . . 
AAGGAAGCACAGAhTTTATTTGCATTCCTAAAAAGACGGATTCGATTAGAACAAACTTTT 

ATTAATTATAGCTAGGTTCCTTAAGTGTTAAAGGGCAACACCCTTCTAATGAAAATTTTT 

CTGTGTGGCTTTTAAGCCAGAGGGTGGGTCAGTGCCTCGCACCTTCCCCCCCTCCTAC� 

GTCTACTA��CAAGATAGTTACCCTAACTATATAAAAAGAAAAGAAGAAAAAAAAAAAA 
XZ61 XZ4 8Hind I I I  

AAGAAAATATAACAAAGTAATTATCCCTTAAAGTAATTAATTAACCCTTTAGTCCTTAAC 

TATAATAGGACCTTCTATTATTACCTTAATTTTCTCTAGGGTTATTAAGCTATTACACTC 

CCTAGAAAACCCTATAATTAAGTCCTTATAGACCCTTATAACTTCTATAGATAAATAATT 

ATACCTTAGTGCCTTATCTAAACCTCTTAAATTATCTTATAATTATTTTAATACCTTAAT 

TTACCCTAGATATTATAAGGGAGGGAGCCCTCTACTAATATTAAATATAAGTCTAGTAAT 

TCTTTTAGTATAGTTAGAATCCTTAGACTAGTAGCTTCCTAAGATATTAGCCTAAAGAGT 
• 

XZ62 . 

1 2 3 6  

1 2 9 6  

1 3 5 6 

1 4 1 6  

1 4 7 6  

1 5 3 6  

1 5 9 6 

1 6 5 6  

1 7 1 6 

1 7 7 6  

1 8 3 6  

1 8 96 

1 9 5 6  

2 0 1 6  

2 0 7 6  

2 0 7 7  TAAGTAACTATTAGCTATTTACTTACTTTACTTAAGTATCTAGATTTAAAATATTCTTTA 2 1 3 6  

2 1 3 7  AAGATTAAGGTTTTTTCCTTCTTTTTATCTAAAGTATAGGTAAGAGTATTACTAAGTTCT 2 1 96 

2 1 97 TTTAACTTAGTAGGGTTTAGTTCCCTAGTCTTAATATTATTAATACTATTTTTATATATA 2 2 5 6 

2 2 5 7  TTAATTAATCCTTTTAGCTTTACTAATATAATATATAATAAATAATATATAAATAAAATT 2 3 1 6 

2 3 1 7  CCTATAAGCACTTTAATAGCTAGACCTTACCTTTATTATATCTTTACTAATTCTTAAGAA 2 3 7 6  

2 3 7 7  GCTAGGCCTTTAAGCCTTTTAAATATAAGAACTATAGGTTTAGTAGTATTATTATATAAC 2 4 3 6  

1 1 0 



2 4 3 7 TAGGAATAGGTTTCTCTAGAAGAAGTTTAAATTAGTTCTCTAATACCTTAACTCTAGGTA 2 4 96 

2 4 9 7  GTAAGATAAGAGAGGTAAGCTCCTAAGAAGTAGTCTAGCCCTTAGCTTTAAGCCTAACTA 2 5 5 6 

2 5 5 7 TAGCTACTATATTATTATATTCCTTAGGGCTTATATTTTAAACTTTAAATAACTTAGGTA 2 6 1 6  

2 6 1 7  TGCCTTTTAGTATAAGCTT 

1 1 1  



Figure 3.1 1 .  Alignment of polypeptide sequences encoded by thil from E8 and Lp 1 9  

The E8 (top l ine) and Lp 1 9  (bottom l ine) Thi 1 polypeptides were al igned using the GAP 

program from the Wisconsin Package version 9. 1 (Genetics Computer Group). Vertical bars 

( I )  represent identical amino acids; double dots ( :) similar amino acids and single dot ( -) 

non-similar amino acids. The non-identical amino acids are indicated by red letters. 
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E 8Thi 1 1 MS PPAAI S PPRQVAELATQTSKFAVSGGSKTQTI D EMMGQWDS FKFAPI R  5 0  

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  
Lp 1 9Thi 1  1 MSPPAAI S PPRQVAELATQTSKFAVSGGSKTQT I DEMMGQWNS F KFA P I R  5 0  

E8Thi 1 5 1  ESQVSRAMTRRYFRDLDTYAESD IVIVGAGSCGLSAAYVLGKHRPDLK I C  1 0 0  

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  
Lp 1 9Thi 1  5 1  ESQVSRAMTRRYFQDLDTYAESD I VIVGAGSCGLSAAYVLGKHRPDLK I C  1 0 0  

E8Thi 1 1 0 1  I I EASVSPGGGAWLGGQLFSAMVMRKPADAFLRE I GVPYEDEGNYVVVKH 1 5 0  

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  
Lp 1 9Thi 1  1 0 1  I I EASVS PGGGAWLGGQLFSAMVMRKPADAFLRE I GVPYEDEGNYVVVKH 1 5 0  

E8Thi 1 1 5 1  AALFTSTI LSKVLSLPNI KMFNATCVEDL ITRPSEEGVRI SGVVTNWTLV 2 0 0  

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  
Lp 1 9Thi 1  1 5 1  AALFTST I I S KVLSLPNI KMFNATCVEDLITRPSEEGVR I SGVVTNWTLV 2 0 0  

E8Thi 1 2 0 1  SMHHDDQSCMD PNT I NAPLV I S TTGHDGPMGAFCVKRLVSMQR I EKLGGM 2 5 0  

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  
Lp 1 9Thi 1  2 0 1  SMHHDDQSCMDPNTI NAPLVI STTGHDGPMGAFCVKRLVSMQR I EKLGGM 2 5 0  

E8Thi 1 2 5 1  RGLDMNTAEDAIVKNTREI VPGL I VGGMELSEVDGANRMGPTFGAMVLSG 3 0 0 

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  
Lp 1 9Thi 1  2 5 1  RGLDMNTAEDAI VKNTRE I VPGL I VGGMELSE I DGANRMGPTFGAMVLSG 3 0 0  

E8Thi 1 3 0 1  LKAAEEALKVFDLRAKQNAI 3 2 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
Lp 1 9Thi 1  3 0 1  LKAAEEALKVFDLRAKQNAI 3 2 0  

1 1 3 



Figure 3. 1 2. Alignment of the 5' upstream regions of thil from Lp19 and E8 

The 5 '  upstream regions of the E8 (top line) and Lp 1 9  (bottom line) thil genes were aligned 

using the GAP program from the Wisconsin Package version 9. 1 (Genetics Computer 

Group). Vertical bars ( I) represent identity. Mismatched nucleotides are indicated with red 

letters. 

The proposed translation start site (in dark green bold text) was identified based on its 

similarity to the Kozak consensus sequence (Gurr et aI. , 1 987) (in dark green letters). The 

5 '  ends of the mRNA, which were determined by 5 ' RACE are indicated by purple arrows. 

Two perfect 58 bp direct repeats in Lp 1 9  thil 5 '  region are shaded. Motifs region A and B 

which are proposed to be required for efficient splicing (Kubodera et ai. , 2003) are 

underlined. 

Putative transcriptional factor binding sites for CreA , NIT2 (eg. ----�� ��--� 
and StuAP (eg. TGTCGC(i( 'i\q identified from the TRANSF AC database 

(http://www.cbrc.jp/researchldbrrFSEACH.html) and conserved between the Lp l 9  and E8 

thi I promoter are highlighted in grey, turquoise and blue shading respectively. 
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E 8 th i l  

Lp 1 9 th i l 

E 8 thi l  

Lp 1 9 th i l 

E 8 thi l 

Lp 1 9 th i l 

E8 thi l 

Lp 1 9 thi l 

ATATCTCGA . . . . . . . . . . . . . . . . . . . . . . . . . .  ACTCCAATCTCGTCT - 4 5 0  

I I 1 1 1 1 1  1 1 1 1 1 1 1 1 1  1 1 1 1 1  
ACAACTCGACCCTTCTTGCAAAATACTTGCAAAATACTCCAATCCCGTCT - 5 4 3  

t 
5 '  end of Lp 1 9  thi l  mRNA 

TGCCACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 4 4 3  

1 1  1 1 1 1  
TGTCACTTTTGATTCTGTCAATCCTGCA - 4 9 3  

repeat 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  AT - 4 4 1  

I 11111111111111111111111111"111111111 - 4 4 3  
. epeat 

E8 thi l  mRNA 

TACCACTTTAAGACACCA - 3 9 1  �'T'-?r" I I I I 1I1I��IY���K2�����������ACCA - 3 9 3 

E 8 thi l  TCTTGTGTGACAAAACCATC�""�T�GCAGAGTTGGAGACCATGC - 3 4 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  
Lp 1 9 th i l TCTTGTTTGATAAAACCATC T GCAGAGTTGGAGACCATGC - 3 4 3  

. . . . . 
E8 thi l 

Lp 1 9 thi l 

ATCTAACACGAGTCCAGATAC CCAATTTCCAAACCGG1���CC - 2 9 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  I I I I I I I I I TJ� I I  
ATCTAACACGAGTCCAGACATCCAATTTTCAAACCGG ..• _: ____ t ... CC - 2 9 3  

E 8 thi l CGTTATTCATCATCAATCATGGCTTCCTTCCGTGGTACT .��� 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I � ........ 

- 2 4 1  

Lp 1 9 thi l CGTGATGTATCAACAATCATGGCATCCTTCCGTGGTACTA�ATC CA - 2 4 3  

E 8 thi l TGATCACAAATTTTCAGGTAATGTTTGCTGCATGAGCCGGTGCCTATCCC - 1 9 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  I I 1 1  
Lp 1 9 thi l TGATCACAACTCTTCAGGTAATGTTTGTTGCATGAGCCGGTGCCCACCCC - 1 9 3  

E 8 thi l GCTTGCTTGTTTCCCTCCGATGCGACAGCCGACATCTTTCGTGTTGT - 1 4 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  
Lp 1 9 thi l GCTTGCTTGCTTTCCCCCGATGCGACAGCCGACATCTTTCGTGTTGT - 1 4 3  

E 8  thi l  

Lp 1 9 thi l 

E8 thi l 

Lp 1 9 thi l 

E 8 thi l 

Lp 1 9 th i l  

GGGACAAAGAAGTAACGGGGTGTGGCTGAGAATATACGGCCCTG - 9 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 1  
;.;:.;;.0;= CGGGCAAAGAAGTAACGGGGTGTGGCTGAGAATATACGGCCCTG - 9 3  

AACTTGATC: GGAT�TACCAGCGAAAGGATCATG . .  CCACCCCCCCTTT - 4 3  

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  
AACTTGATC�GGAT�TACCAGCGAAAGGATCATGCCCCCCCCCCCCCTT - 4 3  
Regi on B Reg l on A 

TCTGACCATTCCGGTTCACATCCTAACTTGAGTAGATCCATCATGAGTCC + 8  

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  
TCTGATCATTCCGGTTCACAATCTAACTTGAGTAGATCCATCATGAGTCC + 8  

1 1 5 
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Figure 3. 1 3. Southern blot analysis of the tltil gene in Lp19, Lpl  and E8 strains 

A: The location of the Lp 19 thil sequence used as probe that was amplified using primer 

XZ59 & XZ60. 

B: Agarose gel of 2 J.lg of Lp 1 9  (lanes 1 ,  4, 7, 1 0) ,  Lp 1 ( lanes 2, 5, 8, 1 1 ) and E8 (lanes 3, 6, 

9, 1 2) genomic DNA digested with HindIII  ( lane 1 ,  2 ,  3), BamHI (lane 4, 5, 6), EcoRV 
(lane 7, 8, 9), and PstI (lane 1 0, 1 1 , 1 2).  Lane M 1  and M2 contained 1 kb + ladder and 

ADNAJHindID ladder (GibcoBRL). 

c: Autoradiograph of the Southern blot of B probed with the digoxigenin- l 1 -dUTP labeled 

probe shown in A. 
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A 

B 

c 

BamHIHindil l  

8 . 1 kb 
7 . 1 kb 
6 . 1  kb 
5 . 1  kb 
4. 1 kb 

3 . 1  kb 

2.0 kb 

8. 1 kb 
7. 1 kb 
6. 1 kb 
5 . 1  kb 
4. 1 kb 

3. 1 kb 

2.0 kb 

, L1' l 9  tltil 

Probe 

M l  1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  M2 

• 

1 1 7 
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3.2 .  Characterisation and expression analysis of thi1 

3.2. 1 .  Characterisation of the Lp1 9 thi1 m RNA 

3.2. 1 . 1 .  5'RACE analysis of the Lp19 thil mRNA 

5 'RACE (Section 2.9.2) was carried out to determine the 5 'end of the Lp 1 9  thil mRNA as 

outlined in Fig. 3 . 1 4A. Multiple products were produced from the 5 'RACE amplification 

(Fig. 3 . 1 4B), suggesting either multiple transcriptional start sites or alternative splicing in 

the 5 '  un-translated region. The final 5 'RACE products were cloned into pGEM-T (Section 

2.4) for sequence analysis. Among the recombinant plasmids analysed four different sized 

inserts were identified (Fig. 3 . l 4C). A comparison of the sequences from pXZ 1 5, p XZ 1 6  

and pXZ 1 8  to the Lp 1 9  thil sequence showed that all started at 590 bp upstream of the 

putative translation start codon (Fig. 3 . 1 5). The sequence of pXZ 1 5  was identical to that of 

pXZ 1 6  except that it had a longer de tail. Three introns were identified in the 5 '  un­

translated region of the thil transcript, at position -388 to -326, -306 to -226 and -225 to -

8. Plasmids pXZ 1 5  and pXZ 1 6  had all three introns spliced, while pXZ 1 8  had introns 1 

and 3 spliced. Alignment of  the sequence from pXZ20 with Lp 1 9  thil  sequence suggested 

the presence of a second transcription start site at +28 bp (Fig. 3 . 1 5). However, this is most 

likely to be a truncated transcript rather than a true one. 

The 5 '  un-translated region of thil (- 1 to -590) contains several potential translation 

initiation codons in addition to the Thi l ATG (Fig 3 . 1 6). A short polypeptide (PEPI 8) of 

1 8  amino acids could be translated from a mRNA in which introns 1 ,  2 and 3 are all spliced. 

Two polypeptides, PEP 1 8  and PEP37 (37 amino acids), could be translated from mRNA 

with introns 1 and 3 spliced. For a mRNA with just intron 3 spliced, three polypeptides 

PEP1 8, PEP37 and PEP42 (42 amino acids) could be translated. All these polypeptides are 

1 1 8 



followed by a translation stop codon prior to the Thi 1 translation start site, or are in a 

different reading frame to that of the Thi 1 (Fig 3 . 1 6) .  These upstream open reading frames 

might inhibit initiation or re-initiation of translation of Thi 1 .  

3.2 .1 .2. 3'RACE analysis of the Lp19 thil mRNA 

3 'RACE (Section 2.9. 1 )  was carried out to determine the 3 '  end of the Lp 1 9  thil mRNA as 

shown in Fig. 3 . 1 7  A. Agarose gel analysis of the fmal PCR products showed that two 

bands were amplified (Fig. 3 . 1 7B). The final PCR products were cloned into pGEM -T and 

digestion (Section 2.4) of the recombinant plasmids identified fragments of two different 

sizes (Fig. 3 . 1 7C). Sequence analysis of these 3 'RACE products identified two mRNA 

ends, one at + 1 1 87 and the other at + 1 257. Both were preceded by a consensus 

polyadeny lation site (Fig. 3 . 1 8) .  In addition, an intron of 59 bp was identified in the 3 '  

coding region o f  thil (Fig. 3 . 1 8) .  This intron was previously predicted by comparison o f  the 

Lp 1 9  thil gene sequence with homologues from other organisms. 

3.2 .2 .  Characterisations of the E8 thi1 m RNA 

The 5' and 3 '  ends of the E8 thil mRNA were also determined by RACE (Section 2 .9). 

Sequence analysis of the 5 '  RACE product showed that the E8 thil transcript starts at -420 

bp (Fig. 3 . 1 9) .  Two introns at -386 to -324 and -223 to -8 were identified in the 5 '  un­

translated region of the gene (Fig. 3 . 1 9) .  In addition to the major Thi 1 polypeptide, a 

potential polypeptide (PEP43) of 43 amino acids could be translated in the E8 thil 5 '  

upstream region (Fig. 3 .20) . PEP43 i s  in a different frame from Thi l .  I n  contrast to Lp 1 9  

thil , 5 '  and 3 '  RACE analysis of E8 thil identified single products. Sequence analysis o f  the 

3 '  RACE product showed that transcription terminates at + 1 222 bp (Fig. 3 .2 1 ) . A 

consensus polyadenylation site precedes this termination site. An intron of 59 bp at +868 
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to +926 was identified in the 3 '  coding region of E8 thil ,  at an identical position of Lp 1 9  

thil . Although only one transcript was identified in our experiment, this does not 

necessarily mean that there is no alternative splicing present in E8 thil gene. 

3.2 .3 .  Expression and alternative sp l ic ing of the Lp1 9 thi1 gene 

i n  c u lture 

As prevIOus bioinformatic analysis showed that the Lp 1 9  thil gene promoter regIOn 

contains many putative NIT2 and CreA factor binding sites, RT-PCR (Section 2 .8) was 

employed to determine whether the pattern of alternative splicing of Lp1 9  thil varied with 

the carbon and nitrogen source used for growth. Amplifications were carried out with 

primers that flank the introns present in the 5' UTR and the intron present in the 3 '  coding 

region of the gene (Fig. 3 . 22). To distinguish cDNA products from genomic products, Lp 1 9  

genomic DNA was amplified as a control .  Lp1 9  �-tubulin cDNA was also amplified as a 

control for the different cDNAs amplified. 

The RT-PCR products amplified using the �-tubulin gene primer pair (Fig. 3 .22A) or the 

(hil primer pair XZ I and XZ25 (Fig. 3 .22B) were very similar and did not vary with the 

different growth conditions. When amplified with primer set XZ26 and XZ28, each of the 

RNA samples gave two to four products that differed in size (about 3 50 bp, 450 bp, 500 

bp and 550 bp) and intensity (Fig. 3 . l 9C), a reflection that thi] undergoes alternative 

splicing in different nutrient conditions. Furthermore, the levels and patterns of 

alternatively spliced transcripts varied in different nutrient conditions. 

RT-PCR products amplified with primer set XZ26 and XZ28 were cloned into pGEM-T 

(Section 2 .4) and recombinant plasmids containing 357 bp, 439 bp or 502 bp inserts, but 

not the 550 bp fragment, were obtained. Sequence analysis of these products showed that 
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three transcript isoforms were present as shown in Fig. 3 .  22D. The intron boundaries of 

these products were identical to those identified in the 5 'RACE analysis. The results 

suggested that carbon and nitrogen sources affect the expression of the Lp 1 9  thil gene by 

altering the splicing of  the transcripts. These results might indicate that carbon and nitrogen 

sources may regulate Lp 1 9  thil gene expression by alternative splicing of transcripts. 

Interestingly, addition of thiamine did not reduce the level of thil (Fig. 3 .22B lane 9) 

mRNA, nor change the alternatively spliced isoforms (Fig. 3 .22C lane 9) when the hyphae 

were grown in basal salts without carbon or nitrogen source (Fig 3 .22B and C lane 8). 

3.2.4.  Expression and a lternative s pl ic ing of the Lp19  thi1 gene 

in pJanta 

RT-PCR (Section 2.8) was carried out to examine expression of the Lp 1 9  thil in the 

perennial ryegrass host. As shown in Fig. 3 .23, the gene was expressed and more than one 

transcript isoform was produced in the host tissue. Cloning and sequence analysis of the 

RT-PCR products amplified from primers XZ26 and XZ28 identified two transcript 

isoforms, corresponding to the type I and type II alternatively spliced products as shown 

in Fig. 3 .22D. 

3.2 .5 .  Summary and d iscussion 

The transcription start site of  both the Lp 19  and E8 thil genes in this study were 

determined by 5 'RACE (Sections 3 .2 . 1 . 1 and 3 .2.2). It is interesting that the proposed 

transcription start site of the Lp 1 9  thil is at -590 bp (Section 3 .2 . 1 . 1 ), and E8 at -420 

(Section 3 .2 . 1 . 1 ) . As determination of the transcription start site relies on both the presence 

of a full-length 5 '  un-translated region and efficient reverse transcription, the 5 'RACE 
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technique used in this study dose not necessarily generate full length cDNA products. The 

transcription sites detected by this method could be at truncated mRNA ends. 

Alternatively, the site detected could be one of several transcription start sites, SInce 

multiple transcription initiation sites are often detected in filamentous fungal genes (Gurr et 

al., 1 987). 

The cloning and sequencing of the 5 'RACE products and RT-PCR both demonstrated that 

the 5 'UTR of the Lp 1 9  thil gene is alternatively spliced (Sections 3 .2 . 1 and 3 .2 .2), while 

only one type of E8 thi] transcript was identified by 5 'RACE (Section 3 .2.2).  This would 

be the result of limited number of clones containing 5 ' RACE products that were sequenced. 

Although RT-PCR may not amplify each of the Lp 1 9  thil mRNA isoforms at the same 

efficiency, the different ratios of R T -PCR products would reflect the different ratios of the 

mRNA isoforms produced from alternative splicing of the Lp1 9  thil gene under the 

different nutrient conditions. Alternative splicing has been found in some other fungal genes, 

including the transposable element Restless from Neurospora crassa (Kempken et al. 1 996; 

2004), a gene encoding a zinc finger protein in S. pombe (Okazaki and Niwa, 2000), the rgb­

] gene encoding the B regulatory subunit of the type 2A phosphatase in N crassa (Yatzkan 

and Yarden, 1 999), and the hex] gene from Trichoderma reesei (Curach, et at. 2004). 

Mutations at the 5' and 3 '  splice sites can modify the alternative splicing of the transcripts 

of the transposon Restless (Kempken et al. 2004). The three transcripts of hex} gene 

involved in producing precursors of the Woronin body in the fungus could encode for two 

forms of the protein (Curach, et al. 2004). However, all transcripts of the Lp 1 9  and E8 thil 

genes appear to encode a single THI protein (Fig. 3 . 1 6  and Fig. 3 .20) . 
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mRNA 

5 ,------.... ::----(A)n 

+ XZ8 

A 

5i�'III;::;:;::;:;::;:;::;:;::;:;::;:;::;:�5;-' --(A)n First strand cDNA synthesis 

+ using primer XZ8 
-- -

------- 5 '  
+ CC . . .  CCC".....-_....:..._--

AAP ..L T 5 '  5'-GG . . .  gGcr+"'"'""-__ --CC . . .  CC +-
AU:�P +XZ5 -GG . . .  GGO�=::::::;== 

CC . . .  CCC +-5 '  XZ1 8  

+ 
Run PCR products on agarose gel 

B M 

650 bp 
650 bp 

500 bp 
500 bp 400 bp 
400 bp 

300 bp 
300 bp 

200 bp 
200 bp 

1 00 bp 

Template mRNA degradation 

Addition of poly-dC to the 
cDNA 3 '  end 

PCR with anchor primer AAP 
and nested primer XZ5 

PCR with primer AUAP and 
nested primer XZ 1 8  

c 

Figure 3.14.  Determination 5' end of Lp19 thil mRNA by RACE 

A: Procedure used for 5 'RACE analysis. 

B: Agarose gel analysis of PCR products amplified using primers AUAP and 
XZ I 8. 

c:  EcoRI digests of plasmids pXZ 1 3  (lane 1 ), pXZ 1 4  ( lane 2), pXZ 1 5  (lane 3) ,  
pXZ 16 ( lane 4),  pXZ 1 7  (lane 5 ), pXZ 1 8  (lane 6), pXZ 19 (lane 7) and pXZ20 
( lane 8) containing 5 ' RACE products cloned into pGEM-T easy vector. 

Lane M contains the 1 kb + ladder (GibcoBRL). 
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Figure 3.1 5. Alignment of sequences from the Lp19 thil 5'RACE products 

The sequences of Lp1 9  5 'RACE products in plasmids pXZ 1 5 , pXZ 1 8  and pXZ20 are 

shown in alignment with the Lp1 9  thil gene sequence. The nucleotides are numbered (on the 

right side) with respect to the A (+ 1 )  of the proposed translation start site (in dark green 

text) . Introns in the Lp 1 9  thil gene sequence are in lower case letters . The alternative 

spliced intron is highlighted in yellow letters . The 5' and 3' splice sites and proposed lariat 

sequences (Gurr et al. , 1 987) are highlighted in green text. Two direct repeats of 58 bp are 

highlighted in purple text. The 5 '  end of Lp 1 9  thil mRNA is indicated by a purple arrow. 

Motifs region A and B which are proposed to be required for efficient splicing (Kubodera et 

aI. , 2003) are underlined. 
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Lp1 9 th i l  
pXZ 1 5  
pXZ 1 8  

Lp1 9 thil 
pXZ1 5  
pXZ1 8  

Lp1 9 th i l  
pXZ 1 5  
pXZ 1 8  

Lp1 9 thi l 
pXZ 1 5  
pXZ1 8  

5 '  end o f  mRNA 

CTCAT�CAACTCACA�AACGCGCA�AACTCGACCC�TCTTGC�TACTTGC�TAC 
AACTCGACCCTTCTTGCAAAATACTTGCAAAATAC 
AACTCGACCCTTCTTGCAAAATACTTGCAAAATAC 

TCCAATCCCGTCTTGTCACTTTTGATTCTGTCAATCCTGCACTGCCTACCTGCATATTCG 
TCCAATCCCGTCTTGTCACTTTTGATTCTGTCAATCCTGCACTGCCTACCTGCATATTCG 
TCCAATCCCGTCTTGTCACTTTTGATTCTGTCAATCCTGCACTGCCTACCTGCATATTCG 

CATCG�CATTGC�TCGCTATC�ATACCACT¥GAGATG���!��TGCATAT�CGCA 
CATCGAAAACATTGCAATCGCTATCCATACCACT GAGATGCCTACCTGCATATTCGCA 
CATCGAAAACATTGCAATCGCTATCCATACCACT GAGATGCCTACCTGCATATTCGCA 

. . . . repeat . . 
TCGAAAACATTGCAATCGCTATCCATACCACTTTGAGATACCATCTTgt t tgataaaacc 
TCGAAAACATTGCAATCGCTATCCATACCACTTTGAGATACCATCTT . . . . . . . . . . . .  . 
TCGAAAACATTGCAATCGCTATCCATACCACTTTGAGATACCATCTT . . . . . . . . . . . .  . 

Int ron 1 

- 5 5 6  

- 4 9 6  

- 4 3 6  

- 3 7 6  

Lp1 9 th i l  atctccccacgatagcagagt tggagaccatgcatctaacacgagtccagACATCCAATT - 3 1 6  
pXZ 1 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ACATCCAATT 
pXZ 1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ACATCCAATT 

Lp1 9 thi l TTCAAACCGgtacacgcgatccccgtgatgtatcaacaatcatggcatcctt ccgtggta - 2 5 6 
pXZ 1 5  TTCAAACCG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
pXZ 1 8  TTCAAACCG 

Intron 2 

Lp1 9 th i l  ctatat ccaaacatgatcacaac t c t t caggt aatgt ttgttgcatgagccggtgcccac - 1 96 
pXZ1 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
pXZ 1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Int ron 3 

Lp1 9 th i l  cccgct tgct tgc t t t ccc ccgatgcgacagccgacat ctt tcgtgt tgtaatatcagac - 1 3 6  
pXZ 1 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
pXZ 1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Lp1 9 th i l  gggcaaagaagtaacggggtgtggctgagaatatacggccctgaacttgatctggataat - 7 6 
pXZ 1 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Region B . . . . . . . .  . 
pXZ1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Lp1 9 th i l  accagcgaaaggatcatgc cccccccccccc t t tctgatcatt ccggt t cacaatctaac - 1 6  
pXZ1 5  . . . . . .  Reg�on A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
pXZ1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Lp1 9 th i l  
pXZ 1 5  
pXZ1 8  
pXZ2 0 

t tgagt agATCCATCATGAGTCCCCCGGCCGCCATTTCTCCCCCTCGGCAGGTCGCTGAG 
. . . . . . . .  ATCCATCATGAGTCCCCCGGCCGCCATTTCTCCCCCTCGGCAGGTCGCTGAG 
. . . . . . . .  ATCCATCATGAGTCCCCCGGCCGCCATTTCTCCCCCTCGGCAGGTCGCTGAG 

CCTCGGCAGGTCGCTGAG 
M S P P A A I S P P R Q V A E 

4 4  

Lp1 9 thi l CTC�GACTCAAACCTCCAAGTTTGCCGTTTCGGGCGGTTCCAAGACGCAGACGATCGAT 1 0 4  
XZ18 
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Figure 3.16. Analysis of potential peptide sequences in Lp19 thil 5' upstream region 

Potential polypeptide sequences from the Lp1 9  thi]  5' upstream region were translated 

using MAP program from the Wisconsin Package 9. 1 ,  GCG. The nucleotides are numbered 

with respect to the A (+ 1 )  of the proposed thi] translation start site ( in dark bold green 

text), which is surrounded by a sequence with close similarity to the Kozak consensus 

sequence (Gurr et aI. , 1 987). Other potential translation start sites in the Lp 1 9  thi] 5 '  

upstream region are highl ighted in green letters, stop codons with stars, and introns with 

lower case letters. Potential peptides are designated as PEP 1 8, PEP37 and PEP42 

respectively with the number after PEP indicating the number of amino acids in the peptide. 

Motifs region A and B which are proposed to be required for efficient splicing (Kubodera et 

al. , 2003) are underlined. 
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a 
b 
c 

a 
b 
c 

a 
b 
c 

5 ' end of mRNA 

.. 
CTCATACAACTCACACAACGCGCACAACTCGACCCTTCTTGCAAAATACTTGCAAAATAC 

- 6 1 5 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 5 5 6 
GAGTATGTTGAGTGTGTTGCGCGTGTTGAGCTGGGAAGAACGTTTTATGAACGTTTTATG 

L 
S 

H 

I Q 
Y N 

T T 

L 
S 

H 

T Q 
H N 

T T 

R A 
A H 

R T 

Q 
N 

T 

L 
S 

D 

R 
T 

P 

P s 
L L 

F L 

C 
A 

Q 

K 
K 

N 

I L 
Y 

T 

A 
L Q 

C K 

K 
N 

I 

Y 

T 
L -

TCCAATCCCGTCTTGTCACTTTTGATTCTGTCAATCCTGCACTGCCTACCTGCATATTCG 
- 5 5 5  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 4 9 6  

AGGTTAGGGCAGAACAGTGAAAACTAAGACAGTTAGGACGTGACGGATGGACGTATAAGC 

S N 
P I 

Q S 

P V 
P S 

R 

L S L L 
C H F 

L V T F 
* 

D 

I L S I L H C L P A Y  
F C Q S C T A Y  L H 

S V N P A L  P T C I 
I 

S 
R 

F A -

CATCGAAAACATTGCAATCGCTATCCATACCACTTTGAGATGCCTACCTGCATATTCGCA 
- 4 9 5 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 4 3 6  

GTAGCTTTTGTAACGTTAGCGATAGGTATGGTGAAACTCTACGGATGGACGTATAAGCGT 
PEP1 8 

H R K H 
I E N I 

S K T 

C N 

A I 
L Q 

R Y 
A I 

S L S 

P Y H F E M P T C I 

H T T L R C L P A Y  
I P L * D A Y  L H I 

F A 
S H 

R 1 -

TCGAAAACATTGCAATCGCTATCCATACCACTTTGAGATACCATCTTg t t t c taaaaacc 
- 4 3 5 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 3 7 6  

AGCTTTTGTAACGTTAGCGATAGGTATGGTGAAACTCTATGGTAGAAcaaa c t a t t t tg9 
Intron 1 

a S K  T L Q S L S I P  L * D T I L F D K T 
b R K H C N R Y P Y H F E I P S C L I K P 
c E N I A I A I H T T L R Y H L V * * N H -

atctccccacgatagcagagttggagaccatgc a t c t aacacgagtccagACATCCAATT 
- 3 7 5 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 3 1 6 

tagaggggtgc t a t cg t c t c aacct ctggtacgtaga t tgtgct caggtcTGTAGGTTAA 

a 
b 
c 

I S P R 

S P H D 

L P T I 

* Q S W R P C I * H E S 

S R V G D H A S  N T S 

A E L E T  M H L T R V 
PEP4 2 

R H 

P D I 
Q T S 

P I 

Q F 

N F -

TTCAAACCGgtacacgcga t c cccgtgatgtat caacaat catggcat c c t t c cgtggta 
- 3 1 5 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 2 5 6 

AAGTTTGGCcatgtgcgct aggggcact acatagt tgt t agtaccgtaggaaggcaccat 
Int ron 2 PEP3 7 

a F K P V H A I P V M Y Q Q S W H P S V V 

b S N R Y T R S P * C I N N H G I L P W Y 

c Q T G T R D P R D V S T I M A S F R G T -

ctatat ccaaa catgat cacaac t c t t c aggt aatgt t tg t tgcatgagccggtgcccac 
- 2 5 5  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - 1 9 6  

gatataggtttgtac tagtgt tgagaagtccatt acaaacaacgtactcggccacgggtg 
Int ron 3 

a L Y P N M I T T L Q V M F V A * A G A H 
b Y I Q T * S Q L F R * C L L H E P V P T 
c I S K H D H N S S G N V C C M S R C  P P -

a 

b 
c 

cccgc t tgct t g c t t tcccccgatgcgacagccgaca t c t t t cgtgt tgtaatat cagac 
- 1 9 5 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 1 3 6  

gggcgaacgaacgaaagggggctacgc tgtcggctgtagaaagcacaaca t t a t agtctg 

P A C L L S P D A T A D I F R V V I 

P L A C  F P P M R Q P T S F V L * Y 
R L L A F P R C D S R H L S C C N I 
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- 1 3 5 

a 
b 
c 

- 7 5 

a 
b 
c 

- 1 5  

a 
b 
c 

Region B 
gggcaaagaagtaacggggtgtggctgagaatatacggccctgaa c t tgatctggat aat 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - 7 6  
cccgt t t cggcat tgccccacaccgactcttatatgccgggac t t caactagacctatta 

G Q R S N G V W L R I Y G P E L 0 L 0 N 
G K E V T G C G * E Y T A L N L I W I I 

A K K * R G V A E N I R P * T * S G * Y -
Region A 

accagcgaaaggatcatgccccccccccccctttctgatcattccggtt cacaatctaac 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - 1 6  
tggtcgct t t cctagtacgggggggggggggaaacactagtaaggccaagtgttagattg 

T S E 
P A 

Q R 

R 
K G 

K 0 

I 
S 

H 

M p 
C P 

A 

p p p L 
P P P 

P p P P 

S o 
F L 

F * 
I 

S 

H 
I 

S 

F 

G 
P V 

R F 

S Q 
H N 

T I 

S N 
L T 

* L -

t tgagt agATCCATCATGAGTCCCCCGGCCGCCATTTCTCCCCCTCGGCAGGTCGCTGAG 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + 4 4  
aacagat cTAGGTAGTACTCAGGGGGCCGGCGGTAAAGAGGGGGAGCCGTCCAGCGACTC 

Lp1 9  Thi l  
L S R S I M S P P A A I S P P R Q V A E 

* V 0 P S * V P R P P F L P L G R S L S 
E * I H H E S P  G R H F S P S A G  R * A -
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A� __________________________________________________ � 

5 '------------------AAA . . .  AA 

-+ TTT . . . . TT 

5 '====::::::====AAA . . .  AA 

+ 
TTT . . . .  TT-

-AAA . . . . AA 
-----------TTT . . . .  TT-

First strand cDNA synthesis 
using poly-dT AP primer 

Template mRNA degradation 

TTT . . . .  Tl;.-
+ X� UP 

peR using primer set XZ 1 1  and 
UP 

---�Ill · ·:AE 
+ UP 

Run peR products on agarose gel 

peR using nested primer XZ 1 
and UP 

M M 1 2 3 4 5 6 7 8  

B 

1 000 bp 
850 bp 
650 bp 

500 bp 

1 000 bp 
850 bp 
650 bp 
500 bp 

Figure 3.17. Determination of 3' end of Lp1 9  thil mRNA by RACE 

A: Procedure used for 3 'RACE analysis. 

c 

B: Agarose gel analysis of PCR products amplified using primers XZ 1 1  & 

UP ( lane 1 ) . 

