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Abstract 

Lolitrems are indole-diterpene alkaloids produced by Epichloe and Neotyphodium 

endophytes in association with their host grass Lolium perenne. Some indole-diterpene 

(ID) alkaloids are proposed to have insecticidal properties, but lolitrem B is known as 

the causative agent of the animal syndrome ryegrass staggers. Lolitrems are 

preferentially synthesised in planta, which suggests that the genes required for lolitrem 

biosynthesis are symbiotically expressed. 

The lolitrem biosynthesis pathway has been proposed as a metabolic grid based on the 

identification of likely intermediates from endophyte-infected ryegrass. Closely related 

ID compounds are expected to serve as substrates for the same enzyme, but until 

recently these steps had not been validated. The identification and characterisation of a 

Penicillium paxilli gene cluster required for the synthesis of the ID paxilline has 

identified key enzymes required for the production C?f the ID backbone. Based on the 

similarity of lolitrem B to paxilline it was proposed that these two biosynthesis 

pathways would share orthologous early steps but later steps to convert paxilline to the 

more complex lolitrem B would require additional enzymes. 

The lolitrem biosynthesis genes (ltm) were isolated using degenerate PCR and from 

candidate genes identified as ESTs in cDNA libraries. Ten ltm genes were identified 

that had functions consistent with those required for lolitrem B biosynthesis. The 10 

ltm genes were contained on three gene clusters that are separated by repetitive AT-rich 

sequences that contain remnants of retrotransposons. The ltm clusters 1 and 2 contain 

eight genes, seven of which are orthologues of the characterised P. paxilli paxilline 

biosynthesis gene cluster (pax). Functional characterisation of ItmM an FAD-dependent 

monooxygenase and ltmC a prenyl transferase confirmed these two genes were required 

for ID biosynthesis and were orthologues of paxM and paxC, respectively. All 1 0  !tm 

genes have similar expression profiles and were highly expressed in planta where the 

production of lolitrem B is most prevalent. The taxonomic distribution of the ltm genes 

has established which endophyte strains are likely to produce ID compounds. This 

work provides the basis for elucidation of the lolitrem biochemical pathway and opens 

the way for determining how the plant regulates the synthesis of this important group of 

bioprotective molecules. 
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CHAPTER ONE 

INTROD UCTION 



1 . 1 Fungal endophytes of ryegrass 

Epichlo(f endophytes are an important group of c1avicip i taceous fungi (Clavicipitaceae, 

Ascomycota) that colonise the intercel l u l ar spaces of temperate grasses from the 

subfami ly  Pooideae. Endophytes act as biological agents for growth and persistence of 

perennial ryegrass pastures by conferr ing protection from drought, i n sect pests, and 

fungal and nematode pathogens. The endophyte gains nutrients from the host apoplast 

and the endophytelryegrass association fac i l i tates di ssemination of the fungus. It i s  

w ithin th is  endophytelryegrass association that the endophyte i s  able to  produce a range 

of secondary metabol i tes with known anti-fungal ,  anti - insect and anti -herbi vore 

properties. Consequently, these bioprotecti ve secondary metabol i tes are proposed to 

enhance not only the fitness of the fungus, but al so that of the grass (Clay, 1 990; Clay, 

SchardL 2002). 

During the vegetati ve phase of growth, the sexual Epichloif species form asymptomatic 

associations. They predominantly grow between the intercel lu lar spaces of the ryegrass 

w i th l i mi ted epiphytic growth. Floral development triggers a switch of the fungus to 

epiphytic growth and the formation of a stroma that chokes the emergence of the floral 

meri stem, thereby caus ing i nferti l ity. The heterothal l i c  mating system of the sexual 

Epichloif is mediated by Botanopizila Seguy fl ies, which are attracted to the stroma and 

spread the spermatia to that of the opposi te mating type (Bultman, et aI . ,  1 995) .  The 

mature stroma releases meiotic spores that germinate on a grass floret and i nfect the 

host ovule (Chung, Schard l ,  1 997) .  U pon germi nation of the seed the endophyte once 

again colonises the intercel lular spaces and the cycle can be repeated. The h igh ly 

antagoni stic E. typhina species can only be acqui red by another p lant  via horizontal 

transmission. Some Epichloif species, such as E. festucae, form pleiotropic associations 

where some t i l l ers g ive rise to stroma that choke and some ti l l ers remain asymptomatic. 

These species can be acqu ired by both horizontal and vertical transmission. The 

asexual Neol}p/7odium species form a total ly mutual i stic association w ith their host, 

where they remain asymptomatic in the plant. These asexual endophytes are able to 

grow i nto the developi ng seed and are then transferred vertical ly  w ithout sexual 

recombination (Ph i l ipson, Chri stey, 1 986; Majewska-Sawka, Nakashi ma, 2004). 

The Epichlo(f genus consi sts of IO known di sti nct sexual species (known as 

telomorphs). However, fungal taxonomy classifies the asexual species (known as 

? 



anamorphs) i n  a separate genus, cal led Neotyphodium (G lenn ,  et a l . ,  1 996). Molecu lar 

phylogenetic analysis using  sequence data from the genes tub2 (Fig. 1 . 1 ) , act and tej 

(Schardl , et a l . ,  1 994; Tsai , et al . ,  1 994; Moon, et a l . ,  2000; Moon, et a l . ,  2004) and 

microsatel l i te analysis (Moon, et aI . ,  1 999) supports the hypothesi s that the asexual 

Neotyphodium species are derived from Epichloif spp. The most c losely related 

ancestors of N. lolii are the E. jestucae (Fig. 1 . 1 )  (Moon , et al . ,  1 999) .  Further analyses 

of the Neotyphodium species have confirmed that most are i nterspecific hybrids. They 

are asexual and have been found to have up to three different Epichloif parents as can be 

seen from the presence of mult ip le copies of genes w hose sequences a l ign w ith those of 

the related sexual species (Fig .  1 . 1 ) (Schard l ,  et al . ,  1 994; Tsai , et al . ,  1 994; Moon, et 

a l . ,  2004; Col lett, et aI . ,  1 995) .  Interest ingly,  there appears to be only one parental 

rDNA maintained i n  a l l  asexual hybrids examined to date. The Neotyphodium sp. 

LpTG-2 strain Lp 1 ,  an i nterspecific hybrid that contai ns ancestral DNA from an E. 

0'Phina E8-l i ke strain and E. jestucae (Schard l ,  et al . ,  1 994; Col l ett, et a l . ,  1 995) ,  

contai ns rDNA of a s ingle type that i s  identical to that of E. typhina (Ganley,  Scott, 

1 998; Ganley,  Scott, 2002). Therefore, the E. jestucae rDNA was either lost or 

homogeni sed and replaced w ith that of the E. 0'Phina. 

The average genome size of the haploid sexual species and the i nterspecific hybrids has 

been estimated by quantitative Southern analysis and electrophoretic karyotypes 

( Murray, et al . ,  1 992; Kuldau, et a l . ,  1 999). The chromosome n umbers range from 4 -

1 3  w ith chromosomal DNA sizes from 0.4 to at l east 1 0. 8  Mb.  The haploid strains such 

as E. typhina, E. jestucae, and N. lolii were estimated at �28 - 35 Mb ( Kuldau, et a l . ,  

1 999) .  As expected, the interspecific hybrids have a larger genome of up to �62 Mb ,  

consi stent w i th the presence of multiple copies of genes. Lp  I ,  an interspecific hybrid of 

E. jestucae and E. typhina ancestry i s  �55 .8  Mb, w hereas N. coenophialum, with 

ancestors from the E. jestucae, E. typhina complex (ETC) and Lolium-associated c lade 

(LAE) i s  �6 1 .2 Mb (Kuldau, et aI . ,  1 999) . The Lp 1 genome s ize i s  a lmost the sum of 

the two ancestral genomes but the N. coenophialum genome, consisting of three 

ancestors, i s  smal ler than expected presumably due to loss of some chromosomes. Th is  

i s  supported by sequence data w here three al l eles are not alw ays  detected for each locus 

w ithin  N. coenophialum (Tsai , et a l . ,  1 994; Moon, et aI . , 2004). 

To date few regions of the Epichloi;" genome have been sequenced. However, a 43 kb 

region of an E. jestucae genomic l i brary was recently sequenced and showed that smal l 
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Fig ure 1.1 Phylogenetic Relat ionsh i p  of the Epichloe and Neotyphodium 
endophytes 

The phylogenetic relationsh ip of the Epichloe and Neotyphodium species based on maximum 
l ikelihood analysis of intron rich tub2 sequences. The asexual species are indicated to the right of 
the tree with coloured lines l inking to their ancestral parents based on the presence of multiple 
tub2 alleles. The LAE-clade is boxed in green, and the ETC-clade is boxed in red. This figure 
was reproduced from Schardl and Craven, (2003) Molecular Ecology 1 2: 2861 -2873 (with 
permission from Blackwell Publishing). 
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reglOns of microsynteny to the sequences of Neurospora crassa and Magnaporthe 

grisea were observed ( Kuti l ,  et aL, 2004) . Whole genome analysis of the E. Jestucae 

BAC l ibrary showed that only 20% of the c lones contain repeti ti ve DNA based on 

hybridi sation of the l i brary to total E. Jestucae genomi c  DNA ( Kuti l ,  et aI . ,  2004) . 

Sequence analys is  of a clone represented on ly three times i n  the BAC l ibrary revealed 

regions w ith homology to reverse transcriptases, a domain associated with the pol gene 

from retrotransposons, and to other regions w ith greater than 70% AT content (Kuti l ,  et 

aI . ,  2004). Thus far there are few reports of transposable e lements. There are, however, 

numerous microsate l l ite sequences with in the Epichloe· species ( Moon ,  et aI . ,  1 999; van 

Zij l l  de Jong,E., et aI . ,  2003) .  Three l i near double-stranded DNA plasmi ds are found i n  

some E. typhina (Mogen, et a I . ,  1 99 1 ;  Chung, et aI . ,  1 996) ,  but none of the three 

plasmids are located i n  the nuclear genome ( Mogen ,  et a I . ,  1 99 1 ). At l east one of these 

plasmids contains  sequence sim i l arity to a reverse transcriptase from Neurospora spp. 

suggesting  the presence of retrotransposons. 

Fungal biomass in planta has been determi ned by estimation of the hyphal vol ume 

present in a section of grass and by quantitati ve PCR. Both estimates from mature leaf 

sheaths resulted i n  fungal  biomass to plant matter rati os of 1 : 200 - 1 :500 ( Panaccione, et 

aI . ,  200 1 ;  Tan, et a I . ,  200 1 ) . 

The endophyte does not e l ic i t  any apparent host defense response and remains with i n  

the i nterce l l u lar spaces of the host growing predominantly w ith i n  the leaf sheath and 

the aerial structures of the plant. Hyphae are not found w i th i n  the root system of the i r  

plant host but orig inate from the  meri stem (Christensen ,  e t  aI . ,  2002) .  Metabol i c  

activ i ty of the endophyte has been monitored i n  planta using  a GUS reporter under the 

expression of a constitutive promoter ( Herd, et a I . ,  1 997) .  The area of the grass with 

most fungal activity i s  the l eaf sheath w ith endophyte metabo l ic  activ i ty decreasing as 

the plant i ncreases in size. 

Analysis of prote ins  contained i n  the i nterce l l u lar fluids from endophyte-infected 

grasses has resulted i n  the i dentification of several secreted fungal protei ns,  a subtil i si n­

l i ke protease, an i nvertase and a B- 1 ,  6 gl L1canase (Lindstrom,  et aI. , 1 993 ; L indstrom, 

Belanger, 1 994; Reddy , et aI . ,  1 996; Moy , et aI . ,  2002) . The fungal prote inase, At 1 ,  

found i n  the association between Poa ampla (a  perennial bunchgrass) and N. typhinum 

i s  present as 1 -2% of the total l eaf-sheath protei n  (L indstrom ,  Be langer, 1 994). 



Orthologues of th is  gene have been found i n  a range of other endophyte species but 

their l evel s of expression are lower than that seen in the Poa ampla/N typhinum 

associ ation (Reddy, et aI . ,  1 996; McG i l l  and Scott unpubl i shed data) . A B- I ,6-

gl ucanase was up-regul ated in the pre sence of B- 1 ,6-gl ucans and is a l so detected in the 

apopl ast of endophyte-i nfected plants (Moy, et a I . ,  2002). However, as B- 1 ,6-gl ucans 

are not present in plant ce l l  wal l s  the enzymatic act iv ity of the B- 1 ,6-gl ucanase must be 

l i mited to components prod uced by the endophyte. The high level of expression of 

these genes dur ing endophyte infection suggests that these hydrolytic enzymes are 

i mportant in the i nteraction between the grass and endophyte . Hydrolytic enzymes such 

as the three mentioned above coul d  have roles in  nutrient acq ui sit ion, d i srupting prote i n  

l i nkages betw een the fungus a n d  the host, or i n  redistri bution o f  the fungal cell wal l to 

fac i l i tate branchi ng or hyphal extension.  

1.2 Endophyte bioprotective alkaloids 

Epichloif and Neotyphodium endophytes prod uce a range of bioactive secondary 

metabol ites (Fi g. 1 .2)  inc l ud ing the ergot al kaloids (e.g. ergova l i ne), pyrrol iz id i nes (e.g . 

l o l ines) ,  a pyrrolopyrazine (e.g .  perami ne) and i ndole-d iterpenes (e. g. lo l i trem B) .  

Peramine and the lol ines have anti - insect properties (Rowan, Latch, 1 994; Bush, e t  aI., 

1 997; Wi lk inso n ,  et a I . ,  2000). The ergot al kaloids and i ndole-diterpenoids are known 

to exhibit some protection agai nst i nsects: however, they are best known for their anti­

mammal ian b io logical acti v i ty. Of the endophytes screened to date (Table 1 . 1 ), the 

majority were able to produce perami ne, some produced ergot al kal oids and lo l i nes and 

very few produced i ndole-d iterpenes (Cl ay ,  Schard l ,  2002; Siege l ,  et aI . ,  1 990; 

Chri stensen, et aI . ,  1 993). Many endophytes can prod uce at least one of these a lka lo id  

cl asses, and some are ab le  to prod uce more than one. Among the sexual  species,  E. 

Jestucae has the broadest a l kal oid profi l e ,  w ith a l l  four a l kaloids reported .  However, no 

s ingle E.Jestucae strai n has been identified that has prod uced a l l  four al kaloid cl asses at 

one t ime (Cl ay ,  Schard l ,  2002; Siege l ,  et a I . ,  1 990). The asexual  spec ies  show greater 

di versity of al kaloid profi les (Table 1 . 1 )  with many i sol ates able to prod uce more than 

one a l kaloid,  consistent w ith their expanded genome (Section 1 . 1 ). Clay and Schardl 

(2002) suggest that this  pyramiding of a l ka lo id  profi les  has i ncreased the fi tness of the 

asex ual species ,  thereby support ing a hypothesis that the hybrids are evol v i ng under 

positi ve selection.  Howe ver, al kaloid conce ntrations in planta can be infl uenced by 
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Table 1.1 Summary of alkaloid production by endophytes 

Alkaloid Producers 1 Non-producers 

Ergot Alkaloids E. amarillans E. baconii 
E. festucae E. bromicola 
N. coenophialum E. clarkii 
N.lolii E. elymi 
NeoI;yphodUn LpTG-Z E. sylvatica 
NeotyphotIutn FIITG-Z E. typhina 
N. inebtDns tIIIcI/tJitIs. N. aotearoae 

N. inebrians (ergo valine) 
Neotyphodium FaTG-3 
N. occultans 
N. siegelii 
N. uncinatum 

Lolines E. festucae E. amarillans 
N. aotlJ8'Ofle E. baconii 
N. COtJnDpIritJUn E. bromicola 
Nsot:yphot/iIIn FIITG-3 E. clarkii 
N. oa:uIt1Ins E. elymi 
N. sIegeIii E. sylvatica 

IN. E. typhina 
N.lolii 
Neotyphodium LpTG-2 
Neotyphodium FaTG-2 

Indole-diterpenes E. festucae E. amarillans 
N. lolii E. elymi 
Neotyphodium FaTG-2 E. typhina 
(N. aotearoae) N. coenophialum 

N. inebrians 
Neotyphodium LpTG-2 
Neotyphodium FaTG-3 
N. melicicola 
N. siegelii 
N. uncinatum 

Peramine E. amarillans E. baconii 
E. clarkii 
E. sylvatica 

E. festucae Neotyphodium FaTG-2 
E. typhina N. siegelii 
N. coenophiaIum N. uncinatum 
N.1oIii 
Neotyphodim LpTG-Z 
Neotyphodim FaTG-3 
N.t 

Not tested 

E. brachyelytri 
E. glyceriae 
N. australiense 
N. melicicola 
N. tembladerae 

E. brachyelytri 
E. glyceriae 
N. australiense 
N. inebrians 
N. melicicola 
N. tembladerae 

E. baconii 
E. brachyelytri 
E. bromicola 
E. clarkii 
E. glyceriae 
E. sylvatica 
N. australiense 
N. occultans 
N. tembladerae 

E. brachyelytri 
E. glycenae 
N. aotearoae 
N. australiense 
N. inebrians 
N. melicicola 
N. occultans 

Data in this table have been summarised from Clay and Schardl 2002 and references there in. 

1 Producers detected in some isolates are not highlighted, 

producers that are detected in most isolates are highlighted pale green, 

producers that are detected in all isolates are highlighted green, 

producers that have tested positive for a paxilline ELlSA assay but have not had a metabolite identified are 

placed in parentheses. 
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seasonal conditions, host genotype, t i ssue type and age ( Rowan, Latch ,  1 994; S iegel , 

Bush, 1 997 ; Spiering, et aI . ,  2005a). 

Synthesis of these four alkaloid groups i s  confi ned to grasses i nfected w i th endophytes. 

This  observation together w ith several reports of the synthesis  of these al kaloids i n  

culture confirms that ergoval i ne, lol ines, peramine and lol i trems are of fungal orig in 

(Penn, et  aI . ,  1 993 ; Rei nholz, Paul, 200 1 ;  B lankensh ip, et  aI . ,  200 1 ) . Based on these 

observations, one can predict that alkaloid production requi res some i nput from the 

plant but whether thi s  i s  through regulation, s ignal i ng  and/or as a source of precursors 

remains to be determ ined. 

1 .2 . 1  I n dole-d ite rpenes 

Lol i trems ( Fig. 1 .2) are i ndole-diterpenes derived from the precursors i ndole and 

geranylgerany l  d iphosphate. They are potent tremorgenic  mammal ian tox ins  known to 

cause ryegrass staggers i n  animal s graz ing on endophyte-i nfected ryegrass. Lol i trems 

are predominantly produced in planta but smal l quantit ies of indole-diterpenes have 

been detected in plate cultures (Penn, et aI . ,  1 993 ; Reinholz, Paul ,  200 1 ) . Production of 

lo l itrems i s  confi ned to the E. Jestucae and thei r asexual derivatives the Neotyphodium 

species (Table 1 . 1 ) . Most N. Lolii produce i ndole-d i terpenes, but some natural ly  

occurring i solates, such as A R  1 ,  have been identified that are devoid of  lol i trems but 

retain many of the desirable features of endophyte-infected grass (Tapper, Latch ,  1 999; 

Fletcher, 1 999). 

Lol i trems have been identified i n  most N. Lolii and some E. Jestucae i so lates wi th the 

production of ergot alkaloids and peramine, but only  one group is known to synthesi se 

both lol i ne and i ndole-diterpene alkaloids (Mi les, et a l . ,  1 998). A l ol ine-producing  

endophyte of Echinopogon ovatus, a tufted perennial grass tested positive for i ndole­

diterpenes w hen examined using an ELISA-based assay w ith antibodi es specific for 

pax i l l i ne analogues. A lthough the endophyte i solate tested posit i ve for pax i l l i ne 

analogues the i dentity of the i ndole-di terpene compound produced by thi s  strain has yet 

to be determ ined (Mi les, et aI . ,  1 998). N. coenophialum and N. lolii both have an E. 

Jestucae ancestor, but they are only able to produce ei ther lo l i nes or i ndole-diterpenes, 

respectively (Bush, et aI . ,  1 997; S iegel ,  et aI . ,  1 990; Christensen, et aI . ,  1 993). 



A biochemical pathway for lo l i trem biosynthesis has been proposed from a metabol ic 

grid based on the i solation of mult i p le indole-diterpene compounds from N. lolii 

i nfected perennial  ryegrass (Lolium perenne) (M unday-Fi nch, et aI . ,  1 995; Munday­

Fi nch, et aI. , 1 998; Gatenby, et aI. , 1 999; Lane, et aI. , 2000). However, unti l recently 

none of the genes invol ved in  indole-diterpene biosynthesis had been isolated. The 

most wel l characterised indole-diterpene biosynthesi s genes are the pax genes from 

Penicillium paxilli, which are required for the production of pax i l l i ne (Young, et a I . ,  

200 1 ;  McMi l lan, et aL 2003). Precursors of pax i l l ine ,  such as paspa l ine and 1 3-

desoxypaxi l l i ne ,  have been identifi ed i n  endophyte-i nfected grasses suggesti ng they are 

intermed iates in lol i trem production (Gal lagher, et a I . ,  1 984; Weedon, Mantle, 1 987; 

Mi l es ,  et aI . ,  1 994; Parker, Scott, 2004). 

1 . 2 .2  Erg ot a l kaloids 

Approx imately 50% of Epichloif and Neotyphodium species screened for ergot alkal oids 

(e.g. ergova l ine ,  Fig. 1 . 2) are able to produce these compounds in planta (S iegel ,  et aI . ,  

1990). These compounds give some i n sect protection (Siege l ,  Bush, 1 997) but they are 

best known as the agents of l i vestock tox icosis. Ani mal symptoms of ergot alkaloid 

tox icity inc lude e levated body temperature, vasoconstri ction and reduced weight gai n. 

Genes invol ved in ergot alkaloid biosynthesis have been c loned from EpichLoi:" 

endophytes (Panacc ione, et aI. , 200 I ;  Wang, et aI . ,  2004) and from two spec ies of 

Claviceps, which are pathogens  of cereal s (Tsai , et a I . ,  1 995; Arntz, Tudzynski , 1 997; 

Tudzynski , et aI . ,  1 999; Correia ,  et aI . ,  2003). A more extensive background on ergot 

a lkaloid biosynthesis is covered in Section \ .6. 1 .  

1 .2 .3 Lol i nes 

Lol ines (Fig. 1 .2) are pyrrol iz id ine a lkaloids known for the i r  strong anti - insect 

properties in endophyte- infected ryegrass. The production of lol ines can exceed 1 0 000 

""gig of dry weight thus making them the most abundant a lkaloid produced by 

endophytes (Bush, et aI . ,  1 993). Approx imately 35% of Epichloe'INeotyphodium 

i solates screened were able to produce lol ines (Siege l ,  et aI. , 1 990 and summarised in  

Clay and Schard l 2002). Of the endophyte species tested, l ol i nes were identified in  N. 

If\ 



aotearoae, N. occultans, N. uncinatum, and i n  some E. Jestucae and Neotyphodium 

endophytes w ith an E. Jestucae ancestor. 

Unti l  recently lo l i nes had only been detected in planta. However. recent work w ith a N. 

uncinatum i solate, a common endophyte of meadow fescue, resul ted i n  the 

identifi cation of conditions that produce lo l ines  i n  culture (B lankensh ip, et al . ,  200 1 ) . 

Other grass endophytes known to produce lo l ines in pfanta, such as E. Jestucae. N. 

coenophiafum and N. siegelii, fai led to produce lo l i nes under the optimal culture 

conditions identified for N. uncinatum (Blankenship, et al . ,  200 I ). 

Wi lki nson et al . (2000) used Mendel ian genetic analysis to screen for insect feedi ng i n  a 

cross between Lol+ and Lor E. Jestucae. The parental strains  were compared to progeny 

w ith respect to their abi l i ty to produce lo l i nes. I nsect death co-segregated w ith certain 

ampl ified fragment l ength polymorphisms (AFLP) markers, which suggested the lo l i ne 

b iosynthesi s genes w ere at a si ngle genetic l ocus, LOL. Subsequently, two transcripts, 

lolA and laiC, from a N. uncinatum suppression-subtractive hybridi sation w ere 

identified that w ere up-regulated in lo l ine-producing condit ions when compared to 

10 I ine-suppressed conditions (Spiering, et al . ,  2002b). The lolA and laiC genes are 

contained on a gene c luster w ith  seven other genes proposed to be involved w ith lo l ine  

production (Spiering, e t  a l . .  2005b). The presence of the fof gene c luster correlated w ith 

endophyte strains that were known to produce l ol i nes (Spiering, et al . ,  2002b;  Spiering, 

et a l . ,  2005b). 

1 .2 .4 Pera m i n e  

The alkaloid peramine ( Fig.  1 .2) acts as  a feed ing deterrent for Listronotus bonariensis 

(Argentine stem w eevi l )  (Rowan, Latch, 1 994). Most of the Epichloe' and 

Neotyphodium endophytes screen ed to date are abl e  to syn thesi se the alkaloid peramine 

(Table I .  I ) . The on ly Epichloe' species that have not produced peramine are E. baconii 

and E. clarkii (Clay, Schardl ,  2002). Peramine is a pyrrolopyrazine, that is proposed to 

be synthesi sed from prol i ne and arginine (Lane, et a l . ,  2000). Recently ,  a peptide 

synthetase has been c loned and characterised and shown by gene deletion to be 

i nvolved in  peramine production (Tan aka and Scott, unpub l i shed results) . The perA 

gene is a two-module pept ide synthetase that i s  up-regulated in planta. Work i s  



currently underway to identify other genes that are i nvolved I n  peramIne production 

(Tanaka and Scott, personal communication ). 

1 . 3 Fungal secondary metabol ism 

Secondary metabol i tes are metabol i tes that are not essential for growth or are required 

for growth under a l imited range of conditions. Such pathways are often termed 

d i spensable. Many members of the fungal kingdom are known for the production of 

secondary metabol ites or natural products such as anti biotics and virulence factors that 

have a role in fungal -host i nteractions.  Whi le  some of these metabol ites have been 

shown to have a role in plant v i rul ence or are known to have anti -microbial attributes, 

the biological si gnificance of many secondary metabol ites is often not known. 

The most wel l  studied secondary metabo l i tes fal l  i nto three general categori es (Table 

1 .2) ,  those with: ( 1 )  an i soprenoid backbone, e .g .  aphidicol in ,  gibbere l l ins, 

trichothecenes and indole-d i terpenes; (2) a polypeptide backbone synthesised by a non­

ri bosomal peptide (NRP) synthetase, e .g. AM-toxi n ,  ergot alkaloids, He-toxin,  

penici l l i n  and si rodesmin ;  or (3 )  a polyketide backbone synthesi sed by a polyketide 

synthase, e .g. aflatoxin ,  A F-toxi n ,  AK-toxin,  doth istromin ,  fumonisins, l ovastati n ,  

steri gmatocyst in and T-tox in .  However, many compounds are derivati ves of 

combi nations of these groups as wel l  as containi ng other chemical modificat ions: e .g. 

ergoval i ne has a backbone from an NRP and an i soprenoid J PP moiety. As our 

knowledge of fungal systems i ncreases other examples of secondary m etabol i te 

compounds w i l l  come to l ight. 

1 .4 Fungal gene clusters 

Gene c l usters are the l i nkages of two or more genes that participate 111 a common 

metabol ic  or developmental pathway ( Kel l er, Hohn, 1 997) .  Genes associ ated with 

c l usters are considered to confer "fi tness" attributes that enhance the survival of the 

organism (Scott, 2003). Gene c lusters are wel l  known in prokaryotes in the form of 

operons, which are c l usters of genes with re lated biochemical functions dri ven by a 

1 2  



Table 1 .2 Fungal secondary metabolites, their locus and structure type 

Metabolite Organ ism1 Locus2 Type3 

Aflatoxin Aspergillus parasiticus, A. nidufans A FLRISTC PKS 
Aflatrem Aspergillus flavus A TM ISO ( ID) 
AF-toxin Alternaria afternata AFT PKS 
AK-toxin Alternaria afternata AKT PKS 
AM-toxin Alternaria alternata AMT PS 
Aphidicolin Phoma betae ISO 
Cephalosporin Acremonium chrysogenum PS 
Compactin Penici((ium citrinum MLC PKS 
Dothistromin Dothistroma pini DOT PKS 
Ergopeptine Claviceps purpurea PS 
Ergovaline Neotyphodium PS 
Fumonisin Gibberella moniliformis FUM PKS 
Gibberell ins Fusarium fujikuroi ISO 
HC-toxin Cochliobolus carbonum TOX2 PS 
Lolines Neotyphodium uncinatum LOL 

Lolitrems fpichloe festucae, Neotyphodium lolii L TM ISO ( ID) 
Lovastatin Aspergillus terrus LOV PKS 
Paxilline Penicillium paxi((i PAX ISO ( ID) 
Penicil l in Aspergillus nidulans, Penicillium chrysogenum PS 
Peramine fpichloe festucae PfR PS 
Sirodesmin Leptosphaeria maculans SIR PS 
Sterigmatocystin Aspergillus nidulans, Penicillium chrysogenum STC PKS 
T richothecenes Fusarium sporotrichioides, F. graminearum TRI ISO 
T-toxin Cochliobolus heterostrophus TOX7 PKS 

E ffectlF unction 4 

carcinogen 
tremorgen 
pathogenicity factor 
pathogenicity factor 
pathogenicity factor 
antiviral 
antibiotic 
inhibitor of HMG CoA reductase 
pathogenicity factor? 
plant protection/anti-mammalian 
plant protection/anti-mammalian 
inhibitor of sphingolipid metabolism 
plant hormone 
virulence factor 
anti-insect 
tremorgen 
Inhibitor of HMG CoA reductase 
tremorgen 
antibiotic 
anti-insect 
phytotoxin 
carcinogen 
inhibitor of protein synthesis 
virulence factor 

1 The organisms most wel l  characterised with respect to the secondary metabolite. Publications are cited throughout the thesis. 
2 Name of the locus/loci containing the genes involved in metabolite production. 
3 Class of compound the metabolite predominantly g roups with. 150= isoprenoid, ISO ( ID)=indole diterpenoid, PK5= polyketide, P5=peptide. 
4 The known effects or the function of the metabolite. 



s ingle promoter and transcribed as a si ngle mRNA (e.g. the lac operon) .  Fungi, which 

have more complex genomes than bacteria, do not  appear to have operons, but  instead 

contain gene c l usters. A s ingle promoter does not transcri be the genes in these clusters, 

but instead each gene is under the control of i ts own promoter. The cl ose proximity of 

the genes in  a c l uster i s  advantageous for acqui sit ion and maintenance of the genes 

with in the c luster as we l l  as fac i l i tatin g  the co-ordinated regulation of these genes in a 

s imi lar chromat in environment. 

Organi sation of genes in c l usters is  not l imited to the genes encod ing enzymes for 

secondary metabol i tes. The genes for nutrient uti l i sation pathways, such as quinate, 

ethanol , p rol ine and ni trate, are found as gene c lusters in Aspergillus nidulans (reviewed 

by Kel ler  and Hohn 1 997) ,  as are genes that determi ne pathogen icity in other fungi 

(Panaccione, et aI . ,  1 992; Han, Adams, 200 I :  Tanaka, et aI . ,  1 999; Johnson ,  et aI . ,  2000; 

Pitkin ,  et aI . ,  2000). 

1 . 5 Secondary metabol ites - Isoprenoids 

I soprenoids are essential for the function of a cel l ,  as they are requ i red for sterol 

production and protei n  prenylation. However, an increasing number of secondary 

metabol i tes  have been d i scovered that are derived from i soprenoid precursors, such as 

the trichothecenes, gibbere l l i n s, indol e-diterpenes and the ergot al kaloids. I soprenoids 

have variable units of the fi ve-carbon backbone, i sopentenyl diphosphate ( lPP) . The 

fi rst step i n  i soprenoid bi osynthesi s is catalysed by 3 -hydroxy-3 -methyl gl lltaryl 

coenzyme A synthase result ing in the condensation of acetoacetyl CoA and acetyl CoA 

to generate 3 -hydroxy-3-methy lgl lltary l coenzyme A (HMG CoA) .  The conversion of 

HMG CoA to mevalonate i s  catalysed by HMG CoA reductase in an i rreversib le  

reaction requ i ring NAOPH/H+. Phosphorylation and decarboxyl ation of mevalonate 

generates I PP and i ts i somer, dimethyla l ly l  d iphosphate (OMAPP). Geranyl 

d iphosphate (C I O), farnesyl di phosphate (C l S) and gerany lgerany l  diphosphate (C20) 

are generated by a series of CS condensations i n it iated by the condensation of IPP and 

DMAPP in reactions catalysed by the prenyltransferases geranyl diphosphate (GPP) 

synthase, farnesyl diphosphate (FPP) synthase, and geranyl geranyl d iphosphate (GGPP) 

synthase. 
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GGPP synthase enzymes are essential for normal growth of the fungus. GGPP i s  

requi red for protei n  prenylation a posttranslational modifi cation where a FPP or  GGPP 

moiety is attach ed to a carboxy-terminal  cyste ine,  wh ich can anchor the protei n  to 

membranes (Schafer and Rine,  1 992) .  GGPP i s  a l so a substrate i n  carotenoid 

biosynthes i s  (Barbato, et aI . ,  1 996). Deletions of these genes are potential l y  l ethal or at 

l east impai r the growth of the organism. For example, i nactive mutants of al-3 (GGPP 

synthase) i n  Neurospora crassa (Barbato, et aI . ,  1 996) appear to be letha l ,  and 

impai rment of Saccharom.vces cerevisiae growth occurs i n  a htsl (GGPP synthetase)­

negat ive background (Jiang, et a l . ,  1 995) .  

Two mechan i sms for the production of secondary metabol ites that possess i soprene 

moieties have been identified. During the production of the C 1 5  tri chothecenes, a 

s ing le FPP synthase gene i s  up-regulated to produce suffic ient C 1 5  precursor for 

secondary metabol i sm (Tag, et al . ,  200 1 ; Peplow, et al . ,  2003b). Fungi that synthes i se 

d i terpenes such as i ndole-diterpenes and gibberel l i n s, contain two copies of a GGPP 

synthase gene, one of which i s  pathway-specific for the secondary metabol i te (Young, 

et aI . ,  200 1 ; Tudzynski , Holter, 1 998 ; Zhang, et a l . ,  2004). 

1 .5 . 1  G i b berel l ins 

Gibbere l l i n s  are a group of compounds known to act as plant growth regulators, 

regulati ng various stages of plant development such as stem e longation and induction of 

floweri ng. Some biosynthetic steps for g ibberel l i n  production are s imi lar in both plant 

and fungi ,  but other steps are unique. The protei n  sequences of g ibberel l i n  biosynthetic 

enzymes such as  the cytochrome P450 monooxygenases common to both Arahidopsis 

and F. fujikuroi have, however, very l i tt le  s imi larity to each other ( Hedden, et a l . ,  

2002). Such differences found between Arahidopsis and F.  fujikuroi suggest gibbere l l i n  

production has evolved independently i n  p lants and fungi  ( Hedden ,  e t  a l . ,  2002). 

A cytochrome P450 monooxygenase gene i nvolved i n  g ibbere l l i n  b iosynthesi s was 

i solated from F. fujikuroi by subtractive hybrid i sation us ing RNA derived from 

g ibberel l i n  producing and non-producing condit ions (Tudzynski , Holter, 1 998). 

Chromosome walking around this region revealed a c l uster of seven genes that i ncl udes 

four P450 monooxygenases (Tudzynski, Holter, 1 998 ; Rojas, et a l . ,  200 1 ;  Tudzynski , et 

aI . ,  200 1 ; Tudzynski ,  et aI . ,  2002; Tudzynski ,  et aI . ,  2003), ggs2, a geranyl geranyl 



diphosphate synthase (Tudzynski, Hal ter, 1 998), and a copalyl diphosphate synthase 

(Tudzynski . Halter, 1 998). Gene replacements of P450- 1 ,  P450-2, P450-3 and P450-4 

resulted i n  phenotypes affecti ng gibbere l l i n  production confi rming the role  of these 

genes in this pathway (Tudzynski , Halter, 1 998; Rojas, et al . ,  200 1 ;  Tudzynski ,  et aI . ,  

200 1 ;  Tudzynski .  e t  aI . ,  2003). Biochemical analys is  of  two gene products, P450- 1 and 

P450-4, P450 monooxygenases, from the F. fi�jikllroi gibberel l in pathway has shown 

that these two enzymes catalyse mult iple steps ( Rojas, et aI . ,  200 1 ;  Tudzynski . et aI . ,  

200 1 ) . Recently cpr, a gene encoding an  NADPH-dependent cytochrome P450 

reductase was i solated from F. fl{jikuroi. This  gene product acts as an e lectron donor to 

mult iple cytochrome P450 monooxygenases and was shown to interact with the P450 

monooxygenases invol ved i n  gibberel l i n  biosynthesis as wel l  as with other cytoch rome 

P450 monooxygenases ( Malonek, et al . ,  2004). The F. fujikuroi cpr gene i s  not located 

with in the gibbere l l in  gene c l uster (Malonek, et aI . ,  2004). 

The ggs2 was the second copy of a gene encoding  a geranylgeranyl diphosphate 

synthetase to be i solated from F. flljikuroi (Tudzynski ,  Halter, 1 998 ; Mende, et  aI . ,  

1 997) .  Deletion analys i s of ggs2 confi rmed it was  e ssential for gibbere l l i n  production 

and was not complemented by the presence of the ggs l gene (Tudzynski ,  Holter, 1 998). 

This result i ndicates that ggs2 i s  pathway specific for gi bbere l l i n  production. 

1 .5 .2  I n dole d iterpenes 

I ndole-diterpenes are compounds synthesi sed from an indole moiety and the C20 

i soprenoid moiety geranylgeranyl diphosphate. These compounds ari se from a di verse 

range of fungal species  such as Penicillium (Cole, et aI . ,  1 977), A!>pergillus (Gal l agher, 

Wi l son, 1 978 ;  Seya, et aI . ,  1 986; Nozawa, et aI . ,  1 987), Claviceps (Cole, et aI . ,  1 977; 

Domer, et aI . ,  1 984) and Neotyphodium (Gal l agher, et aI . ,  1 984). Many of t hese 

compounds are tremorgenic to mammals (Cole, Cox ,  1 98 1 )  or have biological act iv i ty 

agai nst i n sects (G loer, 1 995 ; GOJwilez, et a I . ,  2003) .  Many indole-diterpenes, inc luding 

pax i l l i ne and lol i trem B,  affect calci um-activated potassi um channels in  smooth musc le  

(Knaus, e t  aI . ,  1 994) and are responsible for the neurotoxic  di sorders, such as ryegrass 

staggers, seen in l i vestock. 

Unti l recently, our understanding of i ndole-diterpene  biosynthesis was l imited to the 

i solation and identification of chemical i ntermediates synthesi sed by various fungi 
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(Gal l agher, et aI . ,  1 984; Nozawa, et aI . ,  1 987; Cole, et aI . ,  1 974; Munday-Finch, et aI . ,  

1 996a; Fuek i ,  et a I . ,  2004). However, a 22 kb c l uster of genes from Penicillium paxilli 

was i solated and shown to be i nvolved i n  the biosynthesis of the i ndole-diterpene, 

pax i l l i ne ( Fig. 1 .3)  (Y oung, et aI . ,  200 1 ;  McMi l lan ,  et aI . ,  2003 ; Young, et aI . ,  1 998) .  A 

core c luster of five genes paxG, paxM, paxC, paxP and paxQ encoding;  a 

geranylgeranyl d iphosphate synthase,an FAD-dependent monooxygenase, a prenyl 

transferase, and two cytochrome P450 monooxygenases, respectively have been shown 

to be essential for the production of pax i l l ine (Young, et aI . ,  200 1 ; McMi l lan,  et aI . ,  

2003) .  Two additional genes, paxA and paxB, have been identified wi th in  th is  core 

cl uster based on significant BLASTX database matches to the avai l ab le  fungal genome 

sequences ( Monahan and Scott, pers. comm). 

Deletion of paxG, paxM and paxC resul ts in a paxi l l i ne-negative phenotype l acking 

apparent i ntermediates (Young et al . 200 1 ; Scott, Bryant, A st in ,  Saikia, Parker and 

Y oung unpubl i shed results). Gene delet ions of paxP and paxQ resul ted in the 

accumulation of the intermediates paspal i ne and 1 3 -desoxypaspal i ne respectively 

(McMi l l an, et aI . ,  2003) .  Recent work with Aspergillus flavus, which produces the 

i ndole-diterpene aflatrem, a tox in  s imi lar to paxi l l i ne ,  identified three genes, almG, 

almC and atmM that have s ignificant sequence s imi larity to paxG, paxC and paxM, 

respectively (Zhang, et aI . ,  2004). This  suggests that these three genes comprise an 

essential core of genes requi red for synthesi s of the fi rst stab le i ndole-d i terpene 

i ntermediate, paspal ine .  

The P.  paxilli and A. flavus genomes encode two copies of a G GPP synthase (Young, et 

ai . ,  200 1 ; Zhang, et ai . ,  2004). The P. paxilli ggsl and A .  flavus ggsB gene products are 

proposed to be responsible for produci ng i soprenoids of primary metabo l ism, whereas 

paxG and atmG are proposed to be specific for i ndole di terpene biosynthesi s (Y oung, et 

ai . ,  200 1 ; Zhang, et ai . ,  2004). F. fujikuroi, a fungus that produces g ibberel l i n s  (Section 

1 . 5 . 1 ;  Tudzynski and Holter 1 998) also contain s  two ggs genes. Therefore the presence 

of two i ndependent ggs genes i n  a fungal  genome could be a s ignature for d i terpene 

production via secondary metabol i sm (Parker, Scott, 2004). It i s  expected that the 

aphidicol in -producing Phoma betae wi l l  a l so contain two ggs genes (Section 1 .5 .4; 

Toyomasu, et  ai . ,  2004). 
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Adjacent to the core pax i l l i ne gene c luster are two genes, paxR and paxQ, encoding 

putati ve transcription factors of the Cys6Zn2 zinc finger class. However,  deletion of 

these two genes, e ither i ndividual ly  or together, had no effect on the production of 

pax i l l ine (McMi l l an,  Young and Scott, unpubl i shed resul ts)  confi rming they are not 

i nvolved i n  pax i l l ine regul ation. 

1 .5.3 Trichothecen es 

Trichothecenes are a diverse range of sesqui terpene (C 1 5) compounds that share a 

trichodiene backbone. Trichothecenes i nh ibi t  protei n  synthesi s i n  animal and human 

cel l s  and are synthes ised by a w ide range of fungi inc luding Fusarium, Myrothecium, 

Cephalosporium, Trichoderma and Trichothecium. Trichothecenes are proposed to 

function as v i rul ence factors in maize and wheat (Harris, et a I . ,  1 999). Fusarium 

sporotrichioides and F. subucinum produce A-type trichothecenes that are hydroxylated 

at the C-8 posit ion , w hereas B-type trichothecenes conta in a keto group at the C-8 

posit ion and are produced by F. graminearum. 

The trichothecene biosynthesis genes have been extensively studied i n  the 

trichothecene-producing  F. sporotrichioides and F. graminearwn. Trichothecenes are 

produced by the cycl i sation of farnesyl  diphosphate by the enzyme trichodiene 

synthase, TRI5 (formerly known as Tox5), fol lowed by a series  of oxygenation and 

esterification reactions. Evidence of a gene c luster was i n i t ia l ly shown by 

complementation of trichothecene mutants, Tox4- 1  and Tox3- 1 ,  wi th cosmids 

contain ing  the trichodiene synthase gene ( Hohn, et aI . ,  1 993). The genes involved in 

trichothecene production have since been shown to be contained at three co-regulated 

loc i :  C l )  a major 1 2-gene c luster contain i ng Tri3 to Tri14  (Hohn,  et a l . ,  1 993 ; Brown ,  et 

aI . ,  200 1 ; K imura, et aI . ,  2003 ; Brown ,  et a I . ,  2004) ; (2) a two-gene c luster contain i ng 

Tri l  and Tri1 6  (Peplow, et aI . ,  2003b; Meek, et a l . ,  2003 ; Peplow, et a l . ,  2003a) ; and (3) 

a s ingle-gene locus containing Tri l O] ( Kimura, et al . ,  1 998b; M cCormick, et aI . ,  1 999) . 

The 1 2-gene c luster of F. sporotrichioides contain s  seven of the 1 5  genes requi red for 

the biosynthetic enzymes. TRI5 i s  a trichodiene synthase ( Hohn, et a I . ,  1 993 ; Hohn, 

Desjardins ,  1 992) ; TRI4, TRI l l and TRI l 3  are cytochrome P450 monooxygenases 

(Hohn, et al . ,  1 995 ; A lexander, et a I . ,  1 998; Brown, et aI . ,  2002 ; Lee, et aI . ,  2002) ;  TRI3 

and TRI7 are acetyl transferases ( Brown ,  et a l . ,  200 1 ;  K imura, et a I . ,  2003 ; McCormick, 



et aI . ,  1 996) ; and TRI8 i s  an esterase i nvol ved in  oxygenation (Brown, et aI . ,  200 I ;  

McCormick, Alexander, 2002). There are two regulatory genes, Tri6 and Tri l O  (Tag, et 

aI . ,  200 1 ;  Proctor, et aI . ,  1 995 ; Hohn, et a I . ,  1 999), an effl ux pump encoded by gene 

Tri l 2  (Alexander, et aI . ,  1 999) and Tri9, which has no known functional product. Three 

other genes contai ned on two separate loci encode biosynthesis genes for tri chothecene 

production. T hese are Tri l O I ,  encoding a 3-0-acetyltransferase ( Kimura, et aI . ,  1 998b; 

McCormick, et aI . ,  1 999; McCormick, et a I . ,  1 996; Kimura, et aI . ,  I 998a), and Tri l and 

Tri l6,  encoding cytochrome P450 monooxygenase and acyl transferase, respecti vely 

(Meek, et aI . ,  2003 ; Peplow, et aI . ,  2003a). 

The Tri gene c l u sters of two Fusarium strains ,  F. sporotrichioides and F. graminearum, 

which produce the trichothecene T -2 tox in  and an analogue deoxyni valenol (DON ), 

respect ive ly,  were compared for gene order and orientation (Brow n, et aI . ,  200 I ) . 

Al though the Tri genes were found i n  the same order and orientation, sequence 

variation was identified w ithin the i ntergenic regions of the two species. Tri 7, which i s  

requ i red for T -2 toxin i n  F. sporotrichioides i s  not essential for DON synthesis i n  F. 

graminearum and was found to be no longer translationa l ly  functional ( Brown, et a I . ,  

200 1 ) . The cytochrome P450 monooxygenase gene Tri l 3  and the acyl transferase Tri l 6  

were a lso shown to be nonfunctional with in the DON-producing F. graminearum 

stra ins (Brown ,  et aI . ,  2002; Brown, et aI . ,  2003). These results demonstrate that one 

mechanism for generating  chemical di versity is mutation of genes in the latter steps of 

the pathway and channe l i ng of those intermediates to new compounds. 

Myrothecium roridum produces macrocycl i c  trichothecenes that are more complex than 

T -2 tox in .  Three genes, MRTRI4, MRTRJ5 and MRTRI6, have been i solated as part of a 

40 kb c luster by heterologous hybridi sation of M. roridum DNA with the F. 

sporotrichioides TRI5 gene. However the M. roridum genes are present in a different 

order and orientation to the genes from F. sporotrichioides and F. graminearum (Trapp, 

et al . ,  1 998). 

1 . 5.4 Aphid icol in 

Aphidicol in ,  an inhi bitor of DNA polymerase a ,  i s  a diterpene compound produced by 

the fungus Phoma betae. A gene c l u ster for aphidico l in  biosynthes is  was identified by 

PCR genome walking from a previously identified aphidicol in- 1 6-�-01 synthase (ACS) 



gene (Toyomasu, et aI . ,  2004). A six-gene c luster spann ing  � 1 6  kb was identified that 

contained genes encoding ACS, a geranylgeranyl di phosphate synthase, two P450 

monooxygenases, an ABC transporter and a putati ve transcription factor w i th a Cys6Zn2 

motif (Toyomasu, et a I . ,  2004). 

1 .6 Secondary metabolites - Non-ri bosomal peptides 

Secondary metabol ites of the non-ri bosomal peptide c lass have enormous structural 

d i versity. Their  synthes is  i s  catalysed by (N RP) synthetases that have a broader 

specific i ty than the ri bosome peptide synthesis mach inery. N RP synthetases can use L­

and D-amino acids as wel l  as N-methylated amino acids,  hydroxylated amino acids and 

many unusual amino ac ids. In fungi these synthetases are s ing le mult ifunctional 

enzymes that catalyse al l of the essent ial reactions as the enzymes have specific 

activation sites for each amino acid. At each act ivation s ite the specified amino acid 

reacts with AT P forming an aminoacyladenylate, w hich i s  noncovalently bound to the 

enzyme. Th ioesterification covalently binds the amino acid to 4'-phosphopantethei ne, 

re leasing AMP. The fi rst ami no acid i s  condensed w ith the adjacent ami no acid and so 

on to form a l i near peptide. The peptide can then be released as a l i near or cyc l ic  

product (Marahiel , e t  aI . ,  1 997 ; reviewed by Tkacz 2000). The acti vation s i tes can be 

h ighly specific for a substrate or more promi scuous and activate s imi lar analogues 

l eading to the synthesi s of a fami ly of compounds. 

1 .6 .1  Erg ot a l ka loids 

Ergopeptines, synthesi sed by NRP synthetases, contain lysergic acid and three amino 

acids that vary among the compounds of the ergopept ine fami ly .  The lysergic acid 

moiety is deri ved from the precursors tryptophan and di methy la l ly l  d iphosphate 

( DMAPP). The gene encodin g  the determinant step i n  ergot a lkaloid biosynthesi s i s  

dma W, a dimethylal ly  tryptophan (DMAT) synthase (Tsai , e t  aI . ,  1 995) .  Ergotamine, an 

abundant ergot alkaloid produced by Claviceps purpurea, conta ins the amino acids 

alanine, phenyl alanine and prol ine, whereas ergova l ine  (Fig. 1 .2) produced by 

Neotyphodium lolii contains a lan ine, val ine and pro l i ne. Activation and coupl ing of the 

three amino acids is catalysed by a three-module non-ribosomal peptide synthetase 

( Panaccione, et a I . ,  200 I ;  Tudzynski , et aI . ,  1 999; Tudzynski ,  et aI . ,  200 I ). 
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C. purpurea i s  a fungal pathogen of grasses that attacks young ovaries and forms ergot 

sclerotia. Ergopept ines are predominantly produced in planta at leve l s  of �0.5-50 JA-g/g 

of endophyte- i nfected grass. However, an ergopeptine de-regulated Claviceps strain 

was i so lated and shown to produce ergotamine i n  l iq u id  cu l ture (Arntz, Tudzynski ,  

1 997 ; Tudzynski ,  et a I . ,  1 999) .  A 22-kb gene c luster was i solated from C. purpurea by 

cross-hybridi sation w i th dma W. Contai ned with i n  the c l uster were genes encod ing a 

three-modu l e  peptide synthetase (cpps J ) , two mono-modu le  peptide synthetase (cpps2 

and cpps3) ,  a cytochrome P450 monooxygenase (cpP450- J )  and three oxidases (cpox J ,  

cpox2 and cpox3) (Tudzynski, et a I . ,  1 999; Correia, e t  a I . ,  2003 ; Tudzynsk i ,  e t  aI . ,  

200 1 ) . The cpps J gene product contai ns three amino acid-acti vat ing domains that are 

proposed to be respon i ble for add i ng the prol i ne, phenyl alanine and a lan ine residues to 

the activated lysergic acid (Tudzynsk i ,  et aI . ,  1 999) .  Heterologous expression of cpps2 

i n  E. coli confi rms that th is  mono-modu l ar non-ri bosomal peptide synthetase is  requ i red 

for acti vation and probable i ncorporation of D-Iysergic acid i nto the ergopeptine 

backbone (Correia, et aI . ,  2003). 

An N RP synthetase, LpsA, requ i red for ergoval i ne biosynthesis was i solated from N. 

LoLii stra in  Lp 1 9, by cross hybrid isation of a PCR fragment, Cp605 from C. purpurea, to 

an N. LoLii genomic  l i brary (Panaccione, et a I . ,  200 1 ). The gene, LpsA , shares 

considerable identity to other peptide synthetases. The LpsA gene was deleted i n  Lp I ,  a 

Neotyphodium spp. LpTG-2, by homologous recombination and the s ing le  transformant 

isolated did not produce ergoval i ne in pLanta ( Panacc ione, et aI . ,  200 1 ). The dma W 

gene from Lp I has a lso been cloned and characteri sed. Gene di sruption and 

compl ementat ion studies confi rmed that Lp I dma W is an orthologue of the C. purpurea 

dnw W (Wang, et aI . ,  2004). Gene l i n kage between dma W  and LpsA has not yet been 

establ i shed. A cpps2 orthologue adjacent to a gene encoding an oxidase has been 

identifi ed w i th in  N. Lolii (Fleetwood, Tanaka, Scott and Johnson, pers. comm) but, 

again ,  w hether or not these two genes are l i nked to dma W and/or to LpsA remains to be 

establ i shed. 

1 .6 .2  He-toxin 

CochLioboLus carbonum i s  a fungal pathogen of mai ze causing maize l eaf spot d i sease. 

HC-tox in  is a cycl ic tetrapeptide and contains D-pro, L-a la, D-a la, and L-aeo (2-amino-

T) 



9, 1 O-epoxi-8-oxodecanoic acid) ,  wh ich i s  produced by a C. carbonum pept ide 

synthetase. HC-toxi n  i nh ibi ts histone deacetyl ase, an important co-regulator of 

transcript ion. S trains  that produce HC-tox in  are part icularly v i rulent on maize l ines that 

are homozygous for the recessive al l e l e  hm. Maize that carries a dominant  Hm al l el e  

can detoxify HC-tox in  by  t he  enzyme HC-tox in  reductase (Meeley, e t  aI . ,  1 992). 

The HTS- J gene was c loned using primers designed to the amino acid sequences of the 

proteins HTS- I and HTS-2, two enzymes required for the production of HC-toxin 

(Scott-Craig, et al . ,  1 992) . The gene,  an N RP synthetase, contains  a 1 5 .7 -kb open 

reading frame w ith four adenylation motifs for activation of the four amino acids 

contained w ith i n  HC-toxi n .  C. carbonum Tox+ i so lates contain two functional copies of 

the HTS- J gene on a 22-kb dupl i cated region on the same chromosome. When both 

copies were inactivated the resul t i ng transformants were unab le  to make H C-toxi n  and 

were non-pathogeni c  (Panaccione, et a I . ,  1 992). Other genes i solated as part of the HC­

toxi n  cluster inc l uded TOXE encoding a regulatory gene (Ahn, Wal ton,  1 998), TOXA 

encoding a putat ive HC-tox in  effl ux carri er for self-protection against HC-toxin (Pi tkin ,  

et aI . ,  1 996), TOXC encoding a fatty acid  synthase �-subunit required for the addition of 

the side chain of Aeo (Ahn,  Walton, 1 997),  TOXF, a branched-chain amino-acid 

transaminase, possi b ly requi red to aminate Aeo (Cheng, et aI . ,  1 999), and TOXG 

encoding an a lan ine racemase to synthesi se D-al anine (Cheng, Wal ton,  2000). HTSJ 

and TOXA (Panaccione, et aI . ,  1 992), and TOXF and TOXG (Cheng, et aI . ,  1 999) are 

closel y  l i nked and transcribed from divergent promoters. The TOXE gene product i s  

essential for HC-toxin production and has been shown to recognise a ten-base motif, 

which l acks dyad symmetry, cal led the 'tox-box' that i s  present i n  the promoters of the 

TOX2 genes (Ahn,  Walton , 1 998; Pedl ey,  Walton, 200 1 ) . 

The TOX2 l ocus i s  complex as the genes are present i n  mult ip le copies coveri ng a 600 

kb region that contains other h igh ly repeti t ive DNA such as transposons (Cheng, et a I . ,  

1 999; Cheng, Walton, 2000; Ahn,  Wal ton, 1 996; Panaccione, e t  aI . ,  1 996; A hn ,  et a I . ,  

2002). Some of the  TOX2 genes are t ight ly l i nked but others are d i spersed across the 

600 kb region (Ahn,  et aI . ,  2002). Although th is  region segregates as a s ing le  l ocus, the 

chromosome is unstab le  (Pitkin ,  et  aI . ,  2000). 



1 .6 .3 A M -toxin 

AM-tox i n  i s  a four-member cyc l i c  depsi peptide produced by the A lternaria alternata 

app le  pathotype. A four-module peptide synthase responsi b le for the production of 

AM-toxi n  was i solated from the A .  alternata apple pathotype us ing pri mers designed to 

conserved regions of RP synthetase genes (Johnson, et a I . ,  2000). The AMTI gene i s  

only detected i n  the apple pathotype and i s  located on a smal l ,  condit ional ly d i spensable 

chromosome (Johnson , et a I . ,  200 1 ). The AMT locus i s  dupl icated within the genome 

and contai ned on the same smal l chromosome (Johnson, et aI . ,  2000; Akamatsu ,  et aI . ,  

1 999). Us ing homologous recombi nation, one copy of the AMTI gene was di srupted i n  

fifteen i ndependent transformants analysed. Two of the fifteen AMTI deletion mutants 

were unable to produce AM-toxi n  indicati ng that only one copy of the gene i s  

functional (Johnson , e t  aI . ,  2000). AMT2, a gene encoding a prote in proposed to 

convert 2-keto-i sovaleric acid  to 2-hydroxy-i sovaleric ac id, is contai ned on the same 

condi t iona l ly  d i spensable chromosome as AMT I ,  but as yet there is no evidence of 

d irect l i nkage of these two genes ( l to, et a I . ,  2004). 

1 .6.4 Pe n ic i l l i n  

Penic i l l i n i s  a �- Iactam anti biotic produced by the fi lamentous fungi Penicillium 

chrysogenum, Aspergillus nidulans, and the cephalosporin  prod ucing A cremonium 

chrysogenum. Biosynthesis of pen ic i l l i n  req u i res an NRP synthetase to acti vate and 

condense the three amino acid precursors, L-a-ami noadipic acid ,  L-cysteine and L­

val i ne. The production of penic i l l i n requi res the genes pcbAB encoding an ACV 

synthetase to produce the l i near ACV molecu le, and pcbC encod ing an i sopenici l l i n N 

synthase to cycl i se the molecu le ( rev iewed in  Tkacz 2000).  These are core genes found 

cl ustered in P. chrysogenum, A. chrysogenum and A. nidulans ( Barredo, et aI . ,  1 989; 

Diez, et aI . ,  1 990; MacCabe, et aI . ,  1 990) .  However, P. chrysogenum and A.  nidulans 

have a th i rd gene i n  the i r  c l uster, penDE encod ing an acy l transferase whereas A .  

chrysogenum has a second separate c l uster contai n ing cefEF and cefC genes that encode 

enzymes for the last two steps i n  the cephalospori n pathway. 



1 .6.5 Sirodesm i n  

S i rodesmin  i s  a phytotoxi n  belonging to the epi polythiodioxopiperazine (ET P) c lass of 

toxins  and i s  produced by Leptosphaeria maculans, a fungal pathogen of canola. ETPs 

are characterised by a d isu lphide bridge across a diketopiperazine ring. S i rodesmi n  i s  

synthesised from the amino acids tyrosine  and ser ine v i a  a n  NRP synthetase, w i th 

addit ion of a OMAPP moiety to the tyros ine ring  (Gardiner, et a I . ,  2004). A co­

regulated cluster of 1 8  genes with proposed biochemical functions requi red for 

s i rodesmin was i dentified from L. maculans. Functional characteri sation  by gene 

d i sruption  has confirmed that a deletion of sir? a gene encod ing a two-module  N RP 

synthetase, was unable to produce si rodesm i n  (Gardi ner, et a I . ,  2004), w hereas sirA 

encod ing an A BC transporter was required for autores istance of si rodesmin (Gard iner, 

et  al . ,  2005). 

1 .7 Secondary metabol ites - Polyketides 

Polyketides are a l arge and d iverse class of natural products. B iosynthes is  of 

polyketides occurs I n  a s imi l ar manner to that of long-chain fatty acids. The 

biosynthesis of fatty acids requi res a starter unit of acetate that is condensed to an 

e xtender unit of malonate creat ing a �-keto group and releasing CO2, The �-keto group 

is then reduced and the cyc le  resumes w ith the addi tion of another extender unit. 

Polyketides are somewhat more compl ex than fatty acids as they can use d ifferent 

extender groups and have variations in the extent of process ing the �-keto group. The 

condensin g  domains  are acyl transferase (AT), B-ketoacyl synthase ( KS)  and acyl 

carrier protei n  (ACP), and the reduction reacti ons require ketoreductase ( KR), 

dehydratase (OH),  and enoyl reductase (ER). The release of the growing polyketide 

requi res a thioesterase (TE) but cyc l i sation, l actoni sation or amide bond format ion can 

a lso occur  (reviewed i n  Tkacz 2000) . KR, O H  and ER do not have to be used i n  

polyketide format ion,  thus l eaving the B-keto group unchanged o r  reduced to a 

hydroxyl ,  enoyl or a lky l  function. 

Mult ifunctional Type I polyketide synthases ( PKS) are l arge polypeptides t hat encode 

a l l  of the necessary enzymatic domains for one or more cycles of condensation and 13-



keto processi ng. Type I PKS can a lso conta in  repeated modules that are cl ustered. A l l  

of the  fungal PKS genes descri bed below appear to be mul tifunctional Type I .  Type I I  

enzymes cons ist of several s ingle functions or b ifunctional polypeptides i n  a l oose ly 

associated complex (reviewed i n  Tkacz 2000). 

1 .7 . 1  Aflatoxin  and sterig matocysti n 

The polyketides aflatox in  and sterigmatocyst in are derived from the same biochemical 

pathway.  They are among the most acute ly toxic ,  carc inogenic, mutagenic and 

teratogen ic compounds known. They are found as natural contami nants in nuts, 

oi l seeds and cereal s and are produced by AspergiLLus flavus (aflatoxin) ,  A.  parasiticus 

(aflatoxi n)  and A. nidulans (sterigmatocyst i n ) . 

The genes requ i red for sterigmatocysti n  and aflatoxin  biosynthesis are found as �60-75 

kb gene c lusters (Y u, et a I . ,  1 995 ; Brown, et a I . ,  1 996; Woloshuk, Prieto, 1 998 ; Y u, et  

aI . ,  2004; reviewed by Kel ler  and Hohn 1 997). Comparison of the aflatoxin and 

sterigmatocyst in  cl usters show they possess genes encod ing s imi lar functions and 

regulatory control but the order of the genes is d ifferent. The c lusters consist of genes 

encoding a polyketide synthase ( Feng, Leonard, 1 995 ; Y u, Leonard,  1 995), a and 13 

fatty acid synthases (Brown ,  et aI . ,  1 996), cytochrome P450 monooxygenases ( Ke lkar, 

et aI . ,  1 997 ; Y u, et aI . ,  1 997 ; Y u, et aI . ,  1 998; Kel ler, et aI . ,  2000; Ehrl ich ,  et a I . ,  2004) , 

dehydrogenases (Cary, et aI . ,  1 996; Chang, et a I . ,  2000), monooxygenases ( Ke l l er, et 

aI . ,  2000), ketoreductases (Chang, et aI . ,  1 993 ; Skory, et a I . ,  1 993 ; Kel ler, et aI . ,  1 994; 

Trai l ,  et a I . ,  1 994), methyl transferases (Y u,  et aI . ,  1 993 ) as wel l as regulatory prote ins  

A FLR (Payne, et  aI . , 1 993 ; Woloshuk, et a I . ,  1 994) and A FLS (Meyers, et  aI . ,  1 998 ; 

Chang, 2003) .  

The boundary of the sterigmatocysti n  gene c l uster was determi ned by northern analysis 

as fragments that hybrid ised under both i nducing and non- inducing condit ions (Brown ,  

e t  a I . ,  1 996). A gene c l  uster for sugar uti l i sation is  located a t  the  3 '  end of the aflatox in 

gene c l uster (Y u ,  et a I . ,  2000), thereby estab l i sh ing a boundary of this c l uster. 



1 .7 .2  Doth istro m i n  

Dothistromin is  a polyketide that i s  synthesi sed by  a s imi lar biosynthetic pathway to 

afl atoxi n  and sterigmatocyst in .  Dothi stromi n  i s  produced by Dothistroma pini, a 

fi lamentous fungus that i s  pathogeni c  to p ine trees. Cross hybrid isation w i th an 

Aspergillus parasiticus ver- I gene to a D. pini genomic l i brary resulted i n  the i so lat ion 

of a l ambda clone contai n i ng: dotA , a ver- I orthol ogue ; dotB, an oxidase w i th s im i l ar i ty 

to stcC; dote. a tox i n  pump with s im i lar i ty to the C. carbonum TaXA gene; and dotD, a 

th ioesterase (Bradshaw, et aI . ,  2002) .  Delet ion of dotA el i minated doth i stromin 

production and resulted i n  the accumulation of versicolorin A ,  a known precursor to 

aflatoxi n  and steri gmatocysti n  (Bradshaw, et a I . ,  2002) .  

Addit ional genes encod ing prote ins w i th putat ive roles in dothi stromin  production were 

i solated using  degenerate peR wi th primers designed to the conserved KS domai n  of 

polyketide synthases. A part ial sequence of a PKS orthologue was identifi ed and 

adjacent to this gene were cytochrome P450 monooxygenase and monooxygenase 

genes, wh ich  are 56% and 54% i dentical to the ster igmatocystin genes, stcB and ste W, 

respect ively (Morgan , and Bradshaw unpubl i shed data). As  yet there i s  no evidence of 

c lose l i nkage of the two dothi stromin  gene c lusters. 

1 .7 . 3  AF-toxi n a n d  AK-toxin 

A lternaria alternata i s  a p lant fungal pathogen known to produce host-specifi c  toxi ns. 

A K-tox i n  is the host-specifi c toxi n  produced by the Japanese pear pathotype. T he AK­

toxi n  consi sts of a modifi ed polyketide precursor of which the structural backbone i s  

al so present i n  the A F-toxi n  and ACT -toxin of the  strawberry and  tangerine pathotypes, 

respecti vel y. 

Mutants in AK-toxi n  production were i solated uSll1g the technique of restriction 

enzyme-mediated i ntegration (REMI) .  I solation of the region flanki ng the plasmid 

i ntegration i dentified two genes, AKTI and A KT2, a putat ive carboxyl -acti vati ng 

enzyme and a gene of unknown function respect ively, which are present in the pear, 

straw berry and tangerine pathotypes (Tanaka, et  a I . ,  1 999) .  Further sequence analys i s  

of the A K-toxin  locus revealed a gene,  A KTR, encod ing a transcription factor, and 

AKT3 a gene encod ing  a putat ive hydratase, wh ich are al so i n volved in AK-toxi n  



production (Tanaka, Tsuge, 2000; Tanaka, Tsuge, 200 I ) . The AK-tox in  l ocus i s  

contai ned o n  a 4. I -Mb chromosome and i s  a complex l ocus w ith tandem dupl ications  of 

the A KT genes. However, i n  each case only one copy of the gene is functional (Tanaka, 

et aI . ,  1 999; Tanaka, Tsuge, 2000). 

Homologues of the four  A KT genes, AKTI , A KT2, AKTR- I and AKT3- J ,  were i solated 

from A .  alternata A F8,  an A F-toxin producing strawberry pathotype. As was seen 

wi th the A K-toxin locus, the genes from AF8 are dupl icated and contai ned on a s ing le 

1 .05-Mb condit ional ly d i spensabl e  chromosome. Although the sequence si m i l arity of 

the four AKT genes to the i r  AFT homologues is greater than 90% identity at the DNA 

l evel , cosmid c lones from NAF8 that contai ned the four AFT genes together were never 

i solated ( Hatta, et aI . ,  2002) .  On one cosmid clone, TLS-S I ,  a sequence of a 

degenerated member of the hAT transposon fami ly  was identified. A fifth gene, 

AFTS I, wi th a pred icted funct ion of an aldo-ketored uctase, was identified wi th in  the 

AFT l ocus. AFTSI is present as a si ngle copy gene on the 1 .05-Mb conditional ly  

d i spensable chromosome of the strawberry pathotypes. AMT2,  an orthol ogue of AFTS I ,  

i s  present i n  the apple pathotype that produces AM-tox in  (Section 1 .6. 3 ;  I to, e t  a I . ,  

2004; Hatta, e t  a I . ,  2002). I to e t  a l .  (2004) predict that the  function of AFTS I and 

A MT2 is to produce chemical moiety a common to both AF- and AM-toxi ns. 

1 . 7.4 Fumonisins 

Fumon isi n ,  a potent i nh i bi tor of sphingol ip id biosynthes is, i s  produced by a number of 

Gibberella species. Fumoni si ns  consist of a 1 9- or 20-carbon backbone with hydroxy l ,  

methyl and tricarbal ly l i c  ac id moieties at various posit ions along the backbone. The 

backbone is very s imi lar to that of sphi ngan ine ,  a fatty acid deri ved i ntermediate in 

sph ingol i pid metabol i sm.  However, fumon i si ns are polyketide deri vati ves synthes ised 

by a polyketide synthase, FU M L (Proctor, et a I . ,  1 999) .  FUM I contains the conserved 

doma ins KS,  AT, DH, ER, K R  and ACP consi stent w i th other polyketide synthases. 

Complementation of character ised fumonis in  mutants, fum l ,  fum2 and fund, wi th 

cosmids that contained the gene FUMI showed that other genes invol ved i n  fumoni s i n  

production were contai ned on the  cosmids. These data (Proctor, et aI . ,  1 999) supported 

the genet ic analysis showi ng that the fum l ,  fum2 and fum3 loci in G. moniLiformis are 

c losely l i nked, suggesti ng a gene cl uster (Desjard ins ,  et al . ,  1 996). Subsequently ,  

sequence analysis of �75-kb flanking FUM I ,  revealed 1 5  genes w i th biochemical 



functions predicted to be i nvo lved in  fumonis in  production (Seo, et a i . ,  200 1 ;  Proctor, et 

ai . ,  2003) .  To date the gene cluster contains genes that encode: FUM I ,  a polyketide 

synthase ; three P450 monooxygenases, FU M6, FUM 1 2  and FUM 1 5 ; FUM7, a 

dehydrogenase; FUM8 an aminotransferase ; FUM9, a dioxygenase;  FUM 1 0  and 

FUM 1 6, two fatty acyl-CoA synthetases ;  FUM I I ,  a tricarboxylate transporter; FUM 1 3, 

a short chain dehydrogenase; and FU M 1 4, a gene consist ing of a condensation domain 

common to peptide synthases. These genes are co-regulated in  culture, with expression 

coinc id ing with the i nduction of fumonis in  production ( Proctor, et aI . ,  2003). The 

FUM6 gene is unusual as it i s  a cytochrome P450 monooxygenase fused wi th a 

cytochrome P450 reductase (Seo, et ai . ,  200 1 ). Deletion analysi s of three genes, 

FUM1 7, FUM1 8 and F UM1 9, adjacent to and co-regulated wi th the fumonis in  

biosynthetic genes, d id not  result i n  fumonis in -negati ve phenotypes, indicati ng  their 

role in fumonis in  production i s  not biosynthetic ( Proctor, et aI . ,  2003) .  Analyses are 

now underway to determine  the biosynthetic pathway for fumonisi n production uSIl1g 

gene-specific deletions (Bojja ,  et a l . ,  2004). 

1 .7 .5 Lovastatin 

Lovastati n is a polyketide deri vative produced by A.�pergillus terrus that is we l l  known 

as an inh ibitor of H MG-CoA reductase, a key enzyme involved i n  cholesterol 

b iosynthesis. A gene c l uster i nvolved in lovastatin production was found to contain two 

polyketide synthase genes, lovB and lovF, encoding a nonaketide synthase and a 

d iketide synthase respectively. Both polyketide synthases contain the KS ,  AT, OH,  ER, 

KR and ACP domains  associated with polyketide synthases, but a lso contain a 

methyltransferase domain ,  a feature more commonly associated with NRP synthetases 

( Kennedy, et aI . ,  1 999) . A �37-kb cosmid contain ing  the polyketide synthase gene lovB 

and flanking genes was used to transform an A. nidulans strain devoid of l ovastatin 

production. The resultin g  transformants were abl e  to produce monachol i n  J, a precursor 

of lovastatin ,  and were a lso found to be more resi stant  to l ovastatin .  Sequence analys is  

of the genes contained with in the transformed cosmid i dentified lovC, a putative enoyl 

reductase, lovA, a cytochrome P450 monooxygenase, lovD, a transesterase, and lovE, a 

transcription factor ( Kennedy, et ai . ,  1 999). Functional analyses of lovA to D and lovF 

by gene d isruption have shown that these genes al l have a role i n  lovastati n production 

( Kennedy, et aI . ,  1 999). A gene cluster for compactin ,  a compound structural ly  sim i l ar 

to lovastatin ,  has recently been identified from Penicillium citrinunl. The genes 

')0 



identified w i th in  the P. citrinum mIc gene c luster have s ignificant simi larity to those of 

the lovastat in  biosynthesis genes. Targeted di sruptions of the two PKS genes, mIcA and 

mlcB, confi rm their role i n  compactin biosynthesi s (Abe, et aI . ,  2002c). I ntroduction of 

additional copies of the mic genes, i n  part icular the transcription factor mlcR, results i n  

enhanced production of compactin  (Abe, e t  a I . ,  2002a; Abe, et aI . ,  2002b). 

1 .7 .6 T-toxin 

T -toxins are a fami ly  of long l i near chain (C35-C-t I ) polyketides produced by 

Cochlioholus heterostrophus, a pathogen of maIze. T -toxi n  produced by C. 

heterostrophus race T i s  v i ru lent to Texas cytoplasmic male steri l e  maize. T -tox in 

specifical ly binds to a protei n ,  URF I 3 , unique to the i nner mitochondria l  membrane of 

T -cytoplasm maize causi ng the formation of pores i n  the i nner membrane and l eakage 

of sol utes necessary for normal mitochondrial function (Braun, et al . ,  1 989). The 

absence of the URF 1 3  gene resul ts i n  T -toxi n-i nsensi ti ve mitochondria and therefore 

plant resi stance. 

The TOX 1 l ocus was tagged by the method of restriction enzyme mediated integration 

( REMI)  (Lu, et aI . ,  1 994) and shown to contai n a polyketide synthase, PKS I ,  unique to 

race T (Yang, et aI . ,  1 996a) . PKS 1 has s ix  domains, KS ,  AT, DH,  ER, KR and ACP. 

However, no thioesterase domain was found, suggest ing that an addit ional enzyme 

provides th i s  catalytic function. The PKS 1 gene conta ins four introns and the DNA 

sequences flanking PKSl are highly repetit ive and AT r ich .  Race 0 l acks a detectable 

homologue, suggesting that the P KS 1 gene found in race T could  have arisen by 

horizontal gene transfer rather than by vertical i nheritance from an ancestral strain 

(Yang, et aI . ,  1 996a). However, recent phylogenomic analysis of fungal PKS 

sequences suggests that gene divergence and l oss is just as l i ke ly  a scenario as 

horizontal gene transfer  (Kroken, et aI . ,  2003 ). 

The TOXl l ocus is  i n  fact two l oci , ToxlA and ToxlB, spl i t  between two chromosomes 

(Kodama, et aI . ,  1 999) .  The spl i t  appears to be the result of i nseparable l inkage 

between breakpoints of a reciprocal translocation of chromosomes 6 and 1 2  found i n  

race T .  Race T contains 1 .2 M b  of un ique D N A  and there i s  evidence to show th is  

unique DNA consists of a gene c luster for T -tox in  production. The PKSl maps at 



TaxI A ,  whereas a decarboxylase maps at Tax I  B ( Kodama, et al . ,  1 999; Rose, et al . ,  

2002). 

1 .8 Regulation 

An obvious reason for genes encoding related biochemical functions to be c lustered 

together, whether as an operon or a gene c luster, is to gi ve coordinated gene regulation. 

Genes located in a c luster w i l l  be contained in  a s imi lar chromatin envi ronment. 

However, many fungal gene c lusters a l so contain genes encoding pathway-specific 

regulators wi th in  the c luster that regulate other genes for the biochemical pathway. 

Examples of pathway-specific  regulators inc lude AFLR and A FLS proteins  required for 

aflatoxi n  and sterigmatocystin production (Chang, 2003 ; Y u ,  et al . ,  1 996), TRI6 and 

TRI I 0  i n  the trichothecene  c luster (Tag, et al . ,  200 1 ; Proctor, et al . ,  1 995 ; Hohn, et a l . ,  

1 999), TOXE, which i s  requ i red for the production of  HC-toxin (Ahn, Walton, 1 998 ; 

Pedl ey, Walton, 200 1 ), MLCR, which i s  requi red for compactin production (Abe, et a l . ,  

2002a) and A KTR, wh ich  i s  required for A K-toxin and possib ly A F-toxi n  production 

(Tanaka, Tsuge, 2000; Hatta, et a l . ,  2002). Deletion of these genes either abol ishes or 

greatly reduces the production of the secondary metabol i te .  A FLR, TRI6 and TOXE al l  

have known binding  sites to the promoter regions of the genes that compri se the c luster 

( Hohn, et al . ,  1 999; Pedley, Wal ton, 200 1 ; Fernandes, et aL 1 998) .  As yet no gene 

encoding a transcription factor has been identifi ed w ithi n  the gibberel l i n  or fumoni si n  

gene c lusters (Proctor, et a l . ,  2003 ; Mih l an ,  e t  a l . ,  2003) .  Proctor et a l .  (2003) have 

shown there are putati ve transcription factors adjacent to the FUM c luster, but the 

expression of these sequences is not regulated w ith the F UM genes. Putative 

transcription factor genes have been identified w ithin some recently i dentifi ed c l usters 

but their i nvolvement i n  regul ating secondary metabol i te production is yet to be 

confi rmed (Toyomasu, et a l . ,  2004; Gard iner, et a l . ,  2004). 

Coordi nated regu lation of gene c lusters has been a useful feature to del ineate the 

boundaries of gene c lusters. Therefore, express ion analysi s has been used to d istingu ish 

genes that are i nvolved i n  the production of secondary metabol i tes from those genes 

that reside adjacent to a gene c lu ster (Young, et a l . ,  200 I ;  Brown ,  et a l . ,  2004; Gard iner, 

et al . ,  2004; Brown, et al . , 1 996; Proctor, et a l . ,  2003 ; Pi rtt i l ii, et al . ,  2004) . 

� 1  



Pathway-specific  regulators located with in the c luster do not sole ly regu late gene 

cl usters. Global transcri ption factors such as AreA (n i trogen regulator), PacC (pH 

regulatory gene), Fl bA, Fl uG (regulators of sporulation)  and FadA ( i nvol ved i n  G­

prote in  signal ing) have been shown to have an effect on the biosynthesis of the 

metabol ites (Tudzynski ,  et a I . ,  1 999; T i l burn, et aI . ,  1 995 ; Tag, et aI . ,  2000; Hicks, et 

aI . ,  1 997). G lobal regulators have different effects on secondary metabol i te product ion.  

Aflatox in  and sterigmatocysti n are produced during  sporu lation ,  a process that requ i res 

expression of FlbA and FluG ( H icks,  et a I . ,  1 997 ; Guzman-de-Pefia, Ruiz-Herrera, 

1 997). However, pen ic i l l i n  and trichothecene production req uires prol iferative growth 

(Tag, et aI . , 2000). Pac L ,  an orthologue of PacC, is a transcri ptional repressor of 

fumon is ins so when Pac I was d i srupted, fumon is ins were produced at a higher level 

than from the w i ld-type ( Flaherty, et aI . ,  2003 ). On the other hand, del etion of Zfrl ,  a 

recently identified Zn( I I )2Cys6 bi nuclear transcription factor from F. verticillioides, was 

shown to reduce fumon i si n  production by 90% (Flaherty, Woloshuk, 2004). 

Recently LaeA a regulator of secondary metabol ism i n  Aspergillus spp. was identified 

(80k, Kel ler, 2004) . Over-expression of LaeA increased penic i l l i n  and lovastat in  

production whereas deletion of laeA blocks e xpression of the genes invol ved in 

sterigmatocysti n ,  penic i l l i n  and lovastat in biosynthesi s ( 80k, Kel ler, 2004). I t  remains 

to be seen if LaeA orthologues from fungi genetica l ly  di stant to Aspergillus have 

si mi lar effects on the expression of genes in other c lusters. 

I n  general , the genes i n  c lusters identified to date are ti ghtly regulated. However, an 

exception is the regulat ion of P450-3,  a gi bbere l l i n  biosy nthesi s gene that is not 

repressed by ni trogen and i s  therefore regulated d ifferently from the remain ing cl uster 

genes (M ihlan,  et aI . ,  2003). 

1 .9 Autoresistance 

Many metabol i tes produced by fungi are toxic.  Sometimes they are not only toxic to 

the organ i sm infected but also toxic to themsel ves. To overcome such toxic i ty, fungi 

have developed autoresi stance mechan i sms. The most commonly found autoresi stance 

mechan ism is the presence of an effl ux pump. The genes for these pumps belong to the 

major fac i l i tator supelfami ly (MFS) .  Effl ux pumps are very efficient at  protecti ng the 



producer against i ts own toxic metabol ite by rapidly pumping  the tox in  out of the celL 

Effl ux pumps characteri sed to date i nc lude TRI 1 2  for autoprotection from the 

trichothecenes (Alexander, et  aI . ,  1 999),  TOXA for autoprotection from HC tox i n  

( Pitkin, et aI . ,  1 996) and the L. maeulans SIRA for autoprotection from si rodesmin  

(Gardiner, e t  aI . ,  2005). Transporters associated with c lusters that have no role  i n  

transporti ng the produced metabol i te are SMT from the gibberel l i n  gene c luster and 

AflT located with in the aflatoxi n  c luster of F. ft<iikuroi and A. parasitieus, respectively 

(Voss, et  aI . ,  200 1 ; Chang, et al . ,  2004). Putative pumps have al so been identified in  the 

dothi stromin biosynthesis gene c luster (Bradshaw, et aI . ,  2002) and the 

lovastati n/compacti n  gene c lusters ( Kennedy, et aI . ,  1 999; Abe, et aI . ,  2002c) ,  but their 

roles are yet to be elucidated. 

Autoresi stance is not l imi ted to efflux  pumps. The P. citrinum biosynthesis gene cluster 

for compacti n  (Section 1 .5 . 1 1 ) ,  an inh ib itor of H MG-CoA reductase, contains  a 

pathway-specific HMG CoA reductase, mlcD. Deletion of mleD results i n  a stra in  that 

shows greater sensi t iv i ty to compactin suggesti ng that MlcD has a role in autoresi stance 

(Abe, et a I . ,  2002b). Other mechanisms for resistance i nc lude metabol i sm of the tox in  

and modification of the target si te, but these mechanisms are yet to be  identified i n  

fungal secondary metabol i te pathways associ ated w i th gene c lusters. 

1 . 1 0  Evo l ution of C l u sters 

Why are fungal genes associated with secondary metabol i sm c lustered? Many of the 

c lusters are comprised of genes with genetical ly  d iverse functions and therefore are 

thought to have arisen by unequal  crossing  over or gene dupl ication ( Walton, 2000) .  

There are no known mechani sms to maintain gene c lusters but we  do know there are 

ways of di spersing  genes by translocation, i nversion, and unequal cross ing over. 

Therefore, select ive pressure somehow drives and maintains  clustering  of these 

secondary metabol i te genes ( Walton, 2000; Rosewich,  K i st Ier, 2000). Clustering  can be 

rat ional ised as a mechani sm to optimise co-regulat ion by eis-regulatory e lements or by 

co- local i sation of genes wi th in  a common chromati n  env ironment. However, as the 

genes i nvolved in housekeepin g  pathways are most often d ispersed, thi s  cannot be the 

sole requi rement. Walton (2000) suggests that the evol utionary pressure that maintains 

the pathway as a c l  uster i s  d i stinct from the pressure that maintains  the capacity to 



produce the secondary metabol ite. Transfer of a c luster into a naNe background 

suppl ies an instant selective advantage that a s ing le gene may not, and is an effective 

mechanism for transfer of a biological trait. Therefore, gene c lustering i s  advantageous 

for transfer of genetic material as a di spersed pathway can only be transferred vertical ly.  

Recent phylogenomic analysi s of fungal polyketide synthase genes investigated the 

onglI1 and diversity of PKSs across taxonomical ly  diverse fungal species. 

Phylogenomic analys is  was based on the h ighly conserved ketosynthase domain of 

fungal type I PKS genes. I n  most cases gene dupl ication, divergence and/or gene loss 

rather than horizontal gene transfer can explai n the di versity of fungal PKS genes 

(Kroken, et a I . ,  2003 ). There were very few examples of PKSs bei ng acqui red as the 

result of horizontal gene transfer (Kroken, et aI . ,  2003). 

1 . 1 1  Sta b i l ity of the fu ngal  genome 

1 . 1 1 . 1 Transposable elements 

Fungal genomes conta in both c lass I and class 1 1  transposable e l ements ( Daboussi , 

1 997). The c lass I retroelements transpose through an RNA i ntermediate requ i ring  a 

reverse transcriptase to undergo repl icat ive transposit ion. There are two classes of 

retroelements, those w ith long terminal repeats (LTR, retrotransposons) and those 

without, such as long and short interspersed nuclear el ements (L INEs and S INEs) . 

Retroelements undergo a reverse trancriptase step,  where the fidel i ty of the enzyme i s  

low, result ing i n  nucleotide i ncorporation errors. The class 1 I  DNA transposons are 

copied through a DNA template and then excised, leaving a footprint of a few 

nucleotides at the donor site. 

Many fungi di splay phenotypic i n stabi l i ty ,  w hich is characteristic of orgalllsms 

harbo uring transposable el ements. These el ements can be present in vary ing  numbers 

and may also be i ncomplete or exi st only as remnants. Transposable e lements have 

been found in the TOX2 l ocus for He-toxin production as repeti ti ve transposons 

flanking the HTS I and TOXA genes (Panaccione, et a I . ,  1 996). The PEP gene c l uster 

from Nectria haematococca contains transposon-I i ke e lements ( Han, et a1 . ,  200 I )  and 

the TOX I locus for T -toxin has AT -rich repetitive regions (Yang, et aI . ,  I 996b) .  The 
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A F T  l ocus requ i red for AF-toxin production contains  TLS-S 1 ,  a transposon- l i ke 

sequence that belongs to the hAT transposon fami ly (Hatta, et aI . ,  2002) . 

1 . 1 1 .2 Repeat- induced point m u tations 

Dupl icated sequences w i th in  the Neurospora crassa genome are detected and altered 

when the fungus undergoes meiosis. The al teri ng of the dupl icated sequences, known 

as repeat i nduced point  mutation (RIP) ,  changes G-C pai rs to A-T (Cambareri , et aI . ,  

1 989). In i tial ly thought to be excl usive to Neurospora, R I P  has now been identified i n  

Podo5pora (Hamann, e t  aI . ,  2000; Gra'ia, et aI . ,  200 I )  and Leptosphaeria ( Idnurm, 

Howlett, 2003). Degenerate transposable e lements that appear to be 'RIPed' have been 

identifi ed in Aspergillus nidulans (Nie l sen et al . 200 I ), Pyricularia grisea 

(Nakayash iki ,  et aI . ,  1 999) and Fusarium OX)'.sporum (Hua-Van ,  et aI . ,  1 998). 

1 . 1 1 . 3 Gene d u pl icatio ns and deletions 

Several fungal species have dupl i cations associated wi th c lustered genes of secondary 

metabol ite pathways (Tanaka, et aI . ,  1 999; Johnson, et aI . ,  2000; Ahn,  Wal ton, 1 996; 

Panaccione, et aI . ,  1 996; Ito, et a I . ,  2004; Tanaka, Tsuge, 2000; Hatta, et aI . ,  2002; 

Chang, Y u ,  2002). I n  the Alternaria alternata strai ns that produce AF-toxin ,  AK-toxi n  

and AM-toxi n,  the genes responsible for tox in  production are dupl icated on the same 

chromosome but only one set of the dupl i cated genes i s  functional (Tanaka, et aI . ,  1 999; 

Johnson, et aI . ,  2000; Ito, et aI . ,  2004; Tanaka, Tsuge, 2000; Hatta, et aI . ,  2002). A 

section of the aflatoxi n  gene c luster was found as a dup l ication i n  an A .  parasiticus 

strain but not a l l  the dupl icated genes were functional (Chang, Y u, 2002) .  Mul tip le  

functional copies of the TOX2 genes i n  Cochliobolus carbonum are located on an 

unstable chromosome (Pitkin ,  et aI . ,  2000; Ahn, et aI . ,  2002) .  Chromosome size 

variation has been i dentified w i th the TOX2 genes w ith rec iprocal  chromosomal break 

points mapped between type 1 and type 2 strains  (Ahn, Wal ton,  1 996; Ahn,  et aI . ,  

2002) .  The  TOX] l ocus required for T -toxin production i n  C .  heterostrophus maps to  a 

sing le  locus but i s  actual ly  contained on two un l inked loc i  as a resul t  of reciprocal 

translocation of chromosomes 6 and 1 2  (Kodama, et aI . ,  1 999; Rose, et aI . ,  2002) . 

Dupl i cations of genes can also result i n  the upregu lation of the pathway. The gene 

c luster requ i red for penici l l i n  production i n  the h igh producing Penicillium 



chrysogenUln strai n AS-P-78 i s  present i n  tandem repeats. Each repeat i s  flanked by a 

conserved TTT ACA sequence that i s  a l so present in  the natural isolates, wh ich  contain  

a si ngle copy of the genes (Fie rro, e t  a l . ,  1 993 ; Fierro, et a l . ,  1 995). 

Deletions of secondary metabol ite pathways can occur if they are contained on 

di spensable chromosomes (Johnson , et al . ,  200 I ;  I to, et al . ,  2004; Hatta, et al . ,  2002) or 

contai ned on l arge regions that are di spensable (Young, et a l . ,  1 998; Ahn,  Walton, 

1 996; Ahn,  et al . ,  2002) .  Aspergillus oryzae and A.  sojae are unable to produce 

aflatox in .  Analysis of these strains shows that there are homologues of the aflatox in  

biosynthesi s genes present, but not al l strains contain a complete set of pathway genes 

(Watson, et al . ,  1 999; Kusumoto, et al . ,  2000; van den Broek, et al . ,  200 I ) . Moreover, 

expression of the aflatoxi n homologues was not detected in  these A. oryzae or A. sojae 

i solates (Watson,  et a l . ,  1 999; Kusumoto, et a l . ,  1 998). 

1 . 1 2  C l o n i n g  gene cl usters 

Many approaches have been used to c lone gene c l usters for secondary metabol ite 

biosynthesis. These incl ude: ( I )  heterologous probing with an orthologue from another  

strain or organism (Panaccione, e t  al . ,  200 1 ;  Kel ler, e t  a l . ,  1 994; Bradshaw, et al . ,  

2002) ;  (2) screens using plasmid i nsertional mutagenesis (Young, e t  al . ,  200 I ;  Tanaka, 

et a l . ,  1 999; Young, et a l . ,  1 998; Yang, et al . ,  I 996a) ;  ( 3 )  differential screen ing 

(Spiering, e t  a l . ,  2002; Tudzynski ,  Holter, 1 998) ;  (4) complementation of mutants wi th  

cosmids (Proctor, e t  al . ,  1 999; Hohn, et al . ,  1 993) ;  (5 ) enzyme isolation (Scott-Crai g, et 

al . ,  1 992 ; Hohn, Beremand, 1 989) ; (6) PCR ampl ification w i th degenerate primers to 

conserved domains of a proposed gene (Tsa i ,  et a l . ,  1 995 ; Johnson, et a l . ,  2000; 

Panaccione, et al . ,  1 996; Proctor, et a l . ,  1 999); (7) a combined sequencing and 

transposon tagging system such as transposon-arrayed gene knockout (TAG KO) 

(Hamer, et al . ,  200 1 ) ; (8)  expression profi l e  analysis ( Pi rtti l a, et al . ,  2004; Fel i tti , et a l . ,  

2003) ;  (9) who le  genome sequencing (Galagan, e t  al . ,  2003 ; The Broad I nstitute) .  The  

approaches used to clone genes depend on what i s  known about the enzymes with i n  the 

pathway, whether the proposed chemical pathway can be used to predi ct the type of 

enzymatic functions, whether si mi lar genes have been previously i solated, w hether the 

organism i s  amenable to mutation, and whether the phenotype can be easi ly  screened 

for. 