C: PstI digests (lanes 1 -4) and PstIINcoI double d igests (lanes 5-8) of 

plasmids pXZ2 1 (lanes 1 and 5), pXZ22 ( lanes 2 and 6), pXZ23 (lanes 3 and 

7) and pXZ24 (lanes 4 and 8) containing 3 'RACE products c loned into 

vector pGEM-T. 

Lane M contains the 1 kb + ladder (GibcoBRL). 
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Figure 3.18. Alignment of sequences from Lp19 thil 3'RACE products 

The sequences of Lp1 9  thiJ 3 'RACE products in plasmids pXZ2 1 and pXZ22 are shown 

in alignment with the Lp 1 9  thiJ gene sequence. The nucleotides are numbered (on the right 

side) with respect to the A (+ 1 )  of the proposed translation start site. The intron in the 

Lp 1 9  thiI gene sequence is in lower case letters. The 5' and 3' splice sites and proposed 

lariat sequences (Gurr et aI. , 1 987) are outlined in green. Putative polyadenylation 

recognition sequences (Gurr et al. , 1 987) are shown in blue text. Two perfect 52 bp repeat 

sequences are shown in purple. The 3' ends of Lp 1 9  thiJ mRNA is indicated by purple 

arrows. The translation stop codon is shown in red text with a star underneath. 
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Lp19 thi l 
pXZ2 2 
pXZ2 1 

Lp19 thi l 
pXZ2 2 
pXZ2 1 

Lp19 thil 
pXZ2 2 
pXZ2 1 

Lp19 thi l 
pXZ2 2 
pXZ2 1 

Lp1 9 thi l 
pXZ2 2 
pXZ2 1 

Lp19 thil 
pXZ2 2 
pXZ2 1 

Lp1 9 thi l 
pXZ2 2 
pXZ2 1 

Lp1 9 thi l 
pXZ2 2 
pXZ2 1 

Lp19 thil 
pXZ2 2 

AACACCGCCGAAGATGCCATTGTCAAAAACACTCGTGAAATTGTTCCTGGTCTTATTGTC 
AACACCGCCGAAGATGCCATTGTCAAAAACACTCGTGAAATTGTTCCTGGTCTTATTGTC 
AACACCGCCGAAGATGCCATTGTCAAAAACACTCGTGAAATTGTTCCTGGTCTTATTGTC 

GGTGGCATGGAGCTCTCCGAGATTGACGGAGCCAACCGCATGGgt agggtgat ctatcgt 

GGTGGCATGGAGCTCTCCGAGATTGACGGAGCCAACCGCATGG . . . . . . . . . . . . . . . . . 

GGTGGCATGGAGCTCTCCGAGATTGACGGAGCCAACCGCATGG . . . . . . . . . . . . . . . .  . 
1nt ron 4 

cgtt ctatgac attatacgca a c t aaca t t c tc c c c t a t cagGTCCAACATTCGGTGCAA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GTCCAACATTCGGTGCAA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GTCCAACATTCGGTGCAA 

TGGTCCTTAGCGGTCTCAAGGCTGCCGAGGAAGCGCTCAAGGTTTTTGACCTTCGCGCAA 
TGGTCCTTAGCGGTCTCAAGGCTGCCGAGGAAGCGCTCAAGGTTTTTGACCTTCGCGCAA 
TGGTCCTTAGCGGTCTCAAGGCTGCCGAGGAAGCGCTCAAGGTTTTTGACCTTCGCGCAA 

AGCAGAATGCCATCTAAAGTATACGTGTGACAACTGGTTGAGAATGAAGACTTGACGTTA 
AGCAGAATGCCATCTAAAGTATACGTGTGACAACTGGTTGAGAATGAAGACTTGACGTTA 
AGCAGAATGCCATCTAAAGTATACGTGTGACAACTGGTTGAGAATGAAGACTTGACGTTA 

* Trans lat ion stop codon 

TCCTCGTCGTCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCACGCTCACGTT 
TCCTCGTCGTCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCACGCTCACGTT 
TCCTCGTCGTCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCACGCTCACGTT 

repeat 

GATACTGATGGCAATGATGAATTAGTCGGCAGTCAGTCAGAAAGAAATACAATTGACCAT 
GATACTGATGGCAATGATGAATTAGT CGGCAGTCAGTCAGAAAGAAATACAATTGACCAT 
GATACTGATGGCAATGATGAATTAGTCGGCAGTCAGTCAGAAAGAAATACAATTGACCAT 

mRNA 3 ' end I 

TC�CG�TCACGTTGA�ACTGATGGC�TGATGAAT�AGTCGGCAG�CAGTCAGAA�GAAA 
TCTCGCTCACGTTGATACTGATGGCAATGATGAATTAGTCGGCAGTCAGTCAGAATGAAA 
TCT 

repeat 

mRNA 3 ' end 1 1  

TACAA�TGCCCT� 
TACAATTGCCCTG 

1 3 1 

824  

884  

944 

1 0 0 4  

1 064 

1124  

1184  

1244 



Figure 3.19. Alignment of 5' RACE sequence from E8 thil 

The sequence of E8  thil 5 'RACE product is shown in alignment with the E8 thil gene 

sequence. The nuc1eotides are numbered (on the right side) with respect to the A (+ 1 )  of the 

proposed translation start site (in bold dark green). The intron is highlighted in lower case 

letters. The 5' and 3' splice sites and proposed lariat sequences (Gurr et ai. , 1 987) are 

highlighted in green text. The 5 '  end of E8 thil  mRNA is indicated by a purple arrow. 

Motifs region A and B which are proposed to be required for efficient splic ing (Kubodera et 

ai. , 2003) are underlined. 
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E 8 thil GCGATAATAAAACCCCTCATACAACTGCACATATCTCGAACTCCAATCTCGTCTTGCCAC - 4 4 4  
5 ' end of mRNA 

E 8 thil 
5 ' RACE 

TATACT�GCATCGAAAACATTG�T�GCTATCCAT�CCACTTTAAGACACCATCT�9t9 
AATCGCTATCCATACCACTTTAAGACACCATCTT 

- 3 8 4  

E 8 thil tgacaaaaccat c t ccccgcgatagcagagt tggagaccatgca t c t aacacgagtccag - 3 2 4  
5 ' RACE 

E 8 th i l  ATACCCAATTTCCAAACCGGTACACGCGATCCCCGTTATTCATCATCAATCATGGCTTCC - 2 6 4 
5 ' RACE ATACCCAATTTCCAAACCGGTACACGCGATCCCCGTTATTCATCATCAATCATGGCTTCC 

E 8 thil TTCCGTGGTACTATATCCAAATATGATCACAAATTTTCAGgtaatgtt tgctgcatgagc - 2 04 
5 ' RACE TTCCGTGGTACTATATCCAAATATGATCACAAATTTTCAG 

E 8 thi l cggtgcctatcccgct tgcttgtt tccctccgatgcgacagccgacatctt tcgtgttgt - 14 4  
5 ' RACE 

E 8 thil aata t cagagggacaaagaagtaacggggtgtggctgagaatatacggccctgaacttga - 84 
5 ' RACE Region B 

E 8 thil tctggataataccagcgaaaggatcatgccacccccc c t t t t c t gaccattccggttcac - 2 4  
5 ' RACE Reg 1 0n A 

E 8 thil atcctaacttgagtagATCCATCATGAGTCCCCCGGCCGCCATTTCCCCCCCTCGGCAGG 3 6  
5 ' RACE ATCCATCATGAGTCCCCCGGCCGCCATTTCCCCCCCTCGGCAGG 

M S P P A A I S P P R Q V 
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Figure 3.20. Analysis of potential peptide sequences in E8 thil 5' upstream region 

Potential polypeptide sequences from the E8 thil 5 '  upstream region were translated using 

MAP program from the Wisconsin Package 9. 1 ,  GCG. The nucleotides are numbered with 

respect to the A (+ 1 )  of the proposed thil translation start site (in dark bold green text), 

which is surrounded by a sequence with close similarity to the Kozak consensus sequence 

(Gurr et at. , 1 987). Other potential translation start sites in the E8 thil 5 '  upstream region 

are highlighted in green letters, stop codons with stars, and introns with lower case letters. 

The potential peptide is designated as PEP43 with the number after PEP indicating the 

number of amino acids in the peptide. Motifs region A and B which are proposed to be 

required for efficient splicing (Kubodera et ai. , 2003) are underlined. 
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a 
b 
c 

a 
b 
c 

a 
b 
c 

I 5 '  end of mRNA 
TATACTTGCATCGAAAACATTG�TCGCTATCCATACCACTTTAAGACACCATCTTgtg 

- 4 4 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - 3 B 4 

ATATGAACGTAGCTTTTGTAACGTTAGCGATAGGTATGGTGAAATTCTGTGGTAGAAcac 
Int ron 1 

Y T C I E N I A I A I 
I L A S K  T L Q S L S 

Y L H R K H C N R Y 

H T T L 
I P L * 

P Y H F 

R H H L V 
D T I L C 

K T P S C V -

tgacaaaacc a t c t c c ccgcgatagcagagttggagaccatgcatctaacacgagtccag 
- 3 8 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 3 2 4  

actgt tt tggtagaggggcgctatcgtctcaacctc t ggtacgtagat tgtgct caggtc 

L T R V Q 
R 

* Q N H L P A I 
D K T I S P R 

T K P S P R D  

A E L E T  M H 
* Q S W R P C I 

S R V G D H A 

* H E S 
S N T S P D -

ATACCCAATTTCCAAACCGGTACACGCGATCCCCGTTATTCATCATCAATCATGGCTTCC 
- 3 2 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 2 6 4  

TATGGGTTAAAGGTTTGGCCATGTGCGCTAGGGGCAATAAGTAGTAGTTAGTACCGAAGG 

I P N 
Y P I 

T Q F 

F 
S 

Q T G T R 0 
K P V H A I 

P N R Y T R S 

P 
P 

R Y S 
V I H 

P L F I 

S 
H 

I 

S I 
Q S 

N 

M A S 
W L 

H G F 
P 

L -

TTCCGTGGTACTATATCCAAATATGATCACAAATTTTCAGgtaatgtttgctgcatgagc 
- 2 6 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 2 0 4  

AAGGCACCATGATATAGGTTTATACTAGTGTTTAAAAGTCca t tacaaacgacgtactcg 
PEP4 3  Intron 2 

a F R G  T I S K Y D H K F S G N V C C M S 
b S V V L Y P N M I T N  F Q V M F A A * A 
c P W Y Y I Q I * S Q I F R * C L L H E P -

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

cggtgcctatcccgcttgcttgt t t ccct ccgatgcgacagccgaca t c t t t cgtgttgt 
- 2 0 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - 14 4  

gccacggatagggcgaacgaacaaagggaggctacgc t g t cggc t c t agaaagcacaaca 

R C L 
G A Y  

V P I 

S 
P 

R L L V S 
A C L F 

P L A C  F 

L 
P S 

P 

R C O S  
O A T 

P M R Q 

R H 
A 0 I 

P T S 

L S C 
F R 

F V 

C 
V 

L 
V 

* -
Region B 

aata t cagagggacaaagaagtaacggggtgtggctgagaatatacggccctgaac t tga 
- 1 4 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  - 8 4 

ttatagtctccctg t t t c t t cattgccccacaccgac t c t tatatgccgggact tgaact 

N I R G T K K * 
I S E G Q R S 

Y Q R D K E V  

R G V A 
N G V W L 

T G C G * 

E N I R P 
R I Y G P 

E Y T A L  

* T 
E L 

N L 

* 
D 

I -
Region A 

tctggataataccagcgaaaggat catgccaccccccc t t t t c tgaccattccggt t cac 
- 8 3  - - - - - - - - + - - - - - - - + - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - 2 4  

agacctattatggtcgc t t tcctag tacggtgggggggaaaagactggtaaggccaagtg 

S G 
L D 

W I 

* Y Q R K D H A T  P P F L T I 
N T S E R I M P P P L F * P 

P V H 
F R F T 

I P A K G S C H P P F S D H S G S H -

atcctaact tgagtagATCCATCATGAGTCCCCCGGCCGCCATTTCCCCCCCTCGGCAGG 
- 2 3  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  3 6  

TAGGATTGAACTCATCTAGGTAGTACTCAGGGGGCCGGCGGTAAAGGGGGGGAGCCGTCC 

I L T * V D P 
S * L E * I H 

P N L S R S I 

S * V 
H E S 

M S 

P R P P 
P G R H 

P P A A I 
EB Thil 
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a 

b 
c 

a 
b 
c 

TTGCCGAGCTCGCGACTCAAACCTCCAAGTTTGCCGTTTCGGGCGGTTCCAAGACGCAGA 
3 7  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + 9 6  

AACGGCTCGAGCGCTGAGTTTGGAGGTTCAAACGGCAAAGCCCGCCAAGGTTCTGCGTCT 

L P S S R L K P 
C R A R D S N L 

A E L A T Q T S 

P S L P F 
Q V C R  

K F A V 

R A V 
F G R F 

S G G S 

P R R R 
Q D A D  

K T Q T -

CGATCGATGAGATGATGGGCCAGTGGGACAGCTTCAAGTTTGCTCCCATTCGTGAGAGTC 
9 7  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + 1 5 6  

GCTAGCTACTCTACTACCCGGTCACCCTGTCGAAGTTCAAACGAGGGTAAGCACTCTCAG 

R S M R * W A S  G T A S S L L P F V R V 
D R * D D G P V G Q L Q v C S H S * E S 

I D E M M G Q W D S F K F A P I R E S Q -
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E 8 thil TCGACATGAACACCGCCGAAGATGCCATTGTCAAGAACACTCGTGAGATTGTTCCTGGTC 8 1 6  
3 ' RACE TCGACATGAACACCGCCGAAGATGCCATTGTCAAGAACACTCGTGAGATTGTTCCTGGTC 

E 8 thil TTATTGTCGGTGGCATGGAGCTCTCCGAGGTTGACGGAGCCAACCGCATGGgt aaggtga 8 7 6  
3 ' RACE TTATTGTCGGTGGCATGGAGCTCTCCGAGGTTGACGGAGCCAACCGCATGG 

E 8 thil t t t at cgtcgttctatgacattat acgcaactaacat t t tc c c c t a t cagGTCCGACATT 936  
3 ' RACE GTCCGACATT 

E8thil CGGTGCAATGGTCCTTAGCGGTCTCAAGGCTGCCGAGGAAGCGCTCAAGGTTTTCGACCT 996 
3 ' RACE CGGTGCAATGGTCCTTAGCGGTCTCAAGGCTGCCGAGGAAGCGCTCAAGGTTTTCGACCT 

E 8 thil TCGCGCCAAGCAGAATGCGATCTAGAGTATACGTGTGACAACTGGTTGAGAATGAGGACT 1 0 5 6  
3 ' RACE TCGCGCCAAGCAGAATGCGATCTAGAGTATACGTGTGACAACTGGTTGAGAATGAGGACT 

* Trans lat ion s t op codon 

E8thil TGACGTTATCCTCGGCATCCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCAT 1 1 1 6  
3 ' RACE TGACGTTATCCTCGGCATCCCATCATTCTTTTACTTTGAATGGGATTTGACCGTAACCAT 

E8thil GCTCACGTTGGTACTGATGACAATGATGGATTAGTCGGCAGTCAGTCAGAATGAAATACA 1176  
3 ' RACE GCTCACGTTGGTACTGATGACAATGATGGATTAGTCGGCAGTCAGTCAGAATGAAATACA 

3 '  end of mRNA 

E8thil TTTG�CTGGGCCTT�GAGGTTTAT�TTGGGCAGA�TTCACATTG;tCACTTTGT�TCGTG 1 2 3 6  
3 ' RACE TTTGCCTGGGCCTTTGAGGTTTATGTTGGGCAGACTTCACATTGT 

Figure 3.2 1 .  Alignment of 3 'RACE sequence from E8 thil 

The sequence of E8 thil 3 'RACE product is shown in alignment with the E8 thil gene 

sequence. The nucleotides are numbered (on the right side) with respect to the A (+ 1 )  of the 

proposed translation start site. The intron in the E8 thil gene sequence is shown in lower 

case letters. The 5' and 3' splice sites and proposed lariat sequences (Gurr et aI., 1 987) are 

shown in green. Putative polyadenylation recognition sequences (GUIT et al. , 1 987) are 

shown in blue text. The translation stop codon is shown in red text with a star underneath. 

The 3 '  end of E8 thil mRNA is indicated by a purple arrow.  The translation stop codon is 

shown in red text. 
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Figure 3.22. RT - PCR analysis of Lp19 thil gene expression in culture 

A: f3-tubulin RT-PCR products amplified with primers T 1 . 1  & T 1 .2 using RNA prepared 

from mycel ium of Lp 1 9  grown in PD for 9 days then washed and incubated for 2 days in 

CD basal salt medium ( lane 8) or CD basal salt medium supplemented with sucrose and 

nitrate (lane 1 ), sucrose and glutamate (lane 2), mannitol and nitrate (lane 3), mannitol and 

glutamate (lane 4), nitrate ( lane 5), glutamate (lane 6), sucrose (lane 7), or thiamine ( lane 9). 

Lp 1 9  genomic DNA (lane 1 0) and water only (lane 1 1 ) were amplified as controls. Lane M 

contained 1 kb + ladder (GibcoBRL). 

B: RT-PCR products amplified from the same RNA samples in A using Lp 1 9  thil gene 

primers XZ l and XZ25 . 

C: RT-PCR products ampli fied from the same RNA samples in A using Lp 1 9  thil gene 

primers XZ26 and XZ28.  

D: Three types of Lp 19 thil transcript isoforms and the positions of primers (arrows) used 

for amplification. Grey blocks indicate exons and black l ines indicate introns. The numbers 

are labeled with respect to the A (+ 1 )  of the translation start codon ATG. 
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Figure 3.23. RT - peR analysis of Lp19 thil gene expression in planta 

A: RT-PCR products amplified from 25, 2.5 and 0.25 ng of mRNA (lanes 1 -3) isolated from 

perennial ryegrass pseudostem infected with Lp1 9  using primers XZ1 & XZ25. 

B: RT-PCR products amplified from the same samples (lanes 1 -3) as in A using primers 

XZ26 & XZ28. 

Lp1 9  genomic DNA (lane 4 in A and lane 5 in B) and water only (lane 5 in A and lane 4 in 

B) were amplified as controls. Lane M contained 1 kb plus ladder (Gibco BRL). 
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3.3. Targeted d isruption of E8 thi1 gene and g rowth 

characteristics of the thi1 deletion mutant 

3.3. 1 . Construction of the Ea thi1 gene d is ru ption p lasmid 

A n  E 8  thi 1 gene disruption plasmid pXZ5 1 was constructed as shown i n  Fig. 3 .24. Initially, 

a 1 .0-kb fragment was amplified (Section 2.7.2) from the 3 '  portion of the E8 {hil . This 

PCR product was digested (Section 2.4 .2) with HindUI and then ligated (Section 2 .4 .4) into 

the HindUI restriction site flanking a hygromycin resistance gene hph in the plasmid 

pPN 1 687. PCR (Section 2 .7 .7) using primers pUChph7 and M 1 3F, and primers pUChph7 

and XZ25 was carried out to determine the copy number and orientation of the inserted 1 .0-

kb fragment. One of the plasmids which contained a single 1 .0-kb inserted fragment in the 

required orientation was designated as pXZ50 and used for further plasmid construction. A 

1 .4-kb fragment amplified from the 5 '  portion of the E8 thil gene using primers XZ45KpnI 

and XZ46BamHI, was digested with KpnI and Bamm and was ligated into pXZ50 digested 

with the same enzymes. This resulted in the E8 (hi1 disruption plasmid pXZ5 1 (Fig. 3 .24), 

in which a 0.9 kb of the {hil gene (position -203 to 697) encompassing 0.7 kb of the ORF 

was replaced by an hph cassette. 

3.3 .2. Targeted deletion of Ea thi1 

To generate a targeted deletion of thil , E8 protoplasts were transformed (Section 2 . 1 0) with 

a 4.7-kb linear DNA fragment amplified from pXZ5 1 using primers XZ45KpnI and 

XZ48HindUI by long template PCR (Section 2.7.6). A double crossover by homologous 

recombination would result in replacement of the E8 thil gene with the hph cassette as 

shown in Fig. 3 .25. 
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After two weeks incubation at 22 0 C, numerous tiny colonies « 2  mm) were observed on 

the hygromycin B containing CM plates (Appendix 4. 1 ). However, only some of them 

continued growing into cottony white colonies to a size of approximately 4- 1 0  mm about 4 

weeks after the transformation. These colonies were sub-cultured onto PDA plates 

containing 1 00 mgIL hygromycin B .  Stable colonies regenerated from sub-culturing were 

recorded as true transformants and the number used to calculate the transformation 

frequency. In contrast, protoplasts treated the same but without DNA gave no hygromycin 

resistant transformants. 

The transformation frequencies ranged from 0.7 x 1 0-4 to 4.2 X 1 0-4 of the viable number of 

protoplasts per J,tg DNA (Table 3 .2) in experiment 1 in which the treated protoplasts were 

grown for one day on CM plate then a hygromycin overlay was applied. In experiment 2 

and 3 in which the protoplasts were incubated in liquid CM medium before spreading on 

hygromycin-containing CM, the transformation frequencies ranged from 3 .4 x 1 0-4 to 5 .9 X 

1 0-4 (Table 3 .3) and from 4.2 x 1 0-4 to 8.5 X 1 0-4 (Table 3 .4) of the viable number of 

protoplasts per J,tg DNA. 

3.3.3. Screening for E8 thi1 deletion m utants 

3.3.3.1 .  Screening for E8 thil gene disrupted colonies on defined CD thiamine-free 

medium 

In order to screen for E8 thi 1 deletion mutants, the hygromycin resistant colonies were sub­

cultured respectively onto CD thiamine-free medium and CD medium supplemented with 

thiamine at a final concentration of 3 mgIL. Both the media contained 1 50 mgIL hygromycin 

B. As thiamine is an important cofactor of many enzymes in cell metabolism, it was 
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expected that thi] deletion mutants would show no or reduced growth on the CD thiamine­

free medium in contrast to a normal growth on the thiamine-containing medium. A total of 

33  out of 3 02 transformants screened had reduced colony size or reduced hyphal density on 

the CD thiamine-free medium. As a consequence, these isolates were screened by PCR to 

identify the type of DNA integration event that had occurred. 

3.3.3.2. Screening for E8 thil deletion mutants by peR 

Primers for PCR amplifications (Section 2 .7.2) were designed to identify homologous 

recombination events and deletion of thil as shown in Fig. 3 .25 .  Primers XZ58 and 

pUChph9 were used to detect homologous recombination in the 5 '  region. A PCR product 

of 1 .84 kb was an indication of homologous recombination in this region. Primers XZ49 and 

pUChph7 were used to detect homologous recombination in the 3 '  region. A product of 1 .4 

kb was an indication of homologous recombination in this region. Primers XZ7 and XZ25 

were used to detect replacement of the thil gene with the hph cassette. A single PCR 

product of 2.8 kb was indicative of replacement of the thil gene by the hph cassette. An 

ectopic integration of the hph fragment into the genome would produce a 1 .3 5  kb in addition 

to a 2.8-kb product with primers XZ7 and XZ25 .  

Out of  the 33 transformants that had reduced growth on thiamine-free medium, only 4 

(colonies T97, T I 03,  T 1 40 and T30 1 )  produced a 1 .8-kb product with primers XZ58 and 

pUChph9, and a 1 .4-kb product with primers XZ49 and pUChph7, indicating 

recombination in both the 5 '  and 3 '  regions (Fig. 3 .26) . Colonies T97, T 1 03 and T 1 40 

showed that the thil gene was deleted as indicated by the presence of only a 2 .8-kb PCR 

product when genomic DNA was amplified with primers XZ7 and XZ25 .  However, colony 

T30 1  had both the 2 .8-kb and 1 .35-kb products with primers XZ7 and XZ25 ,  indicating 

retention of the thil gene. A likely explanation is that T30 1  was a heterokaryon containing 

both thiJ deletion and wild-type nuclei. 
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Despite the above screening for thiamine auxotrophic mutants, all other transformants that 

showed no or little difference in growth on thiamine-free medium and thiamine-containing 

medium were subsequently screened by peR to quantify homologous recombination 

events, as some of them might be heterokaryons. Out of 269 such transformants, 5 

(colonies T48, T56, T63 , T 1 50 and T293) (Fig. 3 .26) produced peR products similar to 

T3 0 1 ,  indicating homologous recombination in both the 5 '  and 3 '  regions but retention of 

the thil gene, further suggesting heterokaryon colonies were present. All other colonies 

showed an ectopic integration of hph fragment into the genome. In order to obtain 

homokaryons, single-spore isolation (Section 2. 1 0.3) was carried out on colonies T48,  T56, 

T63 , T 1 5 0 and T293, and the other colonies (colonies T97, T I 03, T 1 40 and T3 0 1 )  that 

showed reduced growth described above, as endophyte conidia are uninucleate (Schardl et 

aI. , 1 994). Two randomly selected ectopic transformants Tl  and T1 20 were included in 

order to obtain uninucleate ectopic controls. From each of the transformant colonies, eight 

single spores were isolated and inoculated onto PDA (with hygromycin B at a final 

concentration of 1 50 mg/L) for growth. Four to eight single-spore colonies were generated 

from each of the transformants except T63 and T293, from which no single-spore colonies 

were obtained. peR amplification were carried out on four single-spore colonies from each 

of the transformants to screen for thil deletion. All single-spore colonies isolated from 

transformant colonies T97, T I 03, T 1 40 and T30 1  produced peR products indicating 

recombination in both the 5 '  and 3 '  regions and deletion of the thil . All single-spore 

colonies from transformant colonies T l  and T 1 20 produced peR products indicating an 

ectopic integration of the hph fragment into the genome. However, single-spore colonies 

from transformants T48 or T56 produced two patterns of peR products,  one indicating an 

ectopic integration of hph fragment, the other indicating retention of the thil with a 

homologous recombination in the 5 '  region but not in the 3 '  region. These results confirmed 

the heterokaryon nature of these two colonies before single-spore isolation. All four single-
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spore colonies from T150 produced PCR products indicating retention of the thil gene but 

with homologous recombination in the 5 '  region. 

One single-spore colony from each of the transformants of T97, T I03 ,  T 1 40, T30 1 ,  T l  and 

T120 were selected for the following Southern blot hybridisation analysis. From T48, T56 

and T1 50, a single-spore colony showing retention of the thil gene with homologous 

recombination in the 5' region was selected. 

3.3.3.3. Southern blot hybridisation analysis 

Southern blot hybridisations (Section 2 .6) were employed to confirm deletion of the thil 

gene, to examine the copy number and the site of recombination of the replacement 

construct into the genome. As expected, a 4 .0-kb HindIII fragment hybridized in wild-type 

(Fig.  3 .27) but was absent in T97, T l 03,  T l 40 and T30 1 .  This result confirms that the thil 

gene was deleted in all four isolates. Two bands of 3 .3-kb and 1 .9-kb hybridized in T 1 40 

and T30 1 .  The 3 .3 -kb band corresponds to the hph fragment plus the 5 '  flanking portion of 

the thi] gene and the 1 .9-kb band corresponds to the 3 '  flanking portion of the thil gene. 

These results indicate that Tl40 and T30 1  have thil replaced by a single-copy of the hph 

cassette (Fig. 3 .28 B). In addition to the 3 .3-kb and 1 .9-kb bands, isolates T97 and T l 03 

had an extra l . l -kb band (Fig. 3 .27 C lanes 4 and 5), characteristic of a head to tail tandem 

repeat. This band corresponded to the 3 '  and a small section of the 5 '  region of the thil gene 

as shown in Fig. 3 .28C. These two isolates are thil deletions but contain multiple copies of 

the hph gene. Isolates Tl  and Tl20 (Fig. 3 .27C lanes 2 and 3) had a 4.0-kb band 

corresponding to the thil HindIII restriction fragment, a 3 .3-kb band corresponding to the 

hph HindlII restriction fragment and an extra band corresponding to hph 3 '  portion (Fig 

3 .28D), indicating integration of one hph cassette at an ectopic location. For isolates T48 ,  

T56 and T1 50, the presence of the 3 .3 and 4 .0-kb fragments are indicative of  integration of  

the hph gene and retention of  the thil gene. The l . l -kb band indicated a head-to-tail tandem 
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repeat of the hph fragment. These isolates are probably transformants with multiple hph 

copies organised as tandem repeats. 

Further Southern hybridisation analysis was carried out by probing EcoRV digestion with 

the same probe. EcoRV was chosen as there is no site for this restriction enzyme within the 

thil locus or the hph cassette. Isolates T 1 40 and T30 1  (Fig. 3 .29  lanes 5 and 6) had a single 

hybridizing band that was about 1 .5 kb larger than that from the E8 wild-type (Figure 3 .29 

lane 1 ), indicating the thil was replaced with a single copy of hph cassette . The extra large 

band in T97 and T 1 03 (Fig. 3 .29 lanes 3 and 4) is indicative of multiple copies of hph 

cassette at a single site. As expected, T 1 20 (Fig. 3 .29 lane 2) had two hybridisation bands, 

one corresponding to integration at both wild-type and ectopic sites. No hybridisation 

bands were produced from T48 and T56 (Fig. 3 .29 lanes 7 and 8), probably due to too little 

DNA loaded. Only one band was produced from T 1 50 (Fig. 3 .29 lane 9), indicating 

integration of hph cassette into a single site. 