Putat ive biochemical pathways have been establ ished for the production of i ndole­

diterpenes based on identification of l i kely i ntermediates (Munday-Finch, et a I . ,  1 998 ; 

Munday-Finch , et aI . ,  1 996a ; Mantle ,  Weedon , 1 994) . Identifi cation of paspal i ne and 

pax i l l i ne  in N. lolii i nfected Loliul71 perenne extracts suggests that these compounds are 

l i kely to be key i ntermediates in lol i trem production (Gatenby, et a I . ,  1 999) .  Support 

for the proposed pathway came from the clon ing  and characteri sation of pax i l l i ne  

biosynthesi s genes from P. paxilli (Fig .  1 . 3)  (Young, et aI . ,  200 1 ; McMi l lan ,  et  aI . ,  

2003) .  The pax i l l i ne  biosynthesi s genes are contai ned a s  a gene c luster spann ing  �25-

kb (Fig. 1 .3 ) .  The genes i n  the cl uster encode a GGPP synthase (paxG) ,  an FAD­

dependent monooxygenase (paxM) , a preny l transferase (paxC) ,  two P450 

monooxygenases (paxP and paxQ) and two genes of unknown function (paxA and 

paxB).  Deletion of paxG, paxM and paxC results in mutants that are devoid of 

detectabl e  pax i l l ine analogues (Young et al .  200 I ;  Scott, McMi l l an ,  Astin ,  Saikia, 

Young, Bryant and Parker unpubli shed results). PaxG is  proposed to catalyse the 

production of GGPP the determinant step in the pathway. This is fol lowed by the 

addition of i ndole-3-glycerol phosphate to GGPP and subsequent cycli sation catalysed 

by PaxM and PaxC ( Parker, Scott, 2004). Deletion of paxP and paxQ results i n  mutants 

that accumulate paspal ine  and l 3-desoxypax i l l ine,  respectively (McMil lan ,  et aI . ,  2003). 

However, enzymes such as P450 monooxygenases could al so be multifunctional, 

catalysing  addi tional steps (Fig. 1 . 3)  as seen in gibbere l l i n  biosynthesi s w i th the P450- 1 

and P450-2 enzymes ( Rojas, e t  aI . ,  200 1 ; Tudzynski , et aI . ,  200 1 ) . As  yet no functional 

roles are known for PaxA and PaxB (Monahan and Scott unpubl i shed reSUlts). 

The structural s imi larities of l ol i trem B and pax i l l ine,  and the presence of paspal ine  and 

paxi l l i ne in endophyte-infected plant extracts (Gatenby, et aI . ,  1 999) suggest that the 

b iosynthesis of lol i trem B is l i kely to i n i tia l ly i nvolve s imi lar enzymatic steps as those 

i dentifi ed in pax i l l i ne production. Therefore, orthologues of paxG, paxM, paxC, paxP 

and paxQ would be expected within the genome of a lo l i trem B producing  endophyte .  

I soprenylation, cycl i sation and reduction are additional catalytic steps that would be 

required to further chemical ly modify the paspal ine or pax i l l i ne  precursors to generate 

lo l itrem B (Fig. l A) .  

A feature of d i terpene biosynthetic c lusters, such as  those of gibberel l i n ,  aflatrem, 

aphidicol i n  and pax i l l i ne biosynthes is, i s  the presence of a c luster-specific  
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geranylgeranyl d iphosphate synthase (Young, et aI . ,  200 1 ;  Tudzynski , Hal ter, 1 998 ; 

Zhang, et aI . ,  2004; Toyomasu, et aI . ,  2004). Furthermore, the P. paxilli, F. fujikuroi 

and A . flavus genomes al l contain an addit ional ggs gene, which i s  presumably requ i red 

for primary metabo l i sm .  Therefore, mul t ip le  copies of GGPP synthase i s  a useful 

signature of d iterpene biosynthesis, and when put with in the context of find ing them 

with i n  a gene c luster, is a useful tool for the identification of new d i terpene and i ndole­

diterpene gene c lusters. 

1 . 1 3  Aims 

The first ai m of th i s  research i s  to  test the hypothesis that the Epichloc' endophytes that 

have the capacity to synthesi se lo l i trems w i l l  conta in  two copies of GGPP synthase, one 

of w hich w i l l  be c lustered wi th addi ti onal l ol i trem biosynthesis genes. The lol i trem 

biosynthesis genes are then predicted to be contained as a gene cl uster that w i l l  be co­

regulated and preferential l y  expressed in planta. This  gene c l uster is predicted to only 

be contained in the Epichloif endophytes that have the abi l ity to produce i ndole 

diterpenes such as lo l i trem B. 

Based on the above hypotheses thi s  project has been separated i nto four key objectives: 

( 1 )  to clone and characterise the lo l i trem B biosynthesi s genes; 

(2) determine  the expression profi l es of these genes; 

(3)  functional l y  characterise at l east one of these genes by deletion analysis and 

complementation of mutants from the P. paxilli pax i l l i ne  biosynthesis pathway; 

(4) establ ish the taxonomic di stribution of the l ol i trem biosynthesis genes and determi ne 

whether th is i s  reflected i n  the i ndole diterpene chemotype of the i solates that were 

analysed. 

In obj ective one, degenerate peR was used to i solate the two GGPP synthase genes 

from the lo l i trem B producing i solates N. lolii Lp 1 9  and E. Jestucae Fl l .  One of these 

gene products is expected to be requi red for l ol i trem biosynthesis and is predicted to 

only be present i n  the lo I i trem producing i solates. A l east 1 0  - 1 2  genes w i l l  be requ ired 

for the production of lo l i trems and these genes are predi cted to be present in a gene 

c luster at a s ing le locus. Each identifi ed gene was analysed for the i ntron/exon 

structures usin g  RT - peR and DNA sequence analysi s. Expression profi l es of each gene 



were used to determine when the genes are expressed and whether these expression 

patterns are consistent with the observation that lol itrems are predominatly produced in 

endophyte-i nfected ryegrass. 

One lo l i trem biosynthesis gene was se l ected for functional characteri sation by deletion 

analysi s to verify an invol vement in the biosynthesi s of i ndole diterpenes. 

Complementation of the P. paxiLli pax deletion mutants was used to confirm genes that 

are pred icted to be orthologues of the pax genes. 

The fi nal objecti ve addressed the taxonomic distribution of the lol itrem biosynthesis 

genes to establ i sh why so few Epichloif and Neotyphodium endophytes are unable to 

produce indole diterpene compounds. 
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CHAPTER Two 

MATERIALS AND METHODS 



2. 1 Biolog ica l  m ateria l  

Fungal and bacterial stra ins, plasmids and  A clones used throughout thi s study 

are l i sted in Table 2. 1 .  

2.2 G rowth of c ultures 

Al l  media  were prepared w ith M i I l iQ water and steri l i sed at 1 2 1 °C for 1 5  min ,  

unless otherwi se stated. 

2 . 2 . 1  Asperg i l lus Complete Media (ACM) 
ACM contained 2% (w/v) malt extract, 1 %  (w/v) Bacto-peptone, 2% (w/v) 

glucose, 1 .5% (w/v) agar. 

2 . 2 . 2  CD + Yeast Extract Med ia (CDYE) 
CDY E media contained (per L) 3 .34% (w/v) Czapek Dox (CD, Oxoid), 0.5% 

yeast extract and 5 mL of trace elements (Section 2.2.6). 

2.2 .3  LB Med ia 
LB media (Mi l l er, 1 972) contained 1 % (w/v) tryptone, 0.5% (w/v) yeast extract, 

0.5% (w/v) NaCI. The pH was adjusted to 7.0 prior to autoclaving. LB agar 

was made by the addit ion of agar to a fi nal concentration of 1 .5% ( w/v). LB 

agarose was made by the addition of agarose to a fi nal concentration of 1 .5% 

(w/v) agarose. 

2.2.4 Med ia Supplements 
Where appropriate the media was supplemented as fol lows: ampici l l i n ,  1 00 

{lg/mL; genetic in ,  1 50 and 200 {l g/mL;  hygromycin ,  1 00, 1 50 and 200 {lg/mL; 

IPTG, 38 {lg/mL; tetracyc l i ne, 15 pg/mL; X-gal , 32 {lg/mL. 

2.2 .5  Potato Dextrose Med ia 
PO broth contains  2.4% (w/v) potato dextrose broth (Difco). PO agar was 

prepared by addi tion of agar to a fina l  concentration of 1 .5% (w/v). 
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Table 2.1 Blolo Ical material 

Biolggical material 

Fungal straIns 

Epichloe amanl/ans 

E. bacomi 

E. brachyelytn 
E. bramicola 

E. darktt 
E. elyml 

E. festucae 
PN 2 l 30 
PN2 l 3 l 
PN2 l 3 3 
PN2 l 3 1 
PN2 l 34 
PN224l 
PN229l 

PN2304 

PN2303 

PN2302 

PN230l 

PN2300 

PN2299 

PN2298 

PN22 97 

PNZ296 

PN2295 

PN22 94 

PN2Z93 

P NZ Z92 

PN2343 

PN2342 

PN2 344 

PN2345 

PN2348 

PN2349 

PN2338 

PN2339 

PN2340 

PN234l 

PN2350 

P N 2 3 5 l  

PN2352 

PN2346 

PN2347 
E. glycenae 

E. sylvatlca 

E. typhma 
PN2238 

NeotyphodlUm aotearoae 
N. australiense 
N. coenophialum 
PN2 l 49 
N. huerfanum 
N. inebnans 
N. lolil 
PN2 l 9 l  
PN2 l 2 3 
PN2 1 36 
PNZ 1 38 
PNZ 1 4 1 
N. me/lcicoJa 
N. siege"i 
N. sp, Fa TG-2 
PNZ 1 Z8 
PNZ 1 47 
N .  sp. LpTG·Z 
PNZ 1 97 
PNZ 1 Z2 
N. SP. 'sleepy qrass ' 
N. tembladarae 
N. sp. 
PNZ 1 26 
PemcJlflUm pax"" 
PNZ0 1 3  

PNZZ 53 

PNZ257.  P N 2 3 7 5  

P N 2 2 9 0 .  P N 2 3 5 3  

PN2376 

PNZ 377 

PNZ378 

PN2379 

strain or identiher 

E 5 2  
E 5 7  
E248 
E l 0 3 1  
E l 040 
E 5 0 l  
E 7 9 9  
E42Z 
E 5 6  
E 1 84 

F,l 
F rc 5 
Frrl 

F rc7 
Fg l 

E 1 8 9  
Fll 

(YFl l · M l  Z 

(YFl l ·M2 8 
CYFI l ·M43 

CYFI I ·M 6 1  

CYFI 1 ·M65 

CYFI1·M80 

CYFI1·M98 

CYFI 1 ·M l 0 l  
CYFl l ·M 1 42 
CYF1 1 ·M 1 4 5 

CYFI 1 ·M 1 5 l  

CYF 1 1 ·M 1 56 

CYFl l -M 1 60 

230l -ltmM3 

2301 -ltmM 6 

Z 3 0 l -ltmM7 

2 3 0 l -ltmM 1 0  

2 3 0 l -pIl99-4 

230 1 -pIl99- 1 0  

2303-ltmM2 

2303-ltmM3 

Z303-ltmM9 

2303-ltmM 1 0 

2303-paxM2 

2303-paxM4 

2303-paxM7 

2303-pIl99-6 

2303-pIl99-8 
E 2 7 7 2  
E 2 7 7  
E503 
E354 

E8 
E505 
E42 5 
E 1 0 2 2  
E 3 4 8  
E 2 4 6 3  
Poa 
E899 
E938 

Tl28 
E4055 
E8 l 8  

L p 1 9  
Lp5 
Lp7 
Lp 1 4  (AR37) 
A R l  
E822 
E 9 1 5 

Tl1 5 
Tf20 

L p 1  
LpZ 
E4096 
E l 1 6 9 

Hd l 

LM66Z 

LMM 1 00 

ABC83 
LMMZOO- I 
LMM200-Z 

LMM300-1 

LMM300-Z 

Reley_al)t characteristics 

Host Sohenooholis obtusata 
Host AQTostlS hlemalls 
Host Aqrostls stofondera 
Host CafamaQros tis Vll!osa 
Host Brachvelvtrum erectum 
Host Bromus erectus 
Host Bromus benekenll 
Host Ho/cas /anatus 
Host Elvmus canadensis 
Host Elvmus virQm1cus 

Host Festuca rubra 
Host Festuca rubra ssp. commutata 
Host Festuca rubra ssp. rubra 
Host Festuca rubra ssp. commlltata 
Host Festuca afauca 
Host Festuca rubra sSP. rubra 
Host Festuca fonaifofla: wlld-tyoe: Lolitrem B POSitive 

PN229 1 /6 ItmM: : P trpC-hph: Hyq" 

PN2291 /6ItmM::P trpC-hph: Hyqo: lolltrem neqatlve 

PN2291 /6ItmM::P tmC-hph: HyqF 

PN2291 /6 ftmMG::P trpC-hph: HyqP: lolltrem neqatlve 

PN2291 /6 ItmM: :P trpC-hph: Hyq" 

PN2291 /6 ftmM:: P trpC-hph: HyqR 

PN2291 /6/rmM::P trpC-hph; Hyq" 

PN2291 /6 /tmM: :P trpC- hph: HyqF 

PN2291 /6 itmM::P trpC- hph: Hyq� 

PN2291 /t. ltmM: : P trpC-hoh: Hyq" 

PN2291 /ftmM5'-P trpC-hph-ltmM3' ;  Hyq": 
ectopIc Integration; lolitrem positive 
PNZ291 /6ItmM: :P trpC- hph: Hyq� 

P N 2 29 1 !  {tmMS'-P trpC- hph-ltmM3'·, HVQ�; 
ectopIc Integration: lohtrem positive 

PN2301 /pCY40; Hy qR GenR; lolltrem neqative 

PNZ 30 1 /pCY40: Hvq" Genl": lolltrem neqatlve 

PNZ301 /pCY40: Hyq� Gen
P

; lolitrem neqative 

PN2301 / pCY40: HVqR GenP; lolttrem neqatlve 

PN230 1 / pI199: HVqP Ge n'; lolitrem neqative 

PN2301 /pI199; HvqQ Gen": lolitrem neqatlve 

PN2303 /pCY40: HVq� Gen
"'

; lolltrem positive 

PN2303/pCY40: HyqQ GenR; lolitrem positive 

PN2303/pCY40; Hyq' Gen"'; lohtrem positive 

PN2303/pCY40: Hyq' Gen�: lolitrem positive 

PN2303 /pCY4 1 :  Hyq"' Gen": lohtrem neqatlve 

PN230 3/pCY4 1 :  Hvq� Gen;: loiitrem neqatlve 

PN2303 /pCY4 1 :  Hyq? Geno: lolltrem positive 

PN2303/p1199; HyqP Gen
"

: lohtrem neqatlve 

PN2303/p1199; Hyq" Gen' : lohtrem neqatlve 
Host Glvcena stnata 
Host GJvcelia stnata 
Host BrachvoodlUm svlvaticum 
Host BrachvoodlUm svlvatlcum 

Host perennial ryegrass; lolltrem B negative 
Host BrachvoodtUm prnnatum 
Host Ph/eum {Jra tense 
Host Poa nemorafls 
Host Phlet/m tJ(atense 
Host Dactvhs Qlomerata 
Lolitrem B negative 
Host EchlfJof)oQon ovatus 
Host EchmoPoQon ovatus 

Host Lolium arundmaceum 
Host Festuca arizomca 
Host Achnatherum inebrians 

Host Lotium perenne: wild-type: lolltrem B positive 

Host Lofium perenne 
Host Lohum f)erenne 
Host Lolium perenne; ianthltrem positive 
Host Lolium perenne; lolitrem B neqatlve 
Host Mehca racemosa 
Host Lofium ora tense 

Host Lalium arundinaceum 
Host Lolium arundinacellm 

Host Lo/tum pe/eone; lolitrem B neaatlve 
Host Lolium perenne 
Host Stl{Ja robusta 
Host Poa huecu 

Host Hordeum boadanil 

Wild-type; paxillne POSitive 

PN20 1 3/6paxT-paxD: HyqR; paxllline neqatlve 

PN201 3/6paxM; Hyqo: paxllllne neqatlve 

PN201 3 /6paxC: Hyq'; paxilline neqatlve 

PN2Z5 7/pI199: HVqF Gen ": paxililne neqatlve 

PN225 7/pIl99: HyqR Gen�: paxll line neqatlve 

PN2257/pCY40; Hyq" Gen"; paxllllne positive 

PN22 57 /pCY40: HvqF Gen"; paxilline positive 

Reference 

ATCC 200743, Schardl et ai, 1 99 7  
ATCC 200744, Schardl et at 1 99 7  
ATCC 7 6 5 5 2 7  
M o o n  a n d  Schardl. Schardl et a l , 1 99 7  
ATCC 200752. Scha rdl and Leucht mann, 1 9 9 9  
ATCC 200749, Leuchtmann and Schardl. 1 9 98 
ATCC 201 559, Leuchtmann a nd Schardl. 1 9 98 
ATCC 90168. Schardl et ai,  1 9 97 
ATCC Z0 1 5 5 1 ,  Schardl and Leuchtmann. 1 9 9 9  
ATCC Z 0 0 8 5 0 ,  Schardl and Leuchtmann, 1 9 9 9  

Leuchtmann, 1 99 4  
M .  C hn<;tensen ( AqResearch, N Z )  
M. C hnstense n (AqResearch, N Z )  
M. C hnstensen (AqResea rch, N Z )  
M .  Chnstensen (AqResearch. NZ) 
Scha rdl et al. 1 9 94 
Leuchtmann, 1 99 4  

This study 

This study 

This study 

This st udy 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Th,s 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 
ATCC 200755.  Schardl and Leucht mann, 1 99 9  
ATCC 200747, Schardl a n d  Leuchtmann. ") 9 9 9  
ATCC 200 7 5 1 .  Leuchtmann a n d  Schardl. 1 99 8  
ATCC 200748. leuchtmann a n d  Schardl. 1 99 8  

Schardl e t  a i ,  1 9 94 
ATCC 200739, Scha rdl et a l, 1 99 7  
ATCC 20085 1 ,  Schardl et al. 1 997 
ATCC 201 668, Leuchtmann and Schardl, 1 9 98 
CB5 1 0 2648 
Moon and Schardl, University of Kentucky 
M. Chnstensen, AgResearch, NZ 
Moon and Schardl, University of Kentucky 
Moon and SchardL UniverSity of Kentucky 

Christensen et al, 1 9 93 
Moon and Schardl, University of Kentut.::kv 

Moon and Schardl, University of Kentucky 

Chnstensen et a l. 1 9 93 
Christensen et al, 1 9 93 
Cf"Jristenser, et al. 1 993 
Chnstensen et al.  1 993 

M Chnstensen (AqResearch, NZ) 
Moon and Schardl. UniverSIty of Kentucky 

ATCC 74483 

Chnstensen et ai, 1 9 93 
Christensen et al, 1 9 93 

Christensen et al, 1 993 
Christensen e t  a l ,  1 9 93 
Moon and Schardl, UniverSity of Kentucky 
AT(C 200844 

M. Chnstensen (AqResearch, NZ) 

Itoh et ai, 1 994 

Younq et al, 2001 

McMillan and Scatt, unoubl"lshed 

Bryant, Astin and Scott, unpublished 

ThiS study 

This study 
This st udy 

ThiS study 



Biological material 

PN2380 

PN2381 

PN2382 

PN2383 

PN2384 

PN238S 

PN2386 

PN2387 

PN23BB 

PN23B9 

PN2390 

PN2391 

PN2392 

PN2393 

PN2394 

PN2395 

PNZ396 

PN2397 

PN2398 

PN2399 

PN2400 

PN2401 

PN2354 

PN2355 

PNZ3S6 

PNZ357 

PN2358 

PN23S9 

PN24 1 6  

PN2360 

PN2361 

PN2362 
PN2363 

PN2364 

PNZ365 

PN2366 

PN2367 

PN2368 
PN2369 

PN2370 

PN2 3 7 1  

PNZ372 

PN2373 

PN2374 

Plant matenal 

L oliurn perenne 
Gl l 1 2  
G l l 1 3  
G l l 1 4 
G 1 1 1 5 
G l 1 1 6  
G 1 1 1 7  
G 1 1 1 8 
Gl 1 1 9  
G 1 1 20 
G1 1 2 1 
Gl 1 22 
Gl 1 23 
G l 1 24 
G1 1 2 S  
Gl 1 26 
Gl 1 2 7  
G 1 1 28 
G l 1 29 
Gl 1 30 
G1 1 3 1  
G 1 1 32 
G 1 1 33 
Gl 1 3 S  
Gl 1 36 
G1 1 37 
Gl 1 38 
G 1 1 67 
G 1 1 68 
Gl 1 69 
Gl 1 70 
G 1 1 7 1 
G 1 1 72 
Gl 1 73 
G l 1 74 
G 1 1 7 5 
Gl 1 76 
G 1 1 77 
G 1 1 78 
Gl 1 79 
Gl 1 80 
G l l Bl 
Gl 1 B2 
Gl l B3 
G l 1 84 
Gl 1 85 
G 1 1 86 
G 1 1 87 
Gl 1 88 
G 1 1 89 

stram or Identlher 

LMM300-3 

LMM300-4 

LMM400-1 

LMM400-2 

LMM400-3 

LMM400-4 

LMM400-S 

LMMSOO-l 

LMMSOO-2 

LMM SOO-4 

LMMSOO-7 

LMMSOO-8 

LMM500-9 

LMM600-2 

LMM600-3 

LMM600-4 

LMM600-5 

LMM600-6 

LMM600-7 

LMM600-B 

LMM600-9 

LMM600-1 0 

ABC2B3- 1 

ABCZB3-2 

ABC3B3-1 

ABC3B3-2 

ABC3B3-3 

ABC383-4 

ABC383-5 

ABC4B3-1 

ABC4B3-Z 

ABC483-3 

ABC4B3-4 

ABC4B3-S 

ABCSB3-1 

ABCS83-Z 

ABCS83-3 

ABCS83-4 

ABCS83-S 

ABC583-6 

ABC583-7 

ABC5B3-8 

ABC583-9 

ABC583-10 

Contains 
CYFI-M28 
CYFI-M28 
cYFI-M28 

CYFI-M2B 
CYFI-M28 
CYFI-M6 1 
CYFI-M 6 1  
CYFI-M61 

CYFI-M61 
CYFI- M 1 4 2  
CYFI-M1 42 
CYFI- M 1 42 
CYFI- M 1 42 
CYFI- M 1 42 
cYFI-Ml S l  
CYFI-Ml S l  
CYFI- M 1 5 1  
CYFI- M 1 5 1  
CYfI-M1 5 1 
Fll  
Fll 
Fll 
F l l  

2303-ltmM2 
2303-ltmM2 
2303-ltmM3 
2303-ltmM3 
2303-ltmM3 
2303-ltmM9 
2303-ltmM9 
2303-ltmM l 0  
2303-ltmM 1 0  
2 303-pI199-6 
2303-pII99-6 
2303-pII99-8 
2303-pI199-B 
2303-paxM2 
2303-paxM2 
2303-paxM4 
2303-paxM4 
2303-paxM7 
2 303-paxM7 
2 3 0 1 -ltmM3 
2 3 0 1 -ltmM3 
2 3 0 l -ltmM6 
2 3 0 1 -ltmM6 

Relevant characteristics 

PN2257/p(Y40; HVqR GenR: paxillme POSitive 

PN2257/p(Y40; HVqR Gen', paxllllne POSitive 

PNZ257/p(Y41 ; HVq� Gen�: paxllllne neqatlve 

PNZZ57/p(Y41 ;  HyqP GenR; paxllhne neqatlve 

PN225 7/p(Y4 1 :  Hyq� Gen': paXIIllne positive 

PN2257/p(Y4 1 :  Hvq'" Gen'; paxllllne positive 

PN225 7/p(Y4 1 :  Hvq" Gen": paxillme neqatlve 

PN22 5 7 Ip(Y54/p1l99, HYQ � Gen"': paxilhne positive 

PN2257/p(Y54/pIl99: HVq" Gen'l: paxtlline neqatlve 

PN2257/p(Y54/pII99: Hvq' GenR: paxill,ne neqatlve 

PN2257/pCY54/p1199: Hyq" GenF; p;mlhne positive 

PN22 5 7 10(Y 54/p1I99: HvqP Gen': paxilhne positive 

PN2257/0(Y54/01199: Hyct Gen�; paxllline neqatlve 

PNZ257/pCY5S/pIl99: Hyq"' Gen�; P3xlihne positive 

PNZ25 7 IpCY5 5/pll99, HVqP Gen ": pax ill me positive 

PN225 7/p(Y5 S/pH99: HVq'l GenF, paxdhne positive 

PN2257/p(Y55/pIl99: HVq'1 Gen"; paxilhne neqatlve 

PN2257/p(Y55/pII99: HVqR GenP: paxilhne positive 

PN2257 Ip(Y55/pIl99: Hvq" Gen�: p,mllme n�qatlve 

PNZ257/pCY55/p1l99: HyqR Gen": paxillme positive 

PN2 Z 5 7/0CY55/pIl99: Hyq" GenQ: paxllline n�qatlve 

PN2Z57/0(Y55/pIl99: HVqR Gen" : paxillme POSitive 

PN2290/pIl99: HvaR Gen�: paxillme neqatlve 

PN2290/pIl99: Hyq" Gen�, paxlllme neqatlve 

PN2290/p(Y66/pII99: HVqO Gene'; paxilline neqatlve 

PN2290/p(Y66/pIl99: Hvqq Gen": paxillme neqatlve 

PN2Z90ipCY66/p1l99: Hyq'" Gen" paxlllme neqatlve 

PN2290/P(Y66/pI199: HyqR Gen"; oaxllline neqatlve 

PN2290/p(Y66/pII99: Hyq" Gen"; paxllhne neqatlve 

PN2290/pJA8: Hyq" Gen"; paxdlme positive 

PN2290/pJA8: Hyq' Gen�: padllne positive 

PN2290/pjA8: HYaP Gen": D,-wllme pOSitIVe 

PN2290/pJA8: HVq� Gen': paxilllne positive 

PN2290/pJA8: Hvq" Gen'; paxllllne POSitive 

PN2290/pCY34/p1l99; HYqf." Gen": paxlHme neqatlve 

PNZ290/p(Y34/pIl99: Hyq- Gen": paxlllme positive 

PN2290/p(Y34/pIl99; Hyq;; Gen�: Daxlilme POSitive 

PNZZ90/p(Y34/pI199: Hyq" Gen": paxilline positive 

PN2290/p(Y34/pIl99: HVq� GenQ: paxilline neqatlve 

PN2 290/p(Y34/01199: HVq� Genr: oaxilline POSitive 

PN2290/p(Y34/pIl99: Hyq� Gen�: paxillme positive 

PN2290/pCY34/p1199; HVq� Gen"; paxilline positive 

P�2290/pCY34/pIl99: HyqD GenD; paxilllne Positive 

PN2290/p(Y34/pI199: Hyq" Gen': paxillme positive 

L, perennelPN2303 
L. perennelPN2303 
L. perenne/PN2303 
L oerenne: endophyte free 
L. pelenne/PN2303 
L. .oerenne/PN2303 
L. oerennelPN2301 
L. perenne/PN 2 3 0 1  
L. perenne/PN2301 
L peremne: endophyte free 
L perenne/PN2 3 0 1  
L. perenne/PN2296 
L perenne/PN2296 
L. perennelPN2296 
L perenne/PNZ296 
L. perenneiPN2Z96 
L perenne/PN2294 
L. perenne/PN2294 
L. perenne/PN2294 
L. oerenne/PN2294 
L perenne/PN2294 
L perenne/PN229 1 
L. perenne/PN 2 2 9 1  
L .  perenne/PNZZ9 1 
L perenne/PN2 2 9 1  
L. perenne; endophyte free 
L. perenne/PN2338 
L. perenne/PN2338 
L. pelenne/PNZ339 
L. perenne/PN2339 
L. perenneiPN2339 
L .oerenne/PN2340 
L. pererme/PN2340 
L. perenne/PN2341 
L. perennelPN2341 
L. perenne/PN2346 
L. perenne/PNZ346 
L. perennelPNZ347 
L. perenne/PN2347 
L perenne/PN2350 
L, perennelPN2 3 5 0  
L. perenne/PN2351 
L. perenne/PN2 3 5 1  
L. perennelPN2 3 5 2  
L. .oerenne/PN235Z 
L. perenne/PN2343 
L. .oerenne/PN2343 
L. .oerenne/PN2342 
L. perennelPN2342 

Reference 

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 

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 

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 
This studv 
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 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 



Biological matenal 

G l 1 90 
G l 1 9 1 
G1 1 92 

G 1 1 93 
G l 1 94 
G 1 1 9 5 
G 1 1 96 
G 1 1 97 
G 1 1 98 
Gl 1 99 

G 1 200 

G 1 201 
G 1 202 
G 1 203 
G 1 204 
G 1 205 

Bacterial strains 

XL 1 -81ue 

KW2 5 1  

PN1 676 
P N 1 6 7 7  
P N 1 8 S 5  
P N 1 856 
P N 1 8 5 8  
PN 1 8 5 7  
PN1 853 
PN1 854 
P N 1 8 5 9  
PN1 6BB 
PN1 8 5 1  

Plasmlds 

pCB1004 

pCY29 

pCY28 

pCY34 
pCY39 

pCY40 
pCY41 
pCY47 
pCY48 
pCY49 

pCY54 

pCY55 
pCY66 

pGEM-T 

pGEM-T easy 

pll99 

pJAB 

pPN1688 
pPN 1 8 5 1  

pUC 1 9  
pUC l 1 8  

Lambda clones 

i.CY46 
1.( Y 1 00 
;_C Y 1 0 2  
ACYZ 1 8  
;.02 1 9 
;�(YZ24 

;.CY225 

iCY226 

iCY2Z7 

;.0229 

;.CY231 

;.CY2 5 5  
;_CY275 
;.CYZ74 

;.0300 
iCY301 

;.CY305 
;.CY324 

;.CY325 
iCY338 
'.(Y344 

;_CY346 

strain or Identlner 

2301 -ltmM7 
Z 3 0 HtmM7 
2 3 0 1 -ltmM 1 0  

2301 -ltmM l 0  
2 3 0 1 -pIl99-4 
2 3 0 1 -pIl99-4 
2 3 0 1 -pIl99- 1 0  
2301 -pIl99- 1 0  
F l l  
FIt 
CYFll-M28 
CYFll-M28 
CYFll-M61 
CYFll-M61 

pCYhph 

Relevant charactenstlcs 

L.  perenne/PNZ344 

L. perenne/PN2344 

L. perennelPN2345 

L. perenne/PN2345 

L. perenne/PN2348 

L. perenne/PNZ348 

L. .oerenne/PN2349 

L. perenne/PN2349 

L . .oerenne/PN Z Z 9 1  

L.  perenneJPN2291 

L. .oerenneJPNZ303 

L . .oerenne/PN2303 

L .  pelenne/PN2301 

L. oerenneJPN230 1 
L. oerenne; endophyte free 
L. .oerenne.· endophyte free 

sup£44 hsdR I 7  recA J avrA46 thl relA J Lac 

F'(oroAS' lac!' lacZ,d M l 5  Tn 70 (Tet�)J 
F supE44qalT22 m e t 8 1  hsdRZ mcrA r arqA8 1 :Tnl 01 

recD 7 0 1 4  TetP 
X L 1 /pCY28 
XL l /pCY29 
XL 1 /pCY34 
XL 1 /pCY39 
XL l /pCY40 
XL l /pCY41 
X L  l /pCY54 
XLl /pCY55 
XL l /pCY66 
XL l /pPN 1 688 
X L 1 /pPN 1 8 S t  

Amp� 1HyqP (P trpC-hph) 

DGEM-T contalnlnq a 272-bp aas J PCR fraqment; Am pR 
pGEM-T contalninq a 209-bp ItmG PCR fraqment; Amp'� 

pPN 1 8 5 1  contalnlnq a Itme 1 . 2 kb NcollEcoRI fraqment; Amp;' 

pUC 1 1 8  contalnlnq NlltmM5'-P troC- hoh-ltm/vf3' ;  AmpP 1HvqP 

pll99 containinq NlltmM on a 7 kb Xhol fraqment: AmpR /Gen� 

pl199 contalninq pppaxM on a 3.7 kb BC/�I fraqment; Amp� IGenR 

Reference 

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 

Bullock et ai, 1 987 

Promeqa 

This study 
This study 
This study 
This study 
ThiS study 
ThiS study 
ThiS study 
This study 
ThiS study 
This study 
ThiS study 

Carroll e t  al, 1 994 

This study 

ThiS study 

ThiS studY 
ThiS study 

ThiS study 

ThiS study 
pGEM-T easy contalnlnq a IrmG cDNA amplined with primers 10179 and 1011 5 7  This study 
pGEM-T easy contalnlnq a ItmM cDNA ampllned with primers 1017 and 10128 

DGEM-T easy containlnq a Itmk cDNA amplified with primers 10132 and 1018 

pPN1 8 5 1  contalnlnq NlltmM as a 1 .8 kb J\!col/Sstl fraQment: AmpR 
pPN1 8 5 1  contalnlnq EfltmM as a 1 ,8 kb NcollSstl fraqment: Am�' 

pUC 1 1 8  contalnlnq a 3.5 kb Hmdlll /tmC fraqment: AmpQ 

AmpR 

AmpP 

AmD� IGenR (PtIPC-nptff T trpC) 

AmpP/Hyq' (P tr.oC-hph ) 

Amp" IHvq� (Ptr.oC-hph) 
pUC 1 9  containlnq BamHI fraqment of 850 bp of paxM promoter 
ampllhed with primers eY9 and CY1 1 :  Amp� 

AmpR 

Amp" 

i.GEM-l 1 clone from P. paxJ/li containing paxM 

i,GEM-l 2 clone from N. lo/il containing ggs I 

i,GEM-1 Z clone from N. lolli containing gg5 1 

'.GEM- 1 2  clone from N. lofll containing ItmG 

i,GEM-1 2  clone from N. lolii containing ItmG 

i.GEM-1 2  clone from N. 10111 containmg Rua 

i.GEM- 1 2  clone from N. 10111' containing Rua 

{,GEM- 1 2  clone from N. (olii containing Rua 
; GEM-1 2 clone from N. 10/11 containing Rua 

i.GEM- 1 2  clone from N. 10/11 containing Rua 
f.GEM- 1 2  clone from N. !olii containing Rua 

I.GEM-1 2 clone from N. lolii containing ItmK 

f.GEM- 1 2  clone from N. lolil containing pks 

i.GEM-1 2 clone from N. IoN containing pks 

;,GEM-1 2 clone from N. /0111 containing ItmC 

i.GEM- 1 2  clone from N. lolil containing ftmC-ttmP 

i.GEM - 1 2 clone from N. folll containing ItmC 

f.GE.M- 1 2  clone from N. fofli contalmng ItmJ 
i GEM- 1 2 clone from N. 10111 contammg ItmJ and chsV 

j,GEM-1 2 clone from N. lolii containing ItmJ and chsV 

f.GEM- 1 2  clone from N. 10111 contaming ttmC-ltmP 

;,GEM-1 2  clone from N. lolil containrng ItmP 

ThiS studY 
This study 

ThiS study 

ThiS study 

This study 
Promeqa 

Promeqa 

Namikl et al. 2001 

Brvant. Astin and Scott. unpublished 

This study 
ThiS study 

Messinq 1 9 83 

Vie Ira and Messmq. 1 987 

Young et al. 2001 
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 
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Genomic DNA from all ATCC, CSS or strains was supplied by Moon and Schardl (University of Kentucky). 



2.2 .6  sac Media 
SOC media (Dower, et aI . ,  1 988) contained: 20 mM glucose, 2 .5 mM KCI , 1 0  

m M  M gCI2, 1 0  m M  MgSO-l.7H20, 1 0  m M  NaCI ,  2% (w/v) tryptone, and 0.5% 

(w/v) yeast extract. 

2.2.7 Trace Elements 
Trace Element M i x  contained (g/L): 0.5 FeSO.j.7H20, 0.5 ZnSO-l.7H20, 0. 1 

M nSO.j.H20, 0.05 CuSO.j.5 H20, 0.04 CoCI2.6H20, made up i n  0.6 N HC! . 

5 mL was added to CDYE (Secti on 2.2.2). 

2.2.8 Top Agarose 
Top agarose contained 1 % (w/v) tryptone, 0.5% (w/v) N aCI, 0.8% (w/v) 

agarose. Before use the top agarose was supplemented with M gSO-l.7H20 to a 

fi nal concentration of 1 0  mM.  

2 . 2 . 9  F u ng a l  Growth cond itions 
Fungal strains were grown at 22°C in potato dextrose broth or on potato dextrose 

agar p lates (Section 2.2.5) unti l  a suitable l evel of growth was attained. Cultures 

were then maintained at 4°C. 

Endophyte stra ins were purified by serial p lati ng on PD agar. P. paxilli was 

purified by plating  a spore suspension for s ingle colonies. 

Spore suspensions of P. paxilli were made by growing cul tures on ACM p lates 

for three days and resuspending a block of mycel i a  in  0.0 1 %  (v/v) Triton X- l OO. 

The spore concentration was determined using a haemocytometer s l ide. 

2.2. 1 0  Bacteria l  G rowth Con d itions 
E. coli cultures were grown at 37°C i n  LB broth or on LB agar plates (Section 

2 .2 .3 ). Where necessary media was supplemented wi th ampici l l i n  to a 

concentration of 1 00 {lg/mL. Cultures were stored at -70°C i n  50% (v/v) 

glycerol .  



2.3 DNA isolation 

2 . 3 . 1  Plas m id D NA 
Plasmid DNA was i so lated and purified using e i ther a B ioRad Quantum Prep® 

plasmid min iprep kit or a Qiagen p lasmid min i  kit according to the 

manufacturer's instructions. 

2.3 .2  Genomic D NA 
Genomic DNA was i solated from freeze-dried mycel ia  or protoplasts using the 

methods of Mal l er, et  a I . ,  ( 1 992), Byrd, et aI . ,  ( 1 990) or Yoder, ( 1 988) .  

Genomic  DNA was i solated using  both l arge scale and min i -prep scale. 

DNA was extracted from fungi and endophyte-infected perennia l  ryegrass using  

the method of Mal l er e t  a l  ( 1 992). Freeze dried material used for DNA 

extraction was ground to a fine powder i n  l iquid n i trogen and resuspended in  1 0  

m L  of TES buffer ( 1 00 m M  Tris, 1 0  m M  Na2EDT A ,  2% SOS, p H  8.0) .  

Proteinase K (2 mg; Roche) was added and the m ixture i ncubated at 60°C for 1 

h .  NaCl and eT AB ( 1 0% )  were added to a final  concentration of l A  M and 1 %, 

respectively and the solution incubated at 65°C for 1 0  m in .  Chloroform ( 1 4  mL) 

was added, the sol ution mixed thoroughly  and i ncubated on i ce for 30 min then 

centrifuged at 1 6,060 g for 1 0  min .  Ammonium acetate (4.5 mL of 5 M) was 

added to the aqueous phase, which was mixed gently and p laced on i ce for 30 

min, then centrifuged as above. The supernatant was m ixed gently wi th 1 0. 1 m l  

of i sopropanol , and the DNA precipitated on  ice for 1 5 -30 min .  The sample was 

centrifuged for 10 m i n  as above, and the DNA pel l et was washed with 70% 

ethanol ,  dried and resuspended in 500 ,uL of H20. 

Genomic DNA was extracted from fungal i solates usi ng  the method of Byrd et 

al ( 1 990) .  Freeze-dried myce l ium ( lOO mg) was ground to a fine powder under 

l iquid n itrogen and suspended thoroughly in 1 0  mL of extraction buffer ( 1 50 

mM N a2EDTA,  50 m M  Tris, 1 % sodium lauroyl sarcosine,  2 mg/mL protei nase 

K, pH 8 .0) .  The sol ution was centrifuged at 2,000 g for 1 0  min  at 4°C. The 

supernatant was incubated at  37°C for 20 min,  extracted w ith an equal volume of 

Tris-equi l i brated phenol (Amersham or Inv i trogen) and spun at 20,200 g for 1 5  

min  at 4°C. The aqueous phase was extracted i n  a s imi lar manner wi th equal 



vol umes of phenol/chloroform and fi nal ly  w ith chloroform. The aqueous phase 

was centrifuged at 25,000 g for 20 min and the DNA was precipitated with one 

vol ume of i sopropanol at 4°C for 10 min. The DNA was spun by centrifugation 

at 8 ,000 g for 1 0  min at 4°C and the resulti ng DNA pel l et was washed with 70% 

ethanol ,  dried and resuspended in 500 j1 L of H20. 

To i solate genomic DNA from fungal protop lasts the protoplasts were generated 

as in Section 2 .9 by digestion of myce l ia overni ght in G l ucanex (Chemcolour 

I ndustry). The protoplasts were fi ltered through a nappy l i ner (Chux),  an equal 

volume of STC buffer ( I  M sorbitol , 50 m M  CaCI2, 50 mM Tris-HCI , pH 8.0) 

added and the protoplasts pel l eted by centrifugation at 8 ,000 g for 5 min .  The 

protoplasts were resuspended in  0.5 mL of STC buffer, then 5 mL of extraction 

buffer that contai ned 50 j1L RNase ( I  mg/mL) was added. The method of Byrd, 

et aI . ,  ( 1 990) was fol lowed as above w ith the DNA precipitated with i sopropanol 

d irectly after the chloroform extraction .  

DNA was i solated on a smal l scale uSl llg modifications of the Y oder ( 1 988) 

method as described. Freeze-dried myce l ium ( 1 0  mg) was ground to a fine 

powder with l i quid ni trogen in  a microcentrifuge tube and homogen ised with 

500 j1 L of buffer ( 1 00 mM LiCI , 10 mM Na2EDTA, 0.5% SDS, 10 mM Tris­

HCI , pH 7.4). This mixture was extracted w ith Tris-equi l i brated phenol (500 

j1L; Amersham or I nvitrogen )  and centrifuged for 1 5  min .  The aqueous phase 

was extracted with an equal vol ume of ch loroform, and the DNA prec ipitated 

with 800 ll L of 95% ethanol . The prec ipitated DNA was washed wi th 70% 

ethanol , dried and resuspended in  50 j1 L of M i l l iQ H20. 

2.3.3 Lam bd a  DNA 
Lambda DNA was i solated from a plate lysate using a PEG preci pitation and 

phenol/chloroform purification. Phage were plated for confl uent lys is  on LB 

agarose plates (Section 2.2 .3) ,  overlaid w ith 5 mL of SM buffer ( 1 00 mM NaCI , 

8 mM MgS04.7H20, 0.0 1 % (w/v) gelati n ,  50 mM Tri s-HCI , pH 7 .5)  and left 

overn ight at 4°C. The lysate was col l ected and treated w ith DNase and RNase 

(final concentrations of 1 j1g/mL) and i ncubated at 37°C for 30 min .  A 5 niL 

a l iquot of PEG sol ution (20% w/v PEG 6000, 2 M NaCI ) was added, the 

solution mi xed and incubated on ice for 1 hour. The phage was pel l eted by 
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centrifugation at 5 ,800 g for 30 min  at 4°C, The pel l et was resuspended i n  0.5 

mL of SM buffer with 5 fiL of 1 0% w/v SDS and 1 0  fiL of 250 mM Na2EDTA 

(pH 8.0) and incubated at 68°C for 1 5  min .  The phage coat and associated 

proteins  were removed by extracti ng w ith an equal volume of Tri s-equi l i brated 

phenol (Amersham or I nvitrogen) .  The aqueous phase was further extracted 

w ith equal volumes of phenol and chloroform and fina l ly  w i th an equal volume 

of chloroform. The DNA was prec ipi tated by the addi tion of an equal vol ume of 

i sopropanol , i ncubated on ice for 30 m in  and spun for 1 0  m in  at top speed i n  a 

microcentrifuge. The DNA pel l et was washed with 70% ethanol and 

resuspended in 50 fiL of H20. 

2.4 DNA m a n i p u l atio n  

2 .4 . 1  D N A  q ua n tification 
DNA was quantified usin g  a comparison to the Low Mass Ladder ( lnvi trogen) 

or by fluorometric quantification on a DyNA Quant ( Hoefer) according to the 

manufacturer's i nstructions.  

2.4.2 Restriction endonuclease d igestion of DNA 

AQ 

Restrict ion endonuclease ( RE) digests were carried out i n  the commercial buffer 

recommended by the manufacturer. Digests typical l y  contained an excess of 

enzyme (�3- 1 O  uni ts of restriction enzyme/fig of DNA) and were performed i n  a 

water bath at the recommended temperature. A smal l al iquot of digested DNA 

was checked on a mini  gel to ensure complete digestion. 

Endophyte genomic  DNA was typical l y  d igested overn ight  in  a 200 llL volume 

contain ing  1 -2 fig of genomic DNA and 1 x BSA (New England B iolab). A 

sample  ( 10 fiL) was checked for complete digestion by separating  out on a 

minigel  before the DNA was concentrated by ethanol precipi tat ion. Typical ly  

genomic DNA requi red for Southern analysis was  resuspended in  30 fiL of H20 

and 20 fi L  of SDS loadin g  dye ( 1  % SOS, 0.02% bromophenol b lue,  20 % 

sucrose and 5 mM Na2EDT A) was added for loading. 