The single-spore isolates from T97, T 1 03,  Tl 40, T30 1 ,  Tl and T 1 20 were renamed as 

K0 1 ,  K02, K03 ,  K04, EC I and EC2 respectively. K03 (PN2282) and K04 (PN2283) 

were selected for further analysis as they contain only a single copy of the hph cassette. 

The E8 wild-type WTI (PN2284), a culture grown from E8 protoplasts WT2 (PN2285), 

EC 1 (PN2286) and Ee2 (PN2287), were used as controls in the following studies. 
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Figure 3. 24. Construction of E8 thil gene replacement plasmid 

The thiJ gene replacement plasmid was made by sequentially cloning two PCR fragments, a 

1 .0 kb HindIII fragment (green) and a 1 .4 kb KpnIl BamHI fragment (red), into pPN 1 687.  

B, H and K indicate restriction enzyme recognition sites for BamHI, HindUI and KpnI 

respectively. Primers used for PCR amplification of construct fragments and for screening 

orientation of fragments in plasmids are shown in arrows. 
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Figure 3.25. Strategy used for disrupting the E8 thil gene 

Physical maps of E8 wild-type thil locus, thi] replacement fragment and E8 thi1 disrupted 

locus showing primers used for peR screening to identify double cross over events. The 

replacement fragment used to transform E8 protoplasts was amplified by peR using 

primers XZ45KpnI & XZ48HindIII and plasmid pXZ5 1 as template. 

1 50 



XZ58 
--. 

XZ7 
--. 

______ .. ��--.---.. Wili!Ii��� thil replacement 

XZ58 

pUChph9 

+­
pUChph9 

1 

PCR using primer set 

XZ5 8 & pUChph9 

1 .8 kb 

! Double-cross over 

pUChph7 
--. 

+­
XZ25 

fragment 

.­
XZ49 

I

pCR using primer set 

pUChph7 & XZ49 

1 .4 kb 
PCR using primer set 

XZ7 & XZ25 

2 . 8  kb 

1 5 1  



Table 3.2. E8 transformation frequencies (experiment If) 

DNA (J.l.g) Viable Viable HygR Transformation 
protoplasts p rotoplasts after coloniesd frequencye 

before transformation C (mrl) 
transformation (mrl) 

{mrl} 
Cells only 1 . 1  x 1 06 1 .9 x 1 04 0 

PCR produce (5 .0  f..lg) 2 7  2 .8  x 1 0-4 

PCR produce (3 .3 f..lg) 2 4  3 .8 x 1 0-4 

PCR produce ( 1 .7 f..lg) 1 3  4 .0 X 1 0.4 

Cells only 2 .5  x 1 0  6 2.9 x 1 0 4 0 

pAN7- 1 (5 .0  f..lg) 2 4  1 .7 x 1 0.4 

PCR produce (5.0 f..lg) 2 2  1 .5 x 1 0.4 

PCR produce (5 .0 f..lg) 1 5  1 .0 x 1 0.4 

pXZ5 1 (5 .0  f..lg) 1 9  1 .3 x 1 0-4 

pXZ5 ] (5.0 J.lg) 1 5  1 .0 x 1 0-4 

L inear pXZ 5 1 b (5 .0 1 8  1 .2 x 1 0-4 

f..lg) 

Cells only 3 .9  x 1 06 2 .3 X 1 04 0 

pAN7- 1 (5 .0  f..lg) 2 0  1 .7 X 1 0-4 

PCR producta (5 .0 f..lg) 8 0 .7  X 1 0-4 

PCR produce (5 .0 f..lg) 1 2  1 .0 x 1 0-4 

PCR produce (5.0 f..lg) 4 9  4.2 x 1 0-4 

a Linear PCR product was amplified from pXZ5 1 with primers XZ45KpnI & XZ48HindIII. 
b pXZS l was l inearised with BamHI . 

C Colonies were regenerated from 1 ml cell only mixture of which each 1 00 f..ll was m ixed in 3 

ml of CM top agar and spread on CM plate. 

d Colonies were regenerated from 1 ml transformation reaction of which each 1 00 f..ll was mixed 

in 3 ml of CM top agar and spread on CM p late fol lowed by an additional overlay next day t o  

give a final concentration o f  hygromycin B of 1 50 mg/I . 

e Transformation frequency = HygR colonies /f..lg DNA/viable protoplast after transformation. 
fExperiment 1 included three experiments in which the transformed protoplasts were treated in 

the same method. 
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Table 3.3. E8 transformation frequencies (experiment 2): 

PCR Viable protoplasts Viable HygR Transformation 

produce befo re protoplasts after coloniesc frequencyd 

(JLg) transformation transformationb (mr!) 

(mr!) (mr!) 

Cell  only 1 . 1 x 1 06 1 .0 x 1 04 0 

5 . 0 1 7  3 .4 x 1 0'4 

3 . 3  1 6  4 .8  x 1 0'4 

1 . 7 1 0  5 .9 x 1 0'4 

Table 3.4. E8 transformation frequencies (experiment 3) 

PCR Viable protoplasts Viable HygR Transformation 

product3 before p rotoplasts after coloniesc frequencyd 

(JLg) transfo rmation transformationb (mr!) 

(mr!) (mr!) 

0 1 . 1  x 1 06 2 .5  x 1 04 0 

5 . 0  7 7  6.2 x 1 0'4 

3 . 3 3 4  4.2 x 1 0'4 

1 . 7 3 6  8 .5  x 1 0'4 

aLinear peR product was amplified from pXZ5 1 with primers XZ45KpnI & XZ48HindIII.  
bColonies were regenerated from 1 m l  of cell only mixture that was incubated in 1 00 ml  CM 

(Appendix 4 . 1 )  for 3 days, col lected by centrifugation and spread on CM plates. 

cColonies were regenerated from 1 m l  of transformation reaction that was incubated in 20 m l  

C M  for 3 days then spread o n  C M  plates supplemented with hygromycin  B ( 1 50 mg/I). 
dTransformation frequency = HygR colonies /I!g DNA/viable protoplast after transformation 
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Figure 3.26. PCR analysis of E8 thil transformants 

A: PCR products amplified with primers XZ58 & pUChph9 using genomic DNA from 

transformants T48 (lane 1 ), T56 (lane 2), T63 (lane 3), T97 (lane 4), T I 03 (lane 5), T 1 40 

(lane 6), T1 50 (lane 7), T293 (lane 8), T30 1  (lane 9) and T 1 20 (lane 1 0) before single spore 

purification. E8 wild-type (lane 1 1 ) and pXZ5 1 (lane 1 2) were amplified as controls. A 

product of 1 . 8 kb indicates recombination in the 5 '  region of the thil locus. 

B: PCR products amplified with primers XZ49 & pUChph7 using the same samples as 

shown in A. A product of 1 .4 kb indicates recombination in the 3 '  region of the {hil locus. 

C: PCR products amplified with primers XZ7 & XZ25 using the same samples as shown 

in A. Products of 2 .8  kb and 1 . 35  kb correspond to integration of hph and retention of wild­

type thil . A single 2 .8  kb band is indicative of a gene replacement event at the thil locus. 

Lane M contains 1 kb + ladder (GibcoBRL). 

For locations of the primers refer to Figure3 .25.  
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Figure 3.27. Southern blot analysis of E8 thil disruptants 

A. Agarose gel of genomic DNA of E8 wild-type control (PN2285) (lane I ), single spore 

i solates from T l  (lane 2), T I 20 (lane 3), T97 (lane 4), T 1 03 (lane 5), T 1 40 (lane 6), T30 1  

(lane 7), T48 (lane 8), T56 (lane 9 )  and T 1 50 (lane 1 0) digested with HindIII. Lane M 1 

shows a 1 kb p lus ladder (GibcoBRL). Lane M2 shows ADNA digested with HindIII. E8 

wild-type control (PN2285), and single spore purified isolates of T 1 ,  T1 20, T I 40 and T30 1  

were renamed as WT2 (PN2285), EC1 (PN2286), EC2 (PN2287), K03 (PN2282) and K04 

(PN2283) for subsequent experiments. 

B. Autoradiograph of a Southern blot of A probed with Digoxigenin- 1 1 -dUTP labeled 

probe, Dig-hph-2 (see Figure3 .28). 
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Figure 3.28. Predicted outcomes for integration of replacement construct into E8 

genome 

A: Physical maps of thil locus and thil replacement fragment showing restriction enzyme 

recognition sites for BamHI CH) and HindUI CH), and probe used for hybridisations ill 

Figure3.27 and Figure3 .29. 

B: Physical map for a single copy replacement. 

c: Physical map for a single site mUltiple copy replacement. 

D :  Physical map for a single copy single site ectopic integration. 

E: Physical map for a wild-type E8 thil locus. 

The black lines indicate the HindIII restriction fragments. The numbers indicate the 

restriction fragment sizes. The red and green bars represent the regions flanking the thil gene 

where homologous recombination might occur. 
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Figure 3.29. Southern blot analysis of E8 thil disruptants 

A. Agarose gel of 2 Jlg genomic DNA of E8 wild-type control (PN2285) (lane 1 ), single 

spore isolates from T I 20 (lane 2), T97 (lane3),  T I 03 (lane 4), T I40 (lane 5), T30 1  (lane 6), 

T48 (lane 7), T56 (lane 8) and T I 50 (lane 9) digested with EcoRV. Lane M I  shows a 1 kb 

plus ladder (GibcoBRL). Lane M2 shows ADNA digested with HindIII .  E8 wild-type 

control (PN2285), and single spore purified isolates of T I ,  TI 20, T I 40 and T30 1  were 

renamed as WT2 (PN2285), ECI (PN2286), EC2 (PN2287), K03 (PN2282) and K04 

(PN2283) for subsequent experiments. 

B. Autoradiograph of a Southern blot of A probed with Digoxigenin- I I -dUTP labeled, 

probe Dig-hph-2 (see Figure3 .28). 
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3.3.4. Growth characteristics of the Ea thi1 deletion muta nts i n  

cu lture 

3.3.4.1 .  Effect of thiamine and thiazole on growth of E8 thil deletion mutants 

The phenotypes of the E8 thil deletion mutants K03 (PN2282) and K04 (PN2283) were 

examined (Section 2 .  I I )  by growing them on CD thiamine-free medium and CD 

supplemented with thiamine or thiazole. Thiazole was used as i t  is  a key precursor for 

thiamine biosynthesis, and thi] is homologous to a putative thiazole biosynthetic gene. E8 

isolates WTI (PN2284) and WT2 (PN2285) were used as wild-type controls. The ectopic 

transformant isolates EC I (PN2286) and EC2 (PN2287) were included to evaluate the 

effect that ectopic integration of the replacement construct might have on the endophyte 

growth. 

The thil deletion mutants K03 and K04 had a low hyphal density (Fig 3 .30) and branching 

frequency (Fig 3 .3 1) ,  and displayed convoluted hyphae (Fig 3 .32) on CD thiamine-free 

medium in comparison to E8 wild-type controls. These growth deficiencies were overcome 

by supplementation with thiamine or thiazole (Fig. 3 .30), demonstrating that thil is 

involved in thiazole biosynthesis. However, colonies of the K03 and K04 appeared to be 

finer and more cottony than those of the wild-type, even on CD medium supplemented 

with thiamine. 

Surprisingly, the ectopic transformant EC 1 had reduced growth on CD medium compared 

to the wild-type (Fig 3 . 30). Supplementation with thiazole or thiamine overcame this 

defect. Ectopic transformant EC2 grew similarly to the wild-type. Both EC I and EC2 had a 

hyphal branching frequency and hyphal morphology the same as the wild-type. Both the 
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KO strains retained the ability to produce conidia (Fig. 3 .33)  and had no significant changes 

in colony radial growth (Table 3 .5)  on thiamine-free CD medium. 

3.3.4.2. Effects of thiamine concentration on the E8 thil deletion mutants 

The effect of thiamine concentration on the growth of the E8 thil mutants was examined 

(Section 2 . 1 1 ) by growing them on CD thiamine-free medium and CD medium 

supplemented with various concentrations of thiamine (Fig. 3 .34-3 .36 and 3 .38). Similar to 

the previous experiment, the thil mutants K03 and K04 had a reduced hyphal density and 

branching frequency, and displayed convoluted hyphae on the CD thiamine-free medium. 

Supplementation of the medium with thiamine at a fmal concentration of 0.0 1 mgIL 

dramatically increased hyphal density and branching frequency, induced aerial hyphal 

growth and restored the hyphal morphology. These results indicate that a very low 

concentration of thiamine is sufficient to restore normal growth of the mutants. Higher 

concentrations of thiamine resulted in a slight increase in  hyphal density. Again, colonies of 

K03 and K04 on thiamine-containing CD media appeared to be finer and more cottony 

than those of the wild-type, probably due to the abundant narrow aerial hyphae on these 

plates. The E8 thil mutants K03 and K04 had a slightly smaller colony diameter (Table 

3 .6  and 3 .7) than the wild-type, and this growth defect was not overcome by 

supplementation with thiamine. 

Ectopic transformant Ee l had the smallest colony diameter on thiamine-free CD medium 

(Table 3 .6 and 3 .7) and the colony morphology differed from that of the wild-type (Fig. 

3 .34 and 3 . 38). The hyphal branching frequency on the edge of colonies of this strain was 

reduced but no change in the hyphal morphology was observed when grown on thiamine­

free CD medium. Thiamine supplementation at a fmal concentration of 0.01 mg/L increased 

the branching frequency, induced aerial hyphal growth (Fig. 3 .35)  and increased the colony 
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size (Table 3 .6 and 3 .7). Supplementation with thiamine at a higher concentration had no 

further effect on the growth of this strain. Ectopic transformant EC2 had a denser mycelia 

and more cottony colony morphology than the wild-type. Addition of thiamine had no 

effect on either colony or hyphal morphology. 

As ectopic control isolates EC I and EC2 displayed colony morphologies different from the 

wild-type controls, a molecular examination of these isolates was carried out. As shown in 

Fig. 3 .37, two bands of 2 .8-kb (corresponding to an hph insertional replacement of thil) and 

1 .4-kb (corresponding to the thil wild-type locus) were amplified from genomic DNA of 

EC I and EC2 using primers XZ7 and XZ25,  indicating that these two isolates were indeed 

wild-type for thil and had an ectopic integration of the construct. In contrast, only a single 

band of 1 .4-kb was amplified from WTl and WT2, and a 2 .8-kb band from K03 and K04 

by these two primers (Fig. 3 .37 A). When amplifying with primer set XZ5 8  and pUChph9 

that detect recombination on the left side of thil locus (Fig. 3 . 37  B), or primers pUChph7 

and XZ49 that detect recombination on the right side of thil locus (Fig 3 . 37  C), only K03 

and K04 gave products, further confirming homologous recombination at the thil locus. 

3.3.5.  Summary and discussion 

E8 thil mutants in  this study were obtained using the technique of  targeted gene disruption 

(Section 3 .3 .2). When E8 protoplasts were transformed with the thil replacement DNA 

carrying a selectable marker, integration occurred at homologous or ectopic sites. The 

transformation frequency was determined for varying concentrations of PCR generated 

replacement construct (Table 3 .2), with different forms (PCR product, linear or circular 

plasmid) of DNA at the same concentration, and using different methods of treating the 

protoplasts after the transformation (Tables 3 .3  and 3 .4). The results obtained were 

significantly variable that it was not possible to determine whether the concentration or 
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topology of the DNA had any effect on the transformation frequencies. In general, the 

experiments in which the transformed protoplasts were incubated in CM liquid medium 

(Appendix 4. 1 )  gave higher transformation frequencies (Tables 3.3 and 3 .4) than the 

experiment (Table 3 .2) in which the transformed protoplasts were mixed with CM top agar 

and spread on CM plates. While the increased transformation frequency may be attributed 

to that the transformed protoplasts recovering better in liquid CM medium than on plates, 

it is also possible that the protoplasts start to divide in the liquid culture and subsequently 

produced more colonies. 

A concern of the targeted gene disruption technique is that homologous recombination could 

result in mutations in adjacent genes at the site of integration, with the frequency of 

mutations dependent on the genetic background of the host organism (Bell et al. , 1 999; 

Yoshida et aI. , 2003). A BlastX search showed that E8 thil 5'  flanking region overlaps with 

a putative open reading frame of triosephosphate isomerase 2 (TIM 2) (with 36% identity 

with TIM 2 from Sinorhizobium meliloti), which plays an important role in several 

metabolic pathways,  including fatty acid biosynthesis, gluconeogenesis and glycolysis. In 

our study, two independent single-copy mutants K03 and K04 showed THr phenotype 

(Section 3.3 .4), and both were complemented by free thiamine and thiazole (Section 

3 .3 .4.2), indicating that the phenotype observed resulted from deletion of thil . Therefore, it 

is very unlikely that the targeting integration had caused mutation in the TIM 2 gene. 

However, the possibil ity of mutations in the TIM2 gene could not be completely excluded. 
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40 mm 

Figure 3.30. Effect of thiamine and thiazole on growth of E8 wild­

type and thil deletion mutants 

Colonies of E8 wild-type WT2 (PN2285) (A), thil deletion mutants 

K03 (PN2282) (B), ectopic transformant EC I (PN2286) (C) and EC2 

(PN2287) (D) grown on CD defined medium (thiamine free), CDT 

medium (CD + 3mglL thiamine) and CDZ medium (CD + 3 mglL 

thiazole) at 22 QC for 32 days. 

The arrow indicates the edge of the colony. 
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Figure 3.3 1 .  Frequency of hyphal branching of E8 wild-type and fhil deletion 

mutants 

Frequency of hyphal branching on the edge of colonies of E8 wild-type (PN2285) 

(A), thil deletion mutants K03 (PN2282) (B) and K04 (PN2283) (C) grown on 

CD thiamine-free defined medium at 22°C for 27 days. 

The arrow indicates aggregated hyphae. 
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Figure 3.32. Hyphal morphology of E8 wild-type and thil deletion 

mutants 

Hyphal morphology of colonies of E8 wild-type (PN2285) (A and D), 

thil deletion mutants K03 (PN2282) (B and E) and K04 (PN2283)  (C 

and F) grown on CD thiamine-free defined medium at 22°C for 27 days. 
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Figure 3.33. Conidia production of E8 wild-type and thil deletion mutants 

Conidia (arrow) on hyphal tips in colony margins of E8 wild-type (PN2285) (A), 

thil  deletion mutants K03 (PN2282) (B) and K04 (PN2283) (C) grown on CD 

thiamine-free defined medium at 22°C for 34 days followed by cold incubation 

(4°C) for a period of 3 1  days to induce conidiation. 
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Table 3.5. Colony diameter of the E8 thil deletion mutants, E8 wild type and ectopic 

controls grown on defined medium supplemented with thiazole or thiamine 

Isolates Colony diameterd (mm) 

WT 2  

EC l 

EC2 

K03 

K04 

CDa 

60 ± 2 

5 1  ± 5 

78 ± 3 

64 ± 5 

66 ± 2 

aCD: CD thiamine-free defined medium. 
bCDZ: CD supplemented with th iazole (3 mg/L). 

cCDT: CD supplemented with thiamine (3 mg/L). 

CDZb 

67 ± 2 

57  ± 2 

76 ± 6 

5 6  ± 3 

5 6  ± 0 

CDr 
64 ± 3 

59 ± 2 

79 ± 1 

66 ± 2 

60 ± 1 

d Average colony diameter (± standard deviation) from duplicate colonies after growth at 22°C 

for 37  days from a tiny plug of each culture grown on PDA medium. 
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Figure 3.34. Effect of thiamine concentration on the growth of E8 wild-type, ectopic controls and thil deletion mutants 

Radial growth of E8 wild-types WT l (PN2284) and WT2 (PN2285) (A and B), thi1 deletion mutants K03 (PN2282) and 

K04 (PN2283) (C and D) and ectopic transformants EC l (PN2286) and EC2 (PN2287) (E and F) grown on CD thiamine-free 
defined medium and CD medium supplemented with thiamine at final concentrations of 0.01 mglL or 0. 1 mglL. Colonies 

were grown at 22°C for 28 days. Plates were inoculated with small blocks of PDA culture. 



Figure 3.35. Effect of thiamine concentration on hypha} branching of E8 wild-type, 

ectopic controls and thii deletion mutants 

Hyphal branching on the edge of colonies of E8 wild-types WT l (PN2284) and WT2 

(PN2285) (A and B), thi] deletion mutants K03 (PN2282) and K04 (PN2283) (C and D),  

and ectopic transformants EC 1 (PN2286) and EC2 (PN2287) (E and F) grown on CD 

thiamine-free defined medium and CD medium supplemented with thiamine at final 

concentrations of 0 .0 1 mg/L or 0 . 1 mgIL. Colonies were grown at 22°C for 28 days.  P lates 

were inoculated with small blocks of PDA culture. 
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Figure 3.36. Effect of thiamine concentration on hyphal morphology of E8 wild-type, 

ectopic controls and Ihil deletion mutants 

Hyphal morphology of E8 wild-types WTl (PN2284) and WT2 (PN2285) (A and B), thil 

deletion mutants K03 (PN2282) and K04 (PN2283) (C and D) and ectopic transformants 

EC 1 (PN2286) and EC2 (PN2287) (E and F) grown on CD thiamine-free defined medium 

and CD medium supplemented with thiamine at final concentrations of 0 .01  mgfL or 0 . 1 

mglL. Colonies were grown at 22°C for 28 days. Plates were inoculated with small blocks of 

PDA culture. 
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Figure 3.37. Molecular analysis of E8 wild-type, ectopic controls and thil deletion 

mutants 

A: PCR products amplified from genomic DNA of EC1 (PN2286) and EC2 (PN2287) 

(lanes 1 and 2), K03 (PN2282) and K04 (PN2283) (lanes 3 and 4) and E8 wild-types WT 1 

(PN2284) and WT2 (PN2285) (Lanes 5 and 6) using primers XZ7 & XZ25 that flank E8 

thil gene (Figure3 .25). 

B: PCR products amplified from the same samples as in A using primers XZ58 & 

pUChph9 that flank the recombination insertion in the 5 '  region of the thil locus 

(Figure3.25). 

C: PCR products amplified from the same samples as in A using primer pUChph7 & XZ49 

that flank the recombination insertion in the 3 '  region of the thil locus (Figure3.25).  
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Figure 3.38. Colony morphology of the endophyte isolates sub-cultured from CD 

thiamine-free medium to CD m edia with varied concentrations of thiamine. 

Radial growth of E8 wild-types WTl (PN2284) and WT2 (PN2285) (A and B), thil 

deletion mutants K03 (PN2282) and K04 (PN2283) (C and D) and ectopic transformants 

ECl (PN2286) and EC2 (PN2287) (E and F) grown on CD thiamine-free defined medium 

(with Noble agar) and CD medium supplemented with thiamine at final concentration of 

0 .01  mg/l or 0. 1 mg/I. Colonies were grown at 22°C for 40 days. Plates were inoculated with 

small blocks of each culture grown on CD thiamine-free medium (with Noble agar). 
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Table 3.6. Effect of different thiamine concentrations on colony diameter of the E8 

thil deletion mutants, E8 wild type and ectopic controls (experiment 1 )  

I solates 

WT I ( PN2284)  

WT2 ( PN2285)  

EC 1 ( PN22 86) 

EC2 ( PN2287)  

K03 ( PN2282) 

K04 ( PN22 83)  

C D  

63 ± 1 

64 ± 3 

3 7  ± 1 

80 ± 0 

49 ± I 

49 ± 1 

Colony diametera (mm) 

C D  + 0.01 mg/L CD + 0 . 1  mg/L CD + 1 mg/L 
t h i a m i n e  t h i a m i n e  t h i a m i n e  

6 5  ± 1 5 5  ± 1 5 7  ± I 

65 ± 1 5 8  ± 3 59 ± 2 

43 ± I 47 ± 1 43 ± I 
80 ± 0 66 ± 2 67 ± 1 

44 ± I 46 ± 0 46 ± 0 

45 ± I 45 ± 1 47 ± I 

"Average colony d iameter (± standard dev i ation) from dupl icate colonies after growth at 22°C 

for 28 days from a tiny plug of each c u lture grown on PDA med i u m .  
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Table 3.7. Effect of different thiamine concentrations on colony diameter of the F.8 

thi] deletion mutants, E8 wild type and ectopic controls (experiment 2) 

Isolates 

WT l (PN2284) 

WT2 (PN2285)  

EC 1 (PN2286) 

EC2 (PN2287) 

K03 (PN2282) 

K04 (PN2283) 

C D  

8 1  ± I 

8 1  ± 0 

53 ± I 

78 ± 2 

6 1  ± I 

6 1  ± 1 

Colony d iametera (mm) 

CD + 0.0 1 mg/L CD + 0. 1 mg/L 
t h i a m i n e  th iamine  

80 ± 0 8 1  ± 1 

80 ± 0 80 ± 0 

63 ± 2 63 ± 1 

82 ± 1 8 1  ± 1 

59 ± 1 6 1  ± 2 

58 ± 1 60 ± 2 

aAverage co lony diameter (± standard deviation) from dupl icate colonies after growth at 22°C 

for 40 days on Noble agar from a tiny plug of each culture grown on CD thiamine free medium 

(with Noble agar). 
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3.4. Analysis of the symbiotic phenotype of E8 thi1 
deletion mutants in  association with perennia l  ryegrass 

3.4. 1 . Analysis of the sym biotic phenotype of Ea thi1 deletion 

mutants in  association with perenn ial  ryeg rass (experiments 1 

and 2) 

In order to investigate the symbiotic phenotype of E8 thiJ deletion mutants in association 

with perennial ryegrass, the thiJ deletion mutants K03 (PN 2282) and K04 (PN2283),  

ectopic transformant isolates EC 1 (PN2286) and EC2 (PN2287), and E8 wild-type controls 

WTl (E8, PN2286) and WT2 (E8, PN2287), were inoculated into perennial ryegrass 

seedlings (cultivar 'Nui' line A5322) using the insertion method described by Latch and 

Christensen 1 985 (Section 2. 1 2 . 1 ) . The properties examined included host colonisation, 

host growth and stromata development. 

3.4. 1 . 1 .  Host survival and colonisation 

The inoculated seedlings were observed at a regular period for the vigour of growth. Several 

weeks after transplantation into soil, many seedlings were green and healthy but others 

were stunted in growth and some of these eventually wilted and died. The death of these 

seedlings was probably due to a pathogenic interaction of the endophyte with the host 

and/or a low seedling vigour. As a result, host survival rates as well as the infection rates of 

these endophytes were examined. The presence of endophyte in plants was determined by 

tissue-print immuno blotting (Section 2 . 1 2 .3)  and/or by microscopic examination of aniline 

blue stained epidermal tissue (Section 2. 1 2.4). A summary of endophyte infection rates and 

host survival rates are presented in Table 3 . 8  and Table 3 .9. 
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The thil mutants had higher average host survival rates than the wild-type in both 

experiment 1 and 2, but a meaningful statistical analysis requires more experimental data. 

The EC l had a host survival rate similar to the mutants, and EC2 had a host survival rate 

similar to the wild-type. 

The infection rates of strains based on surviving plants in experiment 1 ranged from 42% to 

83%, with the average infection rate of the thil mutants higher than that of the wild-type, 

but again a meaningful statistical analysis requires more experiment data. The relatively low 

infection rates for some isolates indicated that the endophyte failed to colonise some 

inoculated seedlings. The infection rates of strains based on surviving plants in experiment 2 

ranged from 77% to 94%, with no significant difference between the wild-type and the thil 

mutants. The infection rate of the wild-type in this experiment was higher than that 

obtained in experiment 1 .  

The infection rates as determined by the number of infected plants per number of inoculated 

seedlings ranged from 27% to 67% in experiment 1 and from 44% to 63% in experiment 2 .  

More experiments are required to obtain a meaningful statistical analysis. These low 

infection rates were probably due to both the death of the host and the failure of E. typhina 

to colonise the host. 

3.4.1 .2.  Endophyte growth phenotype 

The hyphal concentration and morphology of the endophyte in leaf sheaths were examined 

by rnicroscopy using aniline blue stained tissue (Section 2. 1 2 .4). The concentration of 

hyphae, hyphal branching frequency, hyphal septa spacing, and width of hyphae varied, 

depending on the endophyte isolate and the host grass .  The phenotypes of hyphal growth 

were arbitrarily divided into four basic types (A, B, C and D, from low to high hyphal 

branching frequency and concentration) as shown in Fig. 3 . 39 .  Different plants infected 
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Table 3.S. Seedling survival and colonisation following inoculation with ES thil 

deletion mutants, ES wild type and ectopic controls: experiment 1 

Endophytes Number of Host survival Endophyte Endophyte 
inoculated rate" (% of infection rateb infection rateC (% 
seedlings inoculated (% of surviving of inoculated 

seedlings} seedlings} seedlings} 
WTl (PN2284) 3 0  6 3  42  2 7  

WT2 (PN2285) 3 0  6 0  5 6  3 3  

EC 1 (PN2286) 3 0  7 7  8 3  6 3  

EC2 (PN2287) 3 0  6 7  8 0  5 3  

K03 (PN2282) 3 0  8 3  8 0  6 7  

K04 (PN2283) 3 0  6 7  7 0  4 7  

apercentage of original seedlings survIvmg was determined as survIvmg seedl ings/inoculated 

seedl ings in January of 2002 (5 1 days after inoculation in November 200 1 ). 
bpercentage of surviving seedl ings infected was determined as infected seedlings/surviving In 

January of 2002 (5 1 days after inoculation in November 200 1 ) . 

cPercentage of original seedl ings infected was determined as infected seedlings/inocul ated 

seedlings in January of 2002 (5 1 days after inoculation in November 200 1 ). 

The seedlings were grown in root-trainers containing potting m ix.  
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Table 3.9. Seedling survival and colonisation following inoculation with E8 thil 

deletion mutants, E8 wild type and ectopic controls: experiment 2 

Endophytes Number of Host survival Endophyte Endophyte 
inoculated ratea (% of infection rateb (% infection rateC (% 
seedlings inoculated of surviving of inocul ated 

seedlings} seedlings} seedlings} 
WT l (PN2284) 2 5  6 8  82  5 6  

WT2 (PN2285)  2 5  5 6  7 9  4 4  

EC 1 (PN2286) 2 5  7 6  79  6 0  

EC2 (PN2287) 2 5  64 94 60  

K03 (PN2282) 3 5  7 4  7 7  5 7  

K04 (PN2283) 3 5  7 7  8 1  63  

apercentage of  original seedlings survlVlng was determined as surviving seedlings/inoculated 

seedlings in January of 2002 (37 days after inoculation in December 200 1 ) .  
bpercentage of  surviving seedlings infected was determined as infected seedlings/surviving In  

January o f  2002 (37  days after inoculation i n  December 200 1 ) .  

cPercentage of  original seedlings infected was determined as  infected seedlings/inoculated 

seedl ings in January of 2002 (37 days after inoculation in December 200 1 ) .  

The seedl ings were grown in  root-trainers containing potting m ix .  
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with the same isolate showed a range of different phenotypes. While the inoculation method 

and physiological conditions under which the plants were grown probably would affect the 

hyphal growth phenotypes within the hosts, the more likely explanation for the range of 

hyphal growth phenotypes is a grass genotype effect, given the highly heterozygous genetic 

background of the perennial ryegrass cultivar (Christensen et al,. 1 997; Cheplick et al., 

2000; Faeth and Sullivan, 2003) .  Among the ten grasses infected with K03 or K04, six had 

the type A phenotype (hyphae were straight, seldom branched and typically a single hypha 

was found in the intercellular space) ,  and four had a branching growth phenotype (type B 

to C in Fig. 3 .39) (Table 3 . 1 0) .  For the wild-type, four of ten infected plants had the typ e  

A phenotype. For the ectopic controls, three of the ten infected plants had the type A 

phenotype. For both the wild-type and ectopic control groups there were a greater number 

of the more severe hyphal growth phenotypes (C to D) compared to the mutants. The 

results might suggest that the thil deletion mutants had a reduced hyphal branching and 

biomass in the plant. However, given the small sample size and the wide range of hyphal 

growth phenotypes, more observations are required for comparison of hyphal growth 

between the mutant and the controls. 

3.4.1.3. Host morphology and growth phenotype 

Following inoculation in December of 200 1 ,  the morphology and growth of the host was 

monitored on a regular (weekly) basis. What was striking was the range of plant 

phenotypes (Fig 3 .40 A to G) observed for plants infected with the wild-type strain. Some 

plants grew vigorously whereas others showed a noticeable stunting, characterised by an 

increase in the number of tillers and reduced height of the plants (Fig 3 .40 I and J). Again 

the wide range of host phenotypes probably highlight the very strong host genotype effect. 

For the limited number of associations analysed none of the plants infected with the thil 

mutant showed the extreme phenotype of stunting observed with wild-type (Table 3 . 1 1 ) .  

All 1 0  plants, randomly selected from root trainers and potted, had a normal growth 

1 86 



phenotype (Fig. 3 .40 H and K). Correlation between the host stunting phenotype and the 

degree of hyphal branching was not evident (Table 3 . 1 2) .  The host stunting phenotypes 

were observed in grasses with an endophyte type A, B or C hyphal growth phenotype. 