DNA embedded i n  agarose p lugs (Section 2.4.5.2) was first equi l ibrated three 

times in 1 0  mM Tri s-HCI (pH 8.0). The p l ugs were then equi l i brated for 30 min 

at  37°C i n  reaction buffer contain ing 1 x appropriate commercial  buffer and 1 x 

BSA (New England Biolab). The reaction buffer was replaced wi th reaction 

buffer contain ing 1 00 - 200 units of RE equi l ibrated on ice for 1 0  min  and then 

a l lowed to digest overnight at the recommended temperature. 

2.4.3 DNA p u rification and precipitation 
DNA was purified by phenol/ chloroform extraction to i nacti vate enzymes and 

remove i mpurities that may in terfere w i th further man ipulations. The DNA 

sol ution was extracted wi th an equal volume of Tris-equi l i brated phenol 

(Amersham or Inv itrogen)  and ch loroform, vortexed and spun for 5 min in a 

microcentrifuge. The aqueous phase was extracted wi th 1 -2 vol umes of 

chloroform as above. The DNA was then precip i tated w ith ethanol or 

i sopropanol .  

PCR products that required sequencmg or those used for radioacti ve 

hybrid i sation, were purified using the Qiagen minEl ute® PCR purification 

system accord ing to the manufacturer's i nstructions. 

Fragments that requi red extraction from an agarose gel were exci sed under long 

wavelength UV l i ght and purified using  the Qiagen gel extraction purification 

kit according to the manufacturer's i nstructions. 

DNA that requ ired concentrati ng was precipitated usmg 1 1 1 0  volume of 3 M 

sod ium acetate (pH 7.0) and e i ther 2 .5 vol umes of 95 % ethanol or 0.6 volumes 

of i sopropanol .  The sol ution was mi xed by inversion and incubated on ice for a 

m in imum of 1 5  min .  The DNA was pel l eted in  a microcentrifuge for at l east 1 0  

min .  The DNA pel l et was washed with 70% ethanol and dried at 37°C before 

resuspending i n  either H20 or TE ( 1 0 m M  Tri s-HCI , O. I m M  Na2EDTA, pH 

8 .0) .  



2.4.4 Subclon i ng 

C l  

PCR products that required subcloning were l igated i nto the pGEM®-T or 

pGEM®-T easy vectors ( Promega) according to the manufacture r's i n structions. 

Other vectors were prepared for subcloning by restriction enzyme digestion of 

the vector DNA (typical l y  2-5 jig) fol l owed by i ncubation at 37°C with 0. 1 unit 

of calf alkal ine  phosphatase ( Roche) for 30 min .  Na2EDT A (fina l  concentration 

of 5 mM),  SOS (fi nal  concentration of 0.5%) and proteinase K (final 

concentration of 50 jig/mL, Roche) were added and the m ixture was i ncubated at 

56°C for 30 min .  The DNA was purified by phenol/ch loroform extraction and 

ethanol precip itated (Section 2.4.3) .  The vector was separated on an agarose gel 

and further purified by agarose gel purification (Section 2.4.3 ) .  

Ligations were performed i n  a 20 jiL reaction volume as fol l ow s; 2 jiL of 

l igation buffer (New England Biol ab), 20 ng of vector, O. I - I ,uL of T4 DNA 

l i gase (New England Biolab) and a 2-3 fol d  molar excess of insertvector. The 

l i gation mixture was incubated overn ight at 4°C. 

E. coli strain XL- l b lue was transformed with l i gation mixtures by 

e lectroporation. E. coli cel l s  for e lectroporation were prepared by i noculation 

( 1 / 1 00)  of an overnight X L- I culture i nto I L of LB (Section 2 .2 .3)  and grown 

unti l mid- log phase (A60o 0.5- I .0). The cel l s  were chi l l ed on ice for 20 min and 

harvested by centrifugation at 4,000 g for 1 0  m in  (4°C) .  The cel l s  were 

resuspended twice i n  ice-cold water (once in I L then i n  500 mL, spinn ing as 

above) fol lowed by two resuspensions i n  ice-cold 1 0% glycerol (20 mL then 4 

mL).  The cel l s  were stored at -70°C. 

Electrocompetent E. coli cel l s  (40 jiL) were m ixed w ith 2 jiL of l igation mix  and 

incubated on ice for I min. The cel l s  were placed in the base of an i ce-cold 0.2 

cm cuvette (BioRad) ,  then pulsed at the fol lowing settings i n  a BioRad gene 

pu lser; 25 jiF, 2.5 kV , and 200 ohms. The cel l s  were i mmediatel y  resuspended 

in I mL of SOC (Section 2.2.6) and i ncubated at 37°C for 30 m in  - I h .  The 

cel l s  w ere plated at suitable d i lutions onto selective LB p lates. 



2.4.5 Agarose gel electrophoresis 
2.4 .5 . 1 Standard electrophoresis 

Agarose (Molecular biology grade; Roche or I nvitrogen) ,  at concentrations best 

suited for the desi red separation, was melted i n  TBE (89 mM Tris, 89 mM boric 

acid  and 2.5 mM Na2EDTA, pH 8 .2). Min i  or overnight horizontal agarose gels 

were used to separate the DNA fragments by running in TBE buffer at 1 00 volts 

or 30 volts respectively. DNA samples were loaded in the we l l s  with 1 I5'h 

vol ume of SOS dye mix ( 1  % SOS, 0.02% bromophenol blue, 20% sucrose and 5 

mM Na2EDTA). Gel s were stained i n  an eth id ium bromide solut ion ( 1  flg/mL) 

for 1 0- 1 5  min. The bands were v isual i sed on an UV transi l l uminator and 

photographed with either an A lpha I nnotech gel documentation system or 

BioRad gel documentation system. The DNA fragment sizes or concentrations 

were determined by compari son to known standards such as A HindI I I  digested ,  

1 kb+ l adder, and the Low Mass Ladder ( l nvitrogen) .  

2.4 . 5 .2 Pu lse field gel  electrophoresis 

Chromosomal DNA and l arge DNA fragments were separated using the BioRad 

CHEF-DR® 11 system.  Protop lasts were prepared as i n  Section 2.9. However, 

at the final step they were resuspended to a fi nal concentration of I x 1 09 

protoplasts/mL, m ixed w ith an equal vol ume of l A  % low melt ing point agarose 

in GMB (0.9 M sorbitol , 1 25 m M  Na2EDTA, pH 7.5) and then al lowed to set i n  

p lug moulds (BioRad) for 1 0- \ 5 min .  The pl ugs were i ncubated at 50°C for 1 8  h 

i n  S E  buffer (2% S OS ,  250 m M  Na2EDT A ,  pH 8.0), fol lowed by 24 h 

incubation at 50°C i n  1 0  mL of 1 0  x ET buffer ( 1 0 mM Tris, 500 mM 

Na2EDTA, pH 8.0) wi th 20 mg of proteinase K ( Roche) and 1 00 mg of sodium 

lauroyl sarcosine (S igma). The plugs were fina l ly washed four t imes w ith 1 x ET 

buffer and stored at 4°e. 

Plugs contain ing chromosomal DNA preparations  were i ni ti al l y  checked for 

qual i ty and concentration on a 0.6 % chromosomal grade agarose (BioRad) gel 

in 0.5 x TBE using switch times of 1 00- 1 000 s, 1 00 volts for 1 9  hours at 1 00e. 

Chromosomes were subsequently separated by one of two programmes. A mid­

range separation used 0.7 % chromosomal grade agarose in 0.5 x TBE at 60 

volts w ith the fol lowing switch times; 1 20 s for 24 h ,  450 s for 20 h ,  1 500s for 
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72 h ,  2 1 00 s for 60.5 h al l at 1 4°C. To separate the l arger chromosomal DNA, 

the programme of Kuldau et aI . ,  ( 1 999) was used as fol lows;  0 .6% chromosomal 

grade agarose (BioRad) in O.5x TBE at 40 volts at 1 0°C w i th switch times 

ramped from 1 200-6000 s for 240 h .  Digests of DNA embedded i n  plugs were 

performed as mentioned in  Section 2.4.2. The DNA was separated on 1 %  

molecular biology grade agarose i n  0.5 x TBE at 200 volts with the fol l ow i ng 

ramped switch times, 2- 1 0  s for 1 8 .4 hours then 1 0- 1 6  s for 4.6 hours at 1 4°C. 

The gel s were stained i n  an eth id ium bromide bath and photographed as 

mentioned above. 

2.4.6 So u thern b lotti n g  
DNA was  transferred to nylon membranes by  the method based on  that of 

Southern, ( 1 975). D NA to be transferred onto membranes was separated 

overnight by agarose gel electrophoresi s .  The gel was gently agitated i n  the 

fol low ing series  of solutions:  b lotti ng  solution 1 (0.25 M HC\) for 1 5  min ,  

b lotting  sol ution 2 (0.5 M NaOH, 0.5 M NaCI ) for 30 min ,  b lotti ng  solution 3 

(2.0 M NaCI , 0.5 M Tris ,  pH 7 .4) for 30 min .  The gel w as washed for 2 min  i n  

2x  SSC (0.3  M NaCI ,  0.03 M tri sodium c itrate) and assembled onto a b lotti ng 

stand as fol l ows: Two sheets of 3MM paper ( Whatman) were used as w icks 

soaked i n  20 x SSC (3 M NaCI ,  0 .3 M trisodium citrate), the sheets were 

covered w ith a fi l m  of plastic w i th a hole cut s l i ghtly smal l e r  than the gel ,  the 

treated gel was placed on the stand fol l owed by a piece of posit ively charged 

nylon membrane (Roche), two 3 M M  sheets ( s l ightly smal l er than the gel) 

soaked in 2 x SSC, 2 dry 3MM sheets then a stack of towe l s  w ith a weight on 

top to keep the pi l e  flat. The DNA was a l lowed to transfer to the membrane 

overnight. The membrane was washed briefly i n  2 x SSC, then the DNA was 

fixed by UV i rradiation of 1 20,000 ]doules/cm
2 

using  a Cex-800 UV -crossl i nker 

(Ul tra-Lum Inc . ) .  

2 .4.7 Rad ioactive hybrid isation 
DNA fragments used for hybrid isation probes were ampl ified by PCR USing 

primer combinations stated in Tab le  2.2 and then purified us ing the Qiagen 

MinElute® PCR purification kit. DNA (30 ng) was radioactively l abel l ed us ing 

H i gh Prime kit  (Roche) w ith ! a-
32

P ldCTP (3,000 Ci/mmole ,  Amersham) 



Table 2.2 Primer combinations for amplification of radioactive hybridisation probes 

Amplification primer 1 ( 5 ' )  primer 2 ( 3 ' )  5ize b p  Figure o r  application3 
region/ gene genomic (cDNA) 

301 101 2 5 3  101254 5 67 3 .43 

Actin (grass ' )  actinF actinR -790 3 . 1 3 
AT-Rich 101 1 86 101 2 2 6  7 8 5  3 . 3 7  
CY28 ( ltmG) ggpps27 ggpps 2 8  2 09 3 .4, l i brary screen 
CY29 (qqs 1 )  ggpps27 ggpps29 2 7 2  3 .4, library screen 
ggs l CYLp 1 9-1 2 CYLp 1 9 - 1  4 6 3  3 . 6, 3 .S, 3 . 5 7  
hph pUChph3 pUChph4 5 4 5  3 . 1 8 
ItmB 101 3 4 5  101346 2 50 3 . 5 1 , 3 . 5 2 , 3 . 5 5  
Itme 101 1 90 101 1 9 3 644 3 . 5 3  
Itme 1012 1 6 1012 36 1 2 3 7  3 . 5 5  
Itme 101 1 89 101 1 90 3 6 0  library screen, 3 .40 
ItmE 101 3 5 6  101341 6 7 7  3 . 5 3 ,  3 . 54 
ItmE-) 10 1292 101265 2 2 0 5  3 . 5 3  
ItmG 1013 1011 407 library screen, 3 . 3 5 , 3 . 5 3 , 3 .57 
ItmG 10179 101 27 1 1 84 3 . 3 2  

ItmG (cDNA)4 10179 1011  ( 5 24)  3 . 1 3 ,  3 .52 
Itm) 101 2 0 5  101206 2 4 2  library screen, 3 .40, 3 . 5 1 , 3 . 5 2 , 3 . 5 3 , 3 . 54, 3 . 5 5  
ItmK 101 3 3  10137 3 3 5 8  library screen 
ItmK 101 1 5 10132 4 1 6  3 . 1 4  
ItmK 10129 10163 1 94 3  3 . 3 3 ,  3 . 3 6  

ItmK (cDNA)4 101 3 2  10lS ( 6 5 1 ) 3 . 1 3 
ItmM 1017 10135 448 3 . 1 8 , 3 . 5 1 , 3 . 5 5  

ItmM (cDNA)4 1017 10128 ( 780) 3 . 1 3 , 3 . 2 7  
ItmP 101 1 9 1  101 1 9 2 3 7 4  library screen, 3 .40, 3 . 5 5  
ItmP 101 1 9 6  101 1 9 8 4 2 6  3 .40, 3 . 5 3 ,  3 . 54 
paxM mon03 mon04 -340 3.27 
pks 101 1 0 3 101 1 09 1 4 1 1 l ibrary screen, 3 . 3 5 , 3 . 3 6  
pks 101 1 2 8  101 1 29 5 1 9  3 . 5 7 
Rua 1014 10123 3 83 l ibrary screen, 3 . 37,  3 . 5 7  
Tahi 101 1 6 1019 5 5 2 2  3 . 3 7 , 3 . 5 7 

tub2 (end02) T l . l  T l . 2  7 2 7  3 . 1 3 

1 actin (grass) refers to the am plification of a fragment from a ryegrass actin gene. 
2 tub2 (endo) refers to the amplification of a fragment from an endophyte Il-tubulin gene. 

3 The figure that shows hybridisation with the probe, or the application it was used for. 
4 The cDNA products were cloned into pGEM-Teasy and then the fragment was excised from a gel. 
Maps showing the fragment locations are in Fig. 3 . 5 ,  3 . 1 1 ,  3 . 2 6 ,  3 . 3 1 ,  3 . 3 4 ,  3 . 3 9 ,  3 .4 1 , 3 .44,  3 . 50, and 3 . 54 
5izes in parentheses are RT-PCR products. These were cloned into pGEM-T easy (Promega) and the fragment was gel extracted. 
All other fragments are am plified from genomic DNA. 



2.4 .7 . 1 

accord ing to the manufacturer's i n structions.  After the l abel l i ng  reaction a Probe 

Quant G50 Micro Column (Amersham) was used to remove the un incorporated 

i sotope. The l abel l ed probe was boi led to denature the DNA before addit ion to 

the pre-hybridi sed blot. Hybridi sation was performed in e i ther a container 

w ithout shaking, or in a rol ler bott le  i n  a Bachofer hybridisat ion oven at the 

stated t ime and temperatures. Membranes were washed and hybrid isation 

signal s detected by autoradiography on X-ray fi l m  ( Fuj i )  for the requ ired 

exposure t ime. X-ray fi lm  was developed using a 1 O0Plus™ automatic X-ray 

processor (Al l - Pro I maging Corp. ) .  

Standard Southern hybrid isation 

Membranes were prehybridi sed for two hours at 68°C wi th 20-30 mL of 

hybridi sation solution (50 mM H EPES, p H  7.0; 3 x  SSC; 1 8  mg phenol -extracted 

herring  sperm DNA; 20 mg E. coli tRNA; 0.2% Fico l l -70; 0.2% bovine serum 

albumin ;  0.2% polyvinyl pyrrol idone ; per L). The boi led radioactively l abel l ed 

probe w as added and al l owed to hybridise overnight for 1 8  to 20 hours. 

Membranes were washed three to four times at 50°C in 2x SSC, 0. 1 % S OS, for a 

total of � \ -2 h. 

2.4 .7 .2 Low-stringency Southern hybrid isation 

The membrane was prehybridised for 4 hours i n  I Ox Denhardts (0.2% Ficol l ;  

0.2% polyviny lpyrrol idone; 0.2% bov ine  serum albumin ;  Sambrook e t  a I ,  1 989) 

then hybridi sed for 48 h at 37°C with boi l ed radioactively label l ed probe i n  43% 

(v/v) formamide, 5x  Denhardts, 5x  SSC,  0. 1 % SOS, 1 0  jlg/mL phenol-extracted 

herring sperm DNA and 50 mM sod ium phosphate ( Maniatis, et a l . ,  1 982). 

Post-hybridi sation, the membrane was washed at room temperature in two 

changes of 2x SSC, 0. 1 % SOS for 1 0  min ,  then three 1 5  min washes in 2x SSC, 

0. 1 % SOS at 50°e. 

2.4 .7 . 3 Northern hybrid isation 
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The ltmC, ItmM and ltmK fragments used for Northern analysi s were ampl ified 

from a random primed cDNA pool generated from mRNA of endophyte-infected 

ryegrass. The fragments were cloned i nto the pGEM-T easy vector then excised 

from an agarose gel . The plant actin and endophyte tub2 sequences were 

ampl ified from their respective genomic DNA.  Northern b lots were 



prehybrid i sed i n  5x Oenhardts, 0.5% SOS and 5x SSPE (one L contains: 43 .8  g 

NaCI,  6.9 g NaH2PO-l.H 20, 1 . 85 g Na2EOT A ,  pH 7 .4), for two hours at 68°C 

then hybridi sed overnight wi th a boi l ed radioactively l abel l ed fragment. The 

membranes were washed at room temperature for 20 min in I x SSC, 0. 1 % SOS, 

then three 15 min washes at 68°C in  0.2x SSC, 0. 1 % SOS. 

2.4 . 7 . 3  Stripping rad ioactive membranes 

Membranes that were hybrid i sed mult ip le ti mes were stripped of the i r  

radioact ive signal by 3 - 4 washes in  boi l ing 0. 1 % (w/v)  S OS. After str ipping, 

the membranes were exposed to X-ray fi l m  for I - 2 days to determine that the 

membrane was free of detectable signa l .  

2.5 Libra ry scree n i ng 

A l ibrary of N. lolii Lp 1 9  genomic ONA i n  vector AGEM- 1 2  was made as 

described in Oobson, ( 1 997) .  The i n sert ONA was subjected to partial Mho! 

digestion, size fractionated (9 - 23 kb), partial ly end fi l led and l i gated i nto 

partial ly end fi l l ed XhoI  sites w ithin the l ambda arms. Th i s  l ibrary has been 

u sed successfu l ly  for the i solation of clones conta in ing fol lowing genes; thi 

(Zhang, 2004), prtl (McG i l l ,  2000), prt2 (McG i l l ,  2000), IpsA (Panaccione, et 

al . , 200 1 ) . 

The l ibrary was t itred us ing the recA E. coli host stra in K W25 1 grown overnight 

in LB broth (Section 2 .2.3 )  supplemented wi th 10 mM MgSO-l.7H20 and 0.2% 

(w/v) maltose. 

Phage ( 1 00 JiL) d i l uted i n  SM buffer (Section 2 .3 . 3 )  to an appropriate 

concentration was mi xed with 1 00 JIL of KW25 1 and incubated at 37°C for 30 

min .  The phage/KW25 1 mixture was added to 3 mL of Top agarose (Section 

2 .2 .8)  equi l ibrated to 50°C and poured onto LB p lates .  The plates were 

i ncubated at 37°C for 6 to 8 hours unti l smal l plaques were v isible .  The p l ates 

were stored at 4°C wrapped w ith parafi lm.  



Fi l ters ( Hybond N+, Amersham), marked asymmetrical ly ,  were p laced on the 

phage p lates for 1 min and the marks transferred to the plates for l ater a l ignment. 

The fi l ters were p laced (DNA side up) on  fi l ter paper moi stened w i th b lotting 

solution 2 (Section 2.4.6) for 2 min ,  blotting  solution 3 (Section 2 .4.6) for 5 min 

and final ly  on 2x SSC (Section 2.4.6) for 2 min .  The DNA was fixed by UV­

crossl i nk ing using  a Cex-800 UV crossl i nker (U ltra-Lum Inc)  us in g  1 20,000 

fdoules/cm
2
. Hybridi sation was performed as described above (Section 2.4). 

Positive plaques were p icked, using  a cut  off P I OOO bl ue t ip ,  i n to 0.5 mL of SM 

buffer contain i ng  50  ,uL of chloroform, w here there was al i gnment of p laques on 

the plate to hybrid is ing plaques detected on the X-ray fi lm. Posit ive p laques 

were screened twice more using the procedure above. 

The l i brary was screened with the fol lowing probes (Table 2.2), CY28, CY29, 

lunG (ampl ified w ith primers 1013 and lo l l ), ltmK (ampl ified wi th  primers 10133 

and 10137), Rua, pks (ampl ified with primers 101 1 03 and 101 1 09), ltme (ampl ified 

w i th primers 101 1 89 and 101 1 90), ltmP (ampl ified with primers 101 1 9 1  and 

101 1 92), ltl1li (ampl ified w ith primers 101205 and 101206) . Each fragment was 

radioact ively labeled as described in Section 2.4.7. 

DNA i solated from positive clones us ing the method in Section 2.3 w as d igested 

w i th appropriate enzymes (usual ly  at l east one of BamHI ,  EcoRI ,  HindI I I , or 

SstI) and the fragments separated by agarose gel e lectrophoresi s. The result ing 

gel was Southern b lotted (Section 2.4.6) and hybridi sed (Section 2.4.7) w i th the 

appropriate hybridi sation probes. The banding and hybridi sation pattern of each 

cl one was compared to genomic hybrid i sat ion results. 

DNA from i solated lambda clones was sequenced us ing e ither T7, S p6 or gene 

spec ific primers. Fragments of i nterest were randomly c loned i nto a pUC 1 1 8  

base vector and sequenced (Section 2 .4.4). 



2.6 RNA isolation and a nalysis 

2.6.1  Isolation of RNA 
Total RNA from mycel ia or ryegrass pseudostems was isolated us ing Trizol 

reagent ( Invitrogen) .  A pproxi mately 1 g of ti ssue was ground to a fi ne powder 

with l i quid nitrogen, in a mortar with a pest le .  The ti ssue was then mi xed with 

Trizol reagent ( 1 0  mL) and centrifuged at 1 2,000 g for 1 0  min at 4°C. 

Chloroform (2 mL) was added to the supernatant, m ixed thoroughly for 1 5  s, l eft 

at room temperature for 3 min ,  then centrifuged as above for 1 5  min .  

I sopropanol (5 mL) was added to the aqueous phase, incubated at  room 

temperature for 1 0  min ,  then spun as above for 1 0  m in .  The RNA pel l et was 

washed with 1 0  mL of 75% ethanol ,  centrifuged at 7,500 g for 5 min and 

al lowed to air dry in the fumehood. The RNA pel l et was resuspended in 200 ft L 

of DEPC-treated H20. The pur i ty and quantity of the RNA was determined 

using spectrophotometer read ings at A26rlA280. 

2.6 .2  cDNA a nalysis 
Messenger RNA was i solated by ol igo(dT) affin ity chromotography uSlllg a 

GenEl ute™ mRNA min i prep kit  (S igma). Approx imately 50- 1 00 ng of mRNA 

was denatured at 65°C for 1 0  min in the presence of random primers ( 1 . 8  nmol ; 

Roche) i n  a 1 2  ftL vol ume. The reaction vol ume was increased to 20 ft L by the 

addition of 4 ftL of 5x reaction buffer (Roche) , 1 0  mM DTT, 1 mM of each 

dNTP, 8 units of RNase i nhibitor (Roche) and 50 un its of Expand Reverse 

Transcriptase (Roche) .  The reaction was i ncubated at 30°C for 1 0  min ,  then at 

42°C for 45 min .  Gene-specific ampl ification of cDNA d i l utions was carried out 

in  a 25 ftL reaction vol ume that contained I x Taq polymerase buffer (Roche), 50 

ft M of each dNTP, 200 nM each pri mer and 0.5 uni ts of Taq polymerase 

(Roche). Cycle condit ions were typical ly one cycle of 94°C for 2 min ,  fol lowed 

by 35 cycles of 94°C for 1 5  s, 60°C for 30 s and 72°C for 45 s (or 1 mi n/kb) with 

one cycle  of 72°C for 1 0  min .  The products of the PCR reactions were separated 

on a 2% agarose gel with TBE buffer. 

Gene expressIon was a lso determined usi ng SuperScript™ One-step RT -PCR 

with Plati num Taq ( Invi trogen) according to the manufacturer's i nstructions wi th 

I ftg and/or 0. 1 ftg of total RNA. 
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2.6 .3  Northern blotti ng 
Total RNA (up to 17 ,u L) was mixed wi th 3S ftL l oading  buffer that contained 

1 7 .S ,uL formamide, 6.S ,u L  formaldehyde (6.9%), 4,uL 1 0x MOPS buffer (per  L; 

4 1 .9 g MOPS free acid ,  6.8 g of sodium acetate , 1 0  mM Na2EDTA, pH 7.0), 1 .6 

,ug ethidium bromide. Samples were denatured for I S  min at 6S°C. RNA was 

separated at 1 00 volts on a formaldehyde agarose gel contain i ng 1 .2% agarose, 

6.2% formaldehyde and I x MOPS buffer. The RNA was transferred to 

pos i t ively charged nylon membrane (Roche) via cap i l l ary transfer with 20 x SSC 

overnight. Hybridi sations were performed as in  Section 2.4.7 .  

2.7 DNA seq uenci n g  and B i o i nform atics 

The DNA sequence data were generated by sequencing purified PCR fragments 

or fragments c loned i n to pUC-based vectors, pG EM-based vectors or l ambda 

clones .  DNA fragments were sequenced us ing B ig- Dye (version 3) chemistry 

(Appl ied Biosystems) wi th  sequence-specific  ol i gonucleotide primers generated 

by I nvi trogen or S igma Genosys. The products were separated on an ABI  Pri sm 

377 or 3730 sequencer (Perkin-Elmer). 

Sequence data were assembled i n to conti gs us ing Sequencher version 4. 1 (Gene 

Codes) and analysed using the Wiscons in  Package version 9. 1 (Genetics 

Computer Group). Sequence comparisons were performed through I nternet 

Explorer version 6.0 at the Nat ional Cen ter for B iotechnology I nformation 

( NCBI )  site (hnp:!!w w w . ncbi . n l m . n i h .gov/) us ing the Brookhaven ( PDR), 

SWISSPROT and GenBank (COS trans lation) ,  PIR and PRF databases 

employing a lgorithms for both l ocal (BLASTX and BLASTP) and global 

( FastA) al i gnments (Al tschu l ,  et aI . ,  1 990; A l tschu l , et aI . ,  1 997 ; Pearson,  

Lipman, 1 988) .  Sequences were also compared to the fungal genome sequences 

based at the B road Institute (http: //www.broad.mi t.edu/annotation/fu ngi/fgi) .  E­

val ues from B LAST anays is  were genera l ly  cons idered s ign ificant at l e-S and 

below. Sequence annotation was performed w i th the MacVector software 

version 7.2. The generated sequence i s  shown i n  Sequencher and MacVector 

formats in Appendix 5 .3 .  



I ntrons contai ned i n  genomic sequences were identified as regions of a gene that 

i ntrod uced frame-shifts, stop codons, or gaps i n  the al ignment with a 

polypeptide seq uence. The intron sequence was predicted based on the removal 

of the 5' (GT) to the 3' (AG) spl ice sites, wh ich resul ted in an open reading 

frame. The predicted introns were confirmed by cDNA analysis us ing primers 

w ith i n  the coding region to ampl ify across the i ntrons. The cDNA PCR products 

were purified and sequenced w ith gene-specific primers. The cDNA sequence 

was compared and al igned to the genomic sequence us ing the GCG programme 

GAP. 

The upstream region from the ATG of each [tm gene and ggs I was screened 

through Safari version 1 .2.4 at the site for Regu latory Sequence Analysis Tools 

at http: //rsat. ul b .ac . be/rsat/ (van Helden, 2003 ; van Helden,  et aI . ,  2000a; van 

Helden,  et aI . ,  1 998 ; van Helden , et a I . ,  2000b). The sequences were subjected 

to the pattern di scovery algori th ms, o l igo-analysi s (ol igonucleoti de size sel ected 

from 5-8 bases) ,  dyad-analysi s (ol igonucleotide s ize 3 with spac ing from 0-20 

bases) and consensus (matrix l engths from 7- 1 0) .  Selected motifs were a l igned 

to the promoter seq uences usi ng  'dna-pattern ' an a lgori thm for pattern matching.  

The location of each motif was shown usi ng 'feature map ' .  

Mul t iple sequence a l ignments were performed uSl l1g the CLUSTA L-X 

(Thompson , e t  a I . ,  1 997) and CLUST AL-W software (Thompson, et aI . ,  1 994). 

The phylogenetic trees of the fungal GGPP synthase were drawn based on 205 

conserved posit ions using Spl i tTrees ( Huson , 1 998) to bui ld a spl i t  

decomposition graph and neighbour joi n ing graph 

2.8 peR a nalysis 

Ol igonucleotide pri mers cited throughout th i s  thesi s are l i sted i n  Table 2.3 .  

Pri mers were synthesised by I n vitrogen o r  S igma Genosys and resuspended to a 

stock concentration of 1 00 pmol/fl L. Primers used for peR stocks were d i l uted 
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Table 2.3 Primers cited with in this thesis 

Primer name Sequence 5'-3' 

ActinF GCTGTTTTCCCTAGCATTGTTGG 
Actin R  ATAAGAGAATCCGTGAGATCCCG 
CY4 GCTTGGATCCGATATTGAAGGAGC 
CY5 TTGGATCCGGTTCCCGGTCGGCAT 

Used for 

probe 
probe 
amplify hph 
amplify hph 

CY9 AGCGGATCCCTTCTAAGCGTTGGTGGATTG paxM promoter 

CY1 1  AGCGGATCCATAACTTGAAACTCGGCCTT paxM promoter 
CY 1 6  ATICAYYTITGYYTIATG Degenerate PCR 
CY 1 7  GARACIGCIAAYMGIGCITAYTA Degenerate PCR 
CY 1 8  CKRAAIARISCICCIGTYTT Degenerate PCR 
CY 1 9  TAIAC RTTYTTRCARTCRTTYAG Degenerate PCR 
CY20 GAGCTCCAGGAGACACAGAC E8 ggs 1 PCR 
End01 ACCCTTTGACTACGTGG real-time PCR 
End02 AGATGTTGTGGGCGAC real-time PCR 
ggpps 1 8  AGTATGGCTTACTCAAGCTG paxM PCR 
ggpps27 CAYMG IGGTCARGGTATGGA Degenerate PCR 
ggpps28 TTCATRTAGTCGTC ICKTATYTG Degenerate PCR 
ggpps29 AACTTTCCYTCIGTSARGTCYTC Degenerate PCR 
CYLp1 9-1 CACCATTTCGAGGTAGTC ggs 1 PCR/probe/RT-PCR 
CYLp1 9-6 CATGAGGAATCCCACGAC PCR 
CYLp1 9-7 GAGGTACATGTGAAATGGAAC ggs 1 PCR 
CYLp 1 9-8 ATCTCCCAATCCCATTCC ggs 1 PCR 
CYLp 1 9- 1 2  GGATTTGAATTACACGCC ggs 1 probe 
CYLp1 9- 1 3  AAAGATGTTGTGGGCGAC seq 
CYLp1 9-1 5 ACGTGGGATCCTATTGTCGCTGGGC ggs 1 PCR 
CYLp1 9- 1 6  CGTCGCCCACAACATCTTTG ggs 1 I PC R/PCR/RT-PCR 
CYLp 1 9-1 7 CTACATCTACTTTGTCGCCC seq 
CYLp1 9-1 8 AGCGAAAGTCCTTGCCCGGA ggs 1 I PCR/PCR/RT-PCR 
CYLp1 9- 1 9  TTGTCGTCGGTCCATGAGCG seq 
CYLp1 9-20 CGCTCATGGACCGACGACAA ggs 1 PCR 
CYLp1 9-22 TCACAAGATGGCGTCGTCG ggs 1 RT-PCR/PCR 
CYLp1 9-23 TTTTGAAACAACCATTCTGTCC PCR 
10 11  TGGATCATTCGCAGATAC ItmG probe/RT-PCR 
1012 GTGTGAGATTAAGACGTC PCR 
1013 ACCGACGCCATTAATGAG ItmG probeIlPCR/RT-PCR 
1014 ATAGTCTAACTAGAGGGC Rua probe 
1017 ACTGG GCATCTTCCATAG ItmM probe/RT-PCR/PCR 
1018 CTTGAAGTGTGATACCGG ItmK probe 
1019 AACGACGCAATGATTCGC I PCR 
101 1 3  ACGCCATATCTATTGCCG IPCR 
101 1 4  ATTAGAGGCACCGAACGC ItmM RT-PCR 
101 1 5  ATCAAGCTGGCTATCCTC ItmK probe/RT-PCR/PCR 
101 1 6  AGTCTTTCCTAGCGTAGG Tahi  probe 
101 1 7 AAATAATGGGCAAGGAGC KO PCR 
101 1 8  TGGGATTTTGGAAATGGC KO PCRII PCR 
10120 CAAAGAATTCGCTTGAGCACCCGA ItmM PCR 
10123 TAGATAGGGAAGTTATGC Rua probe 
10127 GACGTCTTAATCTCACAC ItmG probe 
10128 CGACCTTGCCCATTATTT ItmM probe/RT-PCR 
10129 GTCTTGATCGTCTGCATC !tmK probe/RT-PCR 
10132 TGTCCGTGCATCCATTGT ItmK probe/RT-PCR 
10133 GGTTAGTCTTAGCTAGAG ItmK probe 
10134 CATAGAGCTAGCTAGAGT PCR 
10135 GTTCGGTGCCTCTAATAC ItmM probe/RT-PCR/PCR 
10137 GATGTTAAGGCGTGCATG ItmK probe 
10140 TGAGCCTAAGGAGATAGC I PCR 
10143 GAGGATAGCCAGTTGAT ItmK RT-PCR 



Primer name Sequence 5'-3' Used for 

10148 GATTGGTACCTTGAAGTCGCTAGT KO PCR 
10149 GTAGGGTACCTCTAGTACTGCCTCT KO PCR 
10154 TATGAGGATCCTTGCTTGTCTGTTT ItmM PCR 
10163 TAGCGAATCATTGCCGTCG ItmK probe/RT-PCR 
10179 ATGGCTGCCAATGACTTTCC /tmG probe/RT-PCR 
10195 GTAAGCGGTTAAAAGGGA Tah i  probe 
101 1 03 AAGAGGGCGCCCACCAATTC pks probe 
101 1 09 AGACCCTGGTCCAAGTGG pks probe 
101 1 1 0  CACTTCGCATATTCTTCAGG pks RT-PCR 
101 1 1 1  TGGTGTCATTGGAACACGG pks RT-PCR 
101 1 28 GCAAGTAGTGGTAGGCATCG pks probe 
101 1 29 TCTGCATCACTCCACAGGGT pks probe 
101 1 35 AGGCCATTTTCGACAGTTGT PC R 
101 1 47 CCAGCAAGCATGCACATIAC PCR 
101 1 48 TGCGTGAGAGATAAAGCAAG PCR 
101 1 56 GCACAAACAATAAATTCGGCCAA /tmG PCR 
101 1 57 AATTTGCCCTCTGTTAAATCCTC /tmG PCR 
101 1 58 GTGATCGGTGCTGACGGGGTCCA ItmM PCR 
101 1 59 TATCGCCATATTTGCTCCTTGCCC /tmM PCR 
101 1 60 ATATTGAATTGCTGCGTGAGGAG /tmK PCR 
101 1 61 AGAGGCCAAGAAGCGGCCTGGACA /tmK PCR 
101 1 86 AAAGCTAAGGGCTATAAGAG AT- Rich probe 
101 1 89 AAAGACATGTCTTGTCCCTC /tmC PCR/probe 
101 1 90 GATTCCTGACTGTCCATACTC ItmC PCR/probe 
101 1 91 CCAAGGAGGTTTTGAATGTA ItmP PCR/probe 
101 1 92 TTGGATGAGCTCAATCATGC ItmP PCR/probe/RT-PCR 
101 1 93 TGAGTATATGTTCTTGCAATCA ItmC probe/RT-PCR 
101 1 94 GAACTCGTAGCGCAGGAGCA ItmJ PCR 
101 1 95 TTCTCTTCGGAGGCTCTCCTT ItmP probe 
101 1 96 TGGACATGGATCTGATTGTC ItmP probe 
101 1 97 TGGATTGACAGAAATCCAAG ItmP RT-PCR 
101 1 98 TGTAGCACGGGTAGCTAGAT ItmP probe 
101 1 99 TTGCGCATCGTACGCTAGGA IPCR 
101202 GGATGAAGAAAATCCACGAG IPCR 
101203 AGACGATCTGTTAGGCCGAT IPCR 
101205 CCAAGCATCGATTTGTCACC ItmJ PCR/probe 
101206 AATCTGATCGCCATCTTTGC ItmJ PCR/probe 
101207 TCGCTTATCAGGAAGTTCAA ItmB RT-PCR 
101209 GAATAGCTCAAGACTCAGAA IPCR 
1012 1 0  AAGCTGGCTGTTAAAGGGTC IPCR 
1012 1 1  TATTAGGGAGCGAACTTCAC IPCR 
1012 1 3  AAGAGGGCCGCAATTTCGAT IPCR 
1012 1 4  GGTGACAAATCGATGCTTGG ItmJ RT-PCR 
1012 1 6  AGATGACATCTGGAGCATGG ItmC probe/RT-PCR 
1012 1 8 GCTCCTGAAGCAATAGGTGC ItmO RT-PCR 
101220 TCGTTTCCTTTCAACATACG ItmP RT-PCR 
10122 1 GAGAATGTTAATGTTGCACGC ItmP RT-PCR 
101222 GCGTGCAACATTAACATTCTC IPCR 
101223 TCGTTGCTGTTAGGTCGCAG ItmQ RT-PCR 
101226 GCTTAAAAGAGCTCTCTATAGC AT-R ich probe 
101227 CAAGACTCCAGAGGATAAGG ItmB RT-PCR 
101228 CCTCAAGCAACGAGATTTGAC ItmO RT-PCR 
101234 GTTAAAGTCGTCAAGCTAGG ItmQ RT-PCR 
101235 ATTCCACCATGGCATCTGGAGCATGGCTCG ItmC complementation 
101236 CTTAAGCGAATTCTACCTTGTGGGTC ItmC probe/complementation 
101246 ATGATCTGGCACTCTAGGAG ItmB RT-PCR 
101253 CCTTACTTATGCCTAACCCT 301 probe 
101254 GTAAGTATACCTAGGCTACC 301 probe 
101263 ATTCAAATGGCTACTCCCAG ItmQ RT-PCR 
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Primer name Sequence 5'-3' Used for 

101265 CGAGGAAGTAGTTTCAGGGC ItmE-J probe/ltmJ RT-PCR 
101266 GACAGCGTCTTGAGGGAATC ItmJ RT-PCR 
101274 GGCACCTATTGCTTCAGGAGC ItmD RT-PCR 
101275 CTCACATTACACCATGATTGC ItmD RT-PCR 
101277 GCTTTCACAGATTCTTCTCC ItmQ RT-PCR 
101278 GAAACTGCCAATCGAGCATA ItmC PCR/RT-PCR 
101279 TTCTTGCAATCATTTTGCAA TTG ItmC PCR/RT-PCR 
101280 ATGGCTGTCATTCATACAACAGCTATG ItmP PCR/RT-PCR 
101281 AGCGTCCCGGACAGGCATATCTCCCA ItmP PCR/RT-PCR 
101282 CAGAGGTTTAACCCTCTTGACGC ItmQ PCR/RT-PCR 
101284 TGAAACCATGGCTAGCGACTTCAAGGT ItmM complementation 
101285 ACATTGAGCTCCTAGTTGGAAAATGGG ItmM complementation 
101289 GTCGCCGATGTATCGTATTG chs V PCR/RT-PCR 
101291 AGATCCTCCATGGAGGAACG ItmE RT-PCR 
101292 GCGTCAAGTCTACATACCTG ItmE-J probe 
101293 ATATCTGGAACCATGCAGTG ItmJ RT-PCR 
101 3 1 0  CTTTGATGAAACTATCCACC ItmQ RT-PCR 
1013 1 1  CTGGGAGTAGCCATTTGAAT ItmQ RT-PCR 
10131 2 CTGGCCAGTCGTTTCCACGT chsV PCR/RT-PCR 
1013 1 3  CTACCAGGACAGGCGTGACGTCC ItmQ PCR 
10134 1 TTCCGCTTCCGAGTAGACTC ItmE PCR/RT-PCR/probe 
101343 ATCGATGCCAAGAGTGATGC ItmE RT-PCR 
101345 AACATCGCCTGGGAGCTCGTATA ItmB probe/PCR 
101346 CGCAGGTCCTATTTCCATCGC ItmB probe/PCR 
101356 CCGAGTTTGATGACCTGCTG ItmE PCR/RT-PCR/probe 
101359 GAATTATGTTACTCTTGGGG ItmD PCR/RT-PCR 
101360 AAGTTGG CACATAGGTCTTC ItmD PCR 
mon03 CTGCGCCGACAAGAAGATCC paxM probe 
mon04 AGCATATCGAACCGCTAAGC paxM probe 
paxMNotl GCCATGCGGCCGCTTGTTGA paxM PCR 
p 1 l99-1 CTTTGAACAGCGACGGTC Seq 
p 1 l99-2 TTGAGTGAGCTGATACCG Seq 
p 1 199-3 GGCTGGCTTAACTATGCG Seq 
p 1 l99-4 CCCAGAATGCACAGGTAC Seq 
prg3 GCTCACTGATTCCGTCCTTG RT-PCR 
prg4 CACTCATCTGCATTCTCAAC RT-PCR 
prg 1 2  ACGTCTACTACAACGAGGCC real-t ime PCR 
prg 1 3 CCTTGGCCCAGTTGTTACCG real-time PCR 
PUC forward GTTTTCCCAGTCACGAC Seq/PCR 
pUChph3 CTGCATCATCGAAATTGC hph probe 
pUChph4 AAACCGAACTGCCCGCTGTTC hph probe 
PUC reverse CAGGAAACAGCTATGAC Seq/PCR 
SP6 CCATTTAGGTGACACTATAG Seq 
T1 . 1  GAGAAAATGCGTGAGATTGT tub2 probe/RT-PCR 
T1 .2  CTGGTCAACCAGCTCAGCAC tub2 probe/RT-PCR 
T7 TAATACGACTCACTATAGGG Seq 



to a final concentration of 1 0  pmollflL and pri mers used for seq uencing stocks 

were d i l uted to 3 .2  pmollflL. A l l  primer stocks were stored at -20°e. 

2.8 .1  Sta n dard PC R reaction cond itions 
The fol lowing standard PCR reaction condit ions were used in experiments 

reported in th i s  thesis un less otherwi e stated:  5 ng genomic DNA, I x  Taq 

polymerase buffer (Roche),  50 fl M each dNTP, 200 nM each pri mer, 0.5 U Taq 

polymerase in  a reaction vol ume of 25 flL. Reactions were a lso scaled up  to 50 

flL. The PCR cycl ing condit ions for each experiment i s  stated withi n the figure 

legends. 

2.8.2 Degenerate PCR 
The fol lowing degenerate PCR conditions were used : 5 ng genomic DNA, I x 

Taq polymerase buffer (Roche), 50 fl M each dNTP, 800 nM each pri mer, 0.5 U 

Taq polymerase i n  a reaction vol ume of 25 YlL. The ampl ification condit ions 

were 95°C for 2 min fol l owed by 30 cycles of 95°C for 30 s, 45°C for 30 s and 

72°C for I min, then I cycle of 72°C for 5 min .  The anneal ing temperature was 

al so i ncreased to 47°C with a s imi lar ampl ification resu l t. 

2.8.3 I nverse PCR ( I PCR) 
One microgram of genomic DNA was digested with the appropriate restriction 

enzyme as determined by Southern analysis .  After complete d igestion the DNA 

was purified us ing phenol extraction. A self-l igation was performed to a fi nal 

concentration of 1 0  nglylL of d igested genomic DNA with I x  T4 DNA l igase 

buffer (New England Biolabs) and 40 un i ts  of T4 DNA l i gase (New England 

Biolabs) in a 20- 1 00 fl L reaction. The se lf- l i gated genomic DNA (50 ng) was 

used in a standard PCR reaction with primers desi gned in the opposite di rection 

from each other. I PCR products were sequenced with sequence-specific pri mers 

or c loned into pG EM-T easy and sequenced. The sequence generated from 

cloned fragments was confi rmed by compari son to sequence generated from a 

genomic l i brary. 

2.8.4 Colony PCR 
Colonies were picked i nto a 25 fl L standard PCR reaction mi xture, then 

ampl ified with the fol lowing cycle conditions: one cycle of 94°C for 5 mm; 
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fol lowed by 30 cyc les of 94°C for I S  s, 600e for 30 s and 72°C for 1 min/kb ; 

then one cycle of 72°C for 1 0  m in. 