In order to more accurately described the host growth characteristics, tiller numbers of the 

plants were counted and the plant fresh weight determined. These plants showed a great 

variation in the tiller number and fresh weight. A comparison of the tiller number per plant, 

plant fresh weight, and tiller weight is summarised in Table 3 . 1 3 .  Statistical analysis by 

ANOV A (Least Significant Difference (LSD), P = 0.05) showed that plants infected with 

the wild-type had an average tiller number significantly greater than those infected with 

K04, but not for the plants infected with K03 , EC 1 or EC2. Significant differences were 

also observed in tiller weight among the different endophyte-grass associations. The tiller 

weight of the plants infected with wild-type were significantly less than that of plants 

infected with K04 (ANOV A, LSD, P = 0.05) .  However, the tiller weights of plants 

infected with K03, EC 1 and EC2 were between those of the wild-type and of K04. These 

results are consistent with the previous observations that stunted plants were 

predominantly present in the wild-type infected plants. No significant differences were 

detected in plant weight between the wild-type and KO infected plants. 

3.4.1 .4. Peramine concentration 

Peramine concentration of the plants were examined (Section 2 . 1 2 .6) to determine if there 

was any effect of the thil deletion on alkaloid production. The average peramme 

concentrations ranged from 70 to 94 ppm, with the EC2 infected plants having the highest 

peramine concentration of 94 ppm (Table 3 . 1 3) .  Peramine concentrations varied 

considerably in different plants infected with the same isolate. No significant difference (P = 

0 .9 1 8 1 ,  unpaired T test in web site http://www.graphpad.com/quickcalcs/ttest2 .cfm) was 

detected between plants infected with the KO compared to the wild-type. 
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3.4.1 .5. Stromata development on vegetative tillers 

An unexpected observation from experiment 2 was the development of stromata on 

vegetative tillers of infected plants. Previous to these experiments, stromata of E. typhina 

had been reported to be present only on reproductive tillers (White and Cole, 1 985;  White 

et aI. , 1 997). The presence of stromata on vegetative tillers of the infected plants was 

initially observed in March 2002. Additional stromata continued to form until the middle of 

June. The stromata on vegetative tillers were comprised of a conspicuous dense white layer 

of mycelium on leaves of tillers (Fig. 3 .4 1 ) . Numerous solitary, terminal small conidia on 

long slender conidiophores on epiphytic hyphae were observed on the leaf surfaces under a 

dissecting microscope. Often the stromata were confined to the blade, on both the abaxial 

(upper) and adaxial (lower) surfaces. Occasionally, external hyphae were present on the 

sheath, in close proximity to the ligular zone. The stromata typically covered just a part of 

the leaf blade immediately above the ligular zone or some distance above the ligular zone, 

and the edges of the blade were often fused together (Fig 3. 4 1 Cand D). The stromata 

developed on only a few tillers on any one plant, and these plants were typically not 

stunted (Table 3 . 1 2).  For one plant (0 1 080) with a few large and many small tillers, the 

stromata were formed only on the large tillers. The leaves on which stromata were formed 

initially appeared green and healthy. However, once the stromata were formed, the growth 

of immature leaves was stunted and mature leaves with stromata became wilted and brown 

within a short time. These observations indicated that the stromata may divert a large 

quantity of nutrients and water from the leaf tissues to the external hyphae and thus have a 

detrimental effect on leaf growth and survival. Among the 30  potted plants examined, 1 0  

developed stromata on vegetative tillers. Of these, four were infected with the wild-type, 

four with ectopic controls and two with the thil deletion mutants (Table 3 . 1 4). This is the 

first report of stroma development on vegetative tillers of a grass infected with E. typhina or 

any other Epichloe species. 
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3.4.1 .6. Stromata development on reproductive tillers 

In order to test whether the thil deletion had any effect on stromata development on 

reproductive tillers, the 30 plants from experiment 2 were vernalized during the winter of 

200 1 to promote inflorescence development. During the period of October to December of 

2002, a total of 1 5  of the 30 plants developed stromata on reproductive tillers (Fig. 3 .42); 

six of these were infected with the wild-type, six with ectopic controls and three with K03 

or K04 (Table 3 . 1 4). Examination of plants lacking stromata showed that reproductive 

tillers were absent or had not fully developed, suggesting that those plants lacking stromata 

either had no reproductive tillers or tillers that had not fully developed. These results 

demonstrate that the thil deletion mutants retain the ability to form stromata. Most of the 

plants (although not all) that had stromata develop on vegetative tillers also had stromata on 

reproductive tillers. The exceptions were three plants (G 1 083, G 1 088 and G 1 1  06) for 

which the ability to produce stromata on reproductive tillers could not be determined due to 

the absence of such tillers. Other plants (GI 08 I ,  G 1 082, G I 085 ,  G I 087, GI 095, G I 096, 

G 1 1 00 and G 1 1 05) that had no stromata on vegetative tillers still had stromata develop on 

reproductive tillers. 

There were a wide range of patterns of stromata development on reproductive tillers. The 

majority of the stromata-bearing plants had stromata on all the reproductive tillers. 

However, a few reproductive tillers had no stromata (Fig. 3 .42 C) although they contained 

endophyte as indicated by microscopic examination. The flag leaf of the stromata-bearing 

tillers was typically shorter (ranging from 5 to 1 7  cm) than that of non-stromata 

reproductive tillers (typically over 20  cm). Elongation of the inflorescence and the internode 

below were typically reduced (Fig. 3 .43). Stromata were not confined to the flag leaf. For 

one of the wild-type association, the second and the third leaf of some tillers was also 
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covered with mycelium. For all three thil mutant associations with stromata, both the flag 

leaf and the second leaf were covered with mycelium and development of the inflorescence 

was nearly completely restricted (Fig. 3 .43). With some tillers the mycelia covering was 

present on both the leaf sheath and blade. 

3.4.1.7. Stability of the endophyte-grass associations 

The 30 plants from experiment 2 were monitored regularly for the presence of endophyte 

and for changes in plant morphology over a period of more than one year. About 7 months 

after inoculation, one plant (GI 09 1 )  infected with EC l lost the endophyte as indicated by 

microscopic examination and tissue-printing immuno blotting. One other plant (G 1 084, 

infected with WTl )  had dramatically less hyphae than previously detected. Hyphae in this 

plant were unevenly distributed, were highly branched and convoluted, were poorly stained, 

and the length of compartments was often short. In some tillers or leaves of plant G 1 084, 

no endophyte was detected. Plants G 1 09 1  and G 1 084 initially were classified as having 

type B and type C hyphal growth phenotypes respectively. 

Changes in plant morphology and growth were also observed. One year after inoculation, 

three plants (G I 077, G I 098 and GI 105 infected with WTl ,  EC2 and K04 respectively) 

had died. No extreme stunting of these hosts was observed prior to host death. These 

observations suggest that the endophyte colonisation and/or host morphology can change 

over time as a consequence of the ongoing growth of the plant and the endophyte and the 

interaction between both. The loss of endophyte hyphae in the plant and loss of host 

viability probably reflect an incompatibility in the genotypes of the endophyte and the host 

during the interaction. 
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3.4. 1 .8. Analysis of the endophyte re-isolated from the plants 

In order to confirm that the plants being analysed really carried the E8 thil deletion 

mutants, E8 wild-type or ectopic controls, endophytes were re-isolated from these plants 

(Section 2. 1 2 .5)  for molecular analysis. Fast-emerging and fast-growing hyphae developed 

from the surface sterilised excised leaf sheath and blade sections placed on PDA plates . The 

endophyte colonies were white and cottony, and conidia were present. These characteristics 

are typical of E. typhina endophytes. No morphological differences were observed among 

colonies of wild-type, thil mutant and ectopic isolates (Fig. 3 .44). 

PCR amplifications of genomic DNA from these isolates was carried out usmg pnmers 

Lp 1 9CY l and Lp 1 9CY6 which flank a highly polymorphic microsatellite located in the 5 '  

coding region of  a geranylgeranyl diphosphate (GGPP) synthase (C. Young personal 

communication). A PCR product of about 550 bp was amplified from all these isolates (Fig. 

3 .45) .  The PCR product from a representative number of these isolates from plants G 1 077 

(WT 1 ), G I 082 (WT2), GI 087 ( l A), G I 092 ( 1 20A), G 1 097 (K03) and GI I 02 (K04) was 

sequenced. All the sequences were identical to that of the original E8 wild-type i solate 

(Appendix 2), confirming that all isolates are either E8 or derivatives of E8. 

Further PCR analysis was carried out to distinguish the individual isolates. PCR 

amplification (Section 2 .7 .2) using primers XZ7and XZ25 was carried out to confirm that 

these isolates were E8 thi] KOs, wild-type and ectopic controls. Primer set XZ7and XZ25 

(flanking the thil gene) should give a product of 1 .4 kb in the wild-type, a product of 2.7 kb 

in the KOs, and two products of 1 .4 kb and 2 .7 kb in ectopic controls. As expected, a band 

of 1 .4 kb was produced from the endophyte re-isolated from G I 077-G 1 086 that were 

infected with the wi ld-type isolates. Two bands of 2 .7 kb and 1 .4 kb were produced from 

G 1 087-G I 097 that were infected with EC 1 and EC2 . A single band of 2 .7  kb was produced 

from G I 097-G I I 06 that were infected with K03 and K04 (Fig. 3 .46) . 

1 9 1  



50 f..tm 

Figure 3.39. Light micrographs of aniline blue stained endophytes in leaf 

sheaths from perennial ryegrass 

Thin epidennal strips from the inner leaf sheath were removed in January of 

2002 (50 days after inoculation) and stained with ani l ine blue. Several different 

types of hypha I growth w ere observed: 

A: Hyphae were straight, seldom branched and typical ly a single hypha was 

found in an intercellular space. The sample was taken from p lant G 1 098 infected 

with E8 thil  deletion mutant K03 (PN2282). 

B: Hyphae were occasionally branched and convoluted. The sample was taken 

from plant G 1 099 infected with K04 (PN2283). 

c: Hyphae were typical ly  branched, convoluted, uneven in  diameter. The sample 

was taken from plant G 1 089 infected with ectopic control EC 1 (PN2286). 

D: Hyphae are highly branched and often aggregated together. The sample was 

taken from p lant G I 077 infected with E8 wild-type WT I (PN2284). 
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Table 3. 1 0. Number of different hyphal colonisation phenotypes 

Endopbytes 

WTI (PN2284) 

WT2 (PN2285)  

EC 1 (PN2286) 

EC2 (PN2287) 

K03 (PN2282) 

K04 (PN2283) 

Number of 

plantsa 

5 

5 

5 

5 

5 

5 

Number of 

type Ab 

2 

2 

1 

2 

3 

3 

Number of N u mber 

type BC  of type Cd 

3 

3 

2 

Number of 

type De 

aThe plants were from experiment 2 and exam ined in January of 2002 (50 days after 

inoculation in December of 200 1 )  by light microscopy using ani l ine blue stained material. 
bHyphal colonisation phenotype as described in Figure 3 .39 A 

CHyphal colonisation phenotype as described in F igure 3 .39 B 
dHyphal colonisation phenotype as described in F igure 3 .39 C 

eHyphal colonisation phenotype as described in Figure 3 .39 D 

The plants were grown in pots containing potting mix.  

1 93 



Figure 3.40. Host phenotype of plants infected with E8 wild-type and thil mutants 

Photograph of perennial ryegrass plants ID February of 2002 (about 1 2  weeks post 

inoculation) . 

A - G: Seven plants infected with E8 wild-type. 

H : A plant infected with E8 thil mutant. 

I: A plant infected with E8 wild-type. 

J: A plant infected with E8 wild-type. 

K: A plant infected with E8 thil mutant. 
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Table 3. 1 1 . Number of stunted plants in experiment 2 

E n d o p hytes 

WT l ( PN2284) 

WT2 ( PN2285)  

EC 1 ( PN2286) 

EC2 (PN2287) 

K03 ( PN2282) 

K04 (PN2283) 

N u m be r  of stunted 
plants/n umber of  
plan ts examined" 

2/5 

1 15 

1 15 

0/5  

0/5 

0/5 

aThe plants were examined during February to May of 2002 (about 1 2  to 25  weeks after 

inoculation in December of 200 1 ) . Stunted grasses typically have a turf-l ike appearance wh ich 

is a consequence of reduced size of t i l lers as shown in F igure 3 .40 I and J. 
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Table 3.12. Correlation of hyphal growth phenotypes, host stunting, and stromata 

development for experiment 2 

Endophytes Plant identification and phenotypes 

W T l  (PN2284) 0 1 077" 0 1 080 
nb svc SR d A SV SR 

WT2 (PN2285)  0 1 082 0 1 085  
C SR A SR 

EC 1 (PN2286) 0 1 087 0 1 088 01 089 0 1 090 
C SR C SV C SV SR A SV SR 

EC2 (PN2287) 0 1 092 0 1 093 01 094 0 1 095 0 1 096 
A B SV SR C A SR C SR 

K03 (PN2282) 0 1 097 0 1 098 01 099 0 1 1 00 01 1 0 1  
A A B A SR C 

K04 (PN2283) 0 1 1 02 0 1 1 03 01 1 04 0 1 1 05 0 1 1 06 
A C SV SR B A SR A SV 

aThe G number indicates plant identification number. 
bThe letters A, B, C or D indicates the hyphal growth phenotypes shown in Fig. 3 .39  examined 

in January of 2002 (about 7 weeks after inoculation in Decem ber of 200 1 ) . 

csv indicates stromata developm ent on vegetative tillers during March to June of 2002 (about 

1 3  to 27 weeks after inoculation in December of 200 1 ). 

dSR indicates stromata development on reproductive tillers during October to December of  

2002 (about 46  to 53 weeks after inoculation in  December of 200 1 ). 

The shaded Cel l  indicates plants that were stunted during February to May of 2002 (about 1 2  t o  

25 weeks after inoculation i n  December of 200 1 ). 
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Table 3.13. Host tiller number, tiller weight, fresh weight and peramine 

concentration for experiment 2 

Endophytes Til ler Fresh weight Fresh weight Pera m i n e  

number per per tillerb (g) per plantC (g) concentrationd 

plane (pp m) 

WT l (PN2284) 1 02 ± S3 ae O. I S  ± O.OS a I S . I ± 2 .8  82  ± 2 5  

WT2 (PN228S)  1 1 5 ± 25 a 0 . 1 4  ± 0 .04 a 1 5 .5 ± 1 .0 7 1  ± 1 0  

EC 1 (PN2286)  80 ± 43 ab 0.26 ± 0. 1 1 bc 20.6 ± 4 .6  70 ± 32  

EC2 (PN22 87) 78 ± 1 0 ab 0.24 ± 0.03 bc 1 8 .3 ± 0.3  94 ± 43 

K03 (PN2282) 80 ± 20 ab 0 .2 0  ± 0 .02 ab I S .9 ± 0 .3  82 ± 34  

K04 (PN2283)  54 ± 1 3  b 0.3 1 ± 0. 1 4  c 1 7 .0  ± 1 . 7 7 1  ± 33  

aAverage (n  = S) t i l ler number per plant (±  standard deviation) examined in May of  2002 (about 

22 weeks post inoculation in December 200 1 ). 

b Average (n = S) til ler weight (± standard deviation) examined in May of 2002 (about 22 weeks 

post inoculation in December 2 00 1 ). 

CAve rage (n = S) fresh weight per plant (± standard deviation) examined in May of 2002 (about 

22 weeks post inoculation in December 200 1 ). 
dAverage (n = 5)  peramine concentration (± standard deviation) for plants examined in  

February of 2003 (about 64 weeks after inoculation in December of 200 1 ) . The plants were 

trimmed back and grown for three weeks before harvested. 

eAverage til ler number or ti l ler weights not followed by a common letter are significantly 

d ifferent (P < O.OS)  according to ANOVA analysis. 
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Table 3.14. Number of plants with stromata on vegetative tillers or reproductive 

tiller for experiment 2 

Endopbytes Stromata of Stromata on 
vegetative tiller3 re�roductive tillersb 

WT l (PN2284) 3/5c 4/5 

WT2 (PN2285)  1 /5 2/5 

EC 1 (PN2286) 3 /5 3 /5 

EC2 (PN2287) 1 /5 3 /5 

K03 (PN2282) 0/5 1 /5 

K04 (PN2283) 2/5 2/5 

aStromata on vegetative ti l lers were observed on the plants from experiment 2 during March t o  

June o f  2002 (about 1 3  to 2 7  weeks after inoculation i n  December of 200 1 ). 
bStromata on reproductive til lers were observed on the plants from experiment 2 during 

October to December of 2002 (about 46 to 53 weeks after inoculation in December of 200 1 ). 

cThe numbers of plants with stromata/the number of plants observed.  
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Figure 3.41 .  Stromata on vegetative tillers 

A and B: Stromata on vegetative tillers of perennial ryegrass infected with E8 wild-type. 

C and D: Stromata on vegetative tillers of perennial ryegrass infected with E8 thil deletion 

mutants. 

E: Light micrograph of a transverse cross-section through the stroma-forming region of a 

vegetative tiller infected with E8 thil deletion mutant, showing the distribution of 

epiphytic hyphae. 

The arrow indicates stroma. 
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Figure 3.42. Stromata on reproductive tillers 

A - C: Stromata on reproductive tillers of perennial ryegrass infected with E8  isolate. 

D :  Stromata on reproductive tillers of perennial ryegrass infected with E8 thil deletion 

mutant. 

The red arrow indicates stroma. The black arrow indicates a reproductive tiller lacking 

stroma. 
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Figure 3.43. Stromata on reproductive tillers 

A: Stromata on reproductive tillers of perennial rye grass infected with E8 wild-type. Each 

tiller from an individual plant. 

B:  The reproductive tillers in A after removing the leaf with stroma showing the mycelium 

covered inflorescence. 

c: Stromata on a reproductive tillers of perennial ryegrass infected with E8 thiI deletion 

mutants .  

D: The reproductive tillers in  C after removing the outer leaf with stromata. 

The arrow indicates stroma. 
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Figure 3.44. Growth of E8 thil mutants, E8 wild-type and ectopic controls re-isolated 

from the host grass 

Colony morphology of endophytes re-isolated from host grasses from experiment 2 at 7 

weeks post inoculation, and grown for 1 3  days at 22°C on PDA containing oxytetracycline 

(5 mglL). 

A: Endophytes re-isolated from grasses 0 1 077-0 1 08 1  infected with E8 wild-type WT 1 

(PN2284). 

B:  Endophytes re-isolated from grasses 0 1 097-0 1 1 0 1  infected with E8 thi] mutant K03 

(PN2282). 
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Figure 3.45. Microsatellite PCR analysis of E8 thil mutants, E8 wild-type and ectopic 

controls re-isolated from host grasses 

A: PCR product amplified from genomic DNA of endophytes re-isolated from five different 

grasses (G I 077-G I 08 1 )  infected with wild-type E8 WI1 (PN2284) (lane 1 to 5) and five 

grasses (G 1 082-G 1 086) infected with wild-type E8 WI2 (PN2285) (lane 6- 1 0) . Primers 

used were CYLp 1 9- 1  & CYLp 1 9-6. 

B :  PCR product amplified from genomic DNA of endophytes re-isolated from five different 

grasses (G 1 087-G 1 09 1 )  infected with ectopic transformant Ee l (PN2286) (lane 1 -5) and 

five grasses (G 1 092-G 1 096) infected with EC2 (PN2287) (lane 6- 1 0) .  Primers used were 

CYLp 1 9- 1  & CYLp 1 9-6. 

C: PCR product amplified from genomic DNA of endophytes re-isolated from five 

different grasses (G 1 097 -G 1 1 0 1 )  infected with E8 thi] mutant (PN2282) (lane 1 to 5) and 

five grasses (G 1 1  02-G 1 1 06) infected with E8 thi] mutant (PN2283) (lane 6- 1 0) .  Primers 

used were CYLp 1 9- 1  & CYLp1 9-6. 
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650 bp 
500 bp 
400 bp 
300 bp 
200 bp 
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650 bp 
500 bp 
400 bp 
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C 
650 bp 
500 bp 
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200 bp 

M 1 2 3 4 5 6 7 8 9 1 0  

� 5 50 bp 

M 1 2 3 4 5 6 7 8 9 1 0  

�5 50 bp 

M 1 2 3 4 5 6 7 8 9 1 0  

� 5 50 bp 
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Figure 3.46. Molecular analysis of E8 thiI m utants, E8 wild-type and ectopic controls 

re-isolated from the host grasses 

A: PCR product amplified from genomic DNA of endophytes re-isolated from five different 

grasses (0 1 077-0 1 08 1 )  infected with wild-type E8 WT l (PN2284) (lane 1 to 5) and five 

grasses (0 1 082-0 1 086) infected with wild-type E8 WT2 (PN2285) (lane 6- 1 0). Primers 

used were XZ7 & XZ25 .  

B: PCR product amplified from genomic DNA of  endophytes re-isolated from five different 

grasses (0 1 087-0 1 09 1 )  infected with ectopic transformant EC 1 (PN2286) (lane 1 -5 )  and 

five grasses (0 1 092-01 096) infected with EC2 (PN22 87)  (lane 6- 1 0) .  Primers used were 

XZ7 & XZ25 .  

c :  peR product amplified from genomic DNA of  endophytes re-isolated from five 

different grasses (G 1 097-0 1 1 0 1 )  infected with E8 thil mutant (PN2282) (lane 1 to 5) and 

five grasses (0 1 1 02-0 1 1 06) infected with E8 thi] mutant (PN2283)  (lane 6- 1 0) .  Primers 

used were XZ7 & XZ25 .  

Lanes 1 1  and 12  are PCR products amplified from genomic DNA of  E8 (PN2238)  and 

pXZ5 1 as controls .  Primers used were XZ7 & XZ25 .  
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M 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  
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3.4.2. Ana lys is of the symbiotic phenoty pe of Ea thi1 delet ion 

m utants in  assoc iation with perennia l  ryeg rass (experiment 3 )  

Observations from the previous experiments indicated that there was considerable variation 

in the symbiotic phenotype because of a strong endophyte-host genotype interaction. 

Consequently a larger population of plants was set up in September 2002 to test whether 

there were any differences in the symbiotic phenotype between thil mutant and wi ld-type 

isolates. In order to test whether host death and the grass stunted phenotypes were results 

of endophyte infection, an endophyte-free group (EN) of which the seedlings were cut and 

inserted with endophyte-free PDA was included. 

3.4.2 . 1 .  Host survival and colonisation 

About six weeks after inoculation (Section 2 . 1 2 . 1 ), the number of surviving plants was 

recorded and the number of infected plants determined by tissue-printing immuno blotting 

(Section 2 . 1 2 . 3) .  The host survival rates and endophyte infection rates are summarized in 

Table 3 . 1 5 .  The group of seedlings inoculated with j ust PDA medium (EN) had a survival 

rate of 8 1  %, indicating that seedling vigour and/or the method of inoculation has an impact 

on survival. This host survival rate were significantly higher than those groups inoculated 

with the six strains (isolates) indicating that the endophyte has a detrimental effect on 

seedling survival. K03 had a host survival rate significantly higher than the wild-type. K04 

had a host survival rate higher than the wild-type, but this was not significantly different. 

However, when WT 1 and WT2 are combined as a wild-type group, and K03 and K04 as a 

KO group, there was a significant difference (P < 0.05) in  the survival rate between these 

two groups. EC 1 had a host survival rate similar to that of K03 .  EC2 had a host survival 

rate similar to those of the WT 1 and WT2 . These results are, in general, consistent with 

what was observed in experiment 2 (Table 3 .9) in that K03,  K04 and EC 1 had higher host 
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Table 3.15.  Seedling survival and colonisation following inoculation with E8 thil 

deletion mutants, E8 wild type and ectopic controls: experiment 3 

E ndophytes Number of Host surv ival Endophyte E ndophyte 
inoc u l a ted rateb (% of i n fection rated infection ratee (% 
seed l i n gs i n o c u lated (% of surviving of inoculated 

s e e d l i ngs} s e e d l i ngs} seed l i ngs} 
WT l (PN2284) 7 7  43 bC 52 e 22 h 

WT2 (PN2285)  1 2 0 44 b 55  e 25 h 

EC 1 (PN2286) 1 22 59 c 6 1  e 36  i 

EC2 (PN2287) 1 20 42 b 74 f 3 1  h i  

K03 (PN2282) 1 20 5 8  c 76 f 44 j 

K04 (PN2283) 1 22 5 1  bc 73 f 3 7  ij 

EN a 7 8  8 1  a O d  O g  

aEN is endophyte free control inoculated with PDA. 
bpercentage of original seedlings surviving was determ ined as surviving seedlings/inoculated 

seedlings in November of 2002 (45 days after inoculation in September 2002). 

CHost surv ival rates or infection rates not followed by a common letter are s ign ificantly 

d i fferent (P< 0 .05)  accord ing to normal test for proportion.  
dpercentage of surviving seedlings infected was determ ined as infected seedl ings/surviving 111 

November of 2002 (45 days after inoculation in September 2002) 

epercentage of original seedlings infected was determ ined as infected seedlings/inoculated 

seedlings in November of 2002 (45 days after inoculation in September 2002). 

The plants were grown in root-trainers containing potting m ix. 
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survival rates than WTl ,  WT2 and EC2. However, the host survival rates in experiment 3 

were all lower than the corresponding rates found in experiments 1 and 2 ,  suggesting that 

the inoculation conditions or environmental conditions can vary, thereby impacting on host 

survival . 

Infection rates of K03 and K04 were significant greater than those of WTl and WT2 

(Table 3 . 1 5) .  These results were consistent with the results obtained in experiment 1 (Table 

3 .8). Eel had an infection rate similar to WTl and WT2, while that of EC2 was similar to 

K03 and K04. The endophyte infection rates in this experiment ranged from 52% to 76%, 

which were lower than those detected in experiment 2 (77% to 94%); again emphasizing the 

variability associated with either the inoculation process or environmental conditions and 

the consequential impact on host infection rates. The considerably lower infection rates 

observed in this experiment and in experiment 1 (ranging from 42% to 80%) suggested that 

endophytes failed to colonise certain host genotypes. 

The infection rates as determined by the number of infected plants per number of inoculated 

plants were also determined (Table 3 . 1 5), as a measure of the efficiency with which the 

endophyte can form an association with the host plant. WTl and WT2 had significantly 

lower infection rates than K03 and K04. EC2 had a infection rate between the WT and the 

KO groups, and ECl had an infection rate similar to the K04. The low infection rate (22% 

to 44%) again indicated an incompatible interaction between E8 and some of the host 

plants. 

3.4.2.2. Progressive host death 

A feature of this and previous experiments was the high mortality of plants infected with 

E8 and E8 transformants. It was previously observed in experiment 2 that 3 among 3 0  

infected plants died (Section 3 .4. 1 .7). I n  experiment 3 ,  some plants died during the period of 
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observation (Table 3 . 1 6) .  These observations suggest that the endophyte was detrimental to 

the host as 52 out of 63 (83%) endophyte-negative plants (EN) remained alive at 28 weeks 

after inoculation. However, all the endophyte infected groups, except EC 1 ,  had significantly 

greater rates of host death than the endophyte-free (EN) group, suggesting that infection 

with these endophytes had detrimental effects on the host. Plants infected with EC l had a 

host death rate greater than the endophyte-free plants at three time points except 9 weeks 

post inoculation, but the difference was not significant. The KO groups had a lower 

percentage of host death than the wild-type, and the difference was significant at all time 

points, except for 28 weeks post inoculation. These results suggested that the thil deletion 

mutants had reduced adverse effects on the host growth. EC2 had host death rates similar to  

those of  the wild-type at 9 and 12  weeks post inoculation, but lower host death rates than 

the KO at 20 and 28 weeks post inoculation. 

3.4.2.3. Host growth characteristics 

As in experiment 2 some hosts showed a stunted phenotype. This phenotype 

predominated in plants infected with wild-type strains and was less frequently observed in 

mutants (Table 3 . 1 7) .  However, over the duration of this experiment some plants of all 

groups died (Section 3 .2 .2 .2), leading to a reduced sanlpling size. This was particularly 

marked for plants infected with the wild-type. Given the relatively small population size, i t  

was hard to  have a meaningful statistical analysis when regarded WT l ,  WT2, EC l ,  EC2, 

K03 or K04 as individual groups. Thus WT l and WT2 were grouped together as the WT 

group, K03 and K04 as the KO group, EC l and EC2 as the EC group, and a Fisher' s exact 

test (http://www .graphpad.com/quickca\cs/contingencv2 .cfm) was used to compare 

whether differences in the number of stunted plants versus non-stunted plants between the 

WT and the KO group were significant. Results showed that the WT group had a 

significantly higher number of stunted plants than the KO group at all the time points (P = 
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0.0056, 0.0040 and 0.0306 at 1 2, 20 and 28 weeks post inoculation respectively) 

(Appendix 6 .2) .  

To further assess the symbiotic phenotypes of these associations, several other plant 

growth characteristics were determined. These included above ground fresh weight, ti l ler 

number and weight. 

Measurement of fresh weight showed that at early development stages (before 20 weeks 

after inoculation) there were significant differences in host fresh weight between the 

endophyte-free (EN) and positive plants, and between the plants infected with the mutant 

and the wild-type (Table 3 . 1 8) .  At 6 weeks post inoculation, the endophyte-free plants 

(EN) had an average host fresh weight that was about 2 to 8-fold greater than the 

endophyte-infected groups. Plants infected with the [hi] mutants had an average fresh 

weight about 2 to 4-fold that of plants infected with the wild-type. These differences were 

statistical ly significant. At 9 weeks post inoculation, the endophyte-free plants (EN) had an 

average host fresh weight that was significantly greater than that of the endophyte infected 

plants. The plants infected with the KO had a fresh weight greater than those infected with 

the wild-type, but the difference was not significant. At 1 2  weeks post inoculation, the 

endophyte-free plants and the KO infected plants had a similar fresh weight, which was 

significantly greater than plants infected with the wild-type. However at 20 weeks post 

inoculation, the endophyte-free plants had a significantly lower fresh weight than the 

endophyte- infected plants. The KO infected plants had a significantly greater host fresh 

weight than the wild-type. No significant difference was detected at 28 weeks post 

inoculation among these groups. The EC groups had fresh weights between that of the K O  

and WT groups, or were more often similar to the KO. 

Differences in average til ler numbers were only detected at 20 and 28 weeks post 

inoculation (Table 3 . 1 9) .  The endophyte-free plants (EN) produced fewer ti l lers ( 1 7 at both 
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time points) than all the endophyte-infected plants (24-33 tillers per plant) . The difference 

was significant at 20 weeks post inoculation. Plants infected with the mutant had fewer 

tillers than plants infected with the wild-type, and the ectopic controls, but these 

differences were not statistically significant. 

The ti l ler weight of the endophyte-free group (EN) was consistently greater than that of the 

endophyte-infected groups.  This difference was significant up to 9 weeks post inoculation 

(Table 3 .20). These results indicated that endophyte infection reduced host til ler size, in 

particularly at early host development stages. Gradually, infection of endophyte can 

stimulate the host to produce more til lers and as a consequence increases host fresh weight. 

Til ler weights of the KO infected plants were greater than those of the wi ld-type up to 20 

weeks post inoculation. This difference was significant at 1 2  weeks post inoculation. At  

later stages, the tiller weight of  the KO infected plants were greater but not significantly 

different to the wild-type infected plants. Considering the high mortality for the p lants 

infected with the wild-type and that smaller plants tend to die more easily, the remaining 

plants infected with the wild-type at later stage are more likely to have greater til ler 

weights. 

3.4.2.4. Stromata development on vegetative tillers 

Stromata on leaves of vegetative til lers were noted again in February of 2003 on a few 

plants from experiment 3 .  A total of 5 out of 1 50 plants examined had stromata develop on 

vegetative ti l lers; 2 of these were infected with the ectopic controls and 3 with the mutant. 

After trimming the plants to measure fresh weight no further stromata developed on 

vegetative tillers. 
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Table 3 .16. Death rates of infected plants: experiment 3 

Endophytes Period post inoc ulation (weeks) 
9 1 2  2 0  2 8  

WT l (PN2284) 5 9% b d C 7 1 %  d N O d N O  

W T2 ( PN 2 2 8 5 )  2 8 %  c 4 1 %  c 5 2 %  c 69% c 

EC 1 ( PN2286) 2% ab 1 4% a 1 4 % a 3 0 %  a 

EC2 (PN22 8 7 )  3 1 % c 3 3 %  bc 3 3 %  b 44% b 

K03 (PN2282) 1 1 % b 1 7% a b  1 7% a 5 8 %  c 

K04 ( PN 2 2 8 3 )  1 3 % b 27% b 3 3 %  b 60% c 

E N a 2% a 5% a 8% a 1 7% a 

a EN is endophyte free control inoculated with POA.  

b H ost death rates were determ ined as number of infected p l ants that d ied/number of i n fected 

plants exam i ned at 6 weeks post i noculation .  

CHost  death rates not fol lowed by a common letter are  s igni ficantly d i fferent (P  < 0 . 0 5 )  

according to norm a l  test for proportion.  
dnot determ ined due to small  number of p lants. 