2 .8 .5 Real -ti me peR analysis 
Endophyte-infected rye grass genomIc DNA was i solated by the method of 

Mal ler et al ( 1 992) . The DNA was resuspended to a concentration of 300 Jlg/ JlL 

boi l ed for S min ,  the concentration quantifi ed using a Hoefer DyNAquant 200 

fluorometer and d i l uted to S nglJlL. A n  endophyte-free ryegrass standard curve 

was prepared by di l ut ing boi l ed G 1 1 38  DNA to a range of concentrations 

between 0.0 1 - 1 0  ng/Jl l .  The endophyte standard curve was prepared by di l ut ing  

boi l ed strain Fl 1 genomic DNA to  a range of concentrat ions between O.O I S- 1 .S 

ng/JlL wi th G 1 1 38 genomic DNA at S ng/JlL. Ampl ification of the endophyte 

and p lant ampl i cons was performed on a Lightcycler (Roche) us ing the 

Lightcycler FastStart DNA MasterPLlIS SYBR green I system ( Roche) with 

primers endo l and end02 and prg 1 2  and prg 1 3  (Tabl e  2 .3 )  for the endophyte and 

ryegrass ampl ification respectively. Each reaction conta ined 2 flL of Roche 

Lightcycler FastStart DNA MasterPLlIS SYBR green I system, 62.S n M  of each 

primer, and 2 flL of sample DNA i n  a final  volu me of 1 0  JAL. The ampl ification 

programme was 9SOC for 1 0  min, then 3S cycles of 9SoC for 1 0  s, 60°C for S s 

and 72°C for 9 s or 1 0  s for ryegrass or endophyte ampl ification respectively 

using a s ingle fluorescence acquisit ion. To obtain the melti n g  curves the 

l ightcycler was held at 9SoC for 0 s, 6Soe for 30 s, then  ramped up to 9Soe at a 

rate of 0.2°C/s using continuous fluorescence acqu i sit ion. Standard curves used 

to determine  the endophyte and rye grass DNA concentrations were generated 

from the genomic DNA standards using  the above reaction conditions. The 

standard curve was plotted as log concentration of the DNA standards versus the 

cycle  number of the ampl ified product. The standard curve w as generated i n  

dupl icate and used external ly. A s ing le standard was run w i th each set of 

samples as a cal i bration for the standard curve. Each sample was analysed i n  

dupl icate for each primer combination .  The quantification analysis was 

determi ned using  the fit poin ts selection wi th the noi se bands set to O.SOS .  The 

mel ti ng  curves were used to determine whether there w as a specific 

ampl ification of each product and th is  was confi rmed by runn ing  the peR 

reactions on a 2% agarose gel .  The e ndophyte DNA biomass was determi ned as 



a percentage of ryegrass sample using the calculation (E/R) 1 00 where E and R 

are the number of pg of endophyte and ryegrass DNA respecti ve ly i n  the sample .  

2.8.6 Long tem plate 
Linear fragments used for transformation were ampl ified us ing the Expand l ong­

template reaction mixture (Roche). The p lasmid DNA was d i l uted to � 1  ng/flL 

and used i n  the fol l ow ing PCR reaction:  5 ng  of plasmid DNA; I x  Expand Long 

Template buffer I ;  350 I'M each d NTP; I SO nM each primer; 0.75 flL of 

Expand Long Template enzyme mixture ( Roche) i n  a 50 flL reaction mi xture. 

The ampl ification conditions were as fol lows: one cycle of 93°C for 2 min ,  

fol lowed by 30 cycles of 93°C for l O s ,  5SOC for 30 s and 68°C for 6 m in  wi th a 

20 s i ncrement/cycle after cycl e  1 2 ; then one cycle of 68°C for 1 0  min .  

2.8 .7  H i g h  Fidel ity enzy mes 
PCR products that requ ired ampl ificat ion w ith a high-fidel ity enzyme were 

ampl ified wi th either Expand High Fidel i ty (Roche) or wi th Plat inum Pit 

( Invi trogen) according to the manufacturer's i n structions. 

2.9 F u n ga l  Tra nsformations 

2.9 .1  Fungal  protoplasts 
Protoplasts were prepared uSll1g modifi cations of the methods descri bed by 

Murray, et aI . , ( 1 992) ,  McMi l l an ,  et aI . ,  (2003), YeIton, et aI . ,  ( 1 984), and l toh, 

et aI . ,  ( 1 994) . Fungal cultures i nocu lated w i th ground mycel ia (N. lolii and E. 

Jestucae) or 5 x 1 06 
spores (P. paxilli) were grown i n  25 mL of PO broth at 22°C 

unti l appropriate growth was attained. P. paxilli was typical ly grown for 2 days, 

E. Jestucae was grown for 6- 1 0  days and N. lolii was grown for 1 0- 1 4 days. The 

myce l ia  were washed three t imes i n  ster i l e  water fol l owed by a wash i n  OM 

buffer ( 1 .2 M MgSO..j.7H20, 1 0  mM Na2 HPO..j' adjusted to pH 5 .8  w i th 1 00 mM 

NaH2PO..j.2H20). The washed myce l ia  were mixed w i th I S  mL of fi l ter­

steri l i sed (wi th a 0.45 fl arcodi sc) OM buffer contain i ng 1 0  mg/mL of glucanex 

(Chemcolour i ndustry) and incubated overnight at 30°C wi th gentle shaking.  

The digested hyphae were fi l tered through a nappy l i ner (Chux) and the fi l trate 

contain ing  protop lasts overlaid wi th 2 mL of ST buffer (0.6 M sorbito l ,  1 00 m M  

hh 



Tris-HCI , p H  8 .0). The protoplasts were banded at the i nterface by 

centrifugation at 3,000 g for 5 min .  The protoplasts w ere removed from the 

i nterface and washed three times with 5 mL of STC buffer ( 1  M sorbitol , 50 mM 

CaCI2, 50  m M  Tris-HCI , p H  8 .0) by  centrifugation a t  7,700 g. Protoplasts were 

resuspended i n  STC buffer to g ive a final concentration of 1 .25 x 1 08 protoplasts 

per mL. Protoplasts (80 JiL) were frozen at -80°C for long-term storage by 

addi ng 20 Ji L  of PEG buffer (40 % PEG 4000, 50 m M  CaCI2, 1 M sorbito l ,  50 

mM Tris-HCI , pH 8.0). 

2.9.2 F u ngal tra nsformation 
Protoplasts of E. festucae, N. lolii or P. paxilli were transformed by the method 

of Vol l mer and Yanofsky ( 1 986), as modified by Itoh et al ( 1 994). The deletion 

of the ItmM gene and subsequent complementation i nto the CYFI l -M28 and 

CYFI I -M6 1 background used 5 Jig of appropriate DNA.  The DNA used to 

delete ItmM was l inearised by ampl ification w ith  the Expand Long Template 

PCR System (Roche) (Section 2.8 .6), wh i l e  all other  templates used were 

circular .  DNA amounts for the complementation of the P .  paxilli strains were 5 

Jig for plasmids that contained an i ntegrated genetic in  selectab le  marker or a co­

transformation was used w ith 5 Jig of pIl99 and 1 5  Jig of the target p lasmid. 

DNA was added to 80 JiL of protoplasts wi th 20 JiL of PEG buffer, 5 JiL of 

heparin (5 mg/mL in  STC buffer), 2 JiL of spermidine (50 mM).  After 

i ncubation on i ce for 30 min,  900 JiL of PEG buffer was added and the 

protoplasts were i ncubated at room temperature for 1 5  min .  A 1 00 JiL al iquot of 

the transformation mix was plated onto RG plates (2.4% potato dextrose broth,  

0 .8 M sucrose, 1 .5% agar, pH 8 .0) w ith a 3 J iL overlay of RG-top media (2.4% 

potato dextrose broth, 0.8 M sucrose, 0.8% agar, p H  8 .0). The plates were 

i ncubated at 22°C overnight and then overlaid with either hygromyci n  (Roche) 

or genetic in  ( lnvitrogen) at the concentrations determined in Section 3 .6. The 

transformants were al lowed to grow at 22°C for 7 days (P. paxilli) ,  1 month (E. 

festucae) or 6 weeks (N. lolii) . 

2.9.3 N uclear purification of tran sfo rmants 

h.'7 

Genetic in-resi stant colonies of P. paxilli transformants were plated for single 

coloni es onto PO media and grown at 22°C for 5 days. S i ng le  colonies were 



picked i nto 75 j1L of 0.0 1 % Triton X- l OO, 50 ftL was spread onto ACM media 

(Section 2.2. 1 )  usi ng  glass-plating beads and grown at 22°C for 4 days. A spore 

suspension was created by resuspending a 4 cm agar block from the sporulati ng 

plates i n  2 mL of 0.0 1 %  Triton X- l OO. 

E. Jestucae and N. lolii transformants were nuclear purified by sub-cultur ing 

myce l ia  from the edge of a colony to PO media, conta in ing either hygromycin 

( 1 50 j1g/mL) or genetic in (200 j1g/mL) three consecutive t imes. 

2. 1 0  Plant g rowth, i noc u l ations a n d  analyses 

2 . 1 0 . 1  Seed l i ng inoculations 
Seed l i ng inoculations were carried out by the method of Latch and Christensen 

( 1 985) .  Endophyte-free seeds of perennia l  ryegrass 'Nui '  cu l ti var were surface­

steri l i sed by first soaking in 50% su lfuric  acid for 30 m in, r insing three t i mes 

with water, then 20 min  i n  50% commercial bleach, r insed three t imes in  steri l e  

water then al lowed to air  dry. The seeds were germi nated in  the dark a t  22°C for 

a week on 4% water agar. A smal l piece of a freshly grown fungal colony was 

inserted into a sl i t  in the region between the mesocoty l and coleopti l e  of each 

seed l i ng. Mult ip le seed l i ngs were i noculated per cu l ture. The i noculated 

seed l i ngs were incubated at 22°C for 5-7 days i n  the dark fol lowed by 5-7 days 

in the l i ght. The p lants were transferred into root trainers contai n ing commercial 

pott ing mix and mai ntai ned in the greenhouse for 6-8 weeks before bei ng tested 

for endophyte infection. Endophyte- i nfected plants were transferred into pots or 

bags contai n ing pott ing mix  and slow-release ferti l i zer (Osmocote) and watered 

regularly .  

2.1 0 . 2 Immunoblottin g  to screen for endophyte infection 
Plants were tested for endophyte i nfection usi ng tissue-pri nt immunoblotti ng ,  a 

modification of the method descri bed by Gwinn ,  et aI . ,  ( 1 99 1 ). Polycl onal 

anti bod ies were rai sed i n  New Zealand white rabbits that were i njected with 

homogen i sed N. Lolii mycel ia  ( stra in Lp5) (Christensen, et aI . ,  1 993) .  Grass 

t i l l e rs were cut transverse ly at the base and printed onto a n i trocel l u lose 

membrane for several seconds. The membrane was washed _ in  blocking sol ut ion 



(20 mM Tri s, 50 mM NaCl , 0.5% non-fat mi lk  powder, 1 0  m M  HCt ,  pH 7 .5)  at 

room temperature for 2 h, transferred to primary antibody d i l uted 1 :  1 000 i n  

blocking sol ution and i ncubated overnight  at 4°C with gentle shaking.  The 

membrane w as rin sed five times in blocking solution, then i ncubated for 2 h 

wi th shaking at room temperature i n  secondary antibody (goat anti -rabbit  w i th 

an a lkal ine  phophatase conjugate ; S igma) d i l uted 1 :2000 i n  blocking sol ut ion. 

The membrane was developed in Fast Red chromogen (0.6% Fast Red in 200 

mM Tris buffer mixed with 0. 1 % n aphthol as-mx phosphate (S igma) i n  200 mM 

Tris buffer) for 1 5  m i n  at room temperature w ith shak ing and  then r insed w ith 

water to stop the reaction. 

2 . 1 0.3  A n i l ine blue stain ing of endophyte 
Plant epidermal str ips were exam ined wi th a l i ght  microscope for the presence of 

endophyte by stain ing  wi th ani l i ne b l ue (0.05% ani l i ne  b l ue i n  l actic 

acid/glycerol/water 1 : 2: I ) . Epidermal strips from the outer  most l eaf sheath 

were bri efly heated in the presence of the ani l i ne  b lue sta in  and then examined 

using a compound m icroscope at 1 00x and 400x magnificat ion .  Typical ly 

hyphae were stained b lue and could be observed between the plant cel l s .  

2.1 1 Alkaloid Analysis 

Endophyte-infected plant material ( pseudostems) was freeze-dried and ground to 

a fine powder. A 50 mg sample was extracted for the a lka lo id lo l i trem B,  

ergova l i ne and peramine. 

2.1 1 . 1 Lol itrem B analysis 

hQ 

Lol i trem B was analysed by a modifi cation (Panaccione, et aI . ,  2003) of the 

method of Gall agher, et aI . ,  ( 1 984). Lol itrem B was extracted from 50 mg of 

endophyte-infected p lant materia l  wi th 1 mL of dichloroethane: methanol (9: 1 ). 

The sample was agitated i n  a cel l d i srupter (FP 1 20 Savant FastPrep, B IO 1 0 1  

Inc . )  for 20 s, speed 5 ,  mixed by rotation for 1 h ,  then centrifuged for 1 0  min  at 

3 ,000 g. An 8-20 JlL sample was analysed by normal phase H PLC (Shimadzu 

Le- l OA system) on s i l ica columns (Alt ima 5 Jl, 1 50 x 4.6 mm, A l l tech 

Associ ates, Deerfie ld,  11) with dichloromethane:acetonitri l e : water (880: 1 20: 1 )  



runn ing  solvent at a flow rate of I mLlmin at 28°C. Lol i trem B was detected by 

fl uorescence (excitation 265 nm,  emission 440 nm;  RF- I OA detector, 

Shi madzu). Lol i trem B e lutes at �5 min  fol l owed by smal ler amounts of other 

lol i trems. The amount of lol i trem B was esti mated by compari son of integrated 

peak areas with external standards of authentic lol i trem B (Class-LC I O  software, 

Shi madzu). 

2 . 1 1 .2 Erg ovaline and peramine extractions 
Ergoval i ne and peramine were extracted by minor modificat ions of previously 

described methods (Panaccione, Schard l ,  2003 ; Spiering, et al . ,  2002). 

Ergova l i ne was extracted from 50 mg of endophyte-infected plant material with 

I mL of i sopropanol- lactic acid (50% (v/v) i sopropanol , 1 %  (w/v) l actic acid) 

contain i ng an i nternal standard of I ,ug/mL ergotamine-hemitartrate ( I  flg/mL; 

S igma) and homoperamine n itrate (2 Ilg/mL; custom synthes is ,  AgResearch) .  

The sample was agitated i n  a cel l  d i srupter (FP 1 20 Savant FastPrep, BIO 1 0 1  

Inc . )  for 20 s, speed 5 ,  then mixed by rotation for I h .  The extract was i ncubated 

at 4°C overnight, then centrifuged for 1 0  min at 3 ,000 g. 

2 . 1 1 .3 Ergoval ine a nalysis 
An 8-20 1I L sample was separated by reverse phase H PLC at 28°C using a C- I 8 

reverse phase column (5 flm, 1 50 x 4.6 mm, Prodigy 00S(3),  Phenomenex, 

CA) ,  fitted with a guard column. The mobi l e  phase, at a flow rate of I mLlmin ,  

was a mult i l i near binary gradient separation consist ing of solvent A (acetoni tr i le ,  

aqueous 0. 1 M ammonium acetate ;  1 : 3 v/v) and solvent B (acetoni tri le ;  aqueous 

0. 1 M ammonium acetate; 3 :  1 v/v ) in ratios of A : B  at programmed t ime points 

as fol l ows:  0 min ,  95 :5 ;  20 min ,  80:20; 35 min,  50:50; 40 min ,  30:70; 45 min ,  

30:70; 47 min ,  0 :  1 00;  55-58 m in, 95 :5 .  Ergot a lkaloids were detected by 

fluorescence ( RF55 I detector, Shimadzu) with excitation at 3 1 0 nm and 

emission at 4 1 0  nm. The amount of ergoval ine together with its natural i somer 

ergoval i n i ne was estimated by compari son of peak areas (Class-LC I 0  software, 

Sh imadzu) to that of the sum of i nternal standard ergotamine p lus  ergotami ni ne 

adjusted for rel at ive fluorescence and extraction effic iency. 

'7(\ 



2.1 1 .4 Peramine analysis 
Chromatography of peramine was carried out by a column-switch ing procedure 

wi th an i nit ia l  step to remove i nterfer ing UV absorbing  compounds (Spieri ng ,  et 

aI . ,  2002; Cox, Stout, 1 987). Samples (50 pL) were loaded onto a RP-C8 

(Al l tech Associates) si l ica-based m ixed-mode cat ion-exchange cartridge (7.5 x 

4.6 mm, 5 pm) i n  a mobi le  phase of i sopropanol :water:ammon ium hydroxide 

(25%) ,  60:40: 1 ,  at a flow rate of 0.4 mLlmin for 2 min .  The cartr idge was then 

flushed at 1 mLlmin wi th 50 mM ammonium acetate, 5 mM guanidi n i um 

carbonate and 0.2 % aceti c  acid i n  w ater-methanol , 4: 1 ,  and analysed by normal 

phase H PLC using  a Phenosphere ( Phenomenex) si l ica col umn (250 x 4.6 mm, S 

pm) and the same sol vent used for flushing.  Eluted products were analysed by 

UV spectrophotometry at 286 n m  with a UV -p70 detector (Jasco Corp.) .  The 

amount of peramine  was estimated by compari son of the i ntegrated peak area 

(Class-LC software, Shimadzu) of the analyte w ith  the homoperamine  i nternal 

standard. 

2 . 1 1 .5 Pax i l l ine 

7 1  

A P .  paxilli spore suspension was used to i noculate 25 m l  of CD-Y E (Section 

2.2.2), trace e lements (Section 2.2.7) wi th �5 x 1 0
6 

spores. The cultures were 

grown at 28°C for 7 days with a shaking speed of 250 rpm. The myce l ia  were 

washed three times w i th H20 and freeze dried. A mycel ia l  sample  of �0.2-0.5 g 

was extracted w ith 1 0  mL chloroform using a V i rtis homogeniser, then 5 mL of 

methanol was added and the sample m ixed for approximately 1 h by rotation on 

a spinn ing  wheel . A sample of 1 . 5 mL was spun down in a micro-centrifuge for 

1 0  m i n  and then the supernatant dried down overni ght i n  a fumehood. The dried 

extract was resuspended in 50 pL of chloroform: methanol ,  2: 1 ,  and 1 0  pL 

al iquots spotted onto a TLC Plate (Polygram SIL G precoated sheets I Ox20, 

MACHEREY -NAGEL Art. -Nr. 8050 1 3) .  The samples were separated i n  a 

runn ing sol vent of ch loroform:acetone, 9: 1 .  Paxi l l i ne was i dentified by spray ing 

the plate w i th alcohol i c  Ehrlich's reagent ( 1  % p-dimethylaminobenzaldehyde in  

1 2% HCI and 50% ethanol )  and heating  the p late to 1 20°C for approximately 1 0  

min .  The migration of pax i l l ine from P. paxilli strain s  was compared to that of 

authentic paxi l l i ne  (AgResearch, Ruakura). 
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3.1 N. loli; and E. festucae conta in  two GGPP synthases 

To isolate ggs sequences from the lo l i trem B producing N. lolii Lp 1 9  i so late ,  degenerate 

PCR was used. Lp 1 9  was i ni ti al l y  chosen for th is  study because the genome i s  haploid, 

there was a genomic l i brary avai lable and a supply of endophyte i nfected perennial 

ryegrass that would a l l  be requ i rements for downstream appl ications. 

The protein sequences of the avai l able fungal G GPP synthase genes from Neurospora 

crassa al-3 (Barbato, et aI . ,  1 996) ,  Saccharomyces cerevisiae Bts} (Jiang, et aI . ,  1 995) ,  

Penicillium paxilli paxG (Y oung, et aI . ,  200 1 ), Fusarium Jujikuroi ggs- } ( Mende, et a I . ,  

1 997) and ggs-2 (Tudzynski ,  H ol ter, 1 998) were a l igned to  identify conserved domains ,  

as defi ned by Chen, et aI . ,  ( 1 994), that would be su i tabl e  for degenerate primer design. 

Primers, ggpps27, ggpps28 and ggpps29 (Table 2.3 ,  Fig. 3 . 1 ,  and Appendix 5 . 1 ) , were 

designed to three h igh ly conserved regions taking i nto consideration the placement of 

known introns (Fig 3 . 1 ) . Degenerate PCR amplification was performed us ing primer 

pai rs ggpps27 and ggpps28, and ggpps27 and ggpps29 with genomic DNA from two 

lo l i trem-produc ing strains, N. lolii Lp 1 9  and E. Jestucae Fl l ,  and a lo l i trem-negative 

strain ,  E. typhina E8. P. paxilli strains PN20 l 3  and LM662 were used as positi ve 

control s  for the ampl ification of ggs genes .  The P. paxilli wi ld-type strain ,  PN20 1 3, 

contain s  two ggs genes, paxG and Ppggs} ;  however, these two genes can be 

dist inguished by s ize ,  as paxG contains an i n tron within the ampl ified regions ( Fig. 3 . 1 ) . 

The P .  paxilli strain LM662 i s  a paxi l l ine-negative deletion mutant l acking a 22.3 -kb 

region that contains paxG (Young, et aI . ,  200 1 ). Therefore, us ing DNA from this strain 

as a template for PCR can only resu l t  i n  the amplification of ggs l .  

The  degenerate PCR (Section 2 .8 .2) was performed with two anneal i ng  temperatures of 

45°C and 47°C. Ampl ification of endophyte genomic DNA with primer combinations 

ggpps27 and ggpps28, and ggpps27 and ggpps29 resu l ted in 209-bp and 272-bp 

fragments respectively (Fig. 3 .2). The PCR reactions from each primer pair were 

pooled and the Lp 1 9  fragments cloned in to pGEM-T (Section 2.4.4). One c lone, 

pCY29, from primer combination ggpps27 and ggpps29, was sequenced. BLASTX 

analys is  of the CY29 sequence showed s ignifi cant simi larity (E-value  of 7e-4 1 )  to the 

N. crassa GGPP synthase (accession number AAC 1 3867, locus identifi cation number 

NCU0 l 427) and other GGPP synthase sequences. 
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Fig u re 3 .1  Schematic diagra m  of  fungal gera nylgeranyl  d i phosphate 
synthase seq uences used for degenerate pri mer design 

Schematic diagram of fungal geranylgeranyl d iphosphate synthase sequences. The 
protein sequence al ignment can be seen in Appendix 5. 1 .  The rectangular boxes 
represent the polypeptide sequences of each gene. The grey ovals contained within 
each sequence represents the five conserved domains as defined by Chen et al. ( 1994). 
The primers, ggpps27, ggpps28 and ggpps29, were designed to the sequences from 
the h ighly conserved motifs, detailed in the red boxes, found in domains '" and V. The 
primer sequences are shown in Table 2.3. The positions of the introns are represented 
by an arrow head. The ggs sequences from P. paxilli are highlighted in green. 
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PCR amplification using d egenerate primers designed to  995 sequences with genomic DNA 

from N. lolii (Lp 1 9) ,  E. festucae (F I 1)  and E. typhina (E8) endoph y te stra ins, with wi ld-t y pe P. 
paxilli and LM662, a P. pax;l/; pax d e letion mutant used as controls .  (A) PCR amplifications 

were carried out with an annealing temperature of 450 C .  (8) PCR amplificat ions were carried 
out w ith an annealing temperature of 47oC. 

The fo llowing PCR reaction cond it ions were used : 5 ng genom ic DNA, 1 x  Taq pol ymerase 

buffer (Roche) , 50 J.IM each d NTP, 800 nM each primer, 0.5 U Taq polymerase in a reaction 

volume of 25 J.IL. The PCR ampl ification conditions were as follows : 940C for 2 min; 

followed b y  30 c yc les of 940 C for 30 S, either 450C (A) or 4 70C (8) for 30 s, 720C for 1 min; 

then one c y cle of 720C for 5 min. 



The PCR reactions with P. paxilli wi ld -type DNA clearly showed amplification of two 

bands w i th the PCR primer set ggpps27 and ggpps29 (Fig 3 .2). However, PCR wi th the 

endophyte strai ns consistentl y produced one strong band for each primer pai r. To 

determ ine whether each PCR band contained more than one product. an RFLP 

(restriction fragment l ength polymorph ism) approach was used. Sequence analysi s  of 

the insert i n  pCY29 revealed the presence of two restriction enzyme recognition sites, 

HaeI I I  and NotI (Fig  3 .3 )  that would be un l ike ly to have an identical restriction 

endonuclease banding pattern in the sequence of a second i ndependent ggs fragment. 

The remain i ng cloned fragments from both primer sets were amplified wi th primers 

ggpps27 and ggpps28 using the degenerate PCR conditions, then distin guished usi ng 

RFLP analysi s. The resulting  fragments were digested with an appropriate enzyme 

(HaeII I  or NotI )  and resolved on a 2% agarose gel .  The RFLP screen on the remain ing 

c lones revealed a clone pCY28 that d id not contain either the HaeII I  or NotI restriction­

enzyme sites with in the cloned fragment (Fig .  3 .3) .  The sequence of the pCY28 cloned 

fragment shows s imi lari ty to ggs genes with the highest BLASTX match (E-val ue of 

5e- 1 9) to P. paxilli Ppggsl (accession number AAK 1 1 525 ; Young, et a I . ,  200 1 ). The 

pCY28 clone was identified from the PCR pool ampl ified with ggpps27 and ggpps28 

and is therefore a shorter product than pCY29. The sequences of fragments CY28 and 

CY29 share 6 1 .7% identity to each other at the nucleotide level . 

To determine which c lone had a partia l  ggs gene i nvolved i n  lo l i trem biosynthesi s, each 

fragment was hybridised to genomic DNA from the two lo l i trem-producing strains,  N. 

lolii Lp 1 9  and E. Jestucae FI I ,  and the lol i trem non-producing  E8 strain of E. typhina. 

The hybrid is ing patterns (Fig. 3 .4) showed that CY29 hybridi sed to al l three strains  

whi le  CY28 hybridised to  just the two lol itrem producers, Lp  1 9  and FI I .  These data 

support the hypothesi s that CY29 i s  the P. paxilli ggsl orthologue, whi le  CY28, which 

correl ates with lo l i trem production, i s  the l i kely paxG orthologue. These genes were 

named ggs l and ftmG (for lol i lrem) respectively. Fain t  cross hybridi sation of the CY28 

fragment to the E. typhina ggsJ is seen in the E8 l anes and corresponds to identical 

hybridi sation patterns seen w i th the CY29 probe. 
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HaeI I I  

LtmG R L A I R L L Q G E S A S D D D 

. 1 5 0  

CY2 8 TCCGATTGGCAATCAGACTGCTGCAAGGCGAAAGCGCTAGCGATGACGAT 

1 1 1 1  I I 1 1 1 1  1 1  1 1 1 1  1 1  I I I I I  
CY2 9 TCCGCCTCGGCATCAAGCTCATGC GAGTCC CGTCGAC 

Ggs 1  R L G I K L M Q A E S A A A V D 

HaeI I I  NotI / HaeI I I  

LtmG Y V S L I D  T L G T L F Q I R D D 

. 2 0 0  

CY 2 8  TATGTCTCACTTATTGATACTCTCGGAACCCTGTTCCAGATTCGAGATGA 

I 1 1  I I I I I 1 1 1 1  I I 1 1 1 1 1 1 1 1  1 1  1 1  1 1  
CY2 9 TGCGTGCCCCTCGTCAACCTCATCGGTCTCATCTTCCAGATCCGCGACGA 

Ggs 1  C V P L V N L I G L I F Q I R D D 

LtmG Y Q N 

CY2 8 CTATCAAAA 

I I I  1 1  
CY2 9 C TACTTGAACCTGTCGTCCCGGGAGTACAGCGACAACAA.�1Od 

. 2 5 0  

Ggs 1  Y L N L S S R E Y S D N K G L C E 

CY2 9 AGGACC TGACCGAGGGCAAATT 

Ggs 1  D L T G E K F 

Fig u re 3.3 Seq uence of the two isolated gg5 fra g ments 

HaeI I I  

The CY28 fragment was amplified with primers ggpps27 and ggpps28. The CY29 fragment 
was amplified with ggpps27 and ggpps29. The mer are highlighted in grey. 
The Hael l l  and Noli sites are highlighted in and respectively. Sequence 
identity is shown by the I symbol between the two DNA sequences. The amino acid 
sequence identity between the two sequences is shown in red . 
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Figure 3.4 Southern analysis with the two 99s DNA frag ments 

Autorad iographs of Southern analysis of N. lalii Lp1 9,  E. festucae FI 1 and E. typhina 

E8 hybridised with 3 2P-labelled ggs fragments (A) CY29 (ggs 1)  and (8) CY28 (/tmG) . 

The DNA was digested with the restriction enzymes EcaRI ,  Hirolll and Ss1l . Faint 

cross hybridisation of CY28 to the E8 ggs1 gene is seen in B. The size standards are 

in kb .  



3.2 The ggs1 gene 

3.2 .1  The N .  lolii ggs1 gene 

The complete N. lolii ggs} gene was i solated from an Lp l 9  AGEM I 2  genomic l ib rary 

(Section 2 .5) using the fragment CY29 as a probe. The CY29 fragment was we l l  

represented w i th in  the  l i b rary wi th � 1 00  hybrid i s ing plaques from - 1 00,000 screened. 

Of the 1 3  clones i ni ti al l y  selected, 1 1  remained pos i ti ve through three rounds of l i brary 

screening used to purify the c lones. A 4.2-kb region was sequenced from ACY 1 00 and 

ACY 1 02 using  a combination of primer walking and sequencing of fragments c loned 

from SstI digests of ACY 1 00 and ACY 1 02. 

The ggs} gene was contained wi th in  a si ngle ORF as shown i n  Figure 3 .5 .  The 5 '  

region and putative start site of thi s gene were difficu l t  to characterise as  thi s  i s  the l east 

conserved region of GGPP synthases and ggs} contains  several repeti ti ve e lements 

with in thi s  region. There are five possible i n-frame start codon s. However, the second 

methionine has the best Kozak sequence, which is 1 00% identical to the N. crassa 

consensus of CN3CAM V  A TGGC (Bruchez, et a\ . ,  1 993). Sequence analysis of ggsJ 

predicts the gene l acks i ntrons, in particular, the si ng le  i ntron found i n  Ppggs} and the 

two conserved i ntrons found in P.  paxilli paxG, A. flavus atmG and ggs-2 from F. 

fuJikuroi. A polypeptide motif ( lPPRXSS) common to the N-terminal region of N. 

crassa, P. paxilli, A. nidulans, F. fujikuroi and M. grisea ggs} genes, is al so present i n  

the longer proposed transcript of N. lolii ggs } ,  starti ng at the second meth ionine ( Fig .  

3 .5 ,  Appendi x  5. 1 ). T hree repetitive DNA sequences, CAR ( 1 0 ) '  GCY ATCAAR (6) and 

CAG ( 1 2 1 do not appear to be contained i n  i ntrons (Fig 3 .5) .  The deduced Lp 1 9  Ggs l 

encodes a polypeptide of 466 residues w it h  a predicted unmodified mass of 5 1 .9 k Da. 

BLASTP analysis of the N. {olii Ggs I showed i t  was most s imi lar to that of Gibberella 

zeae (accession number A EE68323, F. graminearum FG 1 0097 l ocus) w ith an E-value 

of e- 1 36. The BLASTP analysis of N. lolii Ggs I to the P. paxilli genes, PpGgs l and 

PaxG,  yie lds E-values of l e- I 06 and 2e-79 respect ive ly .  

The chromosomal l ocation of the ggs} gene was determined by Southern analys i s of 

chromosomal DNA separated by pul se fie ld gel e l ectrophoresi s and then hybrid i sed 

w ith a ggs} fragment ( Fig .  3 .6). The Lp 1 9  ggs} gene is contained on a �6. 2  Mb 
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Figure 3.5 Restriction enzyme map of the gg5 1 gene and f lanking reg ion 

400 

(A) Restriction enzyme map of the gg5 1 region. The red boxes show the region of the hybridisation probes, the genes are shown as 
green arrows, the position and orientation of the primers are shown as black arrows. The primer names have been abbreviated from 
CYLp1 9-# to just the number. 

(8) A schematic diagram of the gg5 1 polypeptide. The five conserved domains and the IPPRRSS domain are shown as white boxes on 
the green polypeptide. The position of four of the five possible start codons are green lol iypops and the location of the repetitive DNA 
motifs are blue boxes. 
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Figure 3.6 The chromosomal location of the 995 1 gene 

• 

The chromosomal location of the gg5 1 gene. (A) Chromosomal DNA separation of N. lolii 

Lp1 9,  Lp5, AR 1 and Lp?, E. fe5tucae F1 1 ,  Fr1 , E. typhina E8 and Neotyphodium sp. LpTG-

2 Lp1 . The size standards are indicated in Mb based on the mobi l ity of the markers, M 1 , S. 

cerevi5iae (BioRad) and M2, S. pombe (BioRad). The electrophoresis conditions were 

(Kuldau et ai, 1 999) 0.6% chromosomal grade agarose (BioRad) in 0.5x TBE at 40 volts. 

The gel was run at 1 oOe with switch times ramped from 1 200-6000 s for 240 h. (8) 
Autorad iograph of the gel from A hybridised with a 3 2P-labelled gg5 1  fragment ampl ifed 

with primers CYLp 1 9- 1 2  and eYLp 1 9- 1  (the location of the probe is shown in Fig. 3 .5). The 

hybrid ising chromosomal DNA bands are surrounded by a black box in panel A. The Lp5 

and AR 1 hybridising chromosomal DNA bands have not been marked due to the quality of 

the hybridisation.  Two hybridising bands are present in the Lp? chromosomal DNA 

separation but the low molecular weight fragment is l ikely to be due to degradation. 

2 1  



chromosome, which i s  a s im i lar size to that of E8. Of the remai n ing strai ns that were 

screened, none appear to have the ggs J probe hybrid is ing to the same size chromosome 

( Fig. 3 .6). 

Adjacent to the ggs I gene are two sequences of partial genes, orf] and orj2 (Fig. 3 .5) .  

BLASTP analysis of Orf l and Orf2 showed that these sequences were most s imi lar to 

F. graminearum FG L 0 1 00 and FG I 0096, respectively (Table 3 . 1 ) . However, these 

gene products have no known function. The three Lp 1 9  genes (orfl , orj2 and ggsl )  

were used to search the M. grisea, N. crassa, A .  nidulans and F. graminearum genome 

sequences (http://www.broad. mit.edu/annotation/fungi/fgi )  for homologues, and then to 

determine if the genomic arrangement of these genes was conserved across species.  

The BLASTP analysi s of the three N. lolii genes to those of the four species mentioned 

above i s  shown in  Table 3 . 1 .  The genetic map of the N. Lolii ggsJ l ocus was compared 

to those of M. grisea, N. crassa, A. nidulans and F. graminearum l ooking for poss ib le  

microsynteny ( Fig. 3 .7, Table 3 . 1 ) . Of these four fungal species, M. grisea has a 

genetic arrangement that i s  most si mi lar to N. lolii with respect to both the gene order 

and orientation as these three genes are found in an M. grisea contig (Fig. 3 .7,  Table 

3 . 1 ) . The genes in F. graminearum are in the same orientation as i n  Lp l 9  ( Fig. 3 .7 ,  

Table 3 . 1 ) . However, there are two additional genes, FG 1 0098 and FG L 0099, i nserted 

between the F. grQ/ninearum equi valent to N. Lolii orf] and ggs I. N. crassa has the 

equivalent of orfl immediate ly adjacent to orj2 but orf] is in the opposite ori entat ion 

from that of the Lp 1 9  gene and there i s  no i nterven ing ggsl equi valent at th is locus 

(Fig. 3 .7) .  The N. crassa orfl and orj2 genes are contained in  contig 3 .384 1 11 

supercontig 30, whi l e  al-3, the ggs gene, i s  contained i n  a separate contig of 3 .58 1 11 

supercontig 3 (Table 3 . 1 ) . AN7677, an A.  nidulans sequence most s imi lar to orj2, i s  

contained in  contig 1 . 1 30 in  supercontig L O, whereas orfl and ggs 1 equi valents are 

contained i n  contig 1 . 1 0 in supercontig 1 (Table 3 . 1 ) . The distances between the genes 

are variable when comparing  the N. Lolii sequence and each of the four fungal species 

mentioned above. The three genes AN0653 from A .  nidulans and the F. graminearum 

genes FG 1 0099 and FG L 0098 (Fig. 3 .7) ,  associated with orfl and ggsJ from A.  

nidulans and F. graminearum respectively, can be found wi th in  the other completed 

genomes when using the BLASTP and/or tBLASTN algorithms, w ith only N. crassa 

l acking a FG L 0099 homologue. However, none of these homologues i s  located i n  the 

same contig, with only MG00364, the homologue of AN0653 ,  located in the same 

super-conti g as those c lustered with ggs l .  
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Table 3.1 Identification of orthologues to N. lolii ggs 1, orfl and orf2 

Gene Putative function' ID Contig Super-contig 

orf1 3 Unknown MG00 7 5 7  2 . 1 3 4  1 
NCU0 6 6 3 6  3 . 3 84 3 0  

AN0 6 5 5  1 . 1 0  1 

F G 1 0 1 00 1 .4 1 8  7 

ggs 1 geranylgeranyl diphosphate synthase MG007 5 8  2 . 1 34 1 
NCU01 427 3 . 57 3 

AN0654 1 . 1 0  
F G 1 0097 1 .4 1 8 7 

orf2 3 Unknown MGOO7 59 2 . 1 3 4  1 
NCU06 6 3 7  3 . 3 84 3 0  

AN7 677 1 . 1 3 0 1 0  

F G 1 0096 1 .4 1 8  7 

E-Value2 
species 

6e-33 M. grisea 
5 e-43 N. crassa 
7e-34 A. nidulans 
5 e-44 F. graminearum 

e- 1 2 7 M. grisea 
e- 1 2 1  N. crassa 
e- 1 04 A. nidulans 
e- 1 3 6 F. graminearum 

4e-74 M. grisea 
3 e-74 N. crassa 
ge-49 A. nidulans 
1 e-98 F. graminearum 

, Putative function is predicted, based on the best BLASTP match to a protein with a predicted function or homology. 
2Homology between the three N. folii genes and four fungal species stated is based on BLASTP. 
The searches were completed through http://www.broad.mit.edu/annotation/fungi/fgi 
3The Lp1 9 Orf1 and Orf2 polypeptide sequences used in the BLASTP search are partial sequences and would 
potentially have a higher E-value if  complete. 
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Figure 3.7 Schematic diagra m  showing m icrosynteny of the ggs 1 10cus between the fungal species, N. lolii. M. grisea, 
N. crassa, A. nidulans and F. graminearum 

The order and orientation of N. lolii genes clustered with the ggs 1 gene as seen in the fungal strains M. grisea, N. crassa, A. nidulans and F. graminearum. The red 
arrow is orf1, or genes that are homologous to orf1, the green arrow is ggs 1 or genes homologous to ggs 1 ,  the blue arrow is orf2 or genes homologous to orf2 and 
the black arrows are genes that are unrelated to the current N. lolii organisation. Genes from M. grisea, N. crassa, A. nidulans and F. graminearum are identifiable by 
thei r locus number as per htlp :l!www.broad.mit .edu/annotation/fungi/fg i .  The ggs1 gene (al-3) from N. crassa is located on a separate contig from orf1 and orf2. 



3 . 2 . 2  The E. festucae and E. typhina ggs 1 gene 

To confi rm the 5 '  region and the putative trans lat ional start s i te ,  the ggsl orthologues 

were i so lated from E. festucae strain Fl I and E. typhina strain E8 us ing PCR and I PCR 

w i th primers designed to the N. lolii, Lp l 9  sequence (Fig .  3 .8) .  Sequence analysi s of 

the thi and prt 1 genes between Lp 1 9, F l l ,  and E8 has shown a greater n ucleotide 

sequence variation w i th in  the promoter regions than with in the coding regions (Zhang, 

Bryant and Scott unpubl i shed) .  To isolate the 5 '  region of the ggsl gene IPCR was used 

as Southern analysis revealed that the ggsl fragment hybrid i sed to a 1 kb Sstl band i n  

al l three strains (Fig.  3 .8) .  The primers, CYLpl 9- l 8  and CY Lp I 9- 1 6, were used to 

ampl ify a -860 bp  fragment w i th SstI-digested then self- l i gated genomic  DNA (Fig. 

3 . 8C) and this PCR product was purified then sequenced w i th CYLp 1 9- 1 9  and 

CYLp I 9- 1 7 . The 3 '  region of the ggsl gene i nc luding the 3' untranslated region was 

ampl ified and sequenced wi th primers CYLp 1 9-20 and e i ther CYLp l 9- I 5  or CY Lp I 9-7 

(Fig 3 .80). Based on these data, complete sequences of the ggsl genes from Fl I and 

E8 were assembled (Appendi x 5 .3 ). 

The DNA sequence of a l l  three strains  contained the five putat ive ATG start s i tes and 

have the repetit ive e lements CAR, GCY ATCAAR and CAG ( Fig .  3 .9). However, there 

is no evidence of consi stent i ntron spl i ce sites a mong the three endophyte strains that 

would resul t  in excis ion of the repeated sequences mentioned above. The proposed 

transcripts of NlggsI and Efggsl share 99.6% identity at the nucleotide l evel , whereas 

the Etggsl has d iverged sharing  92% identity to NlggsI and Efggs l .  The E8 

polypeptide sequence, when compared to Lp 1 9  and F l ,  contains  just s ix  amino acid  

replacements wi th i n  the most h i gh ly conserved region of the gene start ing  beyond the 

CAG repeat (Appendix 5 . l ) . A l l  s ix changes are conservative. 

T he repetit ive DNA sequences are polymorphic between the three strains  w ith the CAG 

repeat sequence unique to each strain .  To determi ne whether the polymorphic CAG 

repeat would be a useful marker sequence for Neotyphodium and Epichloe strain 

i dentifi cation, thi s  region was ampl ifi ed from a number of e ndophyte i solates using  the 

prim ers CYLp 1 9-6 and CYLp 1 9- 1  ( Fig .  3 .5) .  The resul ti ng PCR products were 

purified (Section 2.4.3)  and sequenced w ith the primer CYLp I 9- 1 3 . Sequence was 

obta ined from the majori ty of the endophyte i solates screened;  however, those known to 

be hybrids contained more than one sequence and were not analysed further. The Lp I 
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Figure 3.8 Isolatio n  of ggs 1 from E. festucae and E typhina 

(A) Autoradiograph of Southern analysis of N. lolii Lp1 9, E. festucae F1 1 ,  and E. typhina E8 
genomic DNA digested with EcoRl ,  Hirdl l l  and Sstl and hybridised with a 3 2P-labelled ggs1 

probe as shown in B. Note: The DNA in the Lp1 9-Sstl lane was degraded, but the nucleotide 
sequence data confirmed the expected fragment size . 

(8) A genomic map of the Lp1 9  Sstl fragments, based on nucleotide sequence, that hybridised 
to the ggs1 probe, amplified with primers CYLp1 9- 1 2  and CYLp1 9-1 and the primer locations. 

The primer names have been shortened from CYLp1 9-# to just the #. 
(C) Isolation of the 5' region of ggs 1  from Lp1 9, FI1 and E8. IPCR with Sstl-digested then self­
l igated genomic DNA amplified with primers CYLp1 9-1 8  and CYLp1 9- 1 6. Lane (1 ) 1 kb+ ladder 
( Invitrogen); (2) E8 genomic DNA uncut; (3 and 4) E8 genomic DNA, Sstl-digested then self­
l igated ; (5, 9 and 13) water contro l ;  (6) Lp1 9 genomic DNA uncut; (7 and 8) Lp1 9 genomic DNA, 
Sstl-digested then self-l igated ; ( 1 0) FI1 genomic DNA uncut; ( 1 1 and 1 2) FI1 genomic DNA, Sstl­
d igested then self-ligated . 
(0) Isolation of the 3' region of ggs1 from Lp1 9, FI1 and E8. Lane (1 and 7) Lp1 9; (2, 3, 8 and 9) 
F11 ; (4, 5, 1 0  and 1 1 )  E8; (6 and 1 2) water control .  

The following PCR reaction conditions were used: 50 ng Sstl-digested/self- l igated genomic 

DNA (C) or 5 ng genomic DNA (D), 1x Taq polymerase buffer (Roche), 50 f.lM each dNTP, 200 
nM each primer, 0.5 U Taq polymerase in a reaction volume of 25 f.lL. (C) The PCR amplification 
conditions were as follows: 940C for 2 min; followed by 30 cycles of 940C for 1 5  s, 600C for 30 

s, 720C for 1 min;  then one cycle of 7 20C for 1 0  min. (D) The PCR amplification conditions were 
as follows: 940C for 2 min; followed by 30 cycles of 940C for 1 5  s, 550C for 30 s, 720C for 1 min 
20 s; then one cycle of 720C for 1 0  min. 
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Figure 3.9 Schematic diagram of the endophyte gg5 1 genes 

A schematic diagram of the ggs 1 genes from N. lolii Lp1 9, Nlggs1 ;  E. festucae F 1 1 , Efggs 1;  

and E. typhina E8,  Etggs 1 .  The grey rectangle indicates the coding region of the gene 

starting at the second proposed methionine.  The position of  the repetitive elements are 

shown as triangles and are refered to as their DNA sequence . The positions of the five 

possible in-frame start methionines are shown as an M. The approximate size of the 

polypeptides is represented as amino acid residues. The fol lowing ambiguity code has 

been used i n  the repetitive elements; Y = C or T; R = A or G ; S = G or C. 
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strai n i s  the on ly example of a hybrid where at l east one of the ancestral sequences w as 

i solated. Th i s  was achieved us ing the pri mer CY Lp I 9-8 ( i n  place of CY Lp I 9-6), which 

i s  mi smatched w ith the E. typhina sequence and therefore ampl ifies on ly the N. lolii 

sequence. The generated sequences are a l igned in Tab le  3 .2. The most obvious pattern 

identifi ed was that for the clade contai n i ng the E. typhina complex, where CAG i s  a 

CAS sequence, where S could be ei ther a G or C nucleotide. The CAG repeat length 

does not correlate with an indole-diterpenoid chemotype. 