The p lants were grown in root-trai n ers conta i n i n g  pott ing m i x .  

Table 3. 1 7. Number of stunted plants:  experiment 3 

Endophytes Period post inoculation (weeks) 

1 2  2 0  2 8  

WT l ( PN 2 2 8 4 )  2 / 5  b aC 1 1 1 d 010 

WT2 ( PN 2 2 8 5 )  3 / 1 7 a 2/ 1 4  d 2/9 f 

EC 1 ( PN 2 2 86)  2/3 8 ab 2/3 8 de 1 13 1  fg 

EC2 ( PN 2 2 8 7 )  3 /2 4  ab 1 /24 de 2/20 fg 

K03 (PN22 82) 1 /44 b 0/44 e 0/22 g 

K04 ( PN 2 2 8 3 )  1 133 b 0/3 0 e 01 1 8  g 

EN " 0/60 c 0/5 8 e 0/52 g 

aEN i s  endophyte free control inocu l ated w ith P D A .  

bN um ber of stunted p lants/number o f  plants exam i ned i n  root trainers. 

cNum ber of stunted p l ants/n umber of plants not fol lowed by a common l etter are s i g n i ficantly 

d i fferent (P< 0 . 0 5 )  accord ing to Fi sher Exact Test (Dan ie l ,  1 99 5 ) .  

2 1 8  



Table 3. 1 S. Effects of ES thil deletion mutants, ES wild type and ectopic controls on host fresh weight (mg) : 
experiment 3 

E ndopbytes 

6 9 

W T l  (PN2284) 28 b b e  (n d = 1 7) 1 3 7 e (n = 7) 

WT2 (PN2285)  5 6  b (n = 29) 3 2 8 e (n = 2 1 )  

EC 1 (PN22 86)  1 04 c (n = 44) 5 6 7  f (n = 43 ) 

EC2 (PN2287) 90 be ( n  = 36)  654 f (n = 2 5 )  

K 0 3  (PN2282) 94 c (n = 5 3 )  4 6 5  e f  (n = 47) 

K04 (PN228 3 )  1 05 c ( n  = 45) 536 ef (n = 3 9) 

EN a 246 a (n = 63 ) 1 067 d (n = 62) 

aEN is endophyte free control inoculated with POA. 

b Average plant fresh weight. 

Period post inoculation 

(weeks)  

1 2  2 0  2 8  

478 g (n = 5 ) NO e (n = 1 )  NO (n = 1 )  

1 05 9  g (n = 1 7) 7 5 76 i (n = 1 4) 85 3 1  1 (n = 9) 

1 695 h (n = 3 8 )  8 1 45 j ( n  = 3 8) 8926 1 (n = 3 1 )  

1 57 6  h ( n  = 24) 9382 j (n = 24) 8578 1 (n = 20) 

1 47 3  h (n = 44) 85 6 1  j (n = 44) 7 882 I (n = 22) 

1 467 h (n = 3 3 )  1 0005 j (n = 3 0) 1 1 3 26 1 (n = 1 8) 

1 604 h (n = 60) 705 1 k (n = 58)  8780 I (n = 52) 

C Average fresh wcights not followed by a common l ettcr are si gnificantly different (Tukey ' s  test a = 0.05) according to Tukcy ' s  test. 

dn is the number of plants analysed in each group. 

eNot determ ined. 
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Table 3 . 19. Effects of E8 thil deletion mutants, E8 wild type and ectopic controls on host tiller number: experiment 3 

Period post inoculation 

E n dophytes (weeks) 

6 9 1 2  2 0  2 8  

WT l (PN2284) 2 b a C (n d = 1 7 ) 4 b (n = 7)  7 c (n = 5 )  N D e (n = l ) ND (n = 1 )  

W T2 (PN22 8 5 )  2 a ( n  = 29) 6 b (n = 2 I )  I 3 c (n = I 7) 3 3  e (n = 1 4) 3 8 f (n = 9 )  

EC 1 ( PN2286) 2 a ( n  = 44) 7 b (n = 43 ) 1 6  c (n = 3 8 )  3 1  e (n = 3 8 )  3 9  f en = 3 1 )  

EC2 ( PN 2 2 8 7 )  2 a (n = 3 6 )  7 b ( n  = 2 5 )  I 6 c (n = 24) 3 2  e (n = 24) 33 f (n = 20) 

K03 (PN2282) 2 a (n = 53 )  6 b ( n  == 47) 1 4  c (n = 44) 24 de (n = 44) 3 3  f (n = 22) 

K04 ( PN 2 2 8 3 )  2 a ( n  = 4 5 )  6 b (n == 3 9 )  1 2 c (n = 3 3 )  2 7  e ( n  = 30) 3 6  f en = 1 8) 

EN a 2 a (n = 63) 7 b (n = 62) 1 2 c (n = 60) 1 7  d (n = 58)  1 7  f (n = 52) 

aEN is endophyte free control inoculated with PDA. 

b Average p lant t i l ler number. 

C Average plant t i l ler numbers not fol lowed by a common letter are significantly d i fferent (Tukey's test a = 0.05 )  according to Tukey ' s  

test .  

dn is the  number of p lants analysed in each group. 

�ot determ i ned. 



Table 3.19. Effects of E8 thi] deletion mutants, E8 wild type and ectopic controls on host tiller number: experiment 3 

Endophytcs 

WT l (PN22 84) 

WT2 ( PN2285)  

EC l (PN2286) 

EC2 (PN2287) 

K03 (PN2282)  

K04 (PN2283)  

EN a 

6 9 

Period post inoculation 

(weeks) 

1 2  2 0  

2-baC-(nO--17Y----4-b (n = 7) 7 c (n = 5 )  ND e ( n  1 )  

2 a (n = 29) 6 b (n = 2 1 )  1 3 c (n = 1 7) 33 e (n 1 4) 

2 a (n = 44) 7 b (n = 43) 1 6  c (n 38) 3 1  e (n 38) 

2 a (n = 3 6) 7 b (n 25)  J 6 c (n 24) 32 e (n = 24) 

2 a (n  53)  6 b (n 47) 14 c (n = 44) 24 de (n = 

2 a (n 45) 6 b (n = 39) 1 2 c (n 33)  e (n == 30) 

2 a (n = 63) 7 b (n = 62) 1 2  c (n 1 7  d (n 58)  

� "EN is endophyte free control inoculated with PDA. 

b Average plant tiller number. 

2 8  

N D  ( n  1 )  

3 8  f (n = 9) 

39 f en = 3 1 )  

3 3  f (n = 20) 

33  f (n 22) 

3 6  f (n 1 8) 

1 7  f (n = 52) 

"Average plant ti ller numbers not fol lowed by a common lettcr are significantly different (Tukey's test a 0.05) according to Tukey's 

test .  

is the numbcr of plants analysed in each group. 

eNot determined. 



3.4 .3 .  I nocu lation  of E8 wi ld-ty pe isolates into peren n ia l  

ryeg rass (experiment 4) 

As host survival rates and infection rates of E8 wild-type in experiment 3 were 

unexpectedly low, and in general lower than those observed in experiment 1 and 2 ,  an 

additional inoculation experiment (Section 2. 1 2 . 1 )  was carried out to test whether there had 

been any change in the E. typhina E8 culture following growth in the laboratory that was 

influencing its impact on the host . For this experiment, several different E8 wild-type 

isolates were used for comparison : the relatively old E8 isolate WT2 (PN2285) ,  a fresh E8 

isolate (WT3 (PN23 1 2» from a plant infected with WT2 and a fresh E8 isolate (WT4 

(PN23 1 3 » from an E8 infected plant at AgResearch.  The host survival rates and endophyte 

infection rates were exanuned and the results are summarised in Table 3 .2 1 .  All three 

isolates gave very similar host survival rates and similar infection rates. The host survival 

rates and the endophyte infection rates in this experiment were even lower than those in 

experiment 1 ,  2 and 3 .  These results indicated that the low infectivity and high host 

mortality were due to a pathogenic interaction between E. typhina E8 and perennial 

ryegrass, rather than physiological or genetic changes to the endophyte strains.  It is also 

possible that some environmental change was responsible for the increased mortality and 

decreased host colonisation. The presence of E8 may make the inoculated plants more 

susceptible to biotic and abiotic stresses. 

3.4.4. I nocu lation of the E8 thi1 m utants and contro l e n d o phytes 

i nto c lonal  p lantlets (experiment 5)  

Inoculation of  the E8  thi] mutants and the control endophytes into clonal plantlets 

(IMP566) of perennial ryegrass was carried out (Section 2 . 1 2 .2) to compare the endophyte-
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host interaction in  the same host genotype background. Table 3 .22 summaries the results of 

host survival rates and endophyte infection rates from two inoculations. 

Host survival rates for these experiments ranged from 40% to 70% in the first inoculation, 

and 45% to 53% in the second inoculation. The infection rates ranged from 1 0% to 70% in 

the first inoculation and 1 1  % to 40% in the second inoculation. A major l imitation with this 

experiment was the difficulty in locating the apical meristem during the inoculation. 

Consequently, it was difficult to compare the difference in host survival and colonisation 

rates between the thil deletion mutants and wild-type. Some plants were partially infected, 

with some ti llers infected while other ti llers were endophyte-free. These endophyte-free 

tillers in infected plants could have resulted from the failure of hyphae to colonise the 

axil lary buds from which the ti llers developed. Alternatively, they could have arisen from 

infected til lers that lost endophyte hyphae over time. 

The plants varied in size although they were of the same genotype . Stunted plants were 

observed in both inoculation 1 (plants EGH3 1 4, EGH33 1  and EGH33 2  infected with EC2, 

WT2 and WT2 respectively) and inoculation 2 (plants EGH389 and EGH396 both infected 

with WT l ) .  The variations in host size may have been a consequence that the p lantlets 

were at different growth stages when they were inoculated. This may have resulted in a 

difference in the physiological interaction between the host and endophyte. About 20 to 3 1  

weeks post inoculation, plant fresh weight and tiller number were determined and the 

results are summarised in Table 3 .23 .  Differences in plant fresh weight and tiller numbers 

were observed in individual plants infected with the same isolates, but these differences 

were smaller than those from non-clonal perennial grasses infected with the same isolate . 

This again suggests that plant development stage and physiological state may affect the 

endophyte-host interaction with respect to host growth. Although endophyte-free plants 

had slightly higher plant fresh weight than the endophyte-infected plants, the difference 
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was not significant. For plants infected with the thil mutant and the wild-type, the 

differences in plant fresh weight and tiller number were not significant. 

Peramine concentrations in the pseudo stem of the clonal plants were also measured (Section 

2 . 1 2 .6) and the results are summarised in Table 3 .24.  The average peramine concentrations 

in inoculation 1 ranged from 47 ppm to 85 ppm, and overall were much higher than those 

from inoculation 2, which ranged from 44 to 53 ppm. The differences may be due to the fact 

that the plants from inoculation 2 were 1 1  weeks younger when sampled than those from 

inoculation 1 .  Plants infected with the K03, K04 or EC I in inoculation 1 had higher 

average peramine concentrations than the plants infected with EC2 or WT2 group. In 

inoculation 2,  plants infected with K03 had peranline concentration similar to the WT2 

group, and both were slightly lower than plants infected with K04. The differences were 

not significant. It is hard to draw any meaningful conclusion from this experiment about 

whether the thil deletion affects peramine production. However, in comparison to the 

peramine concentration found in the plants from experiment 2 (Table 3 . 1 3 ), variations 

among individual plants infected with the same endophyte were much smaller, which 

suggested that analysis of endophyte-host interactions using clonal plants has potential for 

other studies. 

3. 4. 5. Summary and discussion 

The effect of E8 thil deletion on the E. typhina and ryegrass interaction, and comparison 

with endophyte-free plants were examined in this study by inoculating the ryegrass using 

the insertion method (Latch and Christensen 1 985 )  and observing the symbiotic 

phenotypes including stromata development (Sections 3 .4 . 1 . 5 ,  3 .4 . 1 .6 and 3 .4 .2 .4), 

infection frequencies (Sections 3 .4. 1 . 1 ,  3 .4 .2 . 1 and 3 .4.4), hyphal biomass within host 

(Section 3 .4. 1 . 2), host vigour (Sections 3 .4 . 1 . 1 ,  3 .4 .2 . 1 ,  3 .4 .2 .2 and 3 .4.4) and morphology 

(Sections 3 .4 . 1 .3 ,  3 .4 .2 .3  and 3 .4.4). 
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The results showed that mutation in the E8 {hi] did not prevent infection of the host 

(Sections 3 A. 1 . 1 , 3 A.2 . 1 and 3 AA) and stromata development on host tissues (Sections 

3 A . 1 . 5 ,  3 A . 1 .6 and 3 .4 .2A) .  Infection of the endophytes resulted in significantly lower host 

survival (Table 3 . 1 5) and significantly lower host fresh weight (Table 3 . 1 8) compared to the 

endophyte-free control group, demonstrating that E. typhina E8 is detrimental to the 

perennial ryegrass host under our experimental conditions. The E8 {hi] mutants showed a 

reduced detrimental effect on the host grass at an early growth stage as indicated by the 

results that the KO group had a significant lower host death rate than the WT at 9 weeks 

post inoculation (Table 3 . 1 6) ,  a significantly lower frequency of host stunting (Table 3 . 1 7) ,  

and a significantly higher host fresh weight at 6 and 12  weeks post inoculation compared to 

the WT group (Table 3 . 1 8) .  

Some discrepancies were observed between experiment 2 carried out with a small 

population and experiment 3 which included a larger populations of grasses. The E8 thi] 

mutants (KOs) displayed a significantly higher infection rate compared to the WT in 

experiment 3 (Table 3 . 1 5 ) ,  but the difference was not detected in experiment 2 (Table 3 .9). 

This variability could be due to : 1 )  effects of varied environmental conditions under which 

the p lants were grown between experiment 2 and 3 ;  2) an earlier time of detecting 

endophyte infection in experiment 2 than experiment 3 ;  3) random errors caused by the 

limitation of the inoculation methods in that it is hard to insert a same amount of hyphae 

each time into the seedling, as wel l  as a strong host genotype effect on the infection. 

Similarly, these factors may also contribute to the variaility in host survival rates between 

the experiment 2 and experiment 3 .  

A common feature of the symbiotic phenotypes observed in experiments 1 t o  4 was the 

great variation of hyphal growth (Section 3 A. 1 .2) and host morphologies (Sections 3 A. 1 .3 

and 3 .4 .2 . 3 ) .  These phenomena could be caused by the l imitation of the inoculation method, 
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the varied microenvironments under which they were grown, but more likely were an effect 

of the host genotype on the endophyte-grass interactions (Christensen et al,. 1 997 ; Hesse 

and Latch, 1 999; Cheplick et al., 2000; 10hnson-Cicalese et al. , 2000; Faeth and Sullivan, 

2003) .  

However, a similar wide range of symbiotic phenotypes were observed in experiment 5 in 

which clonal plants were used as hosts (Section 3 .4.4.) . While this data would suggest 

factors other than the plant genotype were responsible for the variability, it is much more 

difficult to synchronise the growth stage of the clonal plants compared to the seedl ings, and 

it is much more difficult to identify the meristem to inoculate the mycelium at the same site. 

Due to the limitations of the inoculation methods and effects of multiple factors on the 

endophyte-grass interactions, the results obtained from the large population of grasses 

would be more meaningful than experiments on a small population of grasses or the clonal 

plantlets. 
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Table 3.2 1 .  Comparison of E8 wild types 

N umber of Host E ndophyte Endophyte Stu n ted 

i n o c u lated s u rvival i n fect ion  i n fecti o n  plants/ 

E n d op hytes s e e d l i ngs  rateC (% of ratef (% of rateg (% of p lants 

i n oc ulated i no c u lated s u rv iv ing  observed 

s e e d l i ngs)  s e e d l i ngs)  seed l i n gs) 

WT2 a l O O 2 5  1 7  6 8  3 1 1 7 

WT3 b 1 0 2 2 6  1 9  7 0  41 1 7  

WT4 c l O O 2 5  1 7  6 8  3 / 1 7 

E N d  4 9  9 6  0 0 0/4 7 

a E 8  WT2 (PN22 8 5 )  culture. 

bWT3 (PN23 1 2) was 1 2-day old E 8  cu lture re- i so l ated from plant G I 080 that was infected with 

E 8  WT2 ( PN2 2 8 5 ) .  

c WT4 ( PN 2 2 1 3 ) was 1 2-day o l d  E 8  cu lture re- iso l ated from E 8  i nfected p l ant a t  AgResearch, 

P a l merston N orth (Christensen, M.) .  

dEN was endoph yte free control i n ocu lated with PDA. 

epercentage of original  seedl i ngs surv iving was determ ined as surv iv ing see d l ings/i noc u lated 

seed l i ngs in A ugust of 2003 (72 days after inocu lat i o n  in  June of 2003) .  

fpercentage of orig inal  seed l ings i n fected was determ i n ed as i n fected seed l in gs/inocu l ated seedl ings 

in A ugust of 2003 ( 7 2  days after inoculation in J une of 2003).  

g Percentage of surv iving seed l ings i n fected was determ i ned as infected seedl i ngs/surviving 

seedl i n gs i n  A ugust of 2 003 (72 days after i n oculation i n  June of 2003) .  
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Table 3.22. Clonal plant survival and colonisation fol lowing inoculation with E8 fhiI 
deletion mutants, E8 wild type and ectopic controls : experiments 5. 

N u m ber of  N u m be r  H o s t  N u m ber o f  I n fec t ion  

p l a n t le t s  of  s u rv iva l  c o m p l e t e ly rateC(% )  

I n ocu la t ion  E n dophyte i n o c u la ted  s u rv iv i n g  rateU( % )  ( pa rt i a l ly) 

p l a n t s i n fected  

p l a n t s  

I 3 W T I 1 0  5 5 0  o ( 1 )  1 0  

W T 2  1 0  6 6 0  3 ( I )  4 0  

EC I 1 0  4 4 0  4 (0)  40 

EC2 1 0  5 5 0  4 (0)  40 

K03 1 0  7 7 0  6 ( 1 )  7 0  

K04 1 2  7 5 8  6 (0)  5 0  

EN c 3 3 l O O o (0) 0 

2 b W T I 1 9  1 0  5 3  2 (0)  I I 

W T 2  2 0  9 4 5  6 ( I )  3 5  

K03 1 9  9 4 7  3 (0)  1 6  

K04 1 5  7 4 7  5 ( I )  4 0  

EN c 5 3 6 0  o (0) 0 

3Exam inat ion of the plants was carried out in October of 2002 (56 days after inoculat i on I n  

A ugust of 2002).  

bExam i nat ion of the plants was carried out in  January of 2003 (75 days after i nocu lat ion I n  

October o f  2002) .  

cEN is endophyte free contro l inoculated w ith PDA. 

dHost surv ival rate was determ ined as number of plants surv ival/n um ber of p lants i noculated 

e I n fection rate was determ ined as nu mber of com pletely and part ia l ly i n fected plants/num ber o f  

plants inocu lated 
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Ta ble 3.23 .  Host t i l ler n u m ber, ti l ler  wei g ht and fres h we i g ht fo r 

c lonal  p l a n t  ex peri ment: ex periment 5 

N u m ber of F resh T i l l er  F resh 

I n ocu lat ion  Endop hytes p l a n ts weight per n u m b e r  weight per 

o bserved p lantd (mg) per plantd t i l l erd (mg) 

I a W T 2 I I 1 1 0  4 0  3 0  

EC I 3 2957 ± 863 82 ± 3 1  3 8  ± 8 

EC2 3 3 3 6 7  ± 425 97 ± 4 3 5  ± 3 

K03 5 2628 ± 1 1 75 76 ± 1 0  3 5  ± 5 

K04 4 2025 ± 59 1 65 ± 1 8  3 1  ± 3 

2 b W T 2 5 32 66 ± 1 762 5 7  ± 34 60 ± 1 4  

K03 3 3 5 8 6 ± 1 3 75 5 8  ± 26 64 ± 1 0  

K04 4 3 660 ± 698 52 ± 1 2  72 ± 1 7  

EN c 3 4593 ± 980 58 ± 9 79 ± 7 

aExami nat ion of the p lants was carried out i n  March of 2003 (about 3 1  weeks after inocu lation 

in A ugust of 2002).  
bExam inat ion  of the p lants was carried out in March of 2003 (about 20 weeks after in ocu lation 

in October of 2002) .  

cEN is  endophyte free contro l .  

dAverage plant fresh weight, t i l ler number o r  t i l ler weigh t  (± standard dev iation) .  

The plants were trimmed back and grown in pots contai n i ng pott ing m ix for three weeks 

before exam i nation 
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Table 3.24. Peramine concentration for clonal plants 

Num ber of P e ra m i n e  
I n oc u l at ion 

concen tra t io  n d Endo phytes p l a n ts 

observed (ppm) 

1 a WT2 ( PN 2 2 8 5 ) 1 4 7  

EC 1 ( PN 2 2 8 6 )  3 82 ± 1 4  

EC2 ( PN 2 2 8 7 )  3 67 ± 2 7  

K03 ( PN 2 2 8 2 )  5 83 ± 1 1  

K 04 ( PN22 8 3 )  4 84 ± 1 1  

2 b WT2 ( PN 2 2 8 5 )  6 44 ± 6 

K03 ( PN 2 2 8 2 )  3 45 ± 1 2  

K04 ( PN 2 2 8 3 )  5 5 3  ± 5 

EN c 3 1 ± 2 

" Exam i nation of the plants was carried out 1 11 February of 2003 (about 2 8  weeks a fter 

i nocu l ation i n  August of 2002). 

bExa m i n at i on of the plants was carried out 1 11 February of 2003 (about 1 7  weeks after 

i noc u l ation i n  October  of 2002 ) .  

c EN i s  endophyte free contro l .  

dAverage peramine concentrat ion (± standard dev iation) for p lants that were tri m med back a n d  

grown in pots conta i n ing potting m i x for three week s  before exam i nation . 
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3.5 .  Microscopic examination of reproductive and 

vegetative ti l lers of perennial ryegrass with stromata 

As E8 and E8 transformants developed stromata on vegetative ti llers of perennial ryegrass 

(Section 3 .4 .2 .4), and this was the first report of stromata development of E. typhina on the 

host vegetative tissue, both l ight and electron microscopic examinations (Section 2 . 1 4) were 

carried out to compare the morphology and ultrastructure of  hyphae in the vegetative and 

reproductive tillers with stromata. 

3.5 . 1 . Microscopic examinations of reprodu ctive t i l lers with 

stromata 

Six stromata-forming reproductive tillers were chosen for microscopy, three from the wild­

type associations and three from the thil mutant associations. Microscopic examinations 

were carried out on transverse sections through both the stromata region and the stem region 

below each tiller. 

3.5. 1 . 1 .  Microscopic examinations of reproductive tillers with stromata of wild-type 

E. typhina E8 

Transverse cross sections of the stroma-forming region showed that epiphytic hyphae were 

observed typically  on the surface of the flag leaf, on the outer surface of the stem (Fig. 

3 .47A and C) and in the floret (Fig. 3 .48A and F) in stroma-forming tillers of wild-type 

association. Distribution of the epiphytic hyphae within a single transverse cross section 

was often uneven (Fig. 3 .47 A), with abundant epiphytic hyphae in some regions (Fig. 

3 .47C) with few or even no epiphytic hyphae in other regions (Fig. 3 .47B) . In the region 
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without epiphytic hyphae, endophytic hyphae were evenly distributed in the mesophyl l  

intercellular spaces but were sparse in  the vascular bundle (Fig. 3 .47B). The round shape of 

these hyphal sections indicates that they grow typically paral lel to  the longitudinal axis of 

the leaf blade in this region. Epidcrmal cells were rectangular in shape with evenly thickened 

cell wall and a cuticular layer (Fig. 3 .47B). In the region with a mass of epiphytic hyphae, 

abundant endophytic hyphae were present in the mesophyl l  intercellular spaces (Fig. 

3 .47C) and within the vascular bundles (Fig. 3 .47D). Hyphae penetrating through the 

epidermis were often observed (Fig. 3 .47 C). These hyphae were poorly stained by 

toluidine blue (Fig. 3 .47C), enlarged and highly vacuolated (Fig 3 .48B). The plant epidermal 

cells in this region were ruptured (Fig. 3 .47C). Hyphae in the mesophyl l  intercellular spaces 

typically were not strongly stained, indicating that the cytoplasm was not dense. These 

hyphae contained many mitochondria (Fig. 3 .47E) and vesicles or small vacuoles were often 

present. Hyphae in the vascular bundle typical ly contained a denser cytoplasm than those 

in mesophyll intercellular space and had abundant lipid droplets (Fig. 3 .47F).  

The epiphytic hyphae close to the epidermis were typically enlarged and contained a light 

electron-dense cytoplasm (Fig. 3 .48A and B). Vesicles or small vacuoles were often 

observed in these epiphytic hyphae. The outer epiphytic hyphae had a denser cytoplasm 

(Fig. 3 .48A and C) and occasionally some glycogen-like deposits were observed in the 

hyphae distal to the epidermis (Fig. 3 .48D). In some regions the epiphytic hyphae were 

sparse and in contrast to those regions where hyphae were profuse, they contained many 

lipid droplets (Fig. 3 .48E),  indicative of hyphal access to nutrient sources within the plant 

ti ssue. The vacuolated state of the hyphal cells from zones where there was intensive 

growth is indicative of dep leted nutrients and of transfer of energy reserves towards the 

hyphal tips. 
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3.5.1 .2. M icroscopic examinations of reproductive tillers with stromata of E8 thH 

deletion mutant 

Hyphal morphology and ultra-structure of E8 thil deletion mutants (Fig. 3 .49) in 

reproductive ti llers with stromata was in general similar to that of E8 wild-type . Hyphae 

were abundant in the intercellular spaces of the mesophyl l  of regions with stromata. 

Abundant hyphae were present in the vascular bundle (Fig. 3 .49B). The epiphytic hyphae 

close to the epidermis were enlarged, poorly stained and contained many vacuoles (Fig. 

3 .49D) . The outer epiphytic hyphae contained denser cytoplasm. No glycogen-like 

deposits were observed in hyphae of the E8 thil deletion mutant. I n  contrast to the wild­

type E8, the epiphytic hyphae of E8 thil deletion mutant were often present on both the 

flag leaf b lade and the second leaf sheath (Fig. 3 .49A). 

3.5.2 .  M icroscopic exam ination of vegetative t i l lers with 

stromata 

3.5.2 .1 .  D istribution of epiphytic hyp hae and hyphal ramification 

Light microscopic examination showed that a mass of epiphytic hyphae was present on 

both the lower (Fig. 3 .50A and E) and upper surface (Fig. 3 . 50C) of the mature leaf blade, 

on the surface of the immature leaf blade above the pseudostem (Fig. 3 . 50  B) and in the 

space between the immature leaf blade and the inner leaf sheath of the pseudo stem region 

(Fig. 3 . 50D). Similar to that of reproductive ti l lers, host cells at this regions appeared to be 

ruptured. 

In regions with no stromata, hyphae were evenly distributed in the mesophyl l  region with 

some colonisation of vascular bundles. The presence of circular hyphae in transverse 
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sections indicates that hyphae were parallel to the leaf axis and seldom branched (Fig. 

3 . 5 1 A , C and E). This hyphal distribution contrasts with the high concentration of hyphae 

in the mesophyl l  of the stroma-forming region. These hyphae were randomly orientated as 

indicated by their varied shape and size in transverse cross section. Several hyphae were 

present in  each intercellular space of the mesophyll  (Fig. 3 .5 1 B  and D) .  Hyphae penetrating 

through the epidermis were often observed (Fig. 3 . 5 1 F) .  These observations indicate that 

hyphae in the stroma region of a vegetative tiller were actively branching and growing, while 

hyphal growth appeared to be synchronised with the plant growth in the non-stroma 

region. A similar pattern of hyphal growth was observed for reproductive til lers. 

3.5.2.2. Vascular bundle colonisation 

Intensive vascular bundle colonisation is a common feature of hyphal growth in the stroma­

forming region for both vegetative (Fig. 3 . 52) and reproductive ti llers, and for both the E8 

wild-type strain (Fig. 3 . 52  A, C and E) and the {hi] deletion mutant (Fig. 3 .  52 B ,  D and F) .  

Hyphae were present in  both the large and small vascular bundles of  leaf sheaths and mature 

and immature leaf blades. Hyphae were present in intercel lular spaces of both the phloem 

and xylem. In large vascular bundles, hyphae were most abundant in the large airspace (Fig. 

3 . 52 C and F). For both the E8 wi ld-type and the thi1 deletion mutant, the number of 

hyphae in vascular bundles in the stroma-forming region appeared to be greater than in 

vascular bundles in the non-stroma forming region. Hyphae in vascular bundles of both 

stroma-forming and non-stroma forming regions typically contained cytoplasm in which it 

was difficult to discern the organelles. Hyphae of the E8 wild-type typically contained 

abundant lipid droplets (Fig. 3 . 52 E) and glycogen-like deposits (Fig. 3 .55) .  These energy 

storage substances appeared to be more abundant in hyphae in vascular bundles in non­

stroma forming region than in the stroma-forming region. In comparison to the wild-type 

E8, hyphae of the thil mutant contained abundant lipid droplets, but glycogen-l ike deposits 
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were not evident. In the vascular bundle in stroma-forming region, vacuoles were often 

observed in hyphae of the mutant but not of the wild-type E8 .  

3.5.2 .3. Hyphal ultrastructure 

Hyphae in non-stroma regions typically contained cytoplasm as dense as those in the 

vascular bundle, making it difficult to discern the organelles. In the immature blade hyphae 

were smaller in diameter, had electron-dense cytoplasm, and contained fewer lipid droplets 

(Fig. 3 . 5 1 E) than hyphae in  the mature leaf blade or sheath. This indicates that hyphae tend 

to become larger, and accumulate some l ipid droplets as they age. Hyphae of wild-type E8 

in non-stroma regions typically contained abundant glycogen-like deposits (Fig 3 . 55) which 

were not observed in the thil mutant. 

In contrast to the non-stroma region, hyphae in stroma regions were highly vacuolated, 

contained fewer lipid droplets and had a less cytoplasm. M itochondria were abundant in 

these hyphae. The epiphytic hyphae proximal to the epidermis almost always contained 

large vacuoles, which in some hyphae occupied almost the entire transverse cross section 

(Fig. 3 . 53  and 3 . 54) . Some epiphytic hyphae in the distal region had electron-dense 

cytoplasm and were small in diameter (Fig. 3 . 53C and Fig. 3 .54A). Some of these structures 

were probably conidia or hyphal tips. For some epiphytic hyphae (Fig. 3 . 53D) between the 

immature leaf blade and the inner sheath in the pseudostem region, cytoplasm with many 

lipid droplets were observed, indicating that these epiphytic hyphae had ready access to  

nutrients . The endophytic hyphae around the mesophyl l  cells in  the stroma-forming region 

frequently contained large vacuoles and/or were rich in vesicles (Fig. 3 .  53E and Fig. 3 . 54D) . 

The vacuolation phenomena was more pronounced with hyphae close to the epidermis. 

Hyphae of the E8 wild-type and the thil mutant were similar except that those of the E8 

wild-type tended to form abundant vesicles while those of the {hil mutants tended to form 

large vacuoles surrounded by a relatively electron-dense cytoplasm. 
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3.5.2.4. Abundant glycogen deposits in wild-type E8 hyphae 

Hyphae in the E8 infected ti llers typically contained glycogen-like deposits (Christens en 

1 997). These glycogen-like deposits were distinguished using TEM as groups of small 

white granules at the periphery of the hyphae (Fig. 3 . 5 5) .  Glycogen-like deposits were 

observed within hyphae in sheaths, in both mature and immature leaf blades (Fig. 3 . 55A-D). 

In  general, hyphae in the leaf blade contained more glycogen-like deposits than those in 

sheath. The concentration of glycogen deposits decreased in regions where there was an 

increase of epiphytic hyphae . Hyphae in vascular bundles (Fig. 3 . 5 5A,  B and F) and close 

to vascular bundles contained more glycogen deposits than those more distant, and those 

that were epiphytic. For epiphytic hyphae, glycogen was sparsely present in  a few hyphae 

distal to the epidermis (Fig. 3 .55E) .  These observations indicated glycogen deposits tend to  

accumulate in hyphae in  the region of  the leaf where nutrients are abundant and readily 

accessible. No or few glycogen-like deposits were observed in hyphae of the E8 Ihi] 

deletion mutant in the vegetative tiller. 

3.5.2.5. Alkaline bismuth staining of wild-type E8 hyphae in the vegetative tiller 

In order to confirm the chemical presence of the glycogen-like deposits, electron 

microscopic examinations were carried out with hyphae of the E8 wild-type strain in 

vegetative ti l lers stained with alkaline bismuth, a procedure that is specific for 1 ,2-glycol 

groups of mucosubstance and polysaccharides (Koga et al. 1 993) .  As expected, groups of 

small black granules stained with alkaline bismuth were observed in the periphery of the 

hyphal cell (Fig. 3 .57),  with the locations corresponding to the glycogen-like deposits. 