3.2.3 Expression of gg5 1 

Expression analysis of the ggs I gene by RT -PCR was determi ned for N. lolii Lp 1 9  and 

E. Jestucae FI I and used to predict the proposed trans lational start site of ggs J .  RNA 

was i solated from Lp 1 9  and F1 1 grown in  l iqu id PD media (Sect ion 2 .2 .5)  and total 

R A was u sed in a one step RT -PCR reaction ( I nvitrogen). Primer CY Lp I 9-22, which 

anneals to the putati ve ATG start site , and pri mer CY Lp 1 9- 1 8  were used to ampl ify the 

5' region. A band of the same s ize as the PCR product from genomic DNA confi rmed 

the absence of i ntrons with in ggsl (Fig .  3 . 1 0). As a control PCR reaction for the ggsl 

gene, primers CYLp 1 9- 1 6 and CY Lp 1 9- 1 ,  which anneal to more conserved regions of 

the gene,  were a l so used . Both ggs 1 pri mer pairs show that the ggs J gene i s  expressed 

in cu l ture and lacks introns. The tub2 gene, ampl ified with primer pai r  T 1 . 1  and T 1 .2 

(Fig. 3 . 1 0) ,  was u sed as a control to show there was no contami nati ng DNA in  the RNA 

samples as the corresponding gene conta ins  i ntrons that requ i re spl ic ing .  No products 

were ampl ified from the RNA samples subjected to a PCR only reacti on, confi rming 

that there was no DNA contamination i n  the RNA (Fig. 3 . 1 0) .  

3.3 The ItmG gene 

The It/nG fragment, CY28 (Section 3 . 1 ) , was used as a probe to i solate sequences from 

an Lp 1 9  ",GEM 1 2  genomic l i brary (Section 2.5) .  This  region was under represented i n  

the l i brary w i th only fi ve clones i solated from �80, 000 plaques plated .  The l argest 

lambda c lone,  ",CY2 1 8 , � 1 5 .6 kb (Fig. 3 . 1 1 ) , was complete ly sequenced and shown to 

contain a complete copy of the ltmG gene. 
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Table 3.2 Sequence analysIs across the polymorphic CAG repeat 

Strain Species 

E. amarillans 

E. amarillans 
E. baconii 
E. baconii 
E. brachyelytri 
E. bromicola 
E. bromicola 
E. elymi 
E. elymi 

Ancestral grouping 2 3 4 

CAT CAT CAT CAT ...  

CAT CAT CAT 

CAT CAT CAT 

CAT CAT CAT 
CAT CAT CAT 

CAT CAT 

CAT CAT . . .  

CAT CAT CAT CAT . . .  

CAT CAT CAT 

5 1 4  1 3  1 2  1 1  1 0  9 8 7 6 5 4 3 2 

CAG CAG CAG CAG CAG CAG CAG CAG 

CAG CAG CAG CAG CAG CAG CAG CAG CAG 

CAG CAG CAG CAG CAG CAG CAG CAG 

CAG CAG CAG CAT CAG CAG CAG CAG CAG CAG CAG CAG CAG 
CAG CAG CAG CAG CAG CAG 

CAG CAG CAG CAG 

CAG CAG CAG CAG 

CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG 
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Figure 3 . 1 0 Ex pression a nalysis of the gg5 1 gene 

RT-PCR analysis on the 9gs 1 gene. Lanes (1 ) 1 kb+ ladder ( Invitrogen) ; (2, 6 and 1 0) 
Lp1 9 RNA; (3, 7 and 1 1 ) FI 1 RNA; (4, 8 and 1 2) water; (5 and 9) Lp1 9  genomic DNA. The 
fragment sizes are indicated as bp. The expected size of a tub2 genomic fragment would 
have been 727 bp. (A) RT-PCR reaction. (8) PCR only. All fragment sizes are indicated 
in bp. (C) schematic diagram of ggs 1 showing the location of the primers. The primer 
names have been shortened from CYLp1 9-# to just the number. 

The following PCR reaction conditions were used: (A and B) 1 pg of total RNA or 5 ng of 
genomic DNA, 1 x  Superscript RT-one step ( Invitrogen) reaction mix, 200 nM each primer 

with 0.5 pL of Superscript RT-enzyme mix in a reaction volume of 25 pL. The PCR 
amplification conditions were as follows: (A) 500C for 20 min then 9 40C for 2 min 

followed by 35 cycles of 940C for 1 5  s, 60°C for 30 s and 72°C for 1 min, then 1 cycle of 
720C for 1 0  min. (8) the initial 500C step was excluded.  



ECORI  
__ -. __ �� ______________ -r�� ____ ��l o�.�6�1 __ �1�. S�� ________ � ______ � __ ����----�-----r---

Hind 1 1'.:.....1 -..Lrl �I �o.:..:::. 6-L1 __ ...::2:.:.::. 6� __ ..,...-I-1 -L-�.....:1�.3�--J-1 _l.:..:.;.o�...J..1 �o.�6...J..1_----!.1..:..::::. 9  __ -L-_.!..:.1 .�S _...J.I�O�.6�1---U....11 J.....L1 1�O�.6:......1L...--.!.1�.O:......-..I...-..:O�.9�'--_ 
Sstl I 3 .4 I 

c::::::J 10179/1 
101311 
C Y 2 8  

ItmG 

1 1 -

L--__ �!loI7/28 
1017/35 

ItmM 

• • • • 

Figure 3 . 1 1 Genomic map of the ",C Y21 8 reg ion 

-mm���rm��1 E10!i132/8 
t1l 10133/37 

10132/1 5 

t-CY2 1 8  

ItmK 

A restriction enzyme and gene map of the Lp 1 9  ",CY218  reg ion. The genes are shown as green arrows while the exons are represented as blue boxes. 
The position of probes amplified from genomic DNA are shown as red boxes and those amplified from cDNA are shown as orange boxes, with the primer 

combinations used for each probe amplification are adjacent to each box. 

-
o 



Sequence analysis of ltmG predicts the presence of two i ntrons ( Fi g. 3 . 1 1  and 3 . 1 2). 

These two i ntrons were confi rmed by RT -peR analysis usi ng RNA isolated from 

endophyte-i nfected ryegrass. The ltmG-coding region was ampl ified from cDNA, 

generated from random pri ming  of mRNA, using the primer combi nation of 10179 and 

lol l (Fig .  3 . 1 2A) .  The resu l t ing RT -peR product was purified and d i rectly sequenced 

wi th gene-specific primers then compared to the genomic sequence for confi rmation of 

the i ntron spl ice si tes (Table 3 .3 ). 

The FastA analysis shows that LtmG i s  54. 1 % identical to PpGgs I ,  52.6% identical 

(across 302 ami no acids) to PaxG and 59.4% identical (across 293 amino acids) to 

AtmG . The top BLAST P database match is to that of F. graminearum (access ion 

number EAA 72205) with an E-value of 6e-96. The Ggs I and PaxG polypept ide 

sequences from P. paxilli have BLASTP E-val ues of I e-90 and 3e-86, respectively .  

The ltmG gene contai ns two of the three i ntrons found i n  P. paxilli paxG (Y oung, et aI . ,  

200 1 )  and A .  flavus atmG (Zhang, e t  a I . ,  2004) and two of the four  introns found i n  F. 

fujikuroi ggs2 (Tudzynsk i ,  Holter, 1 998) (Appendi x 5 . 1 ). The placement and phase of 

the introns i s  conserved. 

3.4 The ItmG gene is conta i ned with in  a gene cl uster 

Adjacent to ltmG are two genes, ltmM and ltmK (Fig .  3 . 1 1 ) encoding, an FAD 

dependent monooxygenase and P450 monooxygenase, respecti ve ly .  LtmM and LtmK 

have sign ifi cant s imilarity to P. paxilli PaxM and PaxP, respect ive ly .  Therefore, ltlnG 

forms a gene c l uster with homologues of paxM ( ltlnM) and paxP (ltmK). The AT 

content flank ing ltmK is extremely high at � 70% AT and devoid of open reading 

frames. No other genes were evident from sequence analysis usi ng B LAST searches. 

3.4.1 ItmM, an FAD dependent monooxygenase 

Sequence analysis of LtmM predicts the presence of three introns. These three i ntrons 

were confi rmed by RT -peR analysis using RNA isolated from endophyte-infected 

perenn ial ryegrass (Fig. 3 . 1 2B) .  The ltmM codi ng region was ampl ified from cDNA, 

synthesised by random priming of mRNA, using the primer combi nations of 1017 and 

10135 to d i sti nguish i ntron one, and pri mers 101 1 4  and 10128 for i ntrons two and three 
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Figure 3 . 1 2  Gene structures of the It m genes 

Gene structures of the Itm genes. RT-PCR analysis was performed with RNA isolated from Lp1 9-infected 
perennial ryegrass. The cDNA was reverse transcribed from poly-A RNA using the Expand RT enzyme 

(Roche) (Section 2.6.2). All fragment sizes adjacent to gel photos are indicated in bp. The schematic 
diagrams of the genes have exons represented by blue boxes. The primers are positioned above or below 
the sequence for forward or reverse direction respectively. The approximate position of the gene within the 
cluster is indicated as kb. The introns are numbered between the exons. (A) The ItmG gene. Lane ( 1 ) 1 kb+ 

ladder ( Invitrogen); (2) 1 0-2 cDNA di lution ;  (3) 1 0-3 cDNA di lution ;  (4) Lp1 9  genomic DNA. (8) The ItmM 

gene. Lane (1  and 7) 1 0-2 cDNA di lution; (2 and 8) 1 0-3 cDNA di lution; (3 , 9 and 1 0) Lp1 9  genomic DNA; (4 
and 1 1 )  water; (5) 1 kb+ ladder ( Invitrogen); (6) 1 0-1 cDNA di lution. (C) The ItmK gene. Lane ( 1 )  1 kb+ ladder 
( Invitrogen);  (2 and 9) Lp1 9 genomic DNA; (3, 4 and 5) 1 0- 1 cDNA dilution ;  (6 and 1 0) water; (7) 1 0-2 cDNA 

dilution; (8) 1 0-3 cDNA di lution. 

The following PCR reaction conditions were used: 5 ng genomic DNA or 5 JlL of di luted cDNA, 1 x Taq 

polymerase buffer (Roche), 50 JlM each dNTP, 200 nM each primer, 0.5 U Taq polymerase in a reaction 
volume of 25 JlL. The PCR amplification conditions for primer pair 10179/1 , 1017/35, 101 1 4/28 and 10143/63 

were as follows: 940C for 2 min; followed by 40 cycles of 940C for 1 5  s, 600C for 20 s, 7 20C for 45 s; then 
one cycle of 720C for 5 min. The PCR amplification conditions for primer combination 10129/1 5 were as 

follows: 940C for 2 min; followed by 35 cycles of 940C for 1 5  s, 600C for 30 s, 720C for 1 min 1 5  s; then one 
cycle of 720e for 5 min. 



Table 3.3 The /tm genes, intron analysis and comparisons to database sequences 

Gene Function s ize ( aa)  kDa Intron 
No. phase size 5' . . .  3' spl ice sites 

ItmG Geranylgeranyl diphosphate synthase 3 3 4  3 8  0 5 1  GTATTT . . .  CAG 
2 54  GTAAGT . . .  TAG 

ItmM FAD dependent monooxygenase 472 5 3  1 1 66 GTAATA. . .  TAG 
2 2 56  GTAGGT . . .  TAG 
3 0 1 06 GTATGT. . . CAG 

ItmK P450 monooxygenase 5 3 3  6 1  1 0 66 GTATGT . . .  CAG 
2 0 7 0  GTGAGG . . .  TAG 
3 0 5 2  GTATGT . . .  CAG 
4 2 6 7  GTATGC. . .  TAG 
5 2 5 1  GTACGT . . .  CAG 
6 1 8 1  GTIAGT . . .  AAG 
7 2 74 GTATGT . . .  CAG 

Top Database hit Species E value 

EAA72 2 0 5  F. graminearum 6e-96 

paxM P. paxilli 6e-96 

EAA64305  A. nidulans 5e-84 



(Fig. 3 . 1 28) .  The result ing RT -peR products w ere purifi ed and sequenced with gene 

specific primers. The DNA sequence of the RT -peR products was compared to the 

genomic  sequence for confi rmation of the i ntron spl ice  s i tes (Table 3 . 3) .  

Of the  three ltmM i n trons, the  first two are conserved wi th  those of paxM from P.  paxilli 

(Young, et a I . ,  200 1 ), w hereas al l three i ntrons are conserved w ith the atmM gene from 

A .  flavus (Appendix 5 . 1 ) . The top database BLASTP match is to Pax M  with an E-value 

of 6e-96 w here the overal l sequence identity of LtmM to PaxM i s  4 1 .0% (across 456 

amino acids) .  However, A . flavus AtmM is 42.2% identical (across 448 amino acids) to 

LtmM.  

3 .4.2 ItmK, a P450 monooxygenase 

The sequence analys i s  of LtmK indicates it is more s imi lar to PaxP than PaxQ with 

3 1 . 3% (across 499 amino acids) and 23.4% (ac ross 5 1 2  amino acids) identity at  the 

amino acid l evel respectively. The BLASTP match of LtmK to PaxP i s  not as h i gh as 

that seen w hen comparin g  LtmM to PaxM ( E-value of 6e-96) indicating  that ItmK i s  

more l i kely to be a homologue of paxP than an  orthologue. LtmK is l ikel y  to have a 

rol e  i n  lol i trem biosynthesis as at least four cytoch rome P450 steps have been predicted 

for lo l i trem biosynthesis (Parker, Scott, 2004). The best database BLASTP match is to 

an A. nidulans sequence (accession number EAA64305 )  w ith an E-value of 5e-84. 

Sequence analysis of ltmK predicts the presence of seven i ntrons. These seven i n trons 

were confi rmed by RT -peR analysis using RNA i so lated from endophyte- infected 

perennial ryegrass (Fi g. 3 . 1 2C). The ltmK cod ing region was ampl ified from cDNA 

generated by random priming of mRNA usi ng  the primer combinations of 10129 and 

101 1 5  that would dist in guish i ntrons one through fi ve, and primers 10143 and 1 0163 for 

i n trons s ix and seven (Fig.  3 . 1 2C). The resul t ing RT -peR products were purified and 

sequenced w i th gene-specific primers then compared to the Lp 1 9  genomic sequence for 

confirmation of the i n tron spl ice s i tes (Tab le  3 .3 ) .  The ltmK gene has four i ntrons, 1 , 2, 

4 and 7, that are conserved w i th p lacement and p hase w ith  the paxP i ntrons 1 ,  2 , 4 and 

5 ,  and three in trons, 1 ,  4, and 7 that are conserved with p lacement and phase wi th  the 

paxQ i n trons 2, 4, and 8 (Append ix  5. 1 ) . 



3.5 Expression analysis of the Itrn genes 

The expression patterns of the Itm genes were determined by RT -PCR analysis and 

further supported by northern analysis ( Section 2.6). RNA was i solated from Lp 1 9  

myce l i a  grown i n  PO l iquid medium (Section 2.2.5) for approximately  six days. A one 

step RT -PCR reaction ( lnvi trogen) with total RNA showed the three ltm genes were not 

expressed i n  culture (Fig. 3 . 1 3A). The expression of tub2 was used as a contro l .  These 

data are supported with the northern analysis, as shown in Figure 3. 1 3C, where the Elm 

transcripts are not detected i n  cu lture. 

The expression of the Itm genes in planta was determi ned by RT -PCR and Northern 

analys is  (Fig. 3 . 1 3) .  RT -PCR was performed on mRNA i solated from Lp 1 9- infected 

N ui perenn ial ryegrass using a random primed cDNA pool ( Fig .  3 . 1 38) .  Each It m gene 

was ampl ified and compared to the amplification of the endophyte tub2 and the 

perenn ial ryegrass j3-tubul i n  genes. In comparison to the endophyte tub2 transcript, 

wh ich was just detected, the three It III transcripts appear to be highly up-regulated in 

planta. A simi lar result is shown by northern analysis as seen in Figure 3 . 1 3C. The 

high l evel of expression of the three ltm genes detected in pEanta i s  evident especial ly  

when considering  the endophyte i s  l ess than 1 % of the plant material . 

The DNA biomass of Lp 1 9  i n  endophyte-infected perennia l  ryegrass was esti mated to 

gauge the l evel of gene expression in planta. DNA was i solated from the pseudostems 

of Lp 1 9-i nfected Nui perenn ial ryegrass, and the concentration of the endophyte was 

compared to DNA standards of Lp 1 9  genomic DNA using Southern hybrid isation w i th 

an ItmK fragment (Fig. 3 . 1 4). T he hybridisation of the ItmK probe resu l ts i n  a s ingle 

band of �8.6 kb i n  both the Lp 1 9  and Lp 1 9-i nfected Nui  perennial  ryegrass genomic  

DNA.  The i ntensity of t he  hybridising bands from the d i l ution series  of the DNA from 

Lp 1 9  mycel i a  was compared to those of the DNA from Lp 1 9- infected Nui  by 

densitometry w ith the A lpha I nnotech Ge l  Documentation system. To be i n  the l i near 

range of the X-ray fi l m, only the 0. 1 jig  and 0.2 pg Lp 1 9  standards, and the 5 jig and 1 0  

pg  Lp 1 9- i nfected Nui  sampl es were used i n  the analysis, as these DNA concentrations 

conformed to the expected ratio of � 1 :2 w hen compared to each other. The 

hybridisation signal of each band was converted i nto a peak area and the ratio of the 

endophyte-alone to the endophyte-i nfected ryegrass peaks was determined.  This  rat io 

was then multi pl ied by the amount of each sample loaded and the reciprocal of the 
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Figure 3.1 3 Expression analysis of the It m genes 
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Expression analysis of the endophyte ItmG, ItmM, ItmK and tub2 genes and the plant genes, f3-tubulin and actin. Primer positions of the It m genes are shown on 

Fig.  3. 1 2. (A) RT-peR analysis with R NA isolated from Lp1 9 mycelia (approximately 14 day old mycelia) using superscript one-step system ( lnvitrogen).  Lanes ( 1 )  

1 pg Lp1 9 R NA; (2) 0 . 1  pg Lp1 9 R NA; (3) negative control ;  (4) Lp1 9  genomic DNA . The peR conditions are identical to those shown i n  Fig.  3 . 1 0. 

(8) RT-peR analysis with RNA isolated from Lp1 9-infected Nui perennial ryegrass. The cDNA was made with mRNA isolated from Lp 1 9- infected Nui perennial 

ryegrass. Lane ( 1 ) No RT enzyme contro l ;  (2) no mRNA control ;  (3) genomic DNA from Lp1 9-infected Nui perennial ryegrass; (4) Lp1 9  genomic DNA; (5) cDNA from 

Lp1 9-infected Nui perennial ryegrass, 1 0- 1  d i lution ; (6) cDNA from Lp1 9  i nfected Nui ryegrass, 1 0-2 d i lution ;  (7) cDNA from Lp1 9-infected N ui perennial ryegrass, 

1 0-3 di lution;  (8) negative control .  The peR reaction conditions are identical to those described in F ig .  3. 1 2 , with the following ampl ification conditions; 940e for 2 

min ;  followed by 35 cycles of 940e for 1 5  s, 600e for 30 s, 720e for 45 s; then one cycle of 720e for 1 0  min.  

(C) Autoradiographs of Northern analysis with RNA isolated from Lp1 9 and FI1  mycelia and Lp1 9- and Fl 1 -i nfected Nui perennial ryegrass. Lane ( 1 ) 0. 1 5  pg Lp1 9 

R NA; (2) 1 .5 pg Lp1 9 R NA; (3) 1 5  pg Lp1 9  R NA; (4) 1 5  pg R NA from Lp1 9-infected Nui perennial ryegrass; (5) 1 5  pg RNA from endophyte-free Nui perennial 

ryegrass; (6) 1 5  pg R NA from Fl 1 -infected Nui perennial ryegrass; (7) 1 5  pg FI1 RNA; (8) 1 .5 pg FI1 R NA; (9) 0. 1 5  pg FI1 RNA. The northerns were hybridised with 

the following 3 2P-labelled fragments: ItmG, a cDNA product amplified with primers 10179 and 101 1 ; ItmM, a cDNA product amplified with primers 1017 and 10128; ItmP, a 

cDNA product amplified with primers 10132 and 1018; tub2, a Lp1 9 genomic fragment amplified with primers T1 . 1  and T1 .2;  actin, a Nu i  genomic fragment amplified 

with primers actin F  and actinR .  The cDNA probes were cloned into pGEM-Teasy, d igested with EcoRI ,  and the cDNA fragments were extracted from an agarose gel. 
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Figure 3.1 4  Endophyte biomass in planta 
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Southern analysis to estimate the endophyte biomass in planta. (A) Southern blot with Lp 1 9  

genomic DNA (lanes 2-5) ,  and genomic DNA from Lp1 9- infected Nui ryegrass (lanes 6-1 0) 

d igested with EcoRI .  Each lane was loaded with the fol lowing amounts of DNA; (2) 0. 1 pg 

Lp1 9 ;  (3) 0.2 pg Lp1 9 ;  (4) 0 .5  pg Lp1 9 ;  (5) 1 .0 pg Lp 1 9 ;  (6) 1 pg Lp1 9/Nu i ;  (7) 2 pg Lp1 9/Nui ; 

(8) 5 pg Lp1 9/Nu i ;  (9) 1 0  pg Lp1 9/Nui ;  ( 1 0) 20 pg Lp1 9/Nu i .  Lane ( 1 ) AHirx:il l l ladder. (8) 
Autogradiograph of the Southern blot from (A) hybrid ised with a 32P-labelled ItmK probe 

ampl ified with 10132 and 101 1 5 . (C) A table showing the band densitometry as determined with 

an Alpha Innotech Gel Documentation system. The intenSity of each hybridising band was 

converted into a peak area. The data from lanes with a '  (lanes 2,  3, 8 and 9) were used as 

they are within the l inear range and give comparable results between each l ike sample. Table 

3.4 shows the loading concentrations, peak areas and the percentage endophyte in planta. 



resulti ng  number was converted into a percentage (Table 3 .4). The average of the four 

compari sons (Table 3 .4) provides an estimate of the Lp l 9  DNA biomass i n  endophyte­

i nfected ryegrass of �0.8%.  This  value of 0.8% endophyte is approximate, as variations 

i n  sampl ing wi l l  occur  due to the condition of the grass and the amount of l eaf b lade 

removed from the pseudostem. However, the value is consisten t  w ith those seen i n  

Section 3 .6.2 and by Panaccione,  et aI . ,  (200 1 ) . 

3.6 Functional a nalysis of ItmM 

Although the ltm genes were expressed in planta and correlate with strains that produce 

lo l i trems, functional analysis was required to confirm the gene  products had a role i n  

lo l i trem biosynthesi s. A decision was made to disrupt the ltmM gene i n  the E. festucae 

strain FI I as thi s strain h ap loid ,  faster growing  and has a better plant i nfection rate than 

Lp 1 9. The ltmM gene was chosen for ease of d isruption due to a l arge amount of 

avai l able flanking sequence and because the disruption of the P. paxilli homologue, 

paxM, compl etely abol i shes i ndole diterpene biosynthesis. 

The E. Jestucae i so late Fl l was screened for both hygromycin and genetic in sensitiv ity 

as these were the markers used for deletion and complementation of ltmM, respectively 

( Fig.  3. 1 5 ). The growth rate of Fl l on a ran ge of hygromycin and genetic in  

concentrations was compared to that of Lp 1 9  and E8 (F ig 3 . 1 5) .  A ntibiotic 

concentrations were selected w here min imal Fl l growth was visible (Fig .  3 . 1 5). Based 

on these results, concentrations of 1 50 Jig/mL of hygromycin and 200 Jig/m L  of 

genetic in were chosen for the deletion and complementation studies respectively. 

T he E. Jestucae Fl l genomic region, from the start of ltmG to the end of [tmK, was 

d i rectly sequenced with ampl ifi cation products from each gene and i ntergen ic  region. 

The DNA sequence of the Fl l [tm cluster is 99.9% identical w ith the Lp 1 9  sequence, 

i ndicating there is  very l i ttle sequence divergence between these two strains .  There is a 

s ingle C�T base difference (base 399 from the ltmG start codon) between the E. 

Jestucae ltmG and the N. lolii ItmG. Comparison of the E. Jestucae {tmM sequence to N. 

lolii ItmM shows two base changes of A �G at base 92 and T�C at base 249 from the 

[tmM start codon. Only the first transition results in a residue change w ith a 

conservative replacement of methionine ( i n  N. lolii ltmM) to val i ne ( i n  E. Jestucae 
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Table 3.4 The endophyte biomass in planta 

A 

endo[2h;tte [2eak area 

805  
805  
1 484 
1 48 4  

B 

endo[2h;tte/Nui [2eak area 

300 
629 

629 
300 

C 

P9 Endoph;tte/Nui 

5 
1 0  
1 0  
5 

0 E 

J.!9 Endoph;tte {A/B}*{c/O} 

0 . 1  1 34 . 1 7 
0 . 1  1 2 7 .98 
0 .2  1 1 7 . 9 7  
0 . 2  1 2 3 . 6 7  

l The fol lowing calculation, 1 I [ (A/B)(C/O)] 1 00,  was used t o  determine t h e  endophyte biomass in plan ta 

F Endophyte biomass 

1 lE % endophyte 1 

0.007 0 . 7 5  

0.008 0 .78  
0.008 0 . 8 5  
0.008 0 . 8 1  



A Lp1 9 FI 1 E8 

B 

Hph titre 

1 00 0 

200 25 

300 50 

Gen titre 

1 00 0 

1 50 25 

300 50 

Fig ure 3. 1 5  Determ i nation of m i n i m u m  i n h i b itory concentration of 
hyg romyci n  and geneticin 

Lp1 9 , F I1  and E8 growing on PO plates containing increasing concentrations of (A) hygromycin 
(Roche) or (8) geneticin ( Invitrogen).  The concentration of antibiotic in each plate is indicated in 
each panel key. All units of concentration are in jJg/mL. 
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ltmM). The promoter region of the N. lolii ItmM and E. Jestucae ltmM has two 

differences, the first, a T -7C change at base -356, i s  at a Hind I I I  site that is  absent from 

the FI I ItmG-ltmM i ntergenic region, and the second i s  at base - 1 038,  where GAGA i n  

Lp 1 9  i s  expanded to GAGAGA i n  A l .  The intergenic region between ltmM and ltmK 

has four base changes, whi le  the E. Jestucae ltmK and N. lolii ltmK genes are 1 00% 

identical. 

3.6.1  The IfmM deletion construct 

The pCY 39 p lasmid made for deletion of the E. festucae Fl l [tmM gene ( Fig .  3 . 1 6) was 

constructed by sequential l y  l i gating i nto pUC 1 1 8 a 1 .4 kb BamHI  fragment conta in ing 

the hygromycin  selectable marker (ampl ifi ed w ith primers CY 4 and CY5 from 

pCB 1 004; Carrol l ,  et aI . ,  1 994), a 2.7 kb PstI fragment (ampl ified w ith primers 101 1 7  

and 101 1 8) ,  fol lowed by a 2.7 kb KpnI  fragment (ampl ified with primers 10148 and 

10149). Each fragment requ ired for the construct was ampl ified from FI I genomic DNA 

with the Expand High Fidel ity PCR system (Roche) (Section 2.8) using the stated 

primers. The cloned orientation of each fragment was confirmed by sequence and 

restriction enzyme analysis. The pCY 39 region requ ired for deletion was l i nearised by 

amplification with the pUC forward and reverse primers using the Expand long 

template PCR system (Roche) (Section 2 .8)  and 5 pg of thi s  product used to transform 

FI I (Section 2.9). After one month of growth the hygromycin -resi stant transformants 

were colony-purified by three rounds of serial plati ng. DNA was extracted from each 

hygromycin resistant transformant (Section 2 .3)  and screened w ith pri mers 101 1 48 and 

101 1 35 to confirm the i ntegration of the p lasmid ( Fig. 3 . 1 7  A). Transformants that 

contained an ectopic copy of the p lasmid ampl ified both the 1 .6-kb w i ld-type and the 

1 .4 kb integrating plasmid bands, whereas those that were homologous recombinants of 

the ltmM l ocus only contained the 1 .4-kb i ntegrated p lasmid band. Transformants that 

were possible ltm deletions were further screened with the 101 1 48 and 101 1 35 primers, as 

we l l  as w ith 1012 and 10134 (574 bp), 1017 and 10135 (448 bp) and 101 1 47 and 101 1 5  (3 1 7  

bp), primers that amplify the l eft-hand side, ltmM gene  and the right-hand side 

respectively ( Fig. 3 . 1 7B).  Any transformant w ith a deleted ltmM gene was screened 

further by Southern analysis to determine the pattern of integration of the pCY39 

plasmid i n  the genome. 
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A 

FI1 

B 

, 
. .  -

ItmG 

LH 

B 

7 kb Xhol - complementation fragment 

x 

� lo 1 1 35 
---

. . .  -
ItmM 

RH 

101 1 48 � � lo1 1 35 

2.7 kb Kpnl 
fragment 

hph 

pCY39 
1 0.0 kb 

2.7 kb Pstl 
fragment 

2.7 kb Pst1 
fragment 

E 

Fig ure 3 . 1 6  The Itm M-deletion construct 

BamH I 

(A) A restriction enzyme map of the FI1 It m cluster. The red box is the 2.7 kb Kpnl fragment, the 

blue box is the 2.7 kb Pstl fragment. The LH, Mid and RH regions were amplified with primers 1012 
and 10134, 1017 and 10135, and 101 1 47 and 101 1 5, respectively. Hph stands for the hygromycin 
resistance gene from pGB1 004. 
(8) A plasmid map of the deletion construct pGY39. The region targeted for deletion was amplified 
with the pUG forward and reverse primers using the Expand long template PGR system (Roche). 
Abbreviations for the restriction enzyme sites are: B = BamHI, E = EcoRl, H = Hirdl l l ,  K = Kpnl, P = 
Pstl.  Not al l restriction enzyme sites are shown in (8). 



A 

B 

574-
448-

3 1 7-

574-
448-
3 1 7-

574-
448-

3 1 7-

� � � 00 m 0 N M � � � � 00 m 0 
� � � � � � � � � � � � � � � � 

u.. 

m 

� 0 

m 

� 0 
U N 
a. I 

N � 0 N 00 m M � � 0 � 00 U N 

oo m  N N N  N N � � � � oo m m u.. a. I 

-1.6 kb 
-1 .4 kb 

101 1 48/101 1 35 

- - - � � - - - � - - - - � - -
- - - - - - - � - � 
- ..... - ... - ..... .. .... IiiiiII!!i _ ... _ ... " _ _ _  _ 

.-- M 
o 0 

m 0 
o N 

N 
� 

m 

� 0 
U N 

u.. a. I 

_ _  " _ � ' __ ' ''' ' � � ' __ ' <IiiIiIiiB 
� _ � MlI!!!I!!iP I� � _ ,�  _ _ 

_ __ _  Wll!!! � .. � - � ..  .. 

u.. 

m 

� 0 
u N 
a. I 

LH 
Mid 
RH 

101 1 48/101 1 35 

LH 
Mid 
RH 

101 1 48/101 1 35 

....... ....... � ,.......... ....",.,.. �I'V� __ __  ___ 
__ '--* ......",.... �'t .. , . �  .... ..... _ ..... ...... � 

.. � 4....... � "'_... �_ __ _ .,. ...... ... 

LH 
Mid 
RH 

Figure 3. 1 7  peR screening for a n  ItmM d eletion 

PCR analysis of the ItmM HygR transformants. (A) A selection of data from first round screening 

with primers 101 1 48 and 101 1 35. Transformants that gave a single 1 .4 kb product, such as those 

defined with green numbers, were screened further as shown in (8). (8) All transformants that 
were possible ItmM deletions were rescreened with primer combination 101 1 48 and 101 1 35 and also 
screened with primer combinations to the left of the replacement construct (LH - primers 1012 and 
10134), to the ItmM gene (Mid - primers 1017 and 10135) and to the right (RH - primers 101 1 47 and 101 1 5) 
of the replacement construct. See Figure 3 . 1 6  for primer locations. Any transformants that are 
labelled red are ItmM deletions and were screened further by Southern analysis. Fragment sizes 
are shown in bp. Transformant numbers have been abbreviated from CYFI 1 -M# to just the #. 

Standard PCR conditions (Section 2.8) were used with the following PCR amplification conditions: 
For primer combination 101 1 48 and 101 1 35; 940C for 2 min, fol lowed by 30 cycles of 940C for 1 5  s, 

600C for 30 s,  720C for 2 min, then one cycle of 7 20C for 1 0  min. For the LH ( 1012 and 10134), Mid 
( 1017 and 10135) and RH ( 101 1 47 and 101 1 5) primer combinations, 940C for 2 min, followed by 30 
cycles of 940C for 15 s, either 550C (for LH) or 600C (for Mid and RH) for 30 s, 720C for 45 s, then 

one cycle of 720C for 1 0  min. The LH, Mid and RH PCR amplifications were carried out separately 
and samples pooled for gel analysis. 
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A total of 1 59 arbitrari ly  selected hygromyc i n-resistant transformants were screened by 

PCR analysi s. The PCR screen ing revealed 1 0  transformants, CYFI I -M 1 2, -M2S, -

M43, - M6 1 ,  -M65, -M80, -M98, -M I D I ,  -M 1 42 and -M 1 56, that l acked the ltmM gene 

(Fig. 3 . 1 7B) .  During the screen for a homologous recombination event, one 

transformant, CYFl l -M6 1 ,  was i dentified that has a deletion of ltmM and the region to 

the left of ItmG (Fig. 3. 1 7B).  The extent of the CYFl l -M6 1 deletion remains 

uncharacterised. However, based on hybrid isation w ith a ltml fragment used i n  Section 

3 .9.5, the extent of the deletion is greater than 70 kb. One transformant, CY FI I -M I 45, 

has an unusual PCR ampl ifi cation pattern showing absence of both the l eft- and r ight­

hand flanking  regions (Fig. 3 . 1 7B) .  The integration pattern of CY FI I -M I 45,  detected 

by hybrid i sation w ith hph and ltmM fragments, is very complex ( Fi g. 3 . 1 8) as there are 

four ltmM hybrid is ing bands and a strong hybridis ing fragment  that represents a l arge 

tandem repeat. When screened by Southern analysis ,  five, CYFI I - M2S, - M43 , -M65,  -

M 1 42 and -M I 56, of the 1 0  transformants w ith ltmM deletions, w ere shown to have a 

s ingle copy of the hph gene as i ndicated by hybridisation of a >23 kb band wi th a hph 

probe ( Fig .  3. 1 S). The frequency of replacement of ltmM was 6.2%, but only  3 . 1 % of 

the total transformants were true single-copy replacements. Two i ndependent deletion 

stra ins CYFl l -M28 ( PN2303) and CYFl l -M I 42 (PN296),  the ltmMG extended deletion 

mutant CYFI I -M6 1 (PN230 1 ) , an  ectopic mutant CYFl I -M 1 5 1  (PN2294), and w i l d­

type Fl l ( PN229 1 )  w ere used to artific ia l ly i nfect endophyte-free perennia l  ryegrass 

seed l ings.  

The same l inear product ampl ified from pCY39 p lasmid was used to transform Lp l 9  to 

delete the NlltmM gene. An identical PCR screen to that descri bed above was 

performed on I I 1  colony-purified hygromycin-resi stant transformants but no Lp 1 9-

{tmM deletions w ere i dentified. 

3.6 .2  A lkaloid a na lysis of  the ItmM knockouts 

Perenn ia l  ryegrass seed l ings were inoculated wi th the selected transformants by 

i n serting  mycel i a  i nto the meri stematic region of an etiolated seedl i ng  (Section 2. 1 0) .  

I noculated p lants were grown for approximately s ix  weeks and  then screened for 

endophyte i nfection us ing an endophyte-specific polyclonal antibody (Section 2. 1 0) .  

Four to  five endophyte- infected p lan ts from each construct were main tained for l ol i trem 

analysis. The rate of i nfection (Table 3 .5) ,  determined once the plants had establ i shed 

1 0':;; 
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1 1 -

Figure 3.1 8 Southern analysis of the ItmM-deletion transformants 

(A) EcoR I-digested genomic DNA from the CYFI 1 -M transformants hybrid ised with a 3 2P-labelled 

fragment from the hygromycin resistance gene amplified with primers pUChph3 and pUChph4 from 

pCB1 004. The presence of a tandem repeat of the integrating plasmid is seen as a 4 . 6  kb band.  

Integrations that were !tmM replacements have a >23 kb hybridising band . 

(8) BamH I -digested genomic DNA from the CYFI 1 -M transformants hybridised with a 3 2P-label led !tmM 

fragment amplified with primers 1017 and 10135. The wild-type band containing !tmM is -1 1 kb. 

Transformants that lack the 1 1 -kb band are !tmM deletions. 

Transformant numbers have been abbreviated from CYFI1 -M# to just the number. Ectopic i ntegrants 

are CYLp1 9-M 1 51 and - 1 60. 
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Table 3.5 Rates of i nfection and alkaloid roduction of erennial r e rass associations containin /(mM mutants 

S�< "---�PN�--�f�;;g:;J<-�mhcr of P��;�'I/��'<�I�;lfectT;�l--�I:;;litrem'-<���val inc�' -�«-iJer,;�r 
numhcr Type I assoc iations Rate2 'k ) (ppm) (pprYl) . .  ( ppl�l) 

CY FI I -M28 PN230,) flltJIIM 5 20 0 OA - 1 3  30 - -l-O 
CY FI I -M6 1 PN230 1 flltlllMG -l- 1 7  0 0,7 - .1 . 3  2-l- - -l- 1 

CY FI I -M I -1-2 PN2296 flltlllM 5 1 7  0 0. 1 - 2 . 1 1 5  - -l-7 

CYFI I -M 1 5 1  PN229-l- Ectopic 5 1 7  -l-A - 1 6,7 0.5 - 1 .2 2 1  - 55  

FI I PN229 1 \\t -l- 22 6 .2  - 1 2 .8 0 .8  - 1 .5 3 1  - 66 
< Endoplryte fiee�.. N A  -' N A  0 0 0 

�'fl�'_',_�. 

I MtmM = {tmM i nscrtional rcplacement ,  flltlllMG = extcnded delct ion mu tan t, \Vt = Wild- t} pc, N A == Not appl icahle. 
2 1nfection ratcs \\crc detcrmincd as a pcrccn tage of endophyte infected p l an ts from the total surv iv ing plan ts. 
'A lkaloid analysis \\ as performcd mid-summcr (January 2(03 ). 

- - - - ----



reasonable growth,  showed that each ltmM-deleted stra in has a s imi lar i nfection rate to 

that of w i ld-type FI I .  The phenotype of the association of the mutant endophyte wi th 

Nui perennia l  ryegrass was the same as wi ld-type FI I when plants were examined 

vi sual ly  ( Fig .  3 . 1 9) and by l ight microscopy (Fig .  3 .20). The endophyte-i nfected plants 

were grown in a contai nment green house and were screened mid-summer (mid-January 

2003) for the production of the al kaloids, lol itrem, ergova l ine and peramine. A l l  three 

alkaloids were extracted from pseudostems of endophyte-i nfected perennial ryegrass 

and analysed by HPLC. The alkaloid l evels (Table 3.6 and summarised in  Table 3 .5) 

clearly showed that the endophyte strains with a deleted ltmM gene (CY FI I -M28,  

CY FI I -M6 1 and CY FI I -M I 42) are unable to produce l ol itrem B ( Fig. 3 .2 1 ) , but the 

levels of ergoval ine and peramine were s imi lar to FI I and the ectopic  integrant CY FI I ­

M 1 5 1  ( Fig. 3 .22, 3.23, Tables 3 .5 ,  3 .6). The ltmM deletion mutants, CY FI I -M28, 

CY FI I -M I 42 and CY FI I -M6 1 ,  are a lso devoid of minor lol itrems A and E ( Fig. 3 . 2 1 ). 

Variations of ergoval i ne and peramine leve l s  between wi ld-type FI I and mutant 

assoc iations were compared by stat istical analysi s us ing s ingle factor ANOV A. The 

peramine l evel s between the wi ld-type and the mutant associations show no statistica l ly  

signifi cant variation (F factor 0.83 ;  P<0.52). However, analysis of the first ergoval ine 

sampl i ng revealed a significant difference (P<0.09) between ergoval i ne levels in  the 

CY FI I -M6 1 - i nfected plants and the other associations. To ascertai n whether this was a 

signifi cant fi ndi ng, the samples were rescreened for ergoval ine and peramine l ate 

summer (end of February; 2003). The ergoval i ne leve l s  of these samples, along w i th 

samples from a complementation experi ment (Section 3 .6 .3 ), showed that the prev ious 

differences were not stat ist ical ly sign ifi cant. 

The degree of endophyte coloni sation in planla was determi ned, at the D A leve l ,  by 

real -ti me PCR analysi s of the endophyte ggs I gene and perennia l  ryegrass �-tubu l i n  

genes. DNA was  isolated from w i ld-type FI I and pseudostems of endophyte-i nfected 

and uni nfected perennial ryegrass. The endophyte and plant sample concentrations 

were determi ned by real -ti me PCR using a Roche Lightcycler  (Section 2.8) and 

compared to the standard curves. To determine the concentrat ion of the ggsl and �­

tubul i n  ( tub) genes, genomic DNA standards of endophyte and uni nfected perenn ial 

ryegrass (perenn ial ryegrass plant G 1 1 38) were prepared by di l ut ing boi l ed genomic 

DNA to concentrations of 1 .5 ng/flL - 0.00 1 5  ng/fl L and 1 0  ng/flL - 0.0 1 n g/flL, 

respective ly .  The standards requi red for the endophyte ggs J ampl ification al so 

contai ned perennial ryegrass genomic DNA at a concentration of 5 ng/flL. The ggs J 
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F 

Fig ure 3. 1 9  Visual i n spection of the pere n n i a l  ryeg ra ss pla nts i nfected 
with F I 1  carrying a deleted ItmM gene 

Plant-endophyte associations. (A) CYFI 1 -M28-infected Nui  perennial ryegrass, (8) CYFI 1 -M61 -
infected Nui perennial ryegrass, (C) CYFI 1 -M1 42-infected Nui perennial ryegrass, (D) CYFI1 -M1 51 -
infected Nui perennial ryegrass, (E) Fl1 -infected Nui perennial ryegrass, (F) endophyte-free 
perennial ryegrass. 
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A CYFI 1 - M 28 

G 1 1 1 2 

B CYFI 1 - M61 

G 1 1 1 8 

C CYF1 1 - M 1 42 

G 1 1 23 

D CYFI 1 - M 1 S 1  

G 1 1 28 

E FI1 

G 1 1 33 

G 1 1 1 3 
J 

� 
G 1 1 1 9  

� � 
G 1 1 2 4 

I 

G 1 1 29 

G 1 1 35 

G 1 1 1 4 

G 1 1 20 
-

G 1 1 25 

� 
G 1 1 30 

G 1 1 3 6 

G 1 1 1 6 

G 1 1 22 

G 1 1 26 

G 1 1 3 1 

G 1 1 1 7 

G 1 1 27 

G 1 1 32 

Scale 
1 0  pM 

Fig u re 3.20 Light microscopy of peren n i a l  ryeg rass l eaves infected 
with F I1  ItmM-deletion m utants 

Longitudinal sections of epidermal leaf peels of Nui perennial ryegrass infected with the 
ItmM deletions (A) CYFI 1 -M28; (8) CYFI1 -M61 ; (C) CYFI 1 -M 1 42; (0) ectopic CYFI 1 -
M 1 51 ; or (E) wildtype FI 1 stained with aniline blue. Leaf peels of pseudostems were 
treated with the aniline blue stain (Section 2. 1 0) and subjected to microscopy. The 
endophyte is seen as the dark blue stain between the plant cells. 
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Table 3.6 Alkaloid analysis of endophyte infected ryegrass 

Plant E ndophyte strain Genotype1 ZLolitrem 
association (ppm) 
number 

G l l 1 2  CYFI 1 -M 2 8  6,/tmM 0 
G l l 1 3  CYFI 1 -M 2 8  6,/tmM 0 
G 1 1 1 4  CYFI 1 -M 2 8  6,/tmM 0 
G 1 1 1 6  CYFI 1 -M 2 8  6,/tmM 0 
G 1 1 1 7  CYFI 1 -M 2 8  6,/tmM 0 

G l l 1 8 CYFI 1 -M 6 1  6,/tmMG 0 
G 1 1 1 9 CYFI 1 -M 6 1  6,/tmMG 0 
G 1 l 20 CYFI 1 -M 6 1  6,/tmMG 0 
G l 1 2 2 CYFI 1 -M 6 1  6,/tmMG 0 

G l 1 2 3 CYF1 1 -M 1 42 6, /tmM 0 
G 1 1 24 CYF1 1 -M 1 4 2 6,/tmM 0 
G l 1 2 5 CYF1 1 -M 1 42 6, /tmM 0 
G 1 1 2 6 CYF1 1 -M 1 42 6, /tmM 0 
G l 1 2 7 CYF1 1 -M 1 42 6, /tmM 0 

G l 1 28 CYF1 1 - M 1 5 1  Ectopic 7 .7 
G l 1 2 9 CYF1 1 - M 1 5 1  Ectopic 4 .4 
G l 1 3 0 CYF1 1 - M 1 5 1  Ectopic 1 6. 7  
G l 1 3 1 CYFl l -M 1 5 1  Ectopic 8 . 5  
G l 1 3 2 CYFl l -M 1 5 1  Ectopic 7 . 1  

G 1 1 3 3 F l 1  wt 8 . 4  
G 1 1 3 5 F l 1  w t  7 .9 
G 1 1 3 6 Fl 1 wt 1 2 . 8  
G 1 1 3 7 Fl l wt 6 . 2  

G l l 1 5 N/A Endophyte free 0 
G 1 l 2 1 N/A Endophyte free 0 
G l 1 3 8 N/A Endophyte free 0 

ZErgovaline z Peramine 3 Ergovaline 
( ppm) (ppm) ( ppm) 

0 . 5  4 0  0 . 2  
0 . 7  3 0  0 . 2  
1 . 3 3 0  1 . 2 
0 . 7  3 3  1 .0 
0.4 30 0.6 

3 . 3  3 8  2 . 6  
0 . 8  2 4  1 .4 
3 . 3  4 1  1 . 3 
0.7 3 2  0 . 3  

0 . 3  1 5  0 . 3  
0 . 1  3 7  0 . 1  
0 . 5  2 9  0 . 1  
2 . 1  4 7  0 . 9  
0 . 6  2 9  0 . 2  

1 . 2 2 6  0 . 2  
0 . 7  2 1  0 . 5  
1 .2 3 3  1 .7 
0 . 5  5 5  0 . 6  
0.8 34 0 . 3  

1 . 5 3 8  1 .2 
1 . 1  3 1  1 . 1 
0 . 8  40 2 .0 
0.8 6 6  1 .3 

0 0 nt 
0 0 nt 
0 0 nt 

1 6,/tmM = /tmM insertional replacement, 6,/tmMG = extended deletion mutant,  wt = wild-type Fl 1 
zSam ples were tested m id January ( 2003) .  HPLC traces are shown in Figures 3 . 2 1 -3 . 2 3 .  
3Sam ples were tested late February ( 2003) 
nt = not tested 

3 Peramine 
(ppm )  

8 8  
8 5  

1 3 5 
1 2 2 
1 09 

8 3  
8 1  
7 5  

1 0 1 

4 5  
7 5  
7 7  
8 7  
9 5  

8 5  
6 7  
86 
96 
93 

7 7  
1 08 
1 1 8 
88 

nt 
nt 
nt 
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Figure 3 . 2 1  H P LC analysis fo r lo lit rem B in  t he ItmM-delet ion m ut a nt s  

HPLC analysis of indole-d iterpene extracts from pseudostems of endophyte-infected Nui perenn ial 
ryegrass. (A) Lolitrem B standard (8 .4  ng). Samples of Nui  perenn ial ryegrass infected with (8) CYFI1 -
M28, (C) CYF1 1 -M61 , (0) CYFI1 -M1 42, (E) CYF11 -M1 51 , (F) F11 ,  (G ) un infected. A key to ind ivid ual 

endophyte/ryegrass association nu mbers is g iven to the right of each g raph .  The peaks eluting later 
than lolitrem B are lolitrems A and E. Experimental details are g iven in Section 2 . 1 1 . 1 . 
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Figure 3 . 22 H P LC a nalysis fo r e rgoval ine in  t he ItmM-delet i o n  m ut a nt s  

HPLC analysis for the presence of ergovaline i n  pseudostems of endophyte infected Nui  
perennial ryegrass. Samples of Nui  perennial ryegrass infected with (A) CYFI 1 -M28, (8)  CYFI 1 -
M6 1 , (C) CYFI1 -M1 42, (0) CYFI1 -M1 51 , (E) F11 , and (F) endophyte free. Peaks labelled 1 and 2 
are ergovaline and isomer ergovalinine respectively. Peaks labelled 3 and 4 are the intemal 
standards ergotamine and ergotaminine that were oclded to the samples before extraction .  A key 
to the individ ual endophyte/ryegrass association numbers is g iven to the right of each grap h .  
Experimental details are g iven i n  Section 2 . 1 1 .2 an d  2 . 1 1 .3 .  
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Fig u re 3. 23 H P LC analysis fo r pera m ine i n  t he ItmM-delet ion m ut a nt s  
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HPLC analysis for the presence of peramine in  pseudostems of endophyte infected Nui perenn ial 
ryeg rass. Samples of Nui  perenn ial ryegass infected with (A) CYFI1 -M28, (8)  CYFI1 -M6 1 , (C) CYFI1 -
M1 42,  (0) CYFI1 -M1 51 , (E) FI 1 and (F) endophyte-free. The peak labelled 1 is peramine.  The peak 
labelled 2 is the intemal standard of homoperamine that was added to the samples before extractio n .  
A key to the ind ividual endophyte/ryegrass association n umbers i s  to the right of each graph .  
Experimental details are given in  section 2 . 1 1 .2 and 2 . 1 1 . 4. 



and tub genes were ampl ifi ed with primers endo l and end02 (ggsl) ,  or prg 1 2  and prg 1 3  

( tub), using  the d i l uted genomic DNA standards as templates. At the end of each PCR 

ampl ifi cation cycle the l evel of fluorescence was detected and subsequently p lotted 

against the cycle number ( Fi g. 3 .24). A standard curve for the ampl ification of each 

gene was prepared by plotting  the log concentration of the DNA standards against the 

cycle number cross-over point (Fig. 3 .24). 

To determ ine the DNA concentration of the endophyte and perenn ial ryegrass from 

endophyte/pl ant associations, genomic DNA was boi l ed,  d i l uted to 5 ng/JlL and 

ampl ified with primer pairs endo l and end02, and prg 1 2  and prg 1 3  (Fig. 3 .24, 3 .25) . At 

the end of the PCR programme a melting  curve was p lotted for each sample to show 

that the PCR ampl ification was specific (Appendix 5 .5 . 1 ) . Perenn ial rye grass samples  

that were endophyte-free showed very l ow l evels of PCR amplifi cation with the 

endophyte primers and, moreover, these samples did not have the same melti ng curve as 

the samples that contained a genuine ggsl ampl ification product (Appendi x  5.5.2). The 

G 1 1 1 8 sample  had a lower DNA concentration than the other samples with both the 

endophyte and the ryegrass primers. The endophyte DNA biomass was determined as a 

percentage of endophyte i n  the p lant sample (Table 3 .7) .  The endophyte concentrations 

of the m utant associations averaged about 1 % ,  consistent w ith associations contain i ng  

w i ld-type FI I and Lp l 9  (Section 3.5) .  Therefore, the absence of lol i trem B i n  the 

deletion stra ins is due to the effect of the deleted ltmM gene and not to a difference i n  

endophyte biomass. This resu l t  i s  confi rmed by the presence of normal leve l s  of 

peramine and ergoval i ne produced by the mutant endophyte associations (Tables 3 .5 ,  

3 .6). The deletion of the ltmM gene has  no effect on  the abi l i ty of the  mutants to 

colon ise the host. 

3.6.3 Complementation of ItmM 

Two constructs were made to test whether  the ltmM deletions CYFl l -M28 and CYFl l ­

M6 1 could b e  complemented. A ItmM complementation  construct, pCY 40, was made 

by c loning a 7 kb XhoI fragment from ACY 2 1 8  i nto the XhoI  site of pI I99 ( Fig. 3 . 1 6A ;  

3 .26A) .  The 7-kb XhoI fragment contains 2 .2 k b  of 5 '  and 3 k b  of 3 '  sequence flanking  

the  [tmM gene. A paxM complementation construct, pCY 4 1 ,  was  made by cloning a 3 .7  

kb  BglI I  fragment from ACY 46 ( Fig. 3 .26B) i nto the BglII site of p1I99. The pCY 4 1  

p lasmid contains  1 .5 kb 5' and 0.66 kb 3 '  sequence flank ing  the paxM gene. Protop lasts 
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Fig ure 3.24 Sta ndard curves for est i mation of endophyte D NA biomass 
(A) Genomic DNA from FI 1 and endophyte-free perennial ryegrass, G 1 1 38. Lane ( 1 ) AHird1 l 1  
standard , (2) F I 1  genomic DNA, (3) boiled F I 1  genomic DNA, (4) 90 ng of boiled FI1 genomic 

DNA, (6) G 1 1 38 genomic DNA, (7) boiled G 1 1 38 genomic DNA, (8) 90 ng of boiled G 1 1 38 
genomic DNA. The samples in lanes 2, 3, 6 and 7 were to determine the quality of the DNA 
and are of unknown concentrations. Lanes 4 and 8 have the same amount of DNA loaded, 
which confirmed that the fluorometer gave equivalent concentration readings for the boiled FI1 
and G1 1 38 genomic DNA. 

(8) The identification colours for the amplification products of the FI 1 and G 1 1 38 standards. 
(C) Real-time peR amplification of endophyte ggs 1 gene using the FI 1 DNA standards with 
primers end01 and end02. A graph plotting cycle number versus fluorescence and 

subsequent conversion of this into a standard curve plotting concentration of ggs 1 peR 
product (amplified from the FI 1 DNA standards) versus cycle number. The concentrations are 
in pg . 
(0) Real-time peR amplification of Nui �-tubulin gene using the G1 1 38 DNA standards with 
primers prg 1 2  and prg 1 3. A graph plotting cycle number versus fluorescence and 

subsequent conversion of this into a standard curve plotting concentration of the tub peR 

product (amplified from the G1 1 38 DNA standards) versus cycle number. The concentrations 

are in pg . 
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Figure 3.25 Rea l-ti me peR a n a lysis to determ i ne endophyte D NA bi omass 

--

(A) Levels of plant �-tubulin gene detected by real-time PGR using 1 0  ng of boiled DNA isolated from 
endophyte-infected pseudostems and primers prg 1 2  and prg 1 3. All samples were compared to the 

ryegrass DNA standard curve (Fig. 3.24D) by cal ibration of the internal standard of 2000 pg G1 138 DNA 
for each run. 
(8) Levels of the endophyte ggs 1 detected by real-time PGR using 1 0  ng of boiled DNA isolated from 
endophyte-infected pseudostems and primers end01 and end02. All samples were compared to the 
endophyte DNA standard curve (Fig. 3.24D) by calibration of the internal standard of 300 pg FI1 DNA for 
each run. 

Samples were tested in duplicate. A key to the sample colours is shown between A and B. The outlier 
samples are indicated with arrows. The blue control for each sample set is water, the green control for 
each sample set is the G 1 1 38 2000 pg DNA standard or the FI1 300 pg DNA standard for the perennial 
ryegrass or endophyte samples, respectively. The samples labelled red in the key are endophyte-free. 
The PGR amplification products for the endophyte-free samples, including the water control ,  were non­
specific as determined by the sample melting curve (Appendix 5.5) .  The numbers generated from the 
real-time PGR have been converted into percentage endophyte as shown in Table 3.7 .  
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Table 3.7 Endophyte blomass m planta 

Plant Endophyte strain Genotype3 

association 

number 

G l l 1 2  CYFI 1 -M 2 8  b.ltmM 
G l l 1 3 CYFI 1 -M 2 8  b./tmM 
G l l 1 4 CYFI 1 -M 2 8  b.ltmM 
G l l 1 6  CYFI 1 -M 2 8  b./tmM 
G l l 1 7  CYFI 1 -M 2 8  b.ltmM 

G l l 1 8  CYFI 1 -M 6 1  b.ltmMG 
G l l 1 9 CYF I 1 - M 6 1  b.ltmMG 
G l 1 20 CYFl l -M6 1 b.ltmMG 
G l l 2 2  CYFI 1 -M 6 1  b.ltmMG 

G l 1 2 3 CYF1 1 -M 1 4 2 b.ltmM 
G 1 1 24 CYF1 1 -M 1 4 2 b.ltmM 
G 1 1 2 5 CYF1 1 -M 1 4 2 b.ltmM 
G 1 1 2 6 CYF l 1  - M 1  4 2  b.ltmM 
G 1 1 27 CYF1 1 -M 1 4 2  b./tmM 

G 1 1 2 8 CYFl l -M 1 5 1  Ectopic 
G1 1 2 9 CYF l 1  -M 1 5 1 Ectopic 

G 1 1 3 0 CYF l l -M 1 5 1  Ectopic 
G1 1 3 1 CYF l 1  - M 1 5 1  Ectopic 
G 1 l 3 2 CYFl l -M 1 5 1  Ectopic 

G l 1 3 3 Fl 1 wt 

G l 1 3 5 F l 1  wt 
G 1  1 3 6 F l 1  wt 
G l 1 3 7 F l 1  wt 

G l l 1 5 ' NA Endophyte free 

G l 1 2 1 ' NA Endophyte free 

G l 1 3 8 ' NA Endophyte free 

Endophyte 

averaqe conc 

pg 
Endo l /2 

5 8 . 7  
7 8 . 6  

1 8 5 . 1  
9 1 . 8 
5 0 . 5  

1 1 .2 
4 7 . 8  
4 3 . 8  

1 1 2 . 6  

6 9 . 2  
4 2 . 0  
9 4 . 5  

1 54 . 4  
1 2 8.0 

9 5 . 7  
1 04 . 5  
1 5 4 . 7  
3 8 . 4  
8 6 . 0  

7 9 . 8  
5 1 . 1 

1 7 7 . 4  
6 8 . 2  

0 . 9  
3 . 2  

4 . 4  

Plant 

Std deviation averaqe conc Std deviation 

+1- pg +1-
PRG 1 2/ 1 3 

4 . 7  6 2 5 7  5 2 1  
5 . 7  1 08 1 0  5 6 8  
0 . 0  1 2 800 3 8 2  
3 . 3  7 3 1 4  3 
1 . 2 1 3 070 329 

2 . 5  1 49 4  2 2 2  
0.9 1 0 640 442 
4 . 2  1 0000 1 206 
4 . 1  7770 2 1 5 

1 . 7 9 4 2 2  5 2  
1 . 1 9 6 5 5  2 4 5  
5 . 2  9 1 5 8 3 8 2  

1 8 . 5  1 2090 1 84 3  
6 . 6  69 1 2  2 3 4  

3 . 0  1 0 3 3 0  2 9 2  
2 . 0  7 9 2 4  445 
5 . 3  1 0 300 743 
2 . 3  4 7 0 1  3 7  
1 . 1 1 1 6 70 833 

3.7 5463 674 
2 . 5  5 1 49 2 5 1  
0.0 1 0 370 6 9 3  
6 . 1  6 3 1 3  1 3 5 

0.4 9 3 9 2  1 72 1  

1 . 1 1 5 1 5 0 7 6 5  

0.3 1 1 9 5 0  4 1 2  

' The endophyte amplification product was nonspecific and therefore the % endopyhte associations are O.  

% endophyte2 

0.9 
0.7 
1 .4 
1 . 3 
0 . 4  

0.7 
0.4 
0.4 
1 . 4 

0.7 
0.4 
1 .0 
1 . 3 
1 . 9 

0.9 
1 . 3 
1 . 5 
0 . 8  
0 . 7  

1 . 5 
1 .0 
1 .7 
1 . 1 

0.0 
0.0 
0.0 

2There is n o  statistically siqnificant variation ( P<0.0 5 )  between sample qroups as determined by sinqle factor ANOVA. 
3b.ltmM = ItmM insertional replacement, b.ltmMG = extended deletion mutant, wt = wild-type F 1 1 , NA not applicable 

Average 

associations 

1 .0 

0.8 

1 . 1 

1 . 1 

1 . 3 

0.0 
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Fig ure 3.26 ItmM and paxM complementation constructs 
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Constructs used for ItmM and paxM complementation analysis. (A) pCY40 contains the 7 kb Xhol fragment from ACY21 8  cloned into the Xhol site of 
p1 l99. (8) pCY41 contains the 3.7 kb 8gn l fragment from ACY46 cloned into the 8gn J site of p1 l99. The fragments used as hybridisation probes are red 
boxes. 



of CY FI I -M28 (PN2303) and CY FI I -M6 1 (PN230 1 )  were transformed w ith 5 fig of 

pCY 40, pCY 4 1  or p I l 99 and transformants sel ected on RG media contai n i ng 200 

jAg/mL of genetic in  (Section 2.9). Ten arbitrari ly sel ected genetic in-resi stant colonies 

from each transformation were screened for intact copies of the !tmM or paxM genes by 

PCR ampl ification wi th primers 10120 and 1 0154, or paxMNotl and ggpps 1 8 , 

respecti vely. A subset of transformants that tested positi ve with the PCR screen were 

used i n  Southern analysis to determine the integration patterns and re lat ive copy 

numbers of pCY 40 and pCY 41 ( Fig. 3.27) using as probes ei ther an ltmM or paxM 

fragment. 

Southern hybridi sation data showed that the four PN2303 transformants conta in i ng the 

!tmM gene on plasmid pCY 40 have at least one - three copies of the ltmM fragment 

based on the compari son with the w i ld-type hybridisation signal (Fig .  3 .27 A). The 

P 2303 transformants conta in ing the paxM gene on the pCY 4 1  plasmid al l contai n 

more than one paxM copy w ith PN2303-paxM7 conta in ing an extremely l arge paxM 

copy number (Fig. 3 .27B ,  lane 7). The PN230 1 transformants contai n ing the !tmM gene 

on plasmid pCY 40 range from approximately  one copy to an extremely h igh copy 

number ( Fig. 3 .27 A). 

3.6.4 Lolitrem analysis of m utant assoc iations contain ing ItmM o r  paxM 

Perennial  ryegrass seedl i ngs were i noculated with the selected transformants (Section 

2. 1 0), as described above (Section 3.6.2). I noculated plants were grown for 

approximately s ix weeks and then screened for endophyte infection using  an endophyte­

specific polyclonal anti body (Section 2. 1 0). Two endophyte- i nfected plants for each 

selected transformant were maintained for lo l i trem analysis. The rate of i nfection 

(Table 3 .8), determi ned once the plants had establ i shed reasonable growth, shows that 

each transformant had s imi lar rates of i nfection to those of wi ld-type Fl l .  However, the 

infection rates for these inoculations were much higher than those previously examined 

(Section 3 .6.2). The plants contain i ng the transformants were screened for lo l itrem 

production mid-spri ng (2003) and mid-summer (2004) (Fig. 3 .28, Table 3 .8) .  A l l  plants 

that contained P 2303 transformed with pCY 40 contain ing the !tmM gene were 

lol i trem posit ive. Of the plants that contained PN2303 transformed wi th pCY4 1 

contai n ing the paxM gene, only one, 2303-paxM7, was l ol i trem positi ve complementi ng 

the !tmM defect. The extremely high paxM copy number i n  th is strai n i s  the most l i ke ly 

1 20 
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. Figure 3.27 Southern analysis of the ItmM complementation 
transformants 

Southern analysis to determine the relative copy number of the ItmM and paxM genes in 

the PN2303 and PN2301 ItmM deletion mutants. Blot (A) was hybrid ised with a 3 2p_ 

labelled ItmM fragment amplified with primers 1017 and 10128. Blot (8) was hybridised with 

a 3 2P-labelled paxM fragment amplified with primers mon03 and mon04. 

The 800 ng samples were digested and loaded as fol lows;  Lane ( 1 )  PN2303-ltmM2; (2) 

PN2303-ltmM3 ; (3) PN2303-ltmM9; (4) PN2303-ltmM 1 0 ;  (5) P N2303-paxM2;  (6) 

PN2303-paxM6;  (7) PN2303-paxM7; (8) PN2303-p I l99-6; (9) P N2303-pI 199-8 ; (1 0) 

PN2301 -ltmM6;  ( 1 1 )  PN2301 - ltmM7; ( 1 2) PN2301 - ltmM1 0 ;  ( 1 3) P N230 1 -pI l99-4 ; ( 1 4) 

PN230 1 -pI l99- 1 0 ; ( 1 5) PN2303; ( 1 6) PN2301 ; (1 7) E. festucae F11 ; ( 1 8) P. paxilli; ( 1 9) 

PN2301 -ltmM3.  Lanes 1 -4, 8- 1 7  and 1 9  were d igested with Xhol .  Lanes 5-7 and 1 8  

were digested with Bgn l .  Lanes 1 -4 are PN2303 (CYFI 1 -M28) transformants contain ing 

pCY40 (the ItmM gene) . Lanes 5-7 are PN2303 transform ants contain i ng pCY41 (the 

paxM gene). Lanes 1 0- 1 2, and 1 9  are PN2301 (CYFI1 -M61 ) transformants containing 

pCY40 (the ItmM gene). Lanes 8 , 9 , 1 3  and 1 4  are PN2303 and PN2301 transformants, 

respectively, contain ing p 1 l99 .  
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Table 3.8 Rates of infection and lol itrem production for the associations containing the complementation strains 

Strain Plant association Integrating Infection RateZ plant/associations Lolitrem3 Lolitrem4 
numbers plasmid' (%) assayed (ppm) (ppm) 

2 303-ltmM2 G l 1 67-68 pCY40 60 2 2 A-2 .8  5 .9* 
2 303-ltmM3 G l 1 69-7 1 pCY40 59 3 2 .7-3 .0 NT 
2 303-ltmM9 Gl 1 7 2-73 pCY40 75  2 1 .0-5 . 5  NT 
2303-ltmM 1 0  G l 1 74-75 pCY40 7 1  2 OA-0.8 1 . 2* 
2 303-paxM2 G l 1 80-8 1 pCY41 63 2 0 0 
2 303-paxM4 G l 1 82-83 pCY4 1 5 3  2 0 0 
2 303-paxM7 G l 1 84-85 pCY4 1 3 3  2 l A  8 .8- 1 2 . 9  
2 303-pI 199-6 G l 1 76-77 pl 199 5 2  2 0 NT 
2303-pI199-8 G l 1 78-79 pl l99 50 2 0 NT 
2301 -ltmM3 G l 1 86-8 7 pCY40 62  2 0 NT 
2301 -ltmM6 G l 1 88-89 pCY40 8 1  2 0 NT 
2301 -ltmM7 G l 1 90-9 1 pCY40 8 1  2 0 NT 
2301 -ltmM 1 0 G l 1 92-93 pCY40 47 2 0 NT 
2 301 -pI199-4 G l 1 94-9 5 pl l99 57 2 0 NT 
2301 -pI 199- 1 0 G l 1 96-97 pl 199 64 2 0 NT 
CYF I 1 -M28 G 1 200-0 1 C::.ltmM ( pCY39)  62 2 0 NT 
CYFI 1 -M61  G 1 202-03 C::.ltmMG (pCY39)  67 2 0 NT 
F I l  G l 1 98-99 NA 82 2 3 .7-4.0 1 0.7*  
Endophyte free G 1 204-05 NA NA 2 0 NT 

'The plasmid pCY40 contained the ItmM gene , pCY41 contained the paxM gene, pll99 was the control plasmid, 
pCY39  was the deletion construct 6.ltmM = ItmM insertional replacment, C::.ltmMG = extended deletion mutant, wt = wi ld-type. 
Z lnfection rates were determined as a percentage of endophyte infected plants from the plants init ial ly inoculated. 
3The nrst lolitrem analysis was performed late October (2003) .  HPLC traces are shown in F ig .  3 . 28 .  
4Alkaloid analysis was performed mid-summer (January, 2004).  
*Only one plant was tested. 
NA = not applicable, NT = not tested . 



A 
7 

mV 

5 

LoIitrem B 

q 00 � M 0 � � M - 00 � � � � v 
o 0 N M M � � � � � m � � 0 � 

B 
5 

4 

3 
mV 

2 

o � � 0 0 .-

c 
5 

4 

3 

mV 

2u...-._�.J1I1 ""...-____ -.r_""":"'"--".,....�-

o 00 � M 0 � � M - 00 � v � � v o ci � N � � � � � � � � � � 0 � 
Retention time (m in) 

D 
5 

- G1 1 67 4 

- G 1 1 68 

- G1 1 69 3 

- G 1 1 70 mV 

- G 1 1 7 1 2 
- Gl 1 72 

0 0 

E 
5 

4 

- Gl 1 80 

-G 1 1 8 1  
3 

- G l 1 82 
mV 

- G1 1 83 
2 

- G1 1 84 

- G1 1 85 

0 0 

F 
1 0  

75 
- Gl 1 76 

mV - GI 1 77 
50 - Gl 1 78 

- Gl 1 79 

- G 1 200 

- G 1 201 

0 
0 

"! III '" 
0 - N 

0) 10 '" 0 - '" 

0) III '" 
0 - '" 

q "! "! "l -: 0) "! " '" '" " '" '" ,,; r- <Xi 

0 "! "! "l 0) '" " ,.; '" " '" V> ,,; ,..: <Xi 

LoIitrem B 

0 0) "! '" 0) "! " ,.; ,.; " ..; ,,; ,,; r- <Xi 

Retention time (m in) 

-G 1 1 86 

-G 1 1 8 7  

- G 1 1 88 

�� - G 1 1 89 

-: � V> '" '" 0 

'" V> 
.,; .,; 0 

-: � "! '" '" 0 

": --

": --

": --

- G 1 1 90 

-G 1 1 9 1  

G 1 1 92 

G 1 1 93 

- G 1 1 94 

- G 1 1 95 

- G 1 1 96 

- G l 1 97 

- G 1 202 

-G 1 203 

- G 1 204 

- G 1 205 

-G 1 1 98 

- G 1 1 99 

Figure 3 . 2 8  H P LC a na lysis fo r lo l it re m  B i n  t he Itm M-delet io n m ut a nt s  
c o m ple mented wit h Itm M  o r  paxM 

HPLC analysis of indole-diterpene extracts from pseudostems of endophyte-infected Nui 
perennial ryegrass. Extracts of Nui perenn ial ryegrass infected with (A) P N2303 transformed 
with pCY40 (containing the !tmM gene), (8 ) PN2303 transformed with pCY4 1 (containing the 
p axM gene), (C) PN2303 containing p l199 (G1 1 76-G1 1 79)  or P N2303 (G1 200-G1 201 ), (0) 
P N230 1  transformed with pCY40 ,  (E) PN2301 containing p l/99 (G1 1 94 -G1 1 97) o r  P N2301 
(G1 202-G1 203), (F) FI1 (G1 1 98-G1 1 99) or  u n infected (G1 204-1 205). 

P N2303 was the CYF1 1 -M28 mutant containing a deleted !tmM gene.  PN2301 was the CYFI1 -
M61 mutant containing a deletion of !tmM, !tmG and DNA upstream of !tmG. The peaks eluting 
later than lolitrem B contain lolitrems A and E .  
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cause for lo l i trem production rather than the presence of common regulatory e lements 

within the paxM and ltmM promoters. As expected, none of the plants that contained 

the PN230 1 transformants w ith pCY 40 was able to produce lo l itrems as both ltmM and 

llmG are deleted in th i s  strai n .  

3.6.5 Complementation of P. paxilli paxM deletion 

Complementation was used to test whether ltmM would complement the P. paxilli 

paxM-deletion mutant LMM 1 00 when fused to a paxM promoter. The paxM promoter 

was selected to control the [tmM gene so that the regulation would be simi l ar to the 

other pax genes thereby optimising pax i l l ine production, and also because of the 

presence of a convenient NcoI  site at the translation start of the paxM gene. An 894-bp 

paxM promoter fragment, contai n ing �850 bp of promoter from the paxM ATG, was 

ampl ified w ith Expand H igh Fidel ity PCR system using pri mers CY9 and CY 1 1 , 

digested w ith BamHI and c loned into the Bam H l  site of pUC 1 9, result ing i n  plasmid 

pPN 1 85 1  ( Fig.  3 .29) .  The [tmM genes from Lp 1 9  and FI I were ampl ified w ith 

Plati num Pfx ( I nvitrogen) using pri mers 101284 and 101285 contain ing Nco I and SstI 

sites respective ly .  The ltmM PCR product comprised of 1 833 bp of coding sequence 

and 1 70 bp of 3 '  untranslated region. The [tmM genes were fused to the paxM promoter 

at the ATG translational start site usi ng  the restriction enzymes Nco I  and SstI (Figure 

3 .29). The translational fusion that resu l ts in creati ng an Nco!  site in the ltmM gene 

causes a single base change where the second codon of ltmM has a conservative 

replacement of threon ine i n  the wi ld-type gene to alanine i n  the fused gene. The 

sequence of the result ing c lones, pCY54 and pCY55 contain ing Lp 1 9  and FI I ltmM 

respect ively,  contained no PCR amplification e rrors. Protoplasts of LMM l OO were 

transformed with pI I99, pCY 40, pCY 4 1 , or co-transformed with p I I99 and e i ther 

pCY 54 or pCY 55, and transformants were selected on genetic in .  Approximately 5- 1 0  

stable P .  paxilli LMM 1 00 transformants were colony-purified and subsequently 

screened by TLC analysis for thei r abi l i ty to produce pax i l l i ne (Fig. 3 . 30). 

TLC analysi s of the w i ld-type P. paxiLLi i ndole-diterpenoid extract shows an intense 

green band that has the same Rf as pax i l l i ne ( Fig. 3 . 30). The wi ld-type sample a lso 

contains other green and yel low bands that could be indicative of other i ndole-diterpene 

compounds, such as paspal ine and 1 3-desoxypaxi l l i ne (Fig.  3 .30). The LMM 1 00 

paxM-deletion mutant, used as the rec ipient i n  the transformations, was unable to 
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Fig u re 3.29 Constructs for complementation of the paxM-deletion m utant 
The constructs for complementation of the paxM-deletion mutant. (A) The pPN1 851 construct. The 
paxM promoter was amplified with primers CY9 and CY1 1 ,  digested with Barrl-ll and cloned into the 
BamHI site of pUC1 9. (B) The pCY54 and pCY55 constructs. The ItmM genes from Lp1 9  (pCY54) and 

FI 1 (pCY55) were amplified with primers 101284 and 101285, digested with Ncol and Sstl and subsequently 
cloned into pPN 1 851 . The paxM promoter is surrounded by a green box. (C) The 7 kb Xhol fragment 
used in pCY40 (Fig . 3 .26A). 
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TLC analysis of the paxM mutant, LMM1 00, containing complementation constructs pCY 40, pCY 41 , pCY54 and pCY55. Indole-diterpenes were extracted from 
mycelia (Section 2. 1 1 .5) grown for 7 days in COVE + TE (Section 2.2.2, 2.2.7) at 28oC. The transformants analysed included LMM1 00 containing pl l99 with the 
geneticin selectable marker; pCY40 with {tmM under the control of its native promoter; pCY41 with paxM under the control of its native promoter; pCY54 with the 
Lp1 9 {tmM gene under the control of the paxM promoter; pCY55 with the FI1 {tmM gene under the control of the paxM promoter. The + indicates a green band of 
the same Rf as paxil l ine, while indicates possible paxil l ine production that was confirmed by HPLC analysis (Appendix 5.4). 1 3dP = the approximate Rf of 1 3  
desoxypaxi l l ine and paspaline. 



produce any i ndole-diterpenes ( Fig. 3 . 30). The LMM 1 00 transformants, LMM 200- 1 

and LMM200-2, that contained the p I I 99 vector, were unable to complement the paxM 

deletion and are therefore pax i l l i ne negative (Fig. 3 .30). LMM I OO transformants that 

contained the plasmid pCY 40 with the Lp 1 9  ltmM gene under the control of the native 

Lp 1 9  ltmM promoter w ere unable to complement the paxM deletion (Fig. 3 .30;  samples 

LMM300- 1 to -4). Two of the five LMM I OO transformants that contained the 

endogenous paxM gene on pCY 40 were able to complement the paxM deletion 

phenotype (Fig. 3 . 30; samples LMM400- 1 to -5). Further analysis wou ld  be required to 

determine why three of the five transformants were unable to produce pax i l l i ne or other  

i ndole-diterpenes but  could be due to the i ntegration of the plasmid i n  a region of the 

genome that did not support expression  of the transgene, such as w ith in 

heterochromatin .  TLC analysis showed that �50% of the LMM I 00 transformants that 

contained the ltmM gene under the control of the paxM promoter had detectable l evel s 

of paxi l l i ne ,  confirming  the paxM deletion w as complemented by [tmM (Fig .  3 . 30). As  

expected, no  differences were observed between the Lp 1 9  and  Fl l [tmM genes i n  the 

complementation. The s ingl e amino acid change of the second ltmM codon i n  pCY54 

and pCY55 had no effect on paxM compleme ntation. The TLC resu l ts of sel ected 

samples were confirmed by H PLC analysi s (Appendi x  5 .4). However, additional 

analysis w i l l  be required to determine whether the other green bands that are present  i n  

many of the samples ( Fig .  3 . 30) are i ndole diterpenes. 

The LMM 1 00 transformants w ere arbitrari l y  selected as geneti cin-resi stant colonies and 

were not screened for intact copies of the i ntegrat ing p lasmids. Therefore, the 

frequency of successful co-transformation was determined as a percentage of genetic in  

resi stant transformants that al so had an  abi l i ty to  produce i ndole-diterpenes. The  

percentage of LMM I OO transformants co-transformed with p I I99 and  either pCY54 or  

pCY55 was �50%. 

3.7 The reg ions flan king the three It m genes 

The hybridisation of the CY28 fragment to the AG EM 1 2  Lp 1 9  genomic l ibrary (Section 

3 . 3 )  resulted in the i solation of one major clone, ACY2 1 8 , of which the genomic 

position is skewed to the right of ltmG (Fig. 3 . 1 1 , 3 .3 1 ) . Five clones were i n  fact 

i solated but ACY 2 1 8  contained the largest amount  of unique sequence. The remain i ng 
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four c lones contained smal ler  l engths of ACY 2 1 8  or they contained rearrangements and 

did not conform to expected hybridi sation data or sequence analysis .  Th is  skewed and 

underrepresented pattern was in contrast to the ggs l  l ocus where approxi mate ly  22 kb 

was represented by at l east n ine lambda c lones ( Section 3 .2 . 1 ) . Sequence analysis of 

ACY2 1 8  revealed a total of three genes, ltmG, ltmM and ltmK, flanked by AT-rich 

DNA. This AT -rich sequence contained very weak simi larity to the reverse 

transcriptase region of retrotransposon sequences. The only detectabl e  homology was 

to a ZAM retrovi rus (accession number CAA04050;  Leblanc, et aI . ,  1 997) from 

Drosophila melanogaster (E-val ue 0.84). A l though the homology to the ZAM 

retrovirus was weak, s ignature sequences to reverse transcriptase and RNase H domains 

were identified with i n  the translated sequence of the AT-rich sequence. However, the 

sequence l acked i ntact open reading frames, wh ich suggested that ItlnG, ltmM and ltmK 

could be flanked by degenerate retrotransposons. 

As the lo[ itrem B biochemical pathway is predicted to contain a gene cl uster of at l east 

8- 1 2  genes (Section 1 . 1 0) ,  attempts were made to i solate additi onal flanking  sequence. 

Two approaches were used to i solate additional sequence, IPCR and l ibrary screening 

with probes used from the extreme ends of ACY2 1 8  and to ltmK. 

3.7.1  Extending the left-hand flanking seq uence 

The hybrid i sation of a ltmG fragment, ampl ifi ed with primers [01 1 and 1013 ,  to the Lp 1 9  

AGEM 1 2  genomic l ibrary resulted in  the i solation of one new c lone, ACY 2 1 9, but thi s  

c lone was rearranged and contained only 1 k b  of addi tional ltmG flanking sequence 

(Fig. 3 .3 1 ) . 

Southern analysis of Lp [ 9- and F[ I -d igested genomic DNA hybrid ised w ith a ltmG 

fragment revealed a number of l arge hybridis ing fragments ( Fig .  3 . 32A). However, two 

restr iction enzymes, HindI I I  and XhoI ,  generated smal l er hybrid is ing fragments of a 

size suitable for i solation of additional flanking sequence from the l eft-hand s ide of 

ltmG by I PCR. I PCR with the self-l igated HindI I I  and XhoI  digests of Lp 1 9  genomic 

DNA (Fig. 3 . 32B) resul ted i n  the i solation of an additional � 1 . 8 kb of sequence ( Fi g. 

3 . 3 1 ,  3 . 32C). Sequence analysis of th is region i n  Lp 1 9  revealed a microsatel l ite 

cons ist ing of a core T AA TG sequence repeated � 1 04 times. To the [eft of the 

microsate l l i te sequence the sequence was very AT -r ich (82.5% AT) with sequence 
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(A) Southern analysis to determine restriction enzymes suitable for I PCR. Lane ( 1 , 3, 5, 

7, 9, 1 1  and 1 3) 2 fJg of Lp1 9 genomic DNA; (2, 4, 6 ,  S ,  1 0, 1 2  and 1 4) 2 fJg of FI1 

genomic DNA, digested as ind icated.  The Southern blot is hybrid ised with a 3 2p_ 

label led ItmG probe amplified with primers 10179 and 10127. The FI1 Bamf-il digest floated 

out of the well during loading. 

(8) I PCR with ( 1 )  Xhol , (2) Hind " l  digested then self-ligated Lp1 9  DNA. PCR amplification 

with primer pair 10140 and 1013. 

(C) A genomic map showing the region rescued by I PCR ,  the location of the primers and 

the orientation ItmG. 

The following PCR reaction conditions were used : 50 ng self- l igated digested genomic 

DNA, 1 x Expand HiFi buffer (Roche), 50 fJM each d NTP, 200 nM each primer, 0.4 fJL 

Expand HiFi (Roche) in a reaction volume of 50 fJL. The PCR ampl ification condit ions 

were as follows: 940C for 2 min, followed by 1 0  cycles of 94°C for 30 s, 55°C for 30 s ,  

6SoC for 3 min 30 s, then 20 cycles of 940C for 30 s, 55°C for 30 s, 6SoC for 3 min 30 s 

with a 1 0  s increment/extension cycle, finally one cycle of 6SoC for 7 min .  
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s imi l arit ies to retrotransposons. However, once again there was no evidence of i ntact 

open readi ng frames. 

3.7.2 Extend ing the r ight hand fla nking seq uence 

The hybridi sation of a fragment ampl ified with 1014 and 10 123 to the Lp l 9  AGEM l 2  

l i brary resu l ted i n  over l OO hybridis ing c lones per l i brary p late contain ing �SOOO pfu. 

Twelve arbitrari ly selected c lones were further analysed. However, only seven, 

ACY224, ACY225, ACY 226, ACY227, ACY229, ACY230, and ACY23 1 remained 

positive after three rounds of l ibrary screen ing. The c lones w ere sequenced wi th 

primers, SP6 and T7, wh ich anneal to the l ambda arms. Of the seven positive c lones 

two sequences, ACY224 and ACY230 were identical , one c lone,  ACY225, gave poor 

sequence data when used as a template and ACY23 1 was rearranged and conta ined 

l ambda sequence. The sequence of these c lones was extended using  sequence-specifi c  

primers. However, extending the sequence was d ifficu l t  because of the  AT content and 

repetitive nature of the c lones. None of these c lones d i rect ly overlapped with ACY2 1 S  

but they did contain regions w ithin them that were near i dentical . This  w i l l  be d iscussed 

further in Section 3 .S. BLASTX analysi s of ACY224, ACY227 and ACY229 had 

database matches to retrotransposon sequences wh i l e  ACY226 had no database match .  

The l i brary screen with an ItmK fragment, ampl ified w i th pnmers 10133 and 10137, 

resulted in the hybrid i sation of 28 posit ive c lones. Only one of these c lones, ACY255, 

extended beyond the ACY 2 l 8  sequence ( Fig .  3 .3 1 ) . The sequence of the ACY255 c lone  

was extended by direct sequencing add ing an  addit ional 2 .9-kb to  the  [tm c luster. 

However, the AT content remained h igh w i th no obvious open read ing frames. A 

match to the retrotransposon Skippy from Fusarium oxysporum (E-value 6e- 1 9) 

sequence suggested the l i ke l i hood of a retrotransposon p latform downstream from ltmK. 

3.7.3 Using FI1  to j u m p  across the retrotransposon platform 

As d i scussed ear l ier (Section 3.6) N. lalii strain Lp 1 9  and E. Jestucae strain Fl 1 are 

almost i dentical throughout the entire ltm region. However, Southern hybrid i sation 

w i th an [tmK fragment to genomic digests of Lp 1 9  and FI l revealed a different band ing 

pattern surrounding the lunK fragment (Fig. 3 .33) .  The un ique banding  pattern of F I l 

suggested that the retrotransposon sequence present i n  Lp 1 9  was absent i n  Fl l .  
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(A) Southern analysis to identity restriction enzymes suitable for IPCR. Autoradiograph of  a 

hybridisation with a 3 2P-labelled ItmK fragment (shown as a red box in C) amplified with primers 

10129 and 10163. Lane ( 1 , 3, 5, 7, 9 and 1 1 ) 2 pg of Lp1 9 digested genomic DNA, (2, 4, 6, 8, 1 0  and 

1 2) 2 pg of FI 1 digested genomic DNA. 

(8) IPCR with (2) F1 1 ,  (3) E1 89 Pstl-digested then self-ligated DNA amplified with primers 101 1 8  and 

1019. Lanes (1 ) 1 kb + ladder ( Invitrogen) and (4) water control .  

(C) Physical maps of the restriction enzyme Pstl from Lp1 9  and FI 1 showing the region rescued by 

IPCR (yellow box) and the location of the primers 101 1 8  and 1019 used in the I PCR reaction. 

The following PCR reaction conditions were used: 50 ng digested self-ligated genomic DNA, 1 x  

Taq polymerase buffer (Roche), 1 00 pM each dNTP , 200 nM each primer, 2 U Taq polymerase 

(Roche) in a reaction volume of 50 pL. The PCR amplification conditions were as follows: 9 40C for 

2 min, followed by 30 cycles of 940C for 30 s, 580C for 30 s ,  720C for 2 min 30 s, then one cycle of 

720C for 5 min. 



A nalysis of the hybridisation data indicated the 3 .6 kb Pstl hybridis ing fragment present 

in FI l would contain �2.3 kb  of unique sequence w hen i solated by I PCR with Pstl­

digested then self- l igated FI I genomic DNA. I PCR with primers lol l S  and 1019 resu l ted 

in  the ampl ification of a 2.5-kb band (Fig. 3 .33B). Due to the presence of non-specifi c  

bands i n  the PCR ampl ification, the product was cloned into pGEM-T easy then 

sequenced. Sequence analysi s revealed the presence of a putative gene, w ith strong 

B LASTX matches to polyketide synthases. The best match was to AN92 1 7  from 

Aspergillus nidulans with an E-value of ge- 1 O. This sequence was extended a further 

1 . 5-kb with I PCR using as a template FI t BamHI-digested then self- l igated genomic 

DNA with primers 101 1 03 and 101 1 3  (Fig. 3 . 34). BLASTX analysis with the additional 

sequence resulted in a more significant match to A.  nidulans A N92 1 7  w ith an E-val ue 

of 3e-S3. There is no predicted role  for a polyketide synthase in indole-diterpene 

biosynthesi s (Section 1 . 1 0). 

3 .7.4 The Lp 1 9  pks is separated from ItmK by a retrotransposon platform 

To determine whether the pks gene was contained on the same N. lolii Lp l 9  

chromosome as the !tm cluster a chromosome separation of Lp 1 9  was hybrid ised w ith a 

pks fragment ( Fig.  3.35). The pks fragment hybridi sed to the same 2 .S Mb Lp l 9  

chromosome as the ItmG fragment (Fig. 3 .35). 

The mapped E. Jestucae FI I sequence (Fig. 3 . 34) revealed that the onl y  Sail sites across 

the ltm cluster were contained within the region rescued by I PCR. Restriction enzyme 

analysis of the N. loW Lp I 9 and E. Jestucae FI I ltm region ( Fi g. 3 .3 1 ;  3 .34) showed that 

the lunK gene was contained on Sail and Sstl fragments greater than 23 kb. To 

determine whether ItmK and pks hybridised to the same large fragments, pul se-field gel 

e lectrophoresis of PstI, SalI and SstI digests was performed. Both the ltmK and pks 

fragments hybrid ised to the same � 73 kb SaIl and 26 kb Sstl fragments (Fig. 3 .36) i n  the 

Neotyphodium strains  Lp 1 and Lp5 . 

Us ing the pks fragment ampl ified with primers 101 1 03 and 10 1 1 09 as a probe, the Lp 1 9  

pks sequence was i solated from the Lp 1 9  AGEM- 1 2  genomic l i brary. Eleven positive 

c lones covering  approximately 2 1  kb of genomic DNA sequence were i solated. 

ACY275 and ACY274 w ere the most diverse overlapping  clones, w ith ACY275 

overlapping with ACY255 by �2.9 kb (Fig.  3 .3 1 ) . 
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Fig u re 3.34 Physical and genetic map of the E. festucae, F1 1 ,  Itm locus 

Physical and genetic map of the F I1  It m locus showing the region used to isolate sequence flanking ItmK by IPGR. The It m genes are green 
arrows, the pks pseudogene is a grey box. The exons for the It m genes are blue boxes under the gene. The regions rescued by IPGR are 
black arrows. The remaining FI 1 sequence was generated by PGR amplification. The PGR products were purified and sequenced directly 

with sequence-specific primers. The fragments used for hybridisation are shown as red boxes. 
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Figure 3.35 Southern analysis o f  the pks pseud ogene 

Separation of the Lp1 9 chromosomal DNA by pulse-fie ld electrophoresis .  (A) 

Ethid ium bromide-stained gel of the Lp1 9 chromosomal DNA separations. Lane ( 1 ) 

S. cerevisiae chromosomal DNA standard (BioRad), (2) S. pombe chromosomal DNA 

standard (BioRad), (3) Lp 1 9  chromosomal DNA. The DNA standards are shown as 

Mb. The electrophoresis conditions were 0 .7% (w/v) chromosomal grade agarose 

(Biorad) in 0 .5x TBE at 60 volts with the following switching times; 1 20 s for 24 h ,  

450 s for 20 h ,  1 500 s for 72 h ,  21 00 s for 60 .5 h at  1 40C. 

(8) Autorad iograph of Lp1 9 chromosomal DNA from (A) hybrid ised with a 3 2p_ 

labelled ItmG fragment amplified with primers 1013 and 101 1 . 

(C) Autoradiograph of Lp1 9 chromosomal DNA from (A) hybrid ised with a 3 2p_ 

labelled pks fragment amplified with primers 101 1 03 and 101 1 09.  



Figure 3.36 Linkage of ItmK and pks 

Southern analysis to show linkage of ItmK and pks sequences. Lane ( 1 ) Lambda ladder (Biorad) ;  

Pstt-digested DNA from (2) Lp1 , (3) Lp5 ;  Sail-digested DNA from (4) Lp1 , (S) LpS; Sstt-digested 

DNA from (6) Lp1 , (7) LpS; (8) 8-48 kb ladder ( Invitrogen) ,  (9) Lambda DNA Hind 11 I -digested , ( 1 0) 1 

kb plus ladder ( Invitrogen) .  

(A) Ethidium bromide stained ge l  of pulse-field electro phoresis separations of  Pstl- ,  San- and Sstl­

digested Lp1 and LpS genomic DNA. The e lectrophoresis conditions were 1 %  (w/v) Molecular 

biology grade agarose ( Roche) in O.S x TBE at 200 volts with ramped switch times of 2 - 1 0  s for 1 8 .4 

h and 1 0- 1 6  s for 4.6 h at 1 40C .  

(8) Autoradiograph o f  (A) hybridised with a 3 2P-labelled ItmK fragment amplified with primers 10129 

and 10163. 