These results indicated that the groups of small non-staining granules were glycogen or 

related polysaccharides. As with the distribution of the glycogen-like deposits, the black 
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granules were most abundant in hyphae in the vascular bundle (Fig. 3 . 57  A), and in hyphae 

around mesophyll cells which were c lose to the vascular bundle (Fig. 3 . 57B), but few in 

epiphytic hyphae . For epiphytic hyphae, the black granules were present occasionally in 

some hyphae in the epidermis (Fig. 3 .5 7C) or some hyphae distal to the epidermis (Fig. 

3 . 57D). 
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Figure 3.47. Hyphal morphology of E. typhina E8 in stroma-forming reproductive 

tillers 

A: Light micrograph of a transverse cross-section through the stroma regIon of a 

reproductive ti l ler showing epiphytic hyphae (arrow) on the sheath of a flag leaf, the stem 

and in a floret of the inflorescence. 

B: Light micrograph showing d istribution of hyphae (arrow) in non-stroma region of the 

section shown in A. 

C:  Light micrograph showing hyphal distribution (arrow) and morphology in stroma region 

of the section shown in  A. Hyphae that have penetrated the epidermis are indicated. 

D: Light micrograph showing hyphal colonisation (arrow) of a vascular bundle m the 

stroma-forming region. 

E :  Electron micrograph of hyphae in mesophyl l  region of the flag leaf sheath with stroma. 

F: Electron micrograph of a hyphal cross section within a large vascular bundle of the flag 

sheath with stroma. 

The arrow or H indicates hyphae. L indicates lipid droplet. M indicates mitochondria. C h  

indicates chloroplast. 
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F igure 3.48. Hyphal morphology of E. typhina E8 in stroma-forming reproductive 

tillers 

A: Electron micrograph showi ng epiphytic hyphae on the lower epidermis of the sheath of 

a flag leaf. 

B:  Electron micrograph showing hyphae have penetrated through the epidermis of the leaf 

sheath. 

C and D: Electron micrograph of a group of outer epiphytic hyphae on the sheath of a flag 

leaf. 

E: Electron micrograph showing a group of epiphytic hyphae close to the upper epidermis.  

F: Light micrograph showing hyphal colonisation (arrow) of a developing floret. 

The arrow or H indicates hyphae. L indicates lipid droplet. V indicates vacuole. G indicates 

glycogen-like deposits. M indicates mitochondria. Ch indicates chloroplast. Ep indicates 

epidermis. 
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Figure 3.49. Hyphal morphology of E8 thiI deletion mutants in stroma-forming 

reproductive tillers 

A: Light micrograph of a transverse cross-section through the stroma-forming region of a 

reproductive tiller showing epiphytic hyphae (arrow) on both the sheath of the second leaf 

and the leaf blade of the flag leaf. 

B :  Electron micrograph showing hyphal colonisation of a vascular bundle in  the stroma­

forming region. 

c: Light micrograph showing hyphal distribution (arrow) in the stroma region. 

D :  Electron micrograph showing epiphytic hyphae on the sheath of the second leaf. 

E: Electron micrograph showing a group of outer epiphytic hyphae on the sheath of the 

second leaf. 

F: Electron micrograph of a hypha in mesophyll region of the flag leaf sheath with stroma. 

The arrow or H indicates hyphae. L indicates lipid droplet. V indicates vacuole. C h  

indicates chloroplast. Ep indicates epidermis. B l  indicates leaf blade. S h  indicates leaf 

sheath. PI indicates plant cell 

242 



243 



Figure 3.50. Epiphytic hyphae in stroma-forming vegetative tillers 

A: Light micrograph showing epiphytic hyphae of E8 on abaxial ( lower) surface of the 

mature leaf blade. 

B: Light micrograph showing epiphytic hyphae of E8 on adaxial (upper) surface of the 

mature leaf blade and abaxial (lower) surface of immature leaf blade. 

C : .  Light micrograph showing epiphytic hyphae of E8 on adaxial (upper) surface of the 

mature leaf blade. 

D :  Light micrograph showing epiphytic hyphae of E8 in the space between immature leaf 

blade and inner leaf sheath of the pseudo stem region of a stroma-forming tiller. 

E: Light micrograph showing epiphytic hyphae of E8 thil deletion mutant on abaxial 

(lower) surfaces of the mature leaf blade. 

F: Light micrograph showing epiphytic hyphae of E8 thil deletion mutant in the space 

between adaxial (upper) surfaces of the leaf blade, on abaxial (lower) surfaces of the leaf 

blade and at the edge of a fused leaf blade. 

The arrow indicates epiphytic hyphae. M B  indicates the youngest mature blade, and m 

indicates the i mmature blade. 
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Figure 3.51. Hypha} ramification in the stroma-forming region of vegetative tillers 

A: Light micrograph of a transverse cross-section through the non-stroma region showing 

distribution of hyphae (arrow) of E 8  thi 1 deletion mutant. 

B :  Light micrograph of a transverse cross-section through the stroma-forming regIOn 

showing distribution of hyphae (arrow) of E8 thil deletion mutant. 

C and E: Electron micrographs of hyphae (arrow) of E8 thil deletion mutant in transverse 

cross-section of the non-stroma region. 

D :  Electron micrograph of hyphae (arrow) of E8 thil deletion mutant in transverse cross­

section of the stroma-forming region. 

F: Electron micrograph showing E8 hyphae (arrow) that have penetrated through epidermis 

in the stroma-forming region. 

The arrow indicates hyphae. V indicates vacuole. Ch indicates chloroplast. Ep indicates 

epidermis .  
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Figure 3.52. Vascular bundle colonisation of vegetative tillers with stromata 

A :  Light micrograph showing hyphae (arrow) of E8 in a large vascular bundle in the stroma­

forming region. 

B: Light micrograph showing hyphae (arrow) of an E8 {hil deletion m a large vascular 

bundle in the stroma-forming region .  

c: Electron micrograph showing E8 hyphae (arrow) in protophloem of a vascular bundle. 

D: Electron micrograph of hyphae (arrow) of E8 thi] deletion mutant in phloem of a 

vascular bundle in the stroma-forming region. 

E: Electron micrograph showing abundant l ipid droplets in an E8 hypha in protophloem of 

a vascular btmdle in  non-stroma region. 

F: Electron micrograph of hyphae of £8 thi] deletion mutant in protophloem of a vascular 

bundle in the non-stroma region. 

The arrow or H indicates hyphae. L indicates l ipid droplet. 
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Figure 3.53. Ultrastructure of E8  wild-type hyphae on vegetative tillers. 

A: Electron micrograph of E8 epiphytic hyphae on upper epidermis .  

B: Electron micrograph of E8  epiphytic hyphae o n  lower epidermis .  

c: Electron micrograph of E8 epiphytic hyphae d istal to upper epidermis. 

D: Electron micrograph of a group of E8 epiphytic hyphae in the space between immature 

blade and inner sheath of pseudostem region. 

E: Electron micrograph of E8 hyphae in mesophyll of stroma-forming region. 

F: Electron micrograph of an E8 epiphytic hyphae close to epidermis. 

The arrow or H indicates hyphae. L indicates lipid droplet. V indicates vacuole. G indicates 

glycogen-like deposits. M indicates mitochondria. Ch indicates chloroplast. Ep indicates 

epidermis. 
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Figure 3.54. Ultrastructure of hyphae of E8 thU deletion mutant on vegetative tillers. 

A: Electron micrograph of epiphytic hyphae of E8 thi] deletion mutant on lower epidermis. 

B: Electron micrograph of epiphytic hyphae of E8 thil deletion mutant on upper epidermis. 

C:  Electron micrograph of epiphytic hyphae of E8 thil deletion mutant close to the lower 

epidermis. 

D: Electron micrograph of hyphae of E8 thil deletion mutant 111 mesophy l l  of stroma­

forming region. 

Arrows indicate probably conidia. H indicates hyphae. V indicates vacuole. Ch indicates 

chloroplast. Ep indicates epidermis. C indicates conidia. 
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Figure 3.55. Abundant glycogen-like deposits in wild-type E8 hyphae in vegetative 

tillers 

A - B:  Electron micrographs showing abundant glycogen-like deposits in E8 hyphae ID a 

vascular blIDdle of a mature leaf blade in the non-stroma region. 

C: Electron micrograph showing abundant glycogen-like deposits in E8 hyphae in a vascular 

bundle of an immature leaf blade in the pseudo stem region. 

D: Electron micrograph showing glycogen-like deposits ID hyphae III mesophyll  of an 

immature leaf in the pseudostem region. 

E: Electron micrograph showing glycogen-like deposits in the outer epiphytic hyphae. 

F: Electron micrograph showing glycogen-like deposits in a hyphae in a vascular bundle of  

leaf in the stroma-forming region. 

H indicates hyphae. L indicates lipid droplet. G indicates glycogen-like deposits . M 

indicates mitochondria. Ch indicates chloroplast. 
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Figure 3.56. Few glycogen-like deposits in hyphae of E8 thU deletion mutant in 

vegetative tillers 

A - B: Electron micrographs of hyphae of the E8 thil deletion mutant in a vascular bundle 

of a mature leaf blade in the non-stroma region. 

c - D :  Electron micrograph of hyphae of the E8 thil deletion mutant in the immature leaf 

blade in the pseudostem region. 

E: Electron micrograph of the outer epiphytic hyphae of the E8 thil deletion mutant. 

F: Electron micrograph of hyphae of the E8 thil deletion mutant in a vascular bundle of leaf 

in the stroma-forming region. 

H or arrows indicate hyphae. L indicates l ipid droplet. Ch indicates chloroplast. V indicates 

vacuole 
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Figure 3.57. Alkaloid bismuth staining of wild-type E8 hyphae in vegetative tillers 

A: Electron micrograph showing densely stained glycogen-like deposits in hyphae in a 

vascular bundle of the leaf blade of a stroma-forming region. 

B: Electron micrograph showing densely stained glycogen-like deposits III hyphae III 

mesophyll of the blade of a stroma-forming region. 

C :  Electron micrograph showing epiphytic hyphae with densely stained glycogen-like 

deposits . 

D :  Electron micrograph showing two outer epiphytic hyphae with densely stained 

glycogen-like deposits. 

H indicates hyphae. L indicates lipid droplet. G indicates glycogen-like deposits. PI  

indicates plant cell .  
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Chapter fou r  

Discussion , con cl usion a n d  futu re work 
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This study employed the strategy of targeted gene disruption to test the hypothesis that 

endophyte thiamine biosynthesis is required for host colonisation and stromata 

development. The hypothesis was not supported by the results that the E. typhina E8 thi] 

mutants retained the ability to infect the host and form stromata on the host. Intriguingly, 

the E. typhina E8 thil mutants appeared to have reduced detrimental effects on the host 

compared to the wi ld type isolates .  In  addition, stromata were observed on vegetative tillers 

of the host perennial ryegrasses, which may provided further insights into the mechanisms 

affecting endophyte-grass interactions . 

4.1 . Characteristics and expression of endophyte thi1 

4. 1 . 1 . E ndophyte thi1 function 

In  this study, the thil gene of  Neotyphodium lolii strain Lp 1 9  and of Epichloe typhina strain 

E8 was isolated based on its high homology with THJ4 of Saccharomyces cerevisiae and 

other organisms (Section 3 . 1 . 1 ) . Disruption of the thi 1 gene in E. typhina E8 led to severely 

reduced growth on thiamine-free media. Restoration of wild-type growth occurred when the 

mutant was supplemented with thiamine or thiazole (Section 3 .3 ) .  These results 

demonstrated that thiI isolated from E. typhina is indeed involved in thiamine biosynthesis,  

at a step prior to the formation of thiazole. 

Genes homologous to thiI and its orthologue, THJ4 from S. cerevisiae, have been isolated 

from several pathogenic fungi (Section 1 . 6 .2) on the basis of transcript abundance during 

host colonisation (Hahn and Mendgen, 1 997;  Thara et al. , 2003) and following treatment 

with copper(I I )  chloride, heat (3 7°C) or phaseollinisoflavan, an antifungal isoflavonoid 

produced by Phaseolus vulgaris (French bean) (Choi et al. , 1 990). The up-regulation of 

these genes in the host suggests that they may be important in plant-fungal interactions. I n  
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maize and Alnus glutinosa, the genes were isolated by differential cDNA cloning of genes 

induced in early embryo development and in actinorhizal nodules, respectively (Belanger et 

aI. , 1 995 ;  Ribeiro et aI. , 1 996). Expression of these genes seems to be associated with 

rapidly dividing cells and/or high energy-demand in the cells (Belanger et al. , 1 995; Ribeiro 

et aI. , 1 996) . Thil from Arabidopsis thaliana was isolated in the process of screening for 

genes capable of conferring resistance to methyl methane sulphonate (MMS) in an E. coli 

triple mutant (xth, njo, uvrA),  which i s  defective for exonuclease Ill,  endonuclease IV and 

endonuclease III (Mach ado et aI. , 1 996). The A. thaliana gene i s  able to complement the 

yeast thil4: : URA3 disruption strain, confirming that it functions in the biosynthesi s  of 

thiamine (Mach ado et aI. , 1 996). S imilarly, TH14 from yeast encodes a protein with dual 

roles in  mitochondrial DNA damage repair in addition to thiazol e  biosynthesis (Mach ado et 

aI. , 1 996; Machado et aI. , 1 997). 

The predicted polypeptide sequences of the Lp 1 9  and E8 thiJ genes share greater than 48% 

identity with products of thiamine biosynthetic genes from other fungi and plants (Table 

3 . 1 ), suggesting a conserved and important function of this protein in all organisms. The 

sequence differences mainly occur in the N-terminal region (Fig. 3 .4), where there is a signal 

peptide in several fungi and plants for mitochondrial and chloroplast targeting respectively. 

A recent study showed that Thi 1 from A. thaliana can be targeted to both the 

mitochondrion and the chloroplast (Chabregas et aI. , 200 1 ). No signal peptide was found in 

the predicted Thi 1 polypeptide sequences of either E8 or Lp1 9 .  

Southern b lotting hybridisation analysis showed that N. lolii strain Lp 1 9  and E. typhina 

strain E 8  contained a single copy of thil while Neotyphodium sp. (LpTG-2) strain Lp 1 ,  a 

hybrid between N. loW and E. typhina (Schardl et aI. , 1 994), contained two copies of thi s  

gene (Section 3 . 1 .5) .  These results are consistent with the widely accepted hypothesis that 

Lp 1 and many other asexual endophytes have evolved by interspecific hybridisation 

(Schardl et aI. ,  1 994 ; Tsai et al. , 1 994) .  While the restriction fragments that hybridised in 
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Lp 1 9  were similar in size to those of Lp 1 ,  none of the restriction fragments of E8 matched 

the size of those from Lp1  (Section 3 . 1 . 5 ) .  The presence of an AT-rich sequence 

downstream of the E8 thil (Section 3 . 1 .4) may be a remnant of a retroelement. 

Retroelements might provide ' hot-spots ' for DNA recombination, chromosome 

reorganisation or deletions (Scort and Young, 2003) .  The presence of these sequences at the 

thil locus in E8 may account for the size differences observed between Lp 1 and E8. 

4 . 1 .2 .  Endophyte thi1 expression in cu lture 

Like many metabolic pathways, the thiamine biosynthetic pathway i s  subject to feedback 

regulation (Section 1 .6 . 3 ) .  Repression of thian1 ine biosynthetic gene expression by the 

presence of thiamine or thiamine precursors has been shown in a number of organisms 

(Hohmann and Meacock, 1 998; Praekelt et aI. , 1 994; Wightman and Meacock, 2003). 

However, evidence is lacking showing that transcript levels and spl icing of thil was affected 

by addition of thiamine under carbon and nitrogen starvation conditions (Section 3 .2 .3) .  I t  

has been previously reported that exogenous thiamine did not affect transcript levels of 

either THIl or TH]2 in U. fabae, homologues of THI5 and THI4 in yeast (Sohn et al. , 

2000). The lack of repression of these genes by thiamine may be due to the absence of a 

repressive effect or the inabil ity of the hyphae to take up thiamine (Solm et aI. , 2000). 

Alternatively, the regulation of these genes by thian1ine may be at the post-transcriptional 

level . Recent work shows that in  bacteria repression of the pathway may occur by a direct 

interaction of thiamine w ith thiamine biosynthetic transcripts, thereby blocking translation 

(Mironov et al. , 2002; Winkler et aI. , 2002). In Aspergillus oryzae, two conserved motifs 

(regions A and B) in the 5 '  un-translated region (5 ' UTR) of thil are required for thiamine 

mediated feed-back repression (Kubodera et aI. , 2003) .  Sequence analysis of the Lp 1 9  and 

E8 thil sequences confinned that both motifs are present in these genes (Section 3 . 1 .2 and 
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3 . 1 .4). This observation would suggest that both Lp 1 9  and E8 thil genes are also subject to 

a riboswitch mechanism of repression. 

Expression of thil was examined under conditions of varying carbon and/or nitrogen 

sources. The prel iminary expression analysis by RT -peR showed that carbon and/or 

nitrogen sources altered splicing of the introns in the 5 '  UTR region of thil,  resulting in 

three types of mRNA isoforms which differed in length of 5' UTR and number of upstream 

open reading frames (Section 3 .2 .3 ) .  These results are consistent with the 5' RACE analysis 

(Section 3 .2. 1 ) . The relative levels of each isoform varied with the type and levels of carbon 

and nitrogen source present in the media (Section 3 .2.4) .  Although alternative splicing does 

not appear to generate alternative Thi 1 polypeptides, the differences in the length of the 5 '  

UTR and uORFs can have a large influence on post transcriptional regulation o f  the gene 

(Rogers et al. , 2004; Vilela and McCarthy, 2003;  Yaman et al. , 2003) .  Translation o f  the 

uORF may elicit a conformational change in the mRNA leading to translational control 

(Yaman et aI. , 2003) .  Upstream ORFs have also been reported to be able to inhibit initiation 

or reinitiation of translation of the down stream major ORF, and the inhibition effect i s  

particularly pronounced when the uORF is close to, or overlaps with, the down stream 

major open reading frame (Geballe, 1 996; Hinnebusch, 1 996). The Type I was the only 

isoform not to have an uORF overlapping with the Thi l ORF. This type may therefore be 

translated at a higher efficiency than the others. Interestingly, under conditions where both 

utilisable carbon and nitrogen sources (glutamate) were present, the Type I isoform was 

abundant. 

In filamentous fungi, global carbon and nitrogen regulation is mediated by two distinct types  

of regulatory proteins, CreA-like transcriptional repressor and NIT2/ AreA transcriptional 

activators (Dowzer and Keller, 1 989; Fu and Marzluf, 1 990) . The binding of CreA to the 

CreA binding site in the promoter of many carbon catabolic genes leads to repression of 

transcription of these genes in the presence of carbon sources such as glucose (Felenbok and 
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Kelly, 1 996). Point mutations In the CreA binding sites resulted in derepression of 

transcription of genes in carbon catabolism (Mathieu et aI. , 2000; Orejas et al. , 1 999). 

However, CreA consensus sequences may be recognised by other regulatory proteins (de la 

Serna et al. , 1 999). For example, recognition sequences for CreA were found to overlap 

transcriptional elements of a 40S rRNA gene and the crp-2 ribosomal protein gene in A. 

nidulans (de la Serna et aI. , 1 999). The putative CreA homologue in N. crass a, Cre-I ,  has 

also been isolated and characterised (de la Sema et aI. , 1 999). Cre- l protein produced in E. 

coli can bind to CreA sites in the promoters of the 40S rRNA and crp-2 genes (de la Serna et 

aI. , 1 999) . Base substitutions in the CreA binding sites of the crp-2 promoter disrupted 

binding of Cre- l in vitro but had no effect on transcription during steady state growth or 

carbon shifts (with or without sucrose), indicating that regulation of ribosomal genes b y  

carbon source i s  not mediated by Cre- l ,  but via different proteins binding the Cre- 1 sites 

(de la Sema et aI. , 1 999). NIT2 is a positive transcription factor which turns on many 

different nitrogen metabol ism genes in response to nitrogen limitation in Neurospora crass a 

(Fu and Marzluf, 1 990). The nit2 homologues have been isolated from other filamentous 

fungi and the one in A. nidulans was designated as areA (Caddick et aI. , 1 986) .  NIT2/ AreA 

proteins belong to the GAT A zinc finger family (Marzluf, 1 997). They possess a single 

DNA binding domain which binds to the core GATA sequence in the promoter region 

thereby regulating the transcription of the gene. The C-terminal region of this protein is  

required for interactions with other proteins, such as the regulatory proteins NIT4 and 

NMR, involved in regulation o f  nitrate assimilation in response to environmental stimuli 

(Tao and Marzluf, 1 999). In N. crassa, expression of the nit-3 gene, which encodes nitrate 

reductase, requires cooperation of both the NIT2 and NIT4 transcription factors and only 

occurs under conditions of nitrogen source derepression and nitrate induction (Mo and 

Marzluf, 2003) .  Nitrogen metabolic regulation appears to play significant roles in the 

pathogenicity of certain animal and plant fungal pathogens (Marzluf, 1 997; Pellier et aI. , 

2003; Perez-Garcia et aI. , 200 1 ) . In  Colletotrichum lindemuthianum, a fungal pathogen of 

common bean, targeted disruption of clnr I ,  the areAlnit-2 orthologue, resulted in mutants 
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that were unable to use a wide array of nitrogen sources and were non-pathogenic (Pell ier et 

al. , 2003) .  The clnr 1 mutants complemented with the A. nidulans areA gene are ful ly 

pathogenic (Pellier et al. , 2003) .  

Interestingly, potential CreA and NIT2 binding sites were identified in the thil promoter. I t  

is  unknown whether CreA and/or NIT2-l ike proteins are required for thil expression or 

whether they regulate alternative splicing. Expression of the endophyte thil could be 

regulated at transcriptional and/or post transcriptional levels by thiamine, carbon and 

nitrogen. Understanding the regulation of thil expression may require further determination 

of the transcript level, the profile of alternatively spliced isoforms and the protein level of 

thil under different growth conditions with thiamine and/or other nutrients, through 

approaches such as Northern hybridisation, RT-PCR, Western hybridisation and/or 

analysis using reporter gene systems. Point mutations in the binding sites for CreA, NIT2 

and the thi-box may also be required to determine whether CreA and NIT2 are involved and 

how thiamine regulates expression of this gene. 

4 .1 .3.  Endophyte thi1 expression in p/anta 

Analysis of thil expression in planta by RT-PCR indicated that thil transcript i s  abundant 

in endophyte hyphae growing within pseudo stem tissue of the grass (Section 3 .2 .4). 

C loning and sequence analysis of the thil transcripts expressed in planta identified two thil 

mRNA isoforms, type II and type II I  (Section 3 . 2 .4). 

Although the concentration of thiamine in the intercellular space is  not known, the high level 

of thi 1 expression within endophyte hyphae in planta would suggest that the thiamine 

concentration is less than that required to repress gene expression. Similarly, the high level 

of expression of thiamine biosynthetic genes in the pathogenic fungi U fabae and P. triticina 
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Eriks during host colonisation (Hahn and Mendgen, 1 997; Sohn et aI. , 2000; Thara et aI. , 

2003), would again suggest that thiamine levels in these plants are less than that required to 

repress thil gene expression. 

In higher plants, thiamine synthesis is developmentally and spatially regulated (Belanger et 

a!. , 1 995). In maize, Ihi1 was expressed at a low level in developed embryos and early 

germinating seedlings, but at a high level in developing embryos and in photosynthetic 

organs (Belanger et at. , 1 995). I t  is  possible that expression of the endophyte thil gene in 

planta is  developmentally regulated and varies depending on the stages of either fungal 

and/or plant development. GUS or GFP reporter systems and/or immunofluorescence 

microscopy (Sohn et aI. , 2000) are approaches that would allow these hypotheses to be 

tested. 

4.2.  Morphological change of the E8 thi1 m utants 

4.2. 1 . Morpholog ical  changes of the thi1 m utants 

Examination of the phenotype of the E8 thil deletion mutants in culture showed that the 

two independently isolated thi1 mutants (K03 and K04), when grown on thiamine-free 

medium, showed a reduced frequency of hypha 1 branching and the hyphae were convoluted 

(Section 3 . 3 .4). Supplementation of the media with thiamine or thiazole restored normal 

hyphal growth and morphology to the mutants confirming that insufficient thiamine was 

responsible for both phenotypes. 

To our knowledge, there are no reports indicating that thiamine or thiamine biosynthesis is 

involved in hyphal branching and morphology in filamentous fungi. However, it is 
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commonly known that poor nutrition can affect fungal growth and colony morphology 

(Olsson, 200 I ). The mechanisms controlling branch initiation and extension in filamentous 

fungi are stil l  rather obscure. Several factors that can control the production and frequency 

of branching have been identified, including both physiological and genetic factors . 

Physiological factors that influence hyphal extension and branching include calcium, choline 

(Markham et at. , 1 993 ; Pera and CalIieri, 1 997), calmodulin, phosphoinositides, cyclic 

nucleotides and pH (Trinci et at. , 1 997). Mutations that affect colony morphology and 

hyphal branching have been identified in genes that encode components of the cytoskeleton 

(Robb and WiIson, 1 995) and microtubule-associated motor proteins (Seiler et at. , 1 997), in 

signal transduction pathways (Yarden et at. , 1 992) ,  and in transcription factors (Amaise et 

al. , 200 1 ) . Proteins such as subunits of the cAMP-dependent protein k inase A (PKA), have 

also been reported to be involved in hyphal branching, growth and morphology in N. crassa 

(Lubbehusen et at. , 2004). There is good evidence that components of the cytoskeleton play 

a key role in controlling hyphal extension and growth, through vesicle transport and through 

control of the orderly deposition of wall and membrane components at the growing t ips 

(Gooday, 1 995) .  Deletion in the NhKIN l gene, encoding a kinesin from Nectria 

haematococca resulted in mutants that had helical or wavy hyphae with reduced diameter 

and withdrawal of mitochondria from the growing hyphal apex and reduction in the s ize of 

the Spitzenkorper, an apical aggregate of secretary vesicles (Wu, 1 998), suggesting that 

microtubule-based motor proteins such as kinesin are essential for normal positioning of the 

Spitzenkorper and hyphal morphology development (Wu, 1 998). 

I t  has been proposed that once the production of materials for cell wall extension exceed the 

quantity that can be used at the pre-existing apex, a signal is generated promoting hyphal 

branching and the concomitant formation of a new growing tip (Yarden et at. , 1 992) .  

Thiamine is an i mportant cofactor for enzymes that play key roles in carbohydrate 

metabolism (Hohmann and Meacock, 1 998) .  Lack of thiamine will therefore restrict these 

key biochemical pathways but how this is translated into an effect on growth of the 
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cytoskeleton is not c lear. Thiamine deficiency may decrease the availabil ity of materials for 

cell wall extension or cytoskeleton structure and thus affect hyphal branching and 

maintenance of extension. 

As thiamine is an important coenzyme in cel l  metabolism, especially for energy metabolism 

(Hohmann and Meacock, 1 998), it was anticipated that thil mutants would not grow on 

thiamine-free medium. Although the mutants had a change in hyphal density and 

morphology, radial growth of the colonies was tmchanged (Table 3 .6 and 3 .7) .  This l imited 

growth was probably due to highly efficient salvage of trace amounts of thiamine and/or 

thiamine precursors from the mycelium and/or the medium (Hohmann and Meacock, 1 998) .  

Many fungi exhibit autolysis of older hyphae, especially when growing on nutrient-poor 

media. This material is likely to be translocated to actively growing hyphae especially the 

hyphal apices (Olsson, 200 1 ) . It is possible that there was a trace of thiamine in the agar 

used. 

Typical convoluted hyphae of Neotyphodium-l ike endophytes have been observed in the 

leaf sheath in some genera of grasses including Festuca and Lolium spp . (Leyronas and 

Raynal, 200 1 ) . It has also been reported that many Acremonium (Neotyphodium) isolates 

produced convoluted hyphae from host pieces after transfer of the host pieces from 

nutrient-rich PDA medium to water agar plates (Kaiser, 1 996). This form of hyphae was 

common in isolates that emerged rapidly from host tissues and sporulated poorly (Kaiser, 

1 996). The mechanisms underlining this phenomenon remains unclear. Hyphae of the rust 

fungus Uromyces phaseoli and Puccinia recondita often grow in twisted and convoluted 

form in susceptible plants treated with al lopurinol - an inhibitor of xanthine oxidoreductase 

which is involved in oxidative catabolism (Marte and Montalbini, 1 999). It is possible that 

an unbalance in metabolism resulted from inhibition of xanthine oxidoreductase caused the 

aberrant hyphal growth (Marte and Montalbini, 1 999). Similarly, deficiency in thiamine 

may cause abnormal metabolism in E. typhina and thus result in hyphal convolution. 
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4.2.2. Morphological changes of the ectopic transformants 

Surprisingly, one of the ectopic controls, strain EC1 ,  showed reduced hyphal growth on 

thiamine-free medium (Section 3 .3) .  Furthermore, this growth defect was overcome by the 

addition of thiamine to the media. The other ectopic control ,  strain EC2, had a slight change 

in colony morphology and a slight increase in frequency of hyphal branching, but otherwise 

was similar to the wild-type (Section 3 .3 ) .  While a spontaneous mutation may be 

responsible for the Tht phenotype shown by EC 1 ,  it is more likely due to ectopic 

integration of the thil replacement construct, as 3 3  out of 3 02 of the ectopic transformants 

showed reduced growth on thiamine-free medium (Section 3 . 3 .3 . 1 ). The phenotype of EC 1 

and other Thi- ectopic mutants may result from integration of the thiI replacement 

construct into other thiamine biosynthesis genes, other important metabolic genes, or 

alternatively could titrate out important transcription factors. 

Schmid et al. (2000) reported that the growth of Lp 1 9  endophyte transformants containing 

ectopic integrations of a plasmid with the GUS reporter gene (gusA) under the control of 

promoter of hmg, a gene encoding 3-hydroxy-3 -methylglutaryl coenzymeA, grew 

differently to the wild-type in planta (Schmid et at. , 2000; Zhang et aI. , 200 1 ) . Further, 

Northern analysis showed that the level of hmg transcripts in the transformant was lower 

than that of the wild-type (Ninxing Zhang and Jan Schmid; personal communication). The 

presence of additional copies of the hmg promoter in the genome may interfere with the 

transcription of hmg or reduce the stability of the hmg mRNA (Schmid et al. , 2000; Zhang 

et al. , 200 1 ) . 

Similarly, ectopic  integration of the thi] replacement vector, containing 1 .3 kb of sequence 

upstream of the ATG may interfere with the expression of  the endogenous thi] gene, 
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thereby changing the growth response of the transformants to thiamine. One possible 

mechanism for interference would be direct interaction between thiamine and the thil 

transcript (Mironov et al. , 2002; Winkler et ai. , 2002) leading to reduced availability of 

thiamine in these transformants . Alternatively, gene silencing may be involved (Agrawal et 

ai. , 2003 ; Catalanotto et ai. , 2004; Kadotani et ai. , 2003). The transcripts of the ectopic thil 

copies may co-suppress  endogenous thil transcription through a post-transcriptional 

RNAi-like mechanism that leads to degradation of the endogenous thil transcript. 

4.3. Effects of wi ld-type E8 and E8 thi1 deletion m utants 

on the host 

4.3 . 1 .  Host colon isation and incom patibi l ity between E. typhina 
E8 and perenn ia l  ryegrass 

4.3. 1 . 1 .  I nfectivity and hyphal growth in the host 

Different endophytes have different abi l ities to colonise their hosts. This is  reflected in the 

different infection rates and different hyphal concentrations in the host tissues 

(Christensen, 1 995; Christensen et ai. , 2002; Chung et ai. , 1 997). E. festucae strains 

typically have higher infection rates with Festuca and Lolium spp. than Neotyphodium spp .  

(Christensen, 1 995). Hyphae of  Neotyphodium spp are seldom branched, and seldom 

colonise vascular bundles or the leaf blade, while hyphae of E. festucae are more frequently 

branched,  show some colonisation of vascular bundles (Christensen et ai. , 1 997; Christensen 

et ai. , 200 1 ,  2002 ; Tan et ai. , 200 1 )  and epiphyl lous growth (Mike Christensen; personal 

communication). This study showed that E. typhina strain E8 had an infection rate and host 

colonisation ability very similar to E. festucae endophytes (Sections 3 A. 1 . 1 and 3 A . l .2) .  

272 



These differences in host colonisation may be related to the ability of  the endophyte to 

obtain and utilise nutrients from the host tissues. As discussed in the I ntroduction (Section 

1 .  5 . 1 ), Epichloe endophytes can utilise a greater range of carbon and nitrogen sources and 

grow much faster in culture than asexual Neotyphodium endophytes. Many Neotyphodium 

endophytes appear to have lost the ability to synthesise thiamine which is a key co­

enzyme in cell metabolism (Section 1 . 5 . 1 ). The reduced metabolic ability of the 

Neotyphodium endophytes may contribute, at least partially, to their low infectivity and 

low hyphal concentration in the host tissues, compared to the Epichloe endophytes. 