(C) Autorad iograph of (A) hybridised with a 3 2P-label led pks fragment amplified with primers 101 1 03 

and 101 1 09 .  
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The pks sequence was analysed by BLASTX and showed s ignificant matches to 

polyketide synthases wi th the best database match to the characteri sed PKS 1 from 

Cochliobolus heterostrophus (E-val ue e- 1 5 1 ; Y ang, et a\ . ,  1 996a). The N. lolii Lp 1 9  

pks gene has been considered a pseudogene as i t  contain s  a number of frame shifts with 

no obvious in tron spl ice s ites. There i s  no detectable in -frame start methionine cod on 

of the pks gene and the sequence i s  flanked by AT -rich DNA that i s  devoid of open 

read ing frames. T ranscripts from thi s  pseudogene could not ·be detected. 

3.8 Defi n ition of the retrotransposon platform 

Sequence analysi s of the Lp l 9  region between ItmK and pks ind icated that thi s  region 

contained evidence of a retrotransposon p latform (Fig. 3 .3 1 ). Th i s  was supported by the 

presence of two copies of two i ndependent long termin al repeats (LTR) thereby 

al lowing the identifi cation of two retrotransposons, Tahi and Rua (Maori for one and 

two). 

The L TR sequences for Tahi are � I 04 bp, and are flanked by 5-bp target s ite 

dupl ications of COCOc. The Tahi element has been in terrupted by the i n sertion of the 

Rua element. As mentioned previously, the RT and RNase H domain s  of the pol gene 

were detected by B LA STX matches to the avai lab le databases. Based on thi s  analys is  

an un in terrupted Tahi  e le ment is  pred icted to be approx imately 9.3 kb. The best 

BLASTX match of the complete Tahi e l ement is to a reverse transcriptase region from 

Oryza saliva (accession number CAE030 1 7; E-val ue 0.86). The s ignificance associated 

with the BLASTX analysi s i s  poor, which indicated that the sequence that remained was 

a rel i c  of a retrotransposon. 

The LTR sequences of Rua are �272 bp and are flanked by 5-bp target s i te dupl i cations 

of TCCTT. The approximate size of the complete Rua e lement i s  7 .9 kb. The complete 

Rua retrotransposon has a c losest BLA ST X  match to the reverse transcriptase and 

i ntegrase region of a retrotransposon from Cryptococcus neoformans ( accession n umber 

EAL20356; E-value 8e-66). When the sequence of the Rua LTR was compared to the 

N. lolii Lp 1 9  ltm c luster consensus, three Rua LTRs were identified.  The third copy of 

a Rua L T R  was found to be adjacent to lunG (Fig .  3 . 3 1 ). However, thi s  retro e lement 

is truncated wi th a putative pol gene immediately adjacent to the LTR. Although the 
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Fl l strain l acks the combined Tahi and Rua platform found between [lmK and pks i n  

Lp 1 9, the Rua retrotransposon adjacent to ltmG in  L p  1 9  i s  present i n  E .  Jestucae Fl l 

and i s  identical to the avai lable Lp 1 9  DNA sequence. 

Based on the order and sequence of the motifs identified with in the pol domain, both 

Tahi and Rua belong to the Class I Gypsy sub-fami ly of retrotransposons ( Kempken, 

Klick, 1 998). However, the two retro e lements have no significant nucleotide 

homology to one another and have different L TR sequences, suggest ing they are 

i ndependent e lements. 

When fragments from the Tahi and Rua e lements and the AT -rich sequence flanking the 

pks were used as hybridi sation probes against Southern blots contain ing N. lolii Lp 1 9, 

E. Jestucae Fl l and E. typhina E8 genomic digests, unique hybridisation patterns w ith 

each probe were obtained (Fig. 3 . 37). I n  both Lp 19  and FI I strains, Rua i s  presen t  i n  

the highest copy number fol l owed by the AT-rich probe and then Tah i .  None of  the 

probes hybridi sed to E8 genomic digests. Each probe results in different band ing 

patterns between the Lp 19  and FI I strains  wi th the three restriction enzyme digests 

used. However, for each probe Lp 1 9  and Fl I contained conserved hybrid isi ng HindI I I  

fragments that are present i n  multip le  copies. 

The LTR sequences of Tahi and Rua were used to search a database of sequences 

generated from this thesis. A Tahi e lement was identified in  ACY226 (Section 3 .7 .2) 

and three additional Rua e lements were identifi ed, one each i n  ACY226 and ACY23 I 

(Section 3 .7.2) and one i n  ltm c luster 2 which w i l l  be presented in  Section 3.9. 1 .  A n  

al ignment of the LTR sequences using Clusta lW showed that the nucleotide differences 

within the a l ignment were predominantly G and A or C and T (Fig. 3 .38). This  

preferential conversion of G:C to A:T is a feature of Neurospora crassa known as 

repeat i nduced point mutation (RIP) (Section 1 . 1 1 .2 ;  Cambareri, et aI . ,  1 989). Of the 

20-nucleotide differences seen in Tahi LTRs, 1 3  are G:C to A:T nucleotide transit ions.  

The Rua LTR sequences have 82 G:C to A:T nucleotide transitions and 1 3  others . To 

ascertain whether the transitions observed were s imi l ar to that of RIP, the preference of 

nucleotide residue that flanked the G:C to A :T transitions w as determined .  However, 

transitions that occurred in  tandem were excluded from the analysis because the order 

of transitions was unable to be determi ned. The Tahi LTR sequences had 75% 

transitions that were unequi voca l ly  considered to have a CpA consensus, as there were 
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Fig ure 3.37 Southern analysis to determine copy number of Tahi ,  Rua and 
the AT-rich sequence 

Southern analysis to determine the copy number of the retro-elements. Tahi and Rua, and the AT-rich 

sequence flanking It m cluster 1 .  N. lolii Lp1 9 , E. festucae FI and E. typhina E8 genomic DNA (2 pg) was 

digested with the restriction enzymes, EcoR I , Hirxl 1 1  I and Sstf . Size standards are in kb. Probe posit ions 

within the It m cluster are shown in Fig . 3.31 

(A) Autoradiograph of hybridisation with a 3 2P-labelled Tahi fragment ampl ified with primers 101 1 6  and 10195. 

(8) Autoradiograph of hybridisation with a 3 2P-labelled R ua fragment amplified with primers 1014 and 10123. 

(C) Autorad iograph of hybridisation with a 32P-labelled fragment of the AT-rich region ampl ified with 

primers 101 1 86 and 101226. 
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A 
tahi 1 
tahi 2 
tahi 2 2 6  

tahi 1 
tahi 2 
tahi 2 2 6  

GTGGTAIETT TAGGGATAAT 
GTGGTAC TT TAGGGATAAT 
GTGGTA TT TAGGGATAA 

TT ATIEGTCTGT CTCTA 6 0  
T T  AT AGTCTGT TCTA 6 0  
T T  AT GTCTG TCTA 6 0  

GCTACG-CCCITATAATTATG ECTATTACCTAAGCCATTC 1 0 4  
GCTACGGCCC TATAATTATG CTATTACCTAAGCCATTC 1 0 5  
CCTAAG-CCC TATAATTATG CTATTACGTAATCCATTC 1 0 4  

B rua1 5 9  
5 9  rua2 

rua3 
rua4 
rua2 3 1  
rua 2 2 6  

rua1 
rua2 
rua3 
rua4 
rua2 3 1  
rua2 2 6  

rua1 
rua2 
rua3 
rua4 
rua2 3 1  
rua2 2 6  

rua1 
rua2 
rua3 
rua4 
rua2 3 1  
rua2 2 6  

rua1 
rua2 
rua3 
rua4 
rua2 3 1  
rua 2 2 6  

CTAGCTAGCCTCTT'r���� 
CTAGCTAGCCTc��'�·r��,� 

5 8  
5 8  
6 0  

1 1 9  
1 1 9  
4 8  
1 1 8  
1 1 8  
1 1 9  

1 7 9  
1 7 9  
1 0 8  
1 7 8  
1 7 8  
1 7 9  

2 3 9  
2 3 9  
1 6 8  
2 3 7  

CTAGCTAGCCTC 2 3 8  
CTAGCTAGCCTCTT----------------------------------- ----------- 1 9 3  

2 7 2  
2 7 2  
2 0 0  
2 7 0  
2 7 1  

Figure 3 .38 Al ig n ment of the Tah i and R u a  L TR seq uences 

(A) Tahi1 and Tahi2 are the two Tahi LTR sequences found in the retrotransposon platform 
between Lp1 9  ItmK and pks. Tahi226 was identified in a lambda clone ",CY226 isolated with the 
Rua probe (amplified with primers 1014 and 10123) .  ( 8) Rua1 and Rua2 are the two Rua L TR 
sequences found in the retrotransposon platform between ItmK and pks. Rua3 is the L TR  
adjacent to ItmG. Rua4 was identified adjacent to It m cluster 2 (Section 3.9 . 1 ) .  Rua231 and 
Rua226 are Rua LTR sequences identified within lambda clones ",CY231 and ",CY226 ,  
respective.

ly that were isolated during a l ibrary screen with the Rua probe. 

The highlighting shows base differences of G and A, shows base 
differences of C and T, while g rey highlighting indicates other VU,;:,,:>I'UIC 
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3 CpA (TpG) and 6 TpG from 1 2  transitions. The Rua LTR sequences had 59% 

transitions that were unequivocal ly considered to have a CpA (TpG) consensus, as there 

were 9 CpA and 1 3  TpG from 37 transit ions. Twelve of the 1 5  transit ions that w ere not 

the resu l t  of a CpA d inucleotide had a consensus of CpT. As  found i n  N. crassa 

(Se lker, 1 990), Podospora anseriana (Gra'ia, et al . ,  200 1 )  and Leptosphaeria maculans 

( Idnurm, Howlett, 2003) the sequence bias of transitions i n  the N. lolii retrotransposons 

was CpAs fol l owed by CpTs. 

3.9 Isolation of two additional  /fro gene clusters 

The presence of the retrotransposon platforms and the i nstabi l i ty of c loned fragments of 

these flanking regions made i t  difficu l t  to i solate additional sequences flanking the 

c luster of ltmG, ltmM and lunK. Based on our knowledge of the genes requi red for 

pax i l l ine biosynthesi s i n  P. paxilli (Young, et al . ,  200 1 ;  McMi l l an ,  e t  a l . ,  2003) and 

aflatrem biosynthesi s in A .  flavus (Zhang, et a l . ,  2004), and the structural  s imi l arit ies of 

these compounds to lo l i trem B ,  orthologues of paxC, paxP and paxQ were predicted to 

be presen t  i n  N. lolii. Al i gnments of PaxC and AtmC polypeptide sequences were used 

to identify conserved regions to design degenerate primers for i solation of the N. lolii 

orthologue, ltmC (Appendi x 5 . 1 ) . A number of PCR ampl ifi cation conditions w ith the 

four  primer combinations were trialed but no evidence of an identifiable product of a 

paxC orthologue was ampl ified from N. lolii Lp 1 9. 

At  this stage of the proj ect, EST sequences from endophyte-infected ryegrass, which 

showed significant homology to paxC and paxP, were made avai lab le ( by G.  

Spangenberg, Plant Biotechnology Centre, La Trobe Un iversity, Melbourne) to test the 

hypothesi s that these EST sequences corresponded to ltm biosynthetic genes that were 

l inked to the c l uster contain ing ltmG, ltmM and ltmK. A summary of these sequences 

w ith  the match to their pax homologue and the region of the gene they span is shown i n  

Table 3.9 and Figure 3 .39. Of interest were fragments w ith simi larit ies to paxC and 

paxP, a prenyl transferase and cytochrome P450 monooxygenase respectively (Table 

3 .9). The EST sequences obtained did not al ign to the c luster contain i ng  ltmG; ltmM 

and ltmK suggesting they were unique . A s  the qual i ty of the sequences was variable, 

the ESTs were a l igned i nto contigs using  the sequencher software to min imise errors for 

subsequent primer design. Primers were then designed to regions that were h igh ly 

conserved to the ir  pax homologues with a consideration on the p lacement of possible 
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Table 3.9 EST seq uences of potential If m genes 

Gene Sequence identification ' pax gene aa rangeZ 

ItmC 06nl 1 GsG 1 2 paxC 3 5- 1 74 
06nl 1 FsB04 
06nl 1 EsB02 
06nl 1 EsG0 1 

06nl 1  BsC09 paxC 1 7 2-229 

ItmP 06n l 1  BsA06 paxP 47-304 
06nl1 CsG09 

RJ-J 1 5 

07n l 1 AsA 1 1 paxP 3 07-4 1 4 
RJ-G 1 3 

ItmJ 06nl 1 DsF08 paxpS 4 1 4-49 5 
RJ-N 1 7 

E value3 % identiti Primers4 

2e-2 6 60% 101 1 89/ 1 90 

1 e-0 7 49% 101 1 90/1 9 3  

1 e-40 3 6% 101 1 9 1 / 1 9 2 

4e- 1 9 44% 101 1 9 2 / 1 9 5  

7e-0 5 3 8% 10120 5/206 

' The EST identification number of the sequences provided by G.  Spangenberg ( Plant Biotechnology Centre, 
La Trobe University, Melbourne) and R. Johnson (AgResearch, Palmerston North) .  
2The amino acid range of the  match of the  EST sequences to  the  pax homologue. 
3The E-value of the BLASTX match or the % identity to the pax homologue 
4Primers used to ampl ify a genomic  Lp 1 9  fragment 
sThe best match was to a P450 monooxygenase from Asperillus nidulans (AN 1 598) ,  at 3e-09 

PCR size {bj2} 

3 60 

644 

3 74 

603 

242 
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Figure 3.39 Schematic d iagram of PaxC and Pax P show i ng p lacement of the EST seq uences 
Schematic diagram of (A) PaxC and (8) PaxP, showing the relative placement of the EST sequences. The polypeptide sequence is 
represented as green blocks with the size indicated in amino acid residues underneath. The intron placements are numbered above the 
polypeptide. The primers used for PCR amplification are positioned above the region used for primer design. The EST sequences that are part 
of the ItmP or the ItmJ gene are shown as lines below the EST positions. The EST identification numbers (Table 3.9) have been reduced to the 
last five numbers. 
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conserved i ntrons between the ltm and pax genes. Additional EST sequences were 

made avai lable (by R. Johnson, AgResearch, Pal merston North) from a suppression 

subtraction hybridisation technique, where three transcripts, RJ-J 1 5 , RJ-G 1 3  and RJ­

N I 7, were identified as genes up-regulated in N. lolii Lp 1 9-infected perennial ryegrass 

when compared to uni nfected perennia l  ryegrass. These three EST sequences were a l so 

incl uded i n  the sequence analysis data (Table 3.9; Fig. 3 .39). 

The contig of EST fragments, 06n l l GsG 1 2, 06n l l FsB04, 06nl l EsB02 and 06n l l EsG0 1 ,  

was designated ltmC based on the ir  s ignificant match to PaxC using the BLASTX 

algorithm (Table 3.9) . A fragment of 360 bp, the same size as that of the cDNA, was 

ampl ifi ed from Lp 1 9  genomic DNA using primers 101 1 89 and 101 1 90. This confi rmed 

that the EST fragments were of fungal origin. PCR amplification was used to join the 

ltmC conti g to 06nl l BsC09 a potential ltmC fragment (Tab le  3.9; Fig. 3 . 39). 

Ampl ification from N. lolii Lp 1 9  genomic DNA with primers 101 1 90 and 101 1 93 gave a 

644-bp product that was 77-bp l arger than the pred icted transcript size, indicating the 

presence of an intron in thi s  gene (Fig. 3 . 39). The PCR product generated from Lp 1 9  

genomic DNA with primers 101 1 90 and 101 1 93 was sequenced and compared to the EST 

sequences for confirmation of the i ntron. 

The contig of EST fragments, 06n l l BsA06 and 06n l l CsG09 (Fig. 3 . 39), had a 

sign ifi cant match to paxP, spanning amino acid residues 84 through 304 (Table 3 .9). 

Primers, 101 1 9 1  and 101 1 92, designed to th is sequence ampl ified a 374-bp fragment from 

N. lolii Lp 1 9  genomic DNA. This confi rmed these EST sequences were of fungal 

orig in .  The size of the genomic fragment was 60 bp larger than the predicted cbNA 

product i ndicati ng that this gene contains at least one i ntron. 

EST sequences with the BLASTX matches to paxP al igned i nto three i ndependent 

contigs (Table 3 .9; Fig. 3 . 39). Contig 1 contained EST sequences 06n l l BsA06, 

06n l l CsG09 and subsequently RJ-J l 5 , contig 2 contai ned EST sequences 07nl l AsA I 1 

and RJ-G 1 3 , and contig 3 contained EST sequences 06nl l DsF08 and RJ- N  1 7 . PCR 

was pelformed to test whether these three cont igs were part of a si ngle cytochrome 

P450 monooxygenase gene or were i n  fact mult iple genes. Ampl ification of N. lolii 

Lp 1 9  genomic DNA with primers 101 1 92 and 101 1 95 l i nked contigs 1 and 2 and 

therefore these two contigs are a part of the same fungal cytochrome P450 

monooxygenase gene subsequently named ltmP. The PCR fragment generated from N. 
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loW Lp l 9  genomic DNA with pri mers 101 1 92 and 1 01 1 95 was sequenced and compared 

to the EST data for confi rmation of the i ntron. Contig 3 contained the primer-bi nding 

site for pri mer 101 1 94 and this primer would not ampl ify a PCR product from Lp 1 9  

genomic DNA when pai red with pri mer 101 1 92. This contig was therefore considered 

an i ndependent cytochrome P450 monooxygenase fragment and was subsequently 

named ltmJ. Pri mers, 101205 and 101206, were designed to the contig sequence of ltml. 

These pri mers ampl ified a 242-bp fragment from Lp l 9  genomic DNA and confirmed 

that ltmi was of fungal orig in .  

Hybridi sation of an ltmC fragment to genomic di gests of the endophyte strai ns Lp 1 9, 

Fi t ,  and E8 shows that this fragment is only present i n  the lo l itrem-producing strains,  

Lp 1 9  and Fl l ( Fi g. 3 .40A). The [tmC hybrid isation pattern of each digest w as identi cal 

between the Lp l 9  and Fl l strains, but the hybrid i sation signal i n  Lp 1 9  was twice that of 

Fl l despite identical DNA loadi ngs. 

Two ltmP fragments were used as hybridi sation probes to digested genomic  DNA of 

strains N. loW Lp 1 9, E. Jestucae FI I and E. typhina E8. Each fragment was only 

detected in the Lp 1 9  and Fl l strains (Fig.  3 .40) .  The ltmP fragment ampl ified wi th 

primers 101 1 9 1  and 101 1 92 gave different Lp 1 9  and FI ! banding patterns with each 

restriction enzyme ( Fig.  3 .40C).  The !tmP fragment ampl ifi ed with pri mers 101 1 96 and 

1 01 1 98 spans both a HindI I I  and Sst! restriction enzyme site ( Fig. 3 .4 1 ). Hybridi sation 

w ith thi s fragment resulted in two Hind l l l  and SstI hybridis ing bands. The 0.5-kb 

Hind I I I  and 9 kb SstI fragments in each digest were the same size in the Lp 1 9  and Fl I 

d igested DNA ( Fig .  3 .408) .  The 9-kb SstI fragment hybridised to both the ltmP 

fragment, ampl ified w ith pri mers 101 1 96 and 101 1 98 ,  and to the ltmC fragment. These 

data show that the ltmC and limP genes are l i nked. 

The ltmi fragment hybrid ised to the lol itrem-producing strains N. loW Lp 1 9  and E. 

festucae FI I ( Fig. 3.40) .  This  fragment hybrid ised to a � 1 8  kb Lp 1 9  SstI fragment, a 

band of the same s ize as seen with the ltmP probes suggesti ng l i nkage of ltmJ to ltmP. 

The presence of the three EST fragments, ltmC, ltmP and ltmi, correlated with strains 

known to produce i ndole-diterpenes. None of the fragments hybridi sed to genomic 

digests of E8, a l ol itrem non-producing stra in .  This pattern of hybridisation w as used to 

identify the prev ious ltm c luster contain i ng ltmC, ltmM and ltmK, and therefore, 

complete sequence surround ing the genes lunC, ltmP and ltmJ was obtai ned. 
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Figure 3.40 Southern analysis of putative tfm genes 
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Autoradiographs of Southern hybridisation of 3 2P-labelled fragments of (A) ItmC, ampl ified with primers 10 1 1 89 and 101 1 90 ,  

(8)  ItmP, amplified with primers 101 1 96 and 101 1 98,  (C) ItmP, amplified with primers 101 1 9 1 and 101 1 92 ,  and (0)  ItmJ, amplified 

with primers 101205 and 101206, to EcoRI ,  Him "I and Sstl restriction enzyme digests of N. lolii Lp1 9, E. festucae FI1 and E. 
typhina E8. The size standards are in kb. 
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Fig ure 3.41 A physical m a p  of t h e  Itm cluster 2 
A physical and genetic map pt the Lp1 9 Itm2 locus. The five It m genes are shown as green arrows, the exons of the It m genes are blue 
boxes under the gene. Selected lambda clones isolated with the ItmC and ItmP probes are shown as black l ines. The fragments used as 
probes to isolate the lambda clones and for the Southern analysis in Fig. 3 .40 are shown as red boxes above the restriction enzyme map. 
The fragments initially isolated by IPGR are boxed in red . The fragment used as a probe in Fig . 3.43 is shown as an orange box. 



3 . 9 . 1  I t  m c luster 2 

I nit ial l y  the complete ltmC and ltmP genes were sequenced from Lp 1 9  using fragments 

generated by IPCR with the restriction enzymes EcoRI, EcoRV and HindIII (Fig. 3.4 1 ). 

The complete ltlnC gene was ampl ified using IPCR with Lp 1 9  HindI I I  digested then 

self- l igated genomic DNA and primers, 101202 and 101203 , that were designed to the 

previously obtained !tmC sequence. The sequence was extended using IPCR wi th Lp 1 9  

EcoRI-digested then self- l i gated genomic DNA and pri mers 1 012 1 3  and 101209. The 

sequence of the complete ltmP gene was generated using IPCR with Lp 1 9  HindI I I ­

digested then self- l igated genomic DNA using two primer sets of 101 1 98 and 101 1 99, and 

1012 1 0  and 1012 1 1 .  The sequence was extended further by IPCR using Lp 1 9  EcoRV­

d igested then self- l igated genomic DNA wi th primers 10 1 1 92 and 101222. Each I PCR 

fragment was c loned into pGEM-T easy (Promega) and sequenced wi th primers that 

were !tmC or ltmP sequence-specifi c  or with primers Sp6 and T7. 

To complete the sequence analysis of this region, an N. lolii Lp 1 9  AGEM- 1 2  genomic 

l ib rary was screened w ith ItmC and ltmP (Section 2.5). Us ing the ltmC fragment 

ampl ifi ed wi th 101 1 89 and 101 1 90 the l i brary screen resulted in the isolation of 24 

positive c lones (Table 3 . 1 0) from �80,000 p laques screened. The same Lp l 9  AGEM- 1 2  

genomic l i brary fi l ters were screened with the ItmP fragment, ampl ified with 101 1 9 1  and 

101 1 92, and resulted in the i solation of 25 posi ti ve c lones of which 1 8  also hybridised 

w ith ltmC (Table 3. 1 0). This  result  confirmed the Southern analysis showing that ltmC 

and ltmP are contained on the same 9 kb SstI fragment (Fig.  3.40; 3.4 1 ) . The average 

insert size of the 35 l ambda c lones was approximately 1 3  kb. DNA i solated from the 

l ambda clones was digested w ith the restriction enzymes BamHI ,  EcoRI, HindI I I  and 

SstI , then hybridi sed with the ltmC and ltmP fragments to determine c lones for 

sequencing. Lambda c lones of i nterest were seq uenced with primers Sp6 and T7 that 

anneal to the l ambda arms and then with sequence-specific primers. To faci l i tate 

sequencing, fragments from some l ambda clones were c loned i nto the pUC 1 1 8 vector 

and sequenced with the forward and reverse primers (Section 2.5) .  A physical map of 

the overlapping lambda c lones (Fig. 3 .4 1 )  was determined based on DNA sequence 

analysis (Appendix 5 .3)  and the hybridi sation data from both the l ambda c lones and the 

genomic DNA (Fig. 3 .40). Data generated from the physical map of the l ambda c lones 

showed that the fol l owing c lones, ACY300, ACY307, ACY 3 1 2, ACY 3 1 3, ACY 3 1 5, 

ACY 3 1 6, ACY 3 1 9  and ACY350, contained sequences that were i nconsi stent  with the 
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Table 3.1 0  A list of the lambda clones Identified from screening the Lp1 9 I.GEM-1 2  genomic l ibrary 
with the ItmC, ItmP and ItmJ fragments 

Lambda ItmC ItmP ItmJ Identical t02 

clone probe' probe' probe' 

),CY300 ItmC ItmP 

ACY301 ItmC ItmP 304, 3 2 0  

ACY302 ItmC ItmP 

),CY303 ItmC ItmP 3 2 2  

ACY304 ItmC ItmP 3 0 1 , 3 2 0  

ACY305 ItmC 

),CY306 ItmC ItmP 3 1 8, 3 2 1  

ACY307 ItmC ItmP 

),CY308 ItmC ItmP 

),CY309 ItmC ItmP 

ACY3 1 0  ItmC ItmP 

ACY3 1 1  ItmC ItmP 

ACY3 1 2  ItmC 

)..CY3 1 3  ItmC 3 1 6  

),CY3 1 4  ItmC ItmP 

)..CY3 1 5  ItmC 

),CY3 1 6  ItmC 3 1 3  

)..CY3 1 7  ItmC ItmP 

),CY3 1 8  ItmC ItmP 306, 3 2 1  

)..CY3 1 9  ItmC 

),CY3 2 0  ItmC ItmP 3 0 1 , 304 

),CY 3 2 1  ItmC ItmP 306, 3 1 8  

),CY3 2 2  ItmC ItmP 3 0 3  

)..CY3 2 3  ItmC ItmP 

)..CY3 24 ItmJ 3 4 4  

),CY325 ItmJ 3 3 8  

),CY3 26 ItmJ 3 2 9 ,  3 3 3 ,  3 3 4 ,  3 3 5 ,  3 3 9 ,  3 4 3  

ACY327 ItmJ 

ACY328 ItmJ 

),.CY329 ItmJ 3 2 6, 3 3 3 ,  3 3 4 ,  3 3 5 ,  3 3 9 ,  3 4 3  

ACY330 ItmJ 

ACY3 3 1  ItmJ 

ACY3 3 2  ItmJ 

ACY3 3 3  ItmJ 3 2 6, 3 2 9 ,  3 3 4 ,  3 3 5 ,  3 3 9 ,  3 4 3  

ACY3 3 4  ItmJ 3 2 6, 3 2 9 ,  3 3 3 ,  3 3 5 ,  3 3 9 ,  3 4 3  

)..CY3 3 5  ItmJ 3 2 6, 3 2 9 ,  3 3 3 ,  3 3 4, 3 3 9 ,  3 4 3  

ACY3 3 6  ItmJ 

)..CY337 ItmJ 

)..CY338 ItmJ 3 2 5  

)..CY3 39 ItmJ 3 2 6, 3 2 9 ,  3 3 3 ,  3 3 4 ,  3 3 5 ,  3 4 3  

),CY340 ItmJ 

),CY341 ItmJ 

j,CY342 ItmJ 

)..CY343 ItmJ 3 2 6 ,  3 2 9 ,  3 3 3 ,  3 34,  3 3 5 ,  3 3 9  

),CY344 ItmJ 3 2 4  

)..CY345 ItmJ 

ACY346 ItmP 

)..CY347 ItmP 

)..CY348 ItmP 

)..CY349 ItmP 

),CY3 5 0  ItmP 

).CY3 5 2  ItmP 

ACY3 5 3  ItmP 

, ItmC indicates positive for the ItmC fragment amplified with primers 101 1 8 9 and 101 1 90 

ItmP indicates positive for the ItmP fragment amplified with primers 1011 9 1  and 101 1 9 2 

ItmJ indicates positive for the ItmJ fragment amplified with primers 1012 0 5  and 101206 

2 Lists the clones that are identical based on mapping and sequence data 

3 The comments indicate what end of the lambda clone is rearranged (when known) 

comments3 

Rearranged T7 end 
Sequence 
DNA contains more than one clone 
Sequence 
Sequence 
Rearranged Sp6 end. Sequence 
Sequence 
Rearranged T7 end. Sequence 
Sequence 

DNA contains more than one clone 
Rearranged T7 end 
Rearranged Sp6 end 

Rearranged end 
Rearranged end 

Sequence 

Sequence 

Never isolated DNA 
Sequenced 
Rearranged T7 end. Sequenced chsV. 
Rearranged T7 end. Sequence. 
Never isolated DNA 
Not ItmJ positive after round 3 

Rearranged T7 end. Sequence. 

Never isolated DNA 
Rearranged Sp6 end. Sequence. 

DNA contains more than one clone 

Rearranged T7 end. Sequenced chsV. 

Not ItmJ positive after round 3 

Never isolated DNA 

. Never isolated DNA 
Sequence 

Strange digestion pattern 

Sequence means that the DNA was used as a sequencing template and part of the sequence aligned within a cluster 



Lp 1 9  genomic map, and therefore, these sequences were not analysed further. The 

mapped genomic region surrounding the tttnC gene was underrepresented by the 

lambda c lones, which was a simi lar finding to that of the lunG l ibrary screen (Section 

3 . 3  and 3.7) .  A l ist of the l ambda clones identified from the Lp 1 9  AGEM- 1 2  l i brary i s  

summarised in  Table 3. 1 0  

Nuc leotide sequence generated from sequencmg lambda c lones i solated from the 

hybridisation w ith ltmC and {tmP covered 23.8 kb and confi rmed the l i nkage of ltmC to 

ltmP. Sequence analysi s of thi s region using BLAST algorithms identified three 

additional genes w ith significan t  similarities to pat genes from P. paxilli, and therefore, 

these genes formed a second gene cluster cal l ed ltm c l uster 2 (Table 3 . 1 1 ; Fig. 3 .4 1 ). 

These genes i ncl uded ltmC, ltmP, ltmQ, lunD and ltmB, orthologues of paxC (prenyl 

transferase), paxP and paxQ (cytochrome P450 monooxygenases), paxD (prenyl 

transferase, d imethylal l y l  tryptophan synthase-l i ke) and paxB, (gene of unknown 

function), respectively (Table 3 . 1 1 ;  3 . 1 2 ; Fig. 3 .4 1 ) .  The ltmJ gene was not contained 

w ithin  this sequenced region. The i ndividual sequence analysis of the five genes 

contained in  !tm c luster 2 is  explained below and in Tables 3 . 1 1  and 3 . 1 2. 

The nucleotide sequence analysis of the complete {tmC gene, i ni tial l y  identified from 

EST sequences (Section 3 .9), showed that i t  contai ns one i ntron (Fig. 3.42) and encodes 

a polypeptide of 345 amino acids. LtmC is classified as a prenyl  transferase as it 

contains the five conserved domains found in other prenyl transferases (Chen ,  et  a l . ,  

1 994) (Table 3 . 1 1 ). FastA analysis showed that LtmC was more similar to  AtmC from 

A .  flavus than PaxC from P. paxilli (Table 3 . 1 2). The single intron found i n  lunC was 

conserved w i th placement and phase w i th the second of the two i ntrons found in  P. 

paxilli paxC (Young, et al . ,  200 1 )  and A . flavus atmC (Zhang, et al . ,  2004) (Appendix 

5 . 1 ) .  

Sequence analysis of the complete ltmP gene, i nit ial ly identified from EST sequences 

(Section 3 .9), showed that i t  contained five i ntrons ( Fig.  3.42) and encodes a 

polypeptide of 498 amino acids (Table 3 . 1 1 ) . LtmP i s  c lassifi ed as a cytochrome P450 

monooxygenase based on database matches. The placement and phase of four i ntrons, 

1 ,  2, 3 and 4, are conserved w ith the paxP i ntrons, 1 ,  3 ,  4 and 5 (Young, et  al . ,  200 1 ) ; 

and three i ntrons 1 ,  3 and 4, are conserved wi th ltmK i ntrons, 1 , 4 and 7 (Appendix 5 . 1 ) . 

LtmP is more similar to PaxP  than to PaxQ or LtmK (Tables 3 . 1 1 ; 3 . 1 2) .  
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Table 3.11 The It m genes from clusters 2 and 3, intron analysis and comparisons to database sequences 

Gene Putative function Cluster size (aa) kDa 

No. 

!tmB Unknown 2 2 2 1  24.4 

!tmC Prenyl transferase 2 345 39 

!tmD Prenyl t ransferase 2 439 49 
( dmaW-like) 

!tmQ P450 monooxygenase 2 5 3 7  6 1 .4 1 
2 
3 
4 
5 
6 
7 

!tmP P450 monooxygenase 2 498 57 1 
2 
3 
4 
5 

!tmJ P450 monooxygenase 3 5 2 5  60.4 1 
2 
3 
4 
5 
6 

!tmE Prenyl transferase fusion 3 788 8 7 . 5  1 
(paxC-paxD) 2 

3 

chsV Chitin synthase (class V) 1 86 1  206 1 
2 

Intron 

Qhase size 

2 76 

2 7 7  

2 74 
2 1 02 

0 59 
0 6 1  
0 59 
2 60 
0 5 2  
0 5 3  

5 6  

0 59 
49 
60 

1 5 7  
0 1 07 

0 6 3  
0 6 7  
0 49 

69 
61 
5 8  

2 6 7  

2 5 6  
2 54 

8 2  
69 

5'  . . .  3 '  SQlice sites 

GTAAGT . . .  CAG 

GTATGT . . .  TAG 

GTAAGA. .. CAG 
GTAAGT . . .  TAG 

GTTTGA . . .  AAG 
GTTTGT . . .  TAG 
GTAAGT . . .  CAG 
GTAAGC. . .  TAG 
GTATGG . . .  TAG 
GTATAT . . .  TAG 
GTATAA . . .  CAG 

GTGTIC . . .  CAG 
GTAAGT . . .  CAG 
GTATGT . . .  GAG 
GTAAGG . . .  AAG 
GTATGT . . .  TAG 

GTGAGC. .. CAG 
GTGAGG . . .  TAG 
GTAAGG . . .  AAG 
GTATGT . . .  TAG 
GTAAGA . . .  CAG 
GTAAGT . . .  TAG 

GTACGT . . .  AAG 

GTGAGT . . .  CAG 
GTACGT . . .  TAG 

GTAGGT . . .  TAG 
GTAAGT . . .  CAG 

Top Database match 1 SQecies 

paxS2 

paxC 

AN8 5 1 4 

paxQ 

paxP 

A N 1 598 

paxC3 

AN8 5 1 43 

AAF04279 

P. paxilli 

P. paxilli 

A. nidu!ans 

P. paxilli 

P. paxilli 

A. nidu!ans 

P. paxilli 

A. nidu!ans 

B!umeria graminis 

1 If the top match was to a pax �ene, the �ene name was used otherwise the �ene is indicated by the accession or �ene number. 

2 The top match was determined usin� the tSLASTn al�orithm as the paxB �ene is currently not annotated 

3 This �ene is a hybrid containin� a paxC-like domain and a paxD-domain 

E value Reference 

2e-59 

1 e-59 Young et al 2001 

1 e-46 

l e- l 0 5  Young et a l  2001 

1 e- 1 02 Young et al 2001 

4e- 8 1  

3e-60 Youn� et al 2001 

7e-56 

0.0 Zhang et al 2000 

V" 



Table 3.1 2 Sequence identity of the It m genes to their pax and atm homologues 

gene Homologue Seecies % Identit:i E-value Anal:isis (2rogramme 

ItmG 99S 7 P. paxilli 54. 1 1 e-90 FASTAlBLASTP 
paxG P. paxilli 5 2 . 6  FASTA 
paxC P. paxilli 3 1 . 5 FASTA 
paxD P. paxilli 2 2 . 2  FASTA 
atmG A. flavus 5 9 . 4  e- 1 0 1 FASTAlBLASTP 
atmC A. flavus 30. 1 FASTA 
ItmC N. lolii 2 8 . 4  FASTA 
ItmD N. lolii 2 8 . 4  FASTA 
ItmE N. lolii 3 1 . 5 FASTA 

ItmM paxM P. paxilli 4 1  7e-96 BLASTP 
a tmM A. flavus 4 2 . 2  e-1 00 BLASTP 

ItmK paxP P. paxilli 3 1 . 3 7e- 6 3  FASTA/BLASTP 
paxQ P. paxilli 2 3 . 4  FASTA 
ItmJ N. lolii 3 6 . 8  FASTA 
ItmP N. lolii 2 8 . 6  FASTA 
ItmQ N. lolii 2 5 . 3  FASTA 

ItmB paxB P. paxilli 5 3 .8 2e-59 tBLASTn 
FG04594 Fusarium graminearum 4e-46 B LASTP 

ItmC paxC P. paxilli 4 3 . 3  1 e-59 FASTA/BLASTP 
paxG P. paxilli 2 8 . 4  FASTA 
atmC A. flavus 4 7 . 7  2e-68 FASTAlBLASTP 
atmG A. flavus 2 8 . 1  FASTA 
ItmE N. lolii 5 5.8 FASTA 
ItmG N. lolii 28.4 FASTA 

ItmD paxD P. paxilli 2 4 . 2  FASTA 
ItmE N. lolii 3 7 . 1  FASTA 
ItmG N. lolii 2 4 . 2  FASTA 

dma W Neotyphodium LpTG-2 2 2 . 5  FASTA 
AN8 5 1 4  Aspergillus nidulans 1 e-46 BLASTP 

ItmP paxP P. paxilli 4 1 . 3 e- 1 02 FASTAlBLASTP 
paxQ P. paxilli 24.4 FASTA 
ItmJ N. lolii 2 5  FASTA 
ItmK N. lolii 2 9 . 2  FASTA 
ItmQ N. lolii 24.5 FASTA 

ItmQ paxQ P. paxilli 3 8 . 1  e- 1 0 5 FASTAlBLASTP 
paxP P. paxilli 2 8 . 7  FASTA 
ItmJ N. lolii 2 2 . 2  FASTA 
ItmK N. lolii 2 5 .3  FASTA 
ItmP N. lolii 2 4 . 1  FASTA 

ItmJ paxP P. paxilli 2 9 . 2  1 e-49 FASTAlBLASTP 
paxQ P. paxilli 2 3 . 7  FASTA 
ItmK N. lolii 3 6.8 FASTA 
ItmP N. lolii 2 5  FASTA 
ItmQ N. lolii 2 1 .9 FASTA 

AN 1 59 8  A. nidulans 4e- 8 1  BLASTP 

ItmE paxC P. paxilli 4 3 . 1  3 e-60 FASTAlBLASTP 
atmC A. flavus 4 9 . 5  7e- 7 1  FASTAlBLASTP 
ItmC N. lolii 5 5.8 FASTA 
ItmD N. lolii 3 7 . 1  FASTA 
ItmG N. lolii S 2 .8 FASTA 

AN85 1 4  A .  nidulans 7e- 5 6  B LASTP 
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Fig u re 3.42 Gene structu res of the It m cl uster 2 genes 

24.0 kb 

101 1 97  101 2 2 1  

Gene structures of the Itm cluster 2 genes. (A) RT-PCR confirming placement of introns. Lane ( 1 )  Lp1 9 
genomic DNA; (2) cDNA from Lp1 9-infected Nui perennial ryegrass. The RT-PCR products were purified 

and sequenced with gene-specific primers. Primer combinations used are indicated under each gel 

picture. The sizes of the PCR products are indicated in bp. (8) Gene structures showing introns and 
placement of primers used for RT-PCR analysis. The exons are represented by blue boxes and the 
primers are positioned above or below the sequence for forward or reverse direction respectively. The 
introns are numbered between the exons. The direction of transcription of the gene is indicated by the 
arrow above the exons. The approximate position of the gene within the cluster (see Figure 3.50) is 

indicated in kb. 

RT-PCR analysis was performed with cDNA that was reverse transcribed using mRNA purified from Lp1 9-

infected Nui perennial ryegrass. The PCR reaction conditions were: 5 ng genomic DNA or 5 pL of diluted 
cDNA, 1 x  Taq polymerase buffer (Roche), 50 pM each dNTP, 200 nM each primer, 0.5 U Taq polymerase, 

in a reaction volume of 25 pL. The PCR amplification conditions were as follows: 1 cycle of 940C for 2 
min ; 35 cycles of 940C for 1 5  s, 600C for 30 s, 720C for 1 min;  followed by one cycle of 720C for 1 0  min. 

The extension time was adjusted to 1 min/kb for larger fragments. 



Adjacent to LtmP is LtmQ, a cytochrome P450 monooxygenase gene ( Fig. 3 .4 1 ) . The 

best database match to LtmQ i s  that of paxQ from P. paxiLLi (Tables 3 . 1 1 ; 3 . 1 2) and 

FastA analysis confirmed that LtmQ is more simi lar to PaxQ than to Pax P  (Table 3 . 1 2) .  

The LtmQ gene contain s  7 in trons ( Fig. 3 .42) of which s ix i ntrons, 2 to 7 ,  are conserved 

in placement and phase w ith paxQ introns }, 3, 5, 6, 7 and 8 (Appendix 5 . 1 ) . [t appears 

from Cl usta lW al ignments of the Ltm and pax P450 monooxygenases (Appendix 5 . 1 )  

that LtmQ has lost a conserved intron that is  present i n  the remain ing  five sequences 

shown in the al ignment, corresponding to a posit ion between the current LtmQ i n trons 3 

and 4. The intron boundaries of LtmQ were confi rmed by sequence compari son of RT­

PCR products ampl ifi ed using cONA from endophyte-infected plant material and gene­

specific pri mers to the Lp 1 9  genomic region (Fig 3 .42 ; Appendi x  5.3) .  

The LtmB gene product has no predicted function and had a best BLASTP match to an 

uncharacterised gene from F. graminearum FG04594 (accession number EAA 72208). 

Using the tBLASTN algorithm agai nst the publ ic  databases, the best match was to 

paxB, a gene recently identified w ithi n the P. paxiLLi pax cluster, but as yet not publ ic ly 

annotated (Monahan and Scott, unpubl ished). The LtmB gene has one intron (Fig. 3 .42) 

that is conserved in p lacement and phase wi th the paxB gene from P. paxiLLi (Appendix 

5. 1 ) . 

The LunD gene had a best BLASTP match to A .  nidulans AN85 1 4  (accession number 

EAA66858) .  As the publ ic ly avai lable paxD sequence was incomplete, FastA analysis 

was used to compare LtmD to Dma W from Lp 1 a Neotyphodium LpTG-2 and PaxD 

from P. paxiLLi (Tables 3 . 1 1 ; 3. 1 2). This  data showed that LtmD i s  more s imi lar to 

PaxO than to the Oma W from Neotyphodium LpTG-2. The ltmD gene contains two 

introns of which the placement and phase of i ntron 2 are conserved with paxD 

(Appendi x 5 . 1 ) . 

The predicted introns of the fi ve genes contained i n  ltm cluster 2 were confi rmed by 

sequence comparison of cON A sequences, generated by RT -PCR using cONA from 

endophyte-infected plant material , w ith the genomic sequence ( Fig .  3 .42 ; Appendix 

5.3) .  A summary of the i ntron numbers, intron spl ice si tes and predicted molecular 

mass i n  kDa of each gene product is shown in  Table 3 . 1 1 . 
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Flanking ltmB i s  a Rua long terminal repeat (Rua4 i n  Fig.  3 . 38 )  and degenerate 

retrotransposon sequence (Fig .  3 .4 1 ) .  U pstream from ltmP i s  an AT-rich region that 

was devoid of obviolls  open reading frames and no genes were evident from sequence 

analys is using BLAST searches. Southern analysis  with a fragment from this region to 

EcoRI- ,  HindI I I - and Sst l -digested DNA showed that th is  sequence is present in the 

l ol i trem-producing strains N. lolii Lp 1 9  and E. Jestucae Fl l ,  but i s  absent from the non­

producer E. typhina E8 ( Fig.  3 .43) .  Based on Southern analys is  there are predicted to 

be �3 - 5 copies of this sequence contai ned within the Lp 1 9  and FI I genomes ( Fig .  

3 .43) .  The presence of AT-rich sequences adjacent to ltmB and ltmP suggested that no 

additional genes are present at th is  locus thereby defin ing  the boundaries of ltm c luster 

2 .  

3 . 9 . 2  It m C l u ster 3 

The DNA sequence surrounding ltml that encodes a cytochrome P450 monooxygenase 

i n i t ial ly identified from EST sequences (Section 3 .9), was i solated from the N. lolii 

Lp 1 9  ",GEM- 1 2  genomic l i brary hybridi sed w ith the ltml fragment, ampl ified w ith 

primers 101205 and 101206. Th i s  hybridi sation resulted in the i solation of 22 positi ve 

c lones (Table 3 . 1 0) .  Fifteen  c lones were digested w ith Hind l l l  or BamHI  and 

hybrid i sed w ith the ltml fragment to determine c lones of i nterest (Table 3 . 1 0) .  

Comparison of the restriction enzyme digests and sequencing  of these clones, w i th 

pri mers SP6 and T7 that anneal to the l ambda arms, showed that only two identical 

c lones, ",CY324 and ",CY 344, had the correct genomic arrangement based on Southern 

and PCR analysi s .  Other l ambda clones were rearranged and/or contai ned unrelated 

sequences (Appendix 5 .3). 

From sequence analysis, ",CY346 and ",CY324, identified from ltmP and ltmJ 

hybrid i sations respecti vely, were shown to oyerlap, thus l i nk ing ltm c lusters 2 and 3 

with a 1 6-kb AT -rich region separating them. Sequence analys i s  of this AT-rich region, 

usi ng the BLASTX analys is  of this sequence, fai led to i dentify any evidence of 

potential genes. The strong AT bias of this sequence introduces numerous stop codons  

strongly suggesting it i s  non-cod i ng. Additional sequence flanking the l eft-hand side of 

",CY324 was extended by I PCR using ClaI- ,  XbaI- or Hind l I I -d igested then se lf- l igated 

Lp l 9  genomic DNA and sequence-specific primers (Fi g. 3 .42). Analysis of the ltm 

c luster 3 sequence identified two genes, ltmJ and ltmE, encoding a cytochrome P450 
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EcoR/ Him 11 I Sstl 

Fig ure 3.43 Southern analysiS of the AT-rich