However, metabolic ability and growth rates in culture are unlikely to be the same as in 

plan/a, where the physiological growth conditions are different and the endophytes are 

subjected to host signalling. Endophyte hyphae are only observed in the host intercellular 

space, where a number of nutrients are thought to be low (Lohaus et al. , 1 995) .  

Consequently, the efficiency with which the endophyte can exploit the plant nutrients will 

be important for its growth and propagation (Knogge, 1 996). Many obligate biotrophic 

fungi can form specialised infection structures, called haustoria, within infected host cells. 

These structures play a key role in nutrient acquisition from the host (Panstruga, 2003 ; 

Perfect and Green, 200 1 ) . Genes in haustoria involved in nutrient uptake and metabolism 

include those that encode transporters of amino acids, glucose and fructose and genes for 

thiamine biosynthesis (Hahn and Mendgen, 1 997; Panstruga, 2003). Although no haustoria 

are formed by endophytes, the hyphae appear to possess specific mechanisms for the 

uptake of carbohydrates (Lam et al. , 1 994). Some endophytes, for example N. lolii, are able 

to produce an abundant proteinase which may facilitate the degradation of apoplastic 

proteins for uptake and utilisation by the endophyte (Reddy et al. , 1 996). The nutrients 

derived from the host may be converted into fungal storage substances, such as sugar 

alcohols and the diglucoside trehalose which i s  a key substrate for the pentose phosphate 

pathway (Bacon and White, 2000; Smith et al. , 1 985) .  The abi lity of some endophytes to  

synthesise vitamins, such as thiamine, may increase the vigour and growth rate of  these 
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endophyte strains in planta. Further analysis of the role and function of genes responsible 

for nutrient uptake and metabol ism will be helpful in understanding the effects of these 

processes on host colonisation. 

4.3. 1 .2.  Host incompatibility 

In  some cases, E8 fai led to infect particular hosts (Sections 3 .4 . 1 . 1  and 3 .4 .2 . 1 ), and in 

others infection occurred but this was fol lowed by severe stunting or death of  the host 

(Sections 3 .4 . 1 .3 ,  3 .4 . 1 .7 and 3 .4.2.2) and/or loss of the endophyte (Section 3 .4 . 1 . 7) .  

Usual ly, the percentage of seedlings that die after inoculation and transplantation vares 

dependent on the endophyte isolate and the host used.  It has been reported that the 

percentage of host death rate of E. typhina inoculated into three different grasses Chewings 

fescue, perennial ryegrass and tall fescue were 1 3%, 33% and 76% respectively (Latch and 

Christensen, 1 985) .  A stunting E. festucae isolate gave host death rates of 58%, 8 1  % and 

86% when inoculated into perennial ryegrass, Meadow fescue and tal l  fescue respectively, 

whilc a non-stunting E. festucae isolate gave host death rates of 36%, 39% and 53% when 

inoculated into perennial ryegrass, meadow fescue and tall fescue at the same time 

(Christensen et a!. , 1 997) . These observations possibly reflect a breakdown in the balance 

of host resistance and anti-resistance during the endophyte-grass interaction. 

Although most grass hosts seldom exhibit resistance to their natural endophyte, artificial 

infections by related endophytes can elicit a host response (Section 1 .2 .2), for example, 

enhanced peroxidase activity (Naffa et a!. , 1 999), necrosis in the region of the apical 

meristem (Christensen, 1 995),  ultrastructure changes in the host cells (Christensen, 1 995 ; 

Christensen et a!. , 2002; Koga et a!. , 1 993), and death of the hyphal cells (Koga et a!. , 

1 993). These reactions may indicate that endophytes can trigger non-specialised or 

specialised host defence responses. 
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However, most host grasses in association with endophytes do not elicit a defense response 

at any stage of their l ife cycle (Christensen et at. , 2002) . The lack of host response i s  

possibly due t o  the abi lity o f  the endophyte t o  avoid o r  suppress host defence reactions. 

Recent studies have shown that micro-organisms have developed diverse strategies to  

undermine plant defence and target core components of plant immunity (Abramovitch and 

Martin, 2004; Panstruga, 2003 ; Schulze-Lefert, 2004). Defense suppression appears to  

play an important role in  symbiotic plant-microbe interaction. In the interaction of nitrogen­

fIxing bacteria or mycorrhizal fungi with their hosts, infection can trigger a plant  defense 

response (Jackson and Taylor, 1 996), but the response seems to be modulated in the further 

development of the symbiosis (Bartsev et al. , 2004; Shaw and Long, 2003).  For example, 

Rhizobium species that form symbiotic nitrogen-fIxing associations with legumes can secrete 

a number of proteins (TTS and NopL) into host cells thereby repressing transcription of 

plant resistance genes (Bartsev et al. , 2004) . The bacterium Sinorhizobium meliloti, a 

symbiont of the legume plant Medicago truncatula, can produce Nod factor molecules 

which can inhibit hydrogen peroxide efflux in legume hosts (Shaw and Long, 2003) .  For 

some obligate biotrophic fungal pathogens which fonn long-tenn compatible associations 

with host plants, the fungi  may re-programme the host cell death response and/or suppress 

cell-waIl-associated defense responses thereby forming compatible interactions with the 

host plant (Panstruga, 2003) .  The rust fungus Melampsora lini was reported to induce 

expression of the host gene jisl which may be responsible for degradation of proline 

(Ayliffe et at. , 2002). Proline may serve as a signal in plants to abiotic and biotic stresses. 

The activation ofjisl might indirectly suppress the host defense (Ayliffe et al. , 2002). 

S imilarly, the abi lity of endophytes to suppress host defense responses may play a key 

role in  the establishment and maintenance of the long-tenn compatible associations between 
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the endophyte and grasses. Identifying genes that are required for host defense suppression 

would enhance our understanding of symbiotic fungi-host compatibility . 

4.3.2.  Effects of wi ld  type E. typhina Ea on g rowth a n d  

development of the plant host 

It has been widely accepted that endophyte infection is advantageous to the growth and 

development of the host plant, in particular under the conditions of biotic and/or abiotic 

stress. I nfection of endophyte has been reported to induce host ti l ler production, increase 

host biomass and seed germination (Belesky et aI. , 1 987;  Chepl ick et al. , 1 989; Latch et al. , 

1 985) .  While the benefits that endophyte infection confers on the host have been wel l  

documented for the mutualistic asexual endophytes, such as  tall fescue infected by  N. 

coenophialum (Belesky et aI. , 1 987 ;  Cheplick et aI. , 1 989) and perennial ryegrass infected 

by Neotyphodium endophytes (Latch et a!. , 1 985) ,  there are very few report on the effects 

of E. typhina endophytes on the growth of their host plants . 

Observations in this study indicated that infection by E. typhina E8 could have detrimental 

effects on the perennial ryegrass host, including reducing survival (Section 3 .4 .2 . 1 ), fresh 

weight and tiller weight (Section 3 .4 .2 .3) and inducing stunting (Section 3 .4 .2 .3) .  The 

detrimental effects were strong in seedlings or young plants, where the average fresh weight 

of the endophyte-free p lants were over 4 times that of the E8-infected plants . 

Coincidentally, Faeth and Sullivan (2003) recently reported that infection of Neotyphodium 

endophyte can have detrimental effects on host plants (Faeth and Sullivan, 2003).  Festuca 

arizonica plants infected with a Neotyphodium species have decreased host growth as 

measured by plant volume, number of ti llers, and dry mass of shoots and roots compared to 

non-infected plants (Faeth and Sullivan, 2003). These negative effects of the symbiont were 

transferred to the next generation. E. typhina endophytes are considered to be the least 
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mutualistic of all grass endophytes as they routinely develop stromata on reproductive 

tillers of the host causing ' choke disease ' (White and Bultman, 1 987). It i s  not surprising 

that E. typhina is more detrimental than N loW on the perennial ryegrass host. 

Competition for nutrients such as carbohydrates and amino acids may be a major factor 

responsible for the detrimental effects on the host (Faeth and Sullivan, 2003) .  Cheplick et al 

( 1 989) reported that compared to uninfected seedlings, tall fescue seedlings infected with 

Neotyphodium endophytes had a greater biomass at higher plant nutrient levels but a 

significantly lower biomass at lower nutrient levels, indicating a metabolic cost to the host 

due to competition for nutrients (Cheplick et al. , 1 989). Endophytes are biotrophic 

organisms which must obtain all their basic nutrients from the host for their growth (Siegel 

et a!. , 1 987). These nutrients may include those produced by plant photosynthesis and 

those mobilised from plant cells, which would otherwise be delivered to regions of host 

active growth. The ability of some endophytes such as E. typhina to colonise the vascular 

bundles (Section 3 .5 .2.2) is even more detrimental to the host as this is a very effective 

mechanism for the fungus to gain access to nutrients (Christensen et a!. , 1 997) . In addition, 

endophyte hyphae must be active in metabolism to produce secondary metabolites such as 

the nitrogen-rich alkaloids. This will  also be a cost to host plants (Faeth and Sullivan, 2003) .  

Production and storage of alkaloids require substances such as  amino acids and energy 

sources. These alkaloids could be toxic to the host plant (Faeth and Sullivan, 2003) .  These 

may have a direct or indirect effect on the host nitrogen metabol ism and growth. 

A feature of E8 hyphae within host grasses is the presence of abundant l ipid droplets 

(Section 3 . 5 .2 .3 )  and glycogen-like deposits (Sections 3 . 5 .2 .4  and 3 . 5 .2 .5) .  These storage 

products were previously observed in hyphae of E. festucae strains which can cause host 

stunting (Christensen et al. , 1 997), but were not evident in non-stunting E. festucae strains. 

Glycogen-like deposits were not observed in hyphae of many mutualistic Neotyphodium 

isolates within grasses (Christensen et a!. , 200 1 ) . In this study, hyphae with abundant 
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glycogen-like deposits could be observed even on hosts of non-stunting phenotypes. The 

presence of these abundant storage products may be indicative of greater access by these 

endophytes to host nutrients either directly or indirectly thereby adversely affecting host 

growth. 

Although competition for nutrients seems to be linked with host stunting, other growth 

factors may be involved in host development and morphology . Endophytes are also able to 

produce phytohormones such as 3-indole acetic acid (IAA) in culture (De Battista et al. , 

1 990). The ability of endophytes to produce phytohormones or change the overall levels of 

phytohormones in the symbiosis wil l  inevitably affect the host development and 

morphology and/or the endophyte metabolism. 

The detrimental effect of endophyte infection on host growth could also be due to induction 

of host resistance responses as discussed above (Section 4 .3 . 1 .2) .  Although the mechanisms 

of resistance can vary, the cost of resistance in plants can lead to costs on host growth and 

fitness (Faeth and Sullivan, 2003 ; Purrington, 2000) . Endophyte may suppress the host 

defense response as discussed above (Section 4 .3 . 1 .2) .  While this i s  essential for 

maintenance of the symbiotic associations, defensc suppression may result in the host being 

more susceptible to abiotic or biotic stresses such as other pathogens, thereby resulting in 

reduced growth or even death of the infected hosts. This may explain the phenomenon that 

seedlings often died after transplantation (Sections 3 .4 . 1 . 1  and 3 .4 .2 . 1 ). 

Collectively, interactions between endophyte and grass, and influence of these interactions 

on the host development and growth are determined by combinations of factors mentioned 

above and many other factors as yet unknown. We do not know whether in natural 

environments infection of E. typhina has similar detrimental effects on the host growth. E. 

typhina is considered to be an antagonistic endophyte as it expresses the sexual life cycle on 

host reproductive tillers, resulting in host sterilisation (White and Chambless, 1 99 1 ) . 

278 



Results in this study showed that E. typhina also develop stromata on vegetative tillers 

which retard host leaf growth (Sections 3 .4. 1 .5 and 3 . 4 .2.4) .  This effect together with the 

other detrimental effects on growth of seedlings and young plants (Sections 3 .4. 1 .3 ,  3 .4.2.2 

and 3 .4 .2 .3) ,  might explain why grasses species infected with E. typhina endophytes are 

only occasionally found in nature (White and Chambless, 1 99 1 ) . H owever, one potential 

benefit of E. typhina infection is the abi lity of this species to produce peramine, an insect 

feeding deterrent (Section 3 .4 . 1 .4). 

4.3.3 .  Effect of thi1 deletion in the endophyte-host interactions 

In  this study, two independent thi] deletion mutants of  E. typhina strain E8 were generated 

and reintroduced into perennial ryegrasses to investigate the effects of the thil mutation on 

the endophyte-host symbiotic phenotype .  The thi]  deletion mutants retained the abi lity to 

infect the host grass (Sections 3 .4 . 1 . 1  and 3 .4 .2 . 1 )  and produce stromata (Sections 3 .4 . 1 . 5 

and 3 .4. 1 .6) .  Consequently, our results gave no indications for a crucial role of endophyte 

thiamine biosynthesis in either host colonisation or external stromata production. These 

results confirmed that even if thiamine levels are low in the intercellular space, the mutants 

have the ability to uptake and/or salvage sufficient thiamine or thiamine precursors to grow 

well .  

Despite these observations, deletion of the E8 thil gene significantly: increased endophyte 

infection rate, increased host survival, and reduced detrimental effects on the host growth 

(Section 3 .4) .  The above results and the fact that thiJ is  expressed by the endophyte within 

the plant (Section 4.2 .3) ,  may indicate that the endophyte can synthesis thiamine and 

promote an active endophyte metabolite and in return influence the endophyte-host 

interaction. Hyphae of the {hiJ mutants differ from those of the wild-type in that glycogen­

like deposits, which were abundantly present in the wild-type E8 in both the leaf blade and 
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sheath were not as evident in the thil mutants (Section 3 .5 .2) .  Taken together, these results 

suggest that disruption of thil may reduce accumulation of nutrients as fungal storage 

products thereby reducing competition for nutrients from the host. This in turn could 

decrease hyphal growth, and as a consequence reduce the detrimental effects on host 

growth. Of interest i s  the observation that a mutation in glycogen synthase in the nitrogen­

fixing bacterium R. tropici resulted in decreased levels of a high-molecular-weight 

exopolysaccharide, an enhanced respiration and increased host growth (Marroqui et af. , 

200 1 ) . An analysis of the available ful ly sequenced bacterial genomes indicates that an 

inabil ity to store glycogen is a trait associated with the parasitic or symbiotic lifestyle 

(Henrissat et af. , 2002) . Loss of the ability to synthesise vitamin such as thiamine in 

endophytes may be an adaptation to a symbiotic lifecycle . 

Results in this study also showed that the thil mutants probably have an increased 

infection rate based on the number of surviving hosts (Section 3 .4 .2 . 1 ) . The mechanism 

underlying this observation is unknown. It could be that the reduced hyphal growth of the 

thil mutants within the host tissues induced a reduced host resistance response compared 

to the wild-type strain, thus favouring endophyte survival in planta and host growth. 

The development of stromata in associations containing wild-type and thil mutants may be 

due to an increase in permeability of host membrane in the stroma-forming region, resulting 

in leakage of host nutrients, including thiamine, into the intercellular space. In Agrostis 

hiemalis infected with the endophyte E. amarillans, changes have been observed in the host 

cell wall and membrane in the stroma-forming region (White et af. , 1 997). Rupture of the 

host cells in the stroma-regions was also observed in this study (Sections 3 . 5 . 1 . 1  and 

3 . 5 .2 . 1 ) . Alternatively, thiamine together with other nutrients may be mobilised through 

hyphae that have colonised the vascular bundles (Christensen et af. , 1 997). Intensive 

vascular blmdle colonisation was observed in stromata that developed in grasses infected 
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with e ither E8 wild-type or the thil mutants (Section 3 . 5 .2 .2 ) and in other endophyte-grass 

associations (White et aI. , 1 997). Even so, hyphae of the thil mutants in the stroma-forming 

region of vegetative tillers appeared to be more highly vacuolated and had reduced cellular 

contents compared to those of the wild-type (Section 3 .5 .2) .  These observations suggest 

that active metabolism and growth of hyphae of the mutant were thiamine limited. Since 

thiamine transport is  mediated by the thiamine transporter protein (Enjo et al., 1 997), a 

mutant with mutations in both a thiamine biosynthetic gene and a gene encoding the 

thiamine transporter might affect the endophyte infection and stromata development. 

Recent work suggests that the interaction between symbiotic micro-organisms and p lant 

hosts is far more complex than hitherto realised, as the partners have evolved a metabolic 

dependence on one another (Lodwig et al. , 2003) .  For example, in the nitrogen-fixing 

symbiotic association between Rhizobium and legume plants, the plant provides a carbon 

energy source and amino acids to the bacteroids. I n  return, the bacteroids act like p lant 

organelles to provide both ammonium and the amino acid aspartate for asparagine synthesis 

in the plant cytosol (Lodwig et al. , 2003) .  This cycling of amino acids between the 

bacteroids and plant host is essential for nitrogen fixation. Disruption of either amino-acid 

transporters or the principal aspartate amino transferase, an enzyme for production of 

aspartate in the bacteroids, results in a block in nitrogen fixation. I nformation on exchange of 

nutrients and primary metabolites between endophyte and the host is scarce. Future studies 

on these processes would allow us to identify the key metabol ites exchanged between each 

partner, and the metabolite dependence of one partner on the other. 

Mutation in an endophyte gene, for example the thiamine biosynthesis gene in this study , 

may reduce the detrimental effect of E8 infection on the host and therefore be beneficial to 

the host. A recent study showed that a single gene mutation may convert an E. jestucae 

strain from mutualistic to antagonistic, causing death or severe stunting to the host (Aiko 
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Tanaka and Barry Scott, personal communication). This is an interesting observation as i t  

has been reported that mutation in a single gene can convert Colletotrichum magna from a 

pathogen into a mutualistic endophyte (Redman et al. , 200 1 ) . While C coccodes is 

pathogenic to its host tomato, a C coccodes mutant which was deficient in extracellular 

protease activity became non-pathogenic (Redman et al. , 2002) . Thus, single gene changes 

can have great effects on the virulence or avirulence of microbes on the host. This may be 

important in nature where selective forces are variable and can operate simultaneously on 

several traits of the endophyte, host or endophyte-host associations. 

4.3.4.  Effects of h ost genoty pes and environmenta l  facto rs o n  

the sym biotic phenoty pes 

As discussed in Section 3 .4 .5 ,  a wide range of endophyte-host symbiotic phenotypes were 

observed in this study which were probably caused by factors such as l imitations of the 

inoculation methods, the effects of micro-environments and the host genotype effects. 

Effects of host genotype on symbiotic phenotype of endophyte-grass associations have 

been previously reported. For example, when E. jestucae was inoculated into Lolium 

perenne, Festuca arundinacea, F. longifolia, F. pratensis and F. rubra subsp. rubra, growth 

of the host plants and colonisation of the endophyte hyphae within the host varied 

depending on the host species (Christensen et al. , 1 997). In natural associations of Arizona 

fescue (F arizonica) infected with a Neotyphodium endophyte, plant growth and 

reproduction, as wel l  as the timing of germination of seeds were affected by the presence of 

the endophyte and the genotype of the host (Faeth and Sull ivan, 2003) .  Agronomic grasses 

usual ly have less genetic diversity than native grasses because of restricted propagation 

from natural populations and subsequent inbreeding. However, even the limited genetic 

diversity between or within agronomic cultivars can alter host colonisation (Christensen et 

al. , 200 1 ), host growth (Cheplick et al. , 2000; Meijer and Leuchtmann, 2000), stromata 
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development (Meijer and Leuchtmann, 2000), and alkaloid production (Spiering, 2000) . The 

host genotype can affect alkaloid levels in agronomic cultivars by as much as 1 0-fold, and 

within cultivars by as much as 5-fold. Alkaloid levels can vary as much as 3 to 5 -fold 

depending on the growth conditions (Brain Tapper, personal communication). 

Effects of environmental factors on symbiotic phenotypes were also observed in this s tudy . 

The host colonisation and the frequency of stromata formation varied depending on  the 

growing condition, especially  the season (Section 3 .4). The exact factors responsible  for 

these differences in E. typhina-ryegrass interactions are unclear. Water availability (soil 

moisture) was reported to be the main limiting factor to plant growth and reproduction in 

some endophyte-grass associations (Faeth and Sullivan, 2003 ; Purrington, 2000). Host 

growth as measured by average dry weight and tiller numbers is  affected by environment 

factors such as shading, fertil isation and elevated CO2 (Meijer and Leuchtmann, 2000). 

Ferti l isation significantly stimulated plant growth in many genotypes, whereas the effects 

of shading and elevated CO2 on plant growth were l ess pronounced and not always 

consistent (Meijer and Leuchtmann, 2000) . A study on the effect of CO2 on endophyte­

infected grasses showed that elevated CO2 increased plant reproductive growth of Lolium 

perenne but had no effect on vegetative growth (Groppe et al. , 1 999). I t  appears that there 

is no uniform plant response and that effects of environmental factors on the interaction 

may depend on the genotype of both the endophyte and host involved (Meijer and 

Leuchtmann, 2000). Genetic factors of particular plant and endophyte genotype 

combinations appear to be more important for growth variation than environmental factors 

(Meijer and Leuchtmann, 2000) . 

Due to the great variation of symbiotic phenotypes caused by multiple factors, it was 

difficult to analyse the impact of the thil mutation on the endophyte-grass interaction, 

particularly when the population of symbiotic associations analysed was small .  For 

example, in experiment I ,  although variations in symbiotic phenotypes (infection rate, host 
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survival rate and host stunting rate) were present between thc thil mutants and the wild­

type, differences within groups were often greater than between groups, thus no meaningful 

conclusion could be drawn. The differences between the mutants and the wil d-ty pe 

observed could have resulted from either mutation of the thi1 gene or random errors in the 

experiment. In the study of the effect of Neotyphodium infection on the native host, Faeth 

and Sullivan (2003) pointed out that host genotype is paramount in elucidating the 

interaction between host and endophyte, and investigating the endophyte-host interactions 

should be at the appropriate population scale or on the same host genetic background 

(Faeth and Sullivan, 2003 ). In an attempt to overcome the problem of genotype effects, a 

larger population of plants was tested (Section 3 .4.2), and in this experiment significant 

differences were detected between the thil mutant and wild-type strain in infection rates, 

host fresh weight and til ler weight (Section 3 .4 .2). 

Variation in environmental factors also caused difficulties in analysing some symbiotic 

phenotypes. The host survival rates in experiment 3 were unexpectedly low and more 

infected grasses died in the period of observation than in earlier experiments (Sections 

3 .4 .2 . 1 ,  3 .4.2.2) .  These changes resulted in a much smaller population size for analysing 

phenotypes such as the host stunting rate . It was also difficult to analyse the effect of the 

thil deletion on the frequency of stromata development on vegetative til lers as too few 

grasses developed stromata in  experiment 3 (Section 3 .4 .2 .4) .  A consideration of the effect 

of the host genotype and environmental factors on the symbiotic phenotype will be 

important in future studies on endophyte-grass interactions. 
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4.4. Stromata development on vegetative ti l lers 

4.4. 1 . Stromata development on vegetative t i l lers 

An unexpected observation in this study was the development of stromata on vegetative 

tillers of grasses infected with wild-type and mutant derivatives of E8 .  To our knowledge, 

this is the first report of an Epichloe endophyte forming stromata on vegetative ti llers. 

Stromata development on vegetative ti l lers was similar to that observed on reproductive 

tillers. The hyphae were highly ramified (Sections 3 . 5 . l . 1  and 3 . 5 .2 . 1 ) . The cytoplasm of 

epiphytic hyphae were similar in stroma on reproductive and vegetative tillers (Section 

3 . 5 .2) ,  suggesting a similar mechanism underlining the stromata development and nutrient 

conversion in these hyphae. However, slight differences were observed in that hyphae on 

vegetative tillers were more vacuolated and devoid of cellular contents than hyphae on 

reproductive ti llers (Section 3 . 5),  and the frequency of stroma development was lower 

(Sections 3 .4 . 1 .5 and 3 .4. 1 .6) . While it is widely accepted that stromata development of 

Epichloe endophytes is associated with development of reproductive tillers (White et aI. , 

1 997), the observation here of stromata formation on vegetative t i llers indicates that the 

factors that induce stromata development are not confined to reproductive tissues. 

At present, l ittle is known about the mechanisms underlying stromata development b y  

Epichloe endophytes. Epichloe endophytes are characterised by growth in the intercellular 

space where nutrients are limiting (Lohaus et aI. , 1 995), Hyphae of endophytes are 

unevenly distributed with highest concentrations in regions (meristems, seeds and sheathes) 

which act as the ' sink' for nutrients (Section 1 .2). The more l imited growth of endophyte in 

the leaf blade possibly reflects that the endophyte growth is under nutrient l imitation. 

However, formation of stromata by both E8 wild-type and thil mutants on both vegetative 
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and reproductive tillers (Section 3 .4) would indicate that vitamins such as thiamine are not 

limiting for initiation and development of stromata on perennial ryegrasses. Stromata 

development may be triggered by factor(s) which can induce an increased membrane 

permeabil ity and nutrient efflux from the host cell to the hyphae (Aked and Hall ,  1 993) .  

Hyphae of many EpichloelNeotyphodium endophytes are typically seldom branched in 

mature plant tissues although they show highly ramified growth in the basal meristem and 

reproductive tissues (Christensen et al. , 2002). This suggests that plant hormones, which 

play a key role in the tissues, may be important in triggering the stromata development. 

Supplementation of gibberell ic acid, which is known to stimulate plant growth, has been 

reported to reduce stromata formation in Dactylis glomerata (Emecz and lones, 1 970). 

Conversely, other plant hormones such as cytokinins, which counteract the act of 

gibberel l ic acid might induce stromata development. Endophytes are able to produce 

phytohormone-like compounds (De Battista et aI. , 1 990), which could affect the growth of 

the host and/or the hyphae and stromata development. 

Hyphal extension and branching in culture is regulated by pH, calcium concentration and a 

range of other factors ( Shaw and Hoch, 200 1 ;  Trinci et al. , 1 997). These factors, which are 

significantly influenced by the environment, may also be involved in stromata development. 

In symbiotic associations between rhizobia and legumes, localised changes of ion 

concentration are associated with the process of infection (Parniske, 2004). 

An interesting observation in this study was that formation of stromata on vegetative leaf 

blades was often only midway along the blade with the hyphal growth above and below the 

stroma zone was sti l l  tightly regulated (Section 3 .4 . l . 5 ) .  This observation suggests that 

factors that induce the stroma-formation are highly localised. While stromata development 

is always associated with profuse hyphal growth, this type of growth is not necessarily 
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sufficient for stromata development. For example, in some associations of perennial 

ryegrasses infected with an E. festucae FI l mutant, hyphae were ramifying but no stroma 

developed (Mike Christensen and Aiko Tanaka, personal communications). This suggests 

that factors that induce stromata development must trigger both hyphal ramification and 

external growth. 

As previously discussed (Section 4. 3 . 1 .2), the breakdown in the balance of host resistance 

and anti-resistance during the endophyte-grass interactions may cause death of the host or 

loss of endophyte in the host. Conversely , loss of host resistance may cause stroma 

development, which to some extent is similar to disease expression. Endophyte growth 

within the grass may be control led by a mechanism similar to that of mycorrhizal symbiosis 

associations. Infection of mycorrhizal fungi can trigger a plant defense but this is  modulated 

by the fungus. Further fungal colonisation appears to be controlled by the host plant 

(Jackson and Taylor, 1 996; Parniske, 2004). M utation or overexpression of some plant 

genes leads to increased fungal colonisation and greater arbuscule formation (Parniske, 2004; 

Solaiman et aI. , 2000; Staehelin et aI. , 200 1 ) . The activation of host responses toward 

endophytes (Christensen et al. , 2002; Naffa et aI. , 1 999; Roberts et aI. , 1 992), although 

these reactions are subtle and only observed in some interactions, indicates that the host 

grass is  able to recognise the endophyte and trigger a host defense response that restricts 

endophyte growth (Section 4.3 . 1 .2) .  For example, chitinase, which is enhanced in naturally 

infected grasses, might act to inhibit hyphal tip extension (Roberts et aI. , 1 992) . The lack of 

an apparent host response indicates that endophytes are able to suppress or modulate the 

defense response as occurs in the mycorrhizal associations (Jackson and Taylor, 1 996; 

Parniske, 2004) and many other plant pathogens (Abramovitch and Martin, 2004) . The 

development of stromata, in which hyphae show unregulated growth, could be a result of 

suppression of the host defense response. In many cases, defense suppression is necessary 

for disease formation (Abramovitch and Martin, 2004). 
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Stromata development on both vegetative and reproductive tillers is strongly influenced by 

the host genotype and environmental factors (Section 3 .4 . 1 . 5 ) .  Studies by Kirby (Kirby, 

1 96 1 )  indicated that environment conditions control the elongation rate of the flowering 

apex and thereby affect stroma formation. Rapid elongation of the flowering apex 

suppresses stroma formation (Kirby, 1 96 1 ) . High levels of nitrogen ferti l iser diminished 

choke expression in infected Festuca rubra (Funk et al. , 1 994). Nitrogen fertiliser might 

increase the elongation of the flowering apex and thereby suppress stroma development 

While the host plant plays an important role in control ling endophyte growth, stromata 

formation is influenced by an interplay of factors from both the host and endophyte, and 

physiological changes that occur in response to variations in environment. 

4.4.2 .  Nutrient translocation a nd conversion i n  hyphae in  the 

stroma reg ion 

Stromata formation is characterised by extensive hyphal growth within and outside the 

plant tissues and the production of abundant conidia. Endophytes are biotrophic fungi 

which are dependent on the host for nutrients. To initiate and maintain rapid hyphal growth 

in stroma-forming regions, the endophyte must obtain sufficient nutrients from the host 

tissues and rapidly transfer these nutrients to the epiphytic hyphae. However, under 

normal conditions, the apoplasitic fluid is low in nutrients (Lohaus et af. , 1 995) .  An 

intriguing question is how these fast-growing hyphae obtain their nutrients. 

Many biotrophic fungi produce haustoria to extract nutrients from host plants, but 

endophytes do not develop this invasive structure, nor break the host cell for nutrient 

uptake (White et af. , 1 997). However, alterations to the host parenchyma and epidermal 
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layers in  the stroma-forming region were reported (White et al. , 1 997) . Changes in the shape 

of host epidermal cells, which indicates a softening of the cell wall ,  were observed in the 

stromata region but not in the non-stromata region (Section 3 . 5 .2). These structural changes 

may lead to leakage of nutrients from host cells to the apoplast fluid, thereby allowing the 

endophyte to derive sufficient nutrients from the intercellular space of the stromata region 

without intra-cel lular invasion. Specific signals or factors that can alter the host cell wall and 

membrane permeability might be produced in the stromata region thus facilitating the flow 

of nutrients into the apoplastic space and/or directly to the hyphal cell (Bacon and White, 

2000) . Stroma development is also characterised by intensive vascular bundle colonisation 

(White et al. , 1 997). This is a feature of stromata formed on both vegetative and 

reproductive t i llers by E. typhina. The association of hyphae with vascular tissues is likely 

to increase the availability of nutrients and water from these t issues. Changes in nutrient 

uptake mechanisms (Lam et al. , 1 994; Reddy et al. , 1 996) could also account for greater 

nutrient availabil ity. 

Another key question is how nutrients are transported to the epiphytic hyphae formed on 

the outside of the plant? A study of hyphal growth in the stroma region (White et al. , 1 997) 

indicated that hyphae often penetrate through the epidermis and cuticle, which may ensure 

that nutrients pass from within the plant tissue to hyphae on the outside (White et al. , 

1 997). Hyphae penetrating through the epidermis are often observed in the stroma-forming 

region of leaves in both vegetative and reproductive ti llers in this study. The transportation 

of nutrients from the inner region to the outer epiphytic hyphae is proposed by White to be 

faci litated by bulk water flow associated with evaporation (White et at. , 1 997). Water 

evaporation from the surfaces of stromata was on average ten times greater than that from 

surfaces of uninfected leaf tissue (White and Camp, 1 995). Nutrients are expected to flow 

to the epiphytic fungal fruiting structures with the water. In addition, Bacon suggested that 

an active transport of nutrients may be involved in stromata development (Bacon and 

White, 2000). 
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In  this study, cytologically distinct changes were commonly observed with stroma 

development. The first was a high level of vacuolation of hyphae in the stromata region 

(Section 3 . 5) .  Hyphal cells close to the epidermis in the stroma-forming region were highly 

vacuolated and devoid of cytoplasm (Section 3 . 5), while endophytic hyphae close to 

vascular bundles and epiphytic hyphae distal to the epidermis  were not. Vacuoles are 

thought to play an important role in the fungal life cycle (Weber, 2002). For example, 

vacuoles are the site for organelle degradation, resulting in recycling of macromolecules 

under conditions of nutrient starvation (Weber, 2002). Vacuoles can also transport nutrients 

over long distances through a network of fine channels that link adjacent vacuoles (Weber, 

2002). 

The second important feature is the change of levels of glycogen-like substance and lipid 

droplets in the cel ls (Section 3 . 5) .  These carbon storage compounds were abundant in 

hyphae in the non-stroma region, but decreased in hyphae in the stroma region (Section 

3 . 5) .  In the stroma region, glycogen-like substance and l ipid droplets were frequently 

observed in hyphae close to the vascular bundle, but progressively decreased in hyphae 

toward the epidermis (Section 3 . 5) .  Few glycogen-like substance and lipid droplets were 

observed in epiphytic hyphae close to the epidermis, but the amount increased in outer 

epiphytic hyphae. These changes in the concentration of carbon storage compounds reflect 

conversions and/or translocation of carbon sources .  This process will require a number of 

polysaccharide and l ipid metabolising enzymes. Few studies have been carried out on 

nutrient translocation and associated physiological changes III grasses infected with 

Clavicipitaceous fungi (Bacon and White, 2000) . Studies of nutrient movement in 

Myriogenospora atramentosa Diehl following the incorporation of 14C02 and translocation 

of 14C-sucrose in the plants revealed that there is a translocation and a conversion of sugars 

produced during photosynthesis into fungal carbohydrates (Smith et al. , 1 985) .  
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The thiI mutants in the stromata region differ from the wild-type in that the hyphae were 

more highly vacuolated, were largely devoid of cellular contents and lacked glycogen-like 

deposits (Section 3 . 5) .  These changes presumably  reflect an inadequate supply of thiamine 

for nutrient metabolism. Pronounced vacuol isation was also observed in hyphae of the 

biotrophic pathogen-rust fungus U. fabae when growing in the plant intercel lular space but 

not in haustoria. I nterestingly, thiamine biosynthesis genes are highly up-regulated in the 

latter (Sohn et aI. , 2000). 

The production of stromata in vegetative t i llers is very useful for identifYing genes that play 

important roles in stromata production and nutrient conversion by technologies of 

subtractive screening. Genes that are involved should be induced in the stromata region in 

both vegetative and reproductive ti l lers but absent in non-stroma region. 

4.5.  Conclusion and future work 

In  this study, a thiamine biosynthesis gene thiI ,  the orthologue of S. cerevisiae THI4, was 

isolated and characterised from N lolif strain Lp 1 9  and E. typhina E8. Functional analysis 

employing the gene-targeting disruption approach confirmed that this gene is indeed 

involved in thiamine biosynthesis .  Expression of the thiI gene was detected in planta. In  

culture, nitrogen and carbon nutrient sources were shown to affect the pattern of  alternative 

spl icing of the thiI transcript, which may alter the expression of the THI l polypeptide . 

Conserved regions involved in the regulation of thiamine biosynthetic gene expression in 

both bacteria and fungi were identified in the endophyte thi] . How expression of the 

endophyte thiI gene is regulated by thiamine and/or carbon and nitrogen nutrients remains 

to be determined. Future studies will be required to determine whether the thil gene i s  

subject to  a riboswitch type of  mechanism of  repression and whether thi] is differentially 

expressed in different tissues and at different developmental stages of the plant. 
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Deletion of the thil gene resulted in some differences in the symbiotic phenotype, but did 

not disrupt the ability of E. typhina to infect the perennial ryegrass host and form stromata, 

suggesting that the mutants must have the abi lity for uptake and/or salvage of sufficient 

thiamine or thiamine precursors to grow well .  Further investigation of the role that other 

thiamine biosynthetic genes, particularly genes such as THI6, THI80 which are essential for 

late steps in thiamine biosynthesis, and/or the thiamine transporter gene (THlI 0), p lay in 

the endophyte-grass interaction wil l  help us understand whether thiamine is derived de 

novo, by salvage or by uptake. 

While it is widely accepted that stromata of Epichloe endophytes are confined to host 

reproductive tillers, this study showed that E. typhina develop stromata on vegetative ti l lers 

of plants. The stromatal hyphae on vegetative and reproductive t i llers shared similar 

characteristics in hyphal morphology and ultrastructure, suggesting a similar mechanism for 

induction of stromata, and for nutrient translocation and conversion. Future studies on the 

biochemistry and physiology of nutrient uptake, and in particular the role of salvage 

pathways in endophyte growth in planta should increase our understanding of the metabolic 

exchange that occurs in these important associations. A comparative genome analysis, when 

the E. festucae genome sequence is available, would also be very useful in understanding the 

host metabolite dependence of the endophyte in the symbiotic association. 
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Appendix 1 .  Abbreviations 

ThP: 

ThPP:  

HET-P: 

HMP-PP: 

DIG : 

GUS:  

EDTA: 

HPLC: 

!AA: 

S D S :  

PEG: 

BSA: 

PVP-IO :  

CTAB: 

DTT: 

CTAB: 

TeA cycle: 

uORF: 

Thiamine monophosphate 

Thiamine pyrophosphate 

Thiazole monophosphate 

4-amino-S -hydroxymethyl-2-methylpyrimidine pyrophosphate 

Digoxigenin 

�-D-glucuronidase 

Ethylenediamine tetraacetic acid 

High performance lipid chromatography 

Indole acetic acid 

Sodium dodecyl sulfate 

Polyethylene glycol 

Bovine serum albumin 

Polyviny lpyrrol idone 

Hexadecyltrimethylammonium bromide 

1 ,4-dithiothreitol 

Hexadecyltrimethylammonium bromide 

Tricarboxylic acid cycle 

Upstream open reading frame 

5' UTR: 5 '  un-translated region 

PCR: Polymerase chain reaction 

T AIL-PCR: Thermal Asymmetric Interlaced PCR 

RT -PCR: Reverse PCR 

DD-RT-PCR: Differential display-RT-PCR 

RACE: Rapid amplification of cDNA ends 

Sec : Second(s) 

h :  Hour(s) 
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Appendix 2.  Growth response of endophytes to th iamine 

Appendix 2. 1 .  Growth response of endophyte strains to thiamine (Experiment 1)  

E n d o p hytes C ha ra c t e ristic  
PDA 

C D  
C D +T h i a m i n e  

( 3  mg/L) 

Neotyphodium 
lolii 
A R I  NS" 1 5 .0  ± 0 .00 b 2 . 5  ± 0 .7 1 b 1 0 .0  ± O.OOb 

Lp5 NS 40.0 ± 0.00 2 .0  ± 0.00 1 2 .0  ± 0 .00 
L p 7  NS 1 8 .0  ± 0 .00 1 0 .0  ± 0 .00 1 1 .0 ± 0 .00 
Lp9 NS 8 .0  ± 0.00 2 . 5  ± 0 .7 1 4 .0  ± 0 .00 
Lp1 3 NS 24.0 ± 0 .00 3 . 5  ± 0.00 6 .0  ± 0 .00  
Lp1 4 NS 8 . 5  ± 0 .7 1 2 .0  ± 0 . 35  3 . 5  ± 0 . 7 1  
Lp1 9  NS 40.0 ± 0 .00 2 .0 ± 0 .7 1 1 6 .0  ± 0 .00 
Neotyphodium 
spp. 
L p  1 (LpTG-2) NS 2 1 . 0 ± 1 .4 1  \ 6 .0  ± 0 .00 1 7 .0  ± 1 .4 1  
Lp2 (LpTG-2) NS 20.0 ± 0 .00 1 7 .0 ± 0.7 1 1 7 .0  ± 0 .00 
Tfl 5 (FaTG-2) NS 32 .0  ± 0 .00 3 .0 ± 0 .00 20 .0  ± 0 .00 
Tf1 8 (FaTG-3 ) NS 9.0 ± 0 .7 1 5 . 5 ± 0 .7 1 5 . 6  ± 0 . 7 1 
Epic/doe 
festucae 

Ell S 80.0 ± 0 .00 2 .3  ± 0 .7 1 7 1 .0 ± 1 .4 1  
Fg l S 49.0 ± 4.24 40.0 ± 0 .00 45 .0 ± 4 .24 
F r l  S 50 .0  ± 0 .00 43 .0  ± 1 .4 1  43 .0 ± 1 .4 1  
FrcS S 4 1 . 0 ± 1 .4 1  8 .0  ± 0 .00 9 .0 ± 1 .4 1  
F rr l  S 54.0 ± 5 .66 45 ± 1 2 . 73  52 .0  ± 2 . 82 
Epichloe 
typhina 
E 8  S 80 .0 ±O.OO 70.0 ± 0 .00 70 .0  ± 0 .00 

"NS indicates non-stroma forming endophytes and S indicates stroma forming endophytes 

b Average colony diameter (± standard deviation) from duplicate colonies after growth at 

22°C for 4 weeks. 

Endophytes of which the growth IS responsive to supplementation of thiamine are 
underlined. 
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Appendix 2.2. Growth response of endophyte strains to thiamine (Experiment 2)  

E n d ophytes C h a rac t e ristic  PDA C D  C D+Thiam ine(3 m g/L) 

E. bromicola 
Bb89 1 8  NS" 58 .0 ± 1 .00 62.7 ± 0 . 5 8  60 .7 ± 1 . 1 5  
Bb8920 NS 54.0 ± 1 .00 3 3 .0 ± 0.00 3 5 .0 ± 1 .00 
Bb93 04 NS 59 .7  ± 0 . 58  53 . 7  ± 0 . 58  54 .0  ± 0 .00 
Br903 5 NS 36 .3  ± 0 . 58  30 .7  ± 0 . 58  3 0 .0  ± 0 .00 
Br9305  NS 3 5 .3 ± 0 . 58  42 . 3  ± 0 .58  40 .3 ± 1 . 1 5 
Br9708 NS 3 1 .3 ± 0 . 58  24 . 7  ± 0 . 58  28 . 3  ± 4 . 1 6  
Be9 1 2 1  S 62 .0 ± 3 .46 5 7 . 7  ± 3 .06 5 5 . 7  ± 8 . 74 
Be9608 S 77 .3  ± 1 7 .9  77 .3  ± 1 . 1 5  80 .0 ± 3 .00 
Be9630 S 64.0 ± 1 .00 83 .0 ± 1 .4 1  78 .0  ± 2 .00 
E· festucae 
Fr9429 S 4 1 . 7 ± 1 . 1 5  34 .0  ± 2.00 56 .0 ± 0 .00 
Fr943 I S 7 1 .0 ± 2 .65 6 1 .3 ± 2 .3 1 70.0 ± 1 . 73 
Fr97 1 5  S 46 .7 ± 1 . 1 5  42.0 ± 5 .29  46 .7  ± 1 . 53  
Fr972 I S 60.7 ± 1 . 1 5  65 .0  ± 2 .65 64 .0 ± 1 .00 
Fv9248 NS 75 .0 ± 1 .00 85 .0  ± 0 .00 8 5 .0 ± 0 .00 
Fo920 1 NS 77 .7  ± 1 . 53  67 .0 ± 3 .6 1 79 .3  ± 1 . 1 5 
Fp9 1 3 3 NS 3 7 . 7  ± 0 . 58  47 . 0  ± 1 .4 1  45 . 7  ± 0 . 5 8  
Fg97 1 8  NS 64.7 ± 0 . 58  1 2 .7  ± 0 . 58  69.7 ± 3 .79 
E. sylvatica 
8598 1 6  S 
B 59806 S 

s9 3 
B 59344 S 54 .7  ± 0 . 58  63 .3  ± 2 .08  62 . 7  ± 2 .08  
B 58928/2 S 44. 7 ± 1 . 1 5  24 .7  ± 2 .08  25 . 7  ± 0 . 58  
B 598 1 4  NS 5 7 .3 ± 0 . 58  3 8 . 7  ± 5 . 5 1 68 .0  ± 2 .00 
B598 1 3  NS 4 1 .0 ± 1 . 73 6 .33  ± 1 . 5 3  32 . 7  ± 4 . 04 
B 598 1 0  NS 42 .7  ± 0 . 58  50 . 3  ± 0 . 58  49 .7  ± 0 . 58  
Bs98 1 2  NS 60.3 ±0. 5 8  3 6 . 3  ± 0.5 8  8 .0  ± 2 .65 

aNS indicates non-stroma forming endophytes and S indicate stroma forming endophytes 

bAverage colony diameter (± standard error) from duplicate colonies after growth at 22°C 

for 5 weeks. 

Endophytes of which the growth is responsive to supplementation of thiamine are 
underlined. Two endophytes, the growth of which is impeded by thiamine are shaded. 
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Appendix 3 .  Vector maps 

Appendix 3.1 .  pUC 1 1 8  
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Appendix 3.2. pUChph 

EcoR I .Sst I .Kpn I .Sma I .BamH I .Xba 1 

pUC 1 1 8  

pUChph 
5 .50 Kb 

HrpC 

coR 1 0 .37 
r"' la 1 0 .60 

hph 

�coR I 0 .84 /s t I 0 .93 

"Nco I 0 .95 

ind l l l .Sph l .Pst I .Sa l l .Xba I .Sa I I .C la I .H ind l l l .EcoR 
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Appendix 3.3. pAN7- 1 

---
EcoR 1 4 . 1 2 ,/" 

B9 1 1 1 3 . 98 
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Appendix 3. 4. pG EM-T 
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Appendix 3.5. pGEM-Teasy 
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Append ix 4. Med ia ,  common solutions and buffers 

Appendix 4.1 . Med ia  

All media were prepared with sterilised water and autoclaved at 1 2 1  Q C  for 1 5  min unless 

stated otherwise. Solid media were prepared by adding 1 5  x g of agar (Life Technologies) 

per litre of l iquid media before autoclaving. 

CD (Czapek Dox; Oxoid) medium contains 0.2% (w/v) sodium nitrate; 0 .05% (w/v) 

potassium chloride; 0.05% (w/v) magnesium glycerophosphate; 0 .00 1 % (w/v) ferrous 

sulphate; 0.03 5% (w/v) potassium sulphate and 3% (w/v) sucrose. 

CD salt medium contained 0 . 1 % (w/v) K2HP04, 0 .05% (w/v) MgS04; 0 .05% (w/v) KCl; 

0 .00 1 % (w/v) Fe2S04. The medium was supplemented with sucrose (30 gIL), sodium 

nitrate (2 glL), sodium glutamate (4.4 gIL), mannitol (30 g/L) and thiamine ( 1  mg/L), singly 

or in cmbination. The pH was adjusted to 6 .8  before autoclaving. 

CM medium (Complete Medium) (Oliver et aI. , 1 987) contained 3 .34% (w/v) Czapek Dox 

(CD, Oxoid); 0 . 1 % (w/v) yeast extract; 1 .2% (w/v) potato dextrose broth; 0. 1 % (w/v) 

tryptone; 0. 1 % (w/v) cas amino acids (Difco); 0.4 M sucrose. The pH was adjusted to 6 .5  

with NaOH. 

CM top agar contained CM medium with 0.8% agar. 

L B  medium (Mil ler, 1 972) contained 0.5% (w/v) NaCl; 1 % (w/v) tryptone (Difco); 0 .5% 

(w/v) yeast extract (Difco). The pH was adjusted to 7-7 . 5 .  

L B  top agarose contained L B  with 1 . 5% agarose 1 5  (BDH). Before use, the L B  agarose 

was supplemented with MgS04.7H20 to a final concentration of 1 0  mM. 

PD (Potato Dextrose) medium contained 2 .4% (w/v) dehydrated potato dextrose broth 

(Difco). The pH was adjusted to 6 .5 .  
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RG m edium (Regeneration mediwn) contained 2 .4% (w/v) dehydrated potato dextrose 

broth and 27 .38% (w/v) sucrose. The pH was adjusted to 6 .5 .  

SOC medium (Dower et aI. , 1 988) contained 0 .36% (w/v) glucose; 0.02% (w/v) KCI; 

0 .095% (w/v) MgCh; 0.25% (w/v) MgS04.7H20; 0.06% (w/v) NaCI;  2% (w/v) tryptone 

(Difco) and 0 .5% (w/v) yeast extract (Difco). 

MSO medium (Murashige and Skoog complete medium) contained (per l itre) N H4N03 

1 .65 g, H3B03 6.2 mg, CaCl2 3 32.2 mg, CoCl2 0 .025 mg, CuS04.6H20 0.025 mg, Na2EDTA 

3 7 .26 mg, FeS04.7H20 27 .80 mg, MgS04 1 80 .70 mg, MnS04.H20 1 6.90 mg, 

Na2Mo04 .2H20 0.25 mg, KI 0.83 mg, KN03 1 .9 g, K H2P04 1 70 mg ZnS04.H20 8 .6 mg, 

myo-inositol 1 00 mg, nicotine acid 0 .50 mg, pyridoxine-HC! 0 .50,  thiamine-HC! 0 . 1 0  mg, 

glycine 2 mg, MES 500 mg and sucrose 30  g. 

Appendix  4 .2 .  Anti b iotics and other su pplement stocks 

Antibiotics Stock concentration Final concentrations 

Ampic i l l in 

Hygromycin B 

Tetracycl ine 

Stocks 

Eth idium bromide 

Glycerol 

Maltose 

MgS04.7H2O 

Na2EOTA 

NaCI 

IPTG 

1 00 mg/ml 

50 mg/m l 

1 0  mg/m l  

SOS (Sodium dodecyl sulfate) 

Sodium acetate 

Thiamine 

Thiazole 

Tris-HCI 

Triton X- l OO 

X-gal 

1 00 )lg/ml 

1 50 )lg/ml, 1 00 )lg/ml 

1 0  )lg/ml, I S  /-lg/ml 

Concentration pH 

1 0  mg/ml 

1 0%, 3 0%, SO% 

20% (w/v) 

I M  

2S0 mM 8 . 0  

5 M  

24 mg/ml  

1 0% (w/v) 

3 M  7 .0, 4 . S  

I mg/L, 1 0mg/ml 

1 0  mg/m l 

I M  8 .0 ,  7 .6 

0.0 1 %  (v/v) 

20 mg/ml 
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Appendix 4.3.  B uffers and solutions for DNA isolation a n d  

detection 

Lysozyme was prepared at 10  mg/ml in  10  mM Tris-HCI (PH 8 .0) buffer. 

1 x TNE buffer contained 1 0  mM Iris-HCl (pH 7.4); 1 mM Na2EDIA and 1 00 m M  

NaCl .  

RNaseA (DNase free) (Sigma) was prepared at  10  mg/ml in 10  mM Iris-HCl (pH 7 .5 )  and 

1 5  mM NaCI .  Ihe solution was heated to 1 00°C for 1 5  min to inactivate DNase, cooled to 

room temperature and stored at -20 °C. 

SM buffer contained 1 00 mM NaCI ;  8 mM MgS04.7H20; 50 mM Iris-HCl  (pH 7 .5) and 

0 .0 1  % (w/v) gelatin. 

TE ( 1 0/ 1 )  buffer contained 1 0  mM Iris-HCI and 1 mM Na2EDTA, pH 8 .0 .  

TE ( 1 0/0. 1 )  buffer contained 10 mM Iris-HCI and 0. 1 mM Na2EDIA, pH 8 .0 .  

Tris-equilibrated phenol (Amersham) was added with 8-Hydroxyquinol ine to a final 

concentration of 0. 1 % (w/v) and stored at 4 °C. 

t x TBE electrophoresis buffer contained 89 mM Iris; 2 mM Na2EDIA and 89 m M  

boric acid. Ihe pH was adjusted to 8 .2 .  

1 x TAE electrophoresis buffer contained 20 mM Iris; 1 0  mM glacial acetic acid and 1 

mM Na2EDT A. Ihe pH was adjusted to 8 .2 .  

SDS loading buffer contained 1 %  (w/v) sodium dodecyl sulphate (SDS); 0 .02% (w/v) 

bromophenol blue; 20% (w/v) sucrose and 5 mM Na2EDIA (PH 8 .0). 
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Append ix 4.4. Buffers and solutions for endophyte p rotoplast 

preparation and  transformation 

OM buffer contained l .2 M of MgS04.7H20; 10 mM Na2HP04 and 1 00 m M  

NaH2P04 .2H20 added until p H  i s  5 . 8 .  

ST buffer contained 0.6 M sorbitol and 1 00 m M  Tris-HCl pH 8 .0 .  

STC buffer contained 1 M sorbitol ;  50 mM Tris-HCl (pH 8 .0) and 50 mM CaCl2. 

Cell wall lysis enzyme solution contained Glucanex (NZ chemcolour Industries) in 0 M 

buffer in a final concentration of 1 0  mg/m!. The solution was steril ised by Mil l ipore 

fi ltration. 

PEG solution contained PEG 4000 solved in STC buffer to a final concentration of 40% 

(w/v) . 

Spermidine solution was prepared at 50 mM in water and stored at 4 QC. 

Heparin (Sigma) solution contained 5 mg/ml heparin in  STC buffer. 

Append ix 4.5.  Buffers and sol utions for Southern b lott i n g ,  

hybrid isat ion and detection 

Solution 1 (Southern, 1 975)  contained 0.25 M HCl .  

Solution 2 contained 0 .5  M NaOH and 0 .5  M NaCl .  

Solution 3 contained 0 .5  M Tris-HCl (pH 7 .4)  and 2 M NaCl .  

20  x SSC contained 3 M NaCI and 0 . 3  M sodium citrate. 

2 x SSC contained 0.3 M NaCI and 0.03 M sodium citrate. 

TES (10/1/100) contained 1 0  mM Tris-HCl, 1 mM Na2EDTA and 1 00 mM NaCl ,  pH 8 .0 .  

1 0  x D enhardts (Southern, 1 975)  contained (per l itre) : 50 ml 1 M HEPES (Sigma), pH 7 .0 ;  

1 50 ml 20 x SSC; 6 ml  phenol extracted herring sperm DNA (3 mg/ml, Sigma); 5 ml  of 20% 
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(w/v) SDS; 2 g Ficoll (Sigma); 2 ml E. coli transfer RNA ( 1 0  mg/ml Sigma); 2 g bovine serum 

albumin (Sigma); 2 g polyvinylpyrrolidone (PVP- l 0, Sigma) . 

DIG standard hybridisation buffer contained 5 x SSC; 50% (v/v) formarnide; 0. 1 % (w/v) 

sodium-Iauroylsarcosine; 0.02% (w/v) SDS; 2% (w/v) blocking reagent (Roche). 

Maleic acid buffer contained 1 00 mM maleic acid and 1 50 mM NaCl .  The pH was 

adjusted to 7 . 5 .  

DIG washing buffer contained 1 00 mM maleic acid; 1 50 mM NaCl .  The pH was adjusted 

to 7 .5  and then Tween 20 was added to a final concentration of 0 .3% (v/v). 

Blocking solution contained 1 % blocking reagent (Roche) in maleic acid buffer and heated 

to 60°C with stirring. 

Detection buffer contained 1 00 mM Tris-HCl and 1 00 mM NaCI .  The pH was adjusted to 

9 .5 .  

Append ix 4.6. Buffers and sol utions for RNA work ing  

DNaseI buffer (Bradshaw and Pillar, 1 992) contained 1 00 mM sodium acetate and 5 m M  

MgS04. The pH was adjusted to 5 .0.  

DNase (RNase free) contained deoxyribonuclease I at a concentration of 2 mg/m! in 0 . 1 5  M 

NaCI and 50% (v/v) glycerol .  

RNA loading buffer contained 50% glycerol; 1 mM EDTA pH 8 .0 ;  0 .25% bromophenol 

blue; and 0.25% xylene cyanol FF. 

1 x MOPs buffer contained 20 mM MOPs (3- [N-morpholino] propane-sulfonic acid); 3 

mM sodium acetate and 1 mM EDT A. The pH was adjusted to 7 .0 .  

DEPC treated H20 was prepared by adding DEPC to H20 at a final concentration of 

0 .0 1 %, and the solution was stored at  37°C overnight before autoclaving twice. 

Random hexamer primer (Roche) stock was prepared by diluting to a 0 .09 OD units/I-Ll . 
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Append ix 4.7.  Buffers and sol utions for artific ial  i nfection ,  

isolation o r  m icroscopic ana lysis of  endophytes in planta 

Aniline blue stain was prepared with 0 .05% (w/v) anil ine blue (Michrone) dissolved in 

lactic acid, glycerol and water ( 1 :2 : 1  v/v) . 

Chlorine bleach solution was a 1 :  1 0 dilution of commercially available sodium 

hypochlorite solution (Sophora Products Ltd.) in water. 

Lacto-glycerol solution contained 20% lactic acid (BDH) and 50% (v/v) glycerol (BDH). 

BS solution contained 0 .242% (w/v) Tris(hydroxymethyl)methylamine, 0 .292% (w/v) 

NaCI,  0 .5  (w/v) non-fat mi lk powder and 1 0  mM HCI, pH 7 .5 .  

Tris(hydroxymethyl)methylamine buffer was prepared by  dissolving 

Tris(hydroxymethyl)methylamine in water to a final concentration of 0 .242% (w/v), The 

pH was adjusted to 8 .2. 

Fast Red solution was prepared by dissolving Fast Red ill 

Tris(hydroxymethyl)methylamine buffer at a final concentration of 0 .6% and Naphthol AS­

MX phosphate in Tris(hydroxymethyl)methylamine buffer at a final concentration of 

0 . 1  %, then combining an equal volume of the two solutions. 
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Appendix 5. Sequence data 

Appendix 5. 1 .  Lp 19 thi1 contig 

La m bda T3 .XZ 1 6 , . . .  .-------------------------( 

La m bdaT 3 .XZ43, 9 6  . . .  )>------t 

La m bda 3 .XZ44, 40 7 to 1 , 0 6 2  :-------7 

LambdaT 3 .XZ 6 ,  5 1 0  to 1 , 2 1 1 .----------------------------( 

Lam bdaT 3 .XZ l 0, 7 2 6  to 1 , 3 9 8  
La m bda T 3 .XZ 5 ,  1 ,  1 0 9  to 1 , 7 1  5 . . ..... .. ... ..... ... ... ........ ... ..... .. . .. . ....... f-----------------.... - - - -< 

LambdaT 3 .XZ 1 2 , 1 , 2 7 4  to 1 ,  9 5 4  >---�a----t 

pT H 2 .XZ 8 ,  1 , 5 1  5 to 2 ,  1 45 .-...... - -- ------------------- .; 

pT 6 3 . R M I 3 ,  1 , 6 2 3  to 2 , 3 5 2  .. ... . . . ..... .. ... ... .. ... . .... .. . . .. .. ... ... .. . .. ... .. ........ . .. . ..... . . . .. . . ... ... .. ... .. .. .... . �>---------"; 

LambdaT 3.XZ 1 3 , 1 , 9 1 0 to 2 , 2 8 0  
pT63 . F M 1 3 , 1 , 9 7 1  to 2 , 4 1 4 ------------------. 
l a m bdaT 3 .XZ 1 1 , 2 , 0 3 4  to 2, 7 6 2  ................................................... . . . . . . . . . . . . . . . . . . ......................................................... ) <= • 
L p  1 9 .X 2 1  , 2 , 2 2 2  to 2 , 5 0 0  
p T  H 2 .XZ 9 ,  2 , 2  6 2 to 2 , 9 2  7 ,-------------------------- . . 
pT 9 9 . F M I 3 ,  2 , 4 1 1 to 3 , 0 2 2  .. .. . . . . ........ . .................. . . . . . . . . . . . . . . . .. . . . . . .. . . .. . . .. . ..... . ....... . ..... . .. . . ... .... .. ..... . . . . . . .. . . . .... ....... ........... ... . . .. . . . ........ . )>-c<==-.... c-----t 

La m bdaT 3 .XZ 9 ,  2 , 6 8 8  to 2 ,  9 0 7  �-------< 

La m bda 3 .XZ 1 9, 2 , 9 2  7 to 3 , 4 1  6 .-------------------.; 

La mbdaT 3 .XZ I 5,  3, 0 1 1 to 3 , 5 9 7  ......................... . . . . . . . . . . . ........................................................................................................................ ........ ................ . . . . . . . . . . . . . . . . . . . . . . . . .  )�--------+ 

-.:::::::::: = : = = := =====::7IAJ 
1 4 1 1  631 1 ,07 1 1 ,401 1 ,721 1 ,961 2 ,22 1 2 ,51 1 2,91 1 3 ,59i 

i!1 i! i! � I � i! I11 i!� i! i! e i! e i! � i!�II' i!i� i!1 � 11i: i!1I i!1 11: �i: i:11 
I I 11 1 1  I fl I 11 i:11 11 � I i:1 I 11: � i·it. I I i: 11 1 1  � � I i:i: I I i!1I I I f 1 1 

Ii: i: I i:i: � I I i: i: i: 11111 I 1 1  I I 11 1111 1  I I I 11 I i: 11 111 1 � I I � � 1 i! I i!�1 � 



Appendix 5.2. E8 thil contig 

E 8XZ I 3 / 1 4.XZ 1 3 , 3 3 1  to 9 7 9  
pGXZ 3 1 2 0 .XZ 3 4, 1 , 46 1 t o  2 , 2 8 9  
pGXZ 3 1 2 0 .XZ 6 2 ,  2 , 1 3 3  t o  2 , 6 3 6  
pTa i  1 2 .XZ 5 4, - 1 . . .  "---------- -: 
pTai 1 1 . M 1 3 R ,  - 1  . . . ;�---;. 
pGXZ 5T 1 1 .XZ 1 6, - 1 , 5 . . .  -'<---------------------------� 
E 8XZ 43 / 2 3 .XZ43, - 1 , 3 9 7  . . .  ;�--------;. 
E 8XZ43 / 2 3 .XZ44, - 1 , 0 8 9  to - 6 7 0  
pGXZ5T 1 1  . M  1 3 R ,  - 1 , 0 2 3  t o  - 6 83 �-----------< 
pGEX l 0 5f.M I 3 R ,  - 7 5 0  to - 3 2  )-------� 
E 8XZ 1 0 / 6 .XZ 6 ,  - 7 47 to - 3 6 8  -'<-------------: 
pG EXZ 7 5. M 1 3 F, - 41 3 to 1 8 8  -'<-------------.... -----< 

E 8XZ 7 / 5 .XZ 7 ,  - 3 7 5  to 1 78 
£8XZ 7/B .XZ 1 2, - 294 to 404 
E 8XZ 1 2 / 8 .X 2 8, - 2 8 8  to 5 5 7  E---------.... ------------------< 

---- - -- -

E 8XZ 1 1 / 3 . X 2 3 ,  423 to 8 9 1 .;---------------< 
E 8XZ 1 3 / 1  4.XZ 1 4, 5 6 7  to 1 , 1 3 4 -:-------------------( 
E 8XZ 1 / 3 .XZ 1 ,  6 46 to 9 3 1 
E 8XZ 1 / 1 4.XZ 1 , 6 6 2  to 1 , 1 6 5 
pGXZ 3T 3 . M 1 3 R ,  1 , 0 2 6  to 1 , 5 0 5  <----------------( 
pG EXZ 2 0 42 . M  1 3 F ,  1 , 0 2 8  to 1 , 5 5 9 
pG EXZ 3 1 2 0 . M  1 3 R ,  1 , 0 2 8  to 1 , 6 1 6 
pGXZ3T 2 .XZ 20 ,  1 , 0 9 1 to 1 , 5 0 3  
pGXZ 3T 3 . M 1 3 F ,  1 , 1 0 5 to 1 , 5 0 3  
pGEXZ 2 0 42 .XZ 49,  1 , 1 0 6 t o  1 , 8 44 .,-------------------------( 

E 8XZ 2 0 42 .XZ 3 4, 1 , 458 to 1 , 6 9 3  '-
pGEXZ 2 0 42 .XZ34, 1 , 46 4 to 1 , 9 0 3  
pGEXZ 2 042.SP6 , 1 , 8 1 4 to 2 , 3 3 7  .,-----------------< 
pG EXZ 3 1 2 0 . M  1 3 F ,  1 , 9 9 4  to 2 , 6 3 6  .----------------------:: 

.-- -- -- _ .  - - --"--- -- -- - '  - - --
: 1 ,763 - 1 ,093 
11 I f 

I fi' f I 

fl lf 
I II  11 

11 f' 0' �f 
fH I f 0' f 

� I II  , 
I I 11 
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Appendix 6. L ist of raw sequence data, plant data and  

statistical analysis on  CD 

Appendix 6 . 1 .  Sequences 

SequenceLp 1 9thi 1 

SequenceE8thi 1 

Lp 1 9thi 1 5 RC 

Lp 1 9thi3RC 

E8thi 1 5RC 

E8thi 1 3RC 

Lp 1 9thi 1 RTPCR 

PlantRTPCR 

Microsatel l itePCR 

Appendix 6.2. Plant data and statistical analysis results 

(Date A: 6 weeks post inoculation; B: 9 weeks post inoculation; C: 1 2  weeks post 

inoculation; D: 20 weeks post inoculation; F: 28 weeks post inoculation; 

FW: fresh weight; TN: til ler number: TW: tiller weight) 

Experiment 1 &2 

Experiment3-FW 

Experiment3-TW 

Experiment3-TN 

Experiment3 -infectivity 

SAS-code-for Tab3 . 1 3  .doc 

SAS-output-for-Tab 3 . 1 3 . 1st 

Sta-for-Tab3 . 1 7  

Sta-for-Tab3 .23 

Sta-for-Tab3 .24 
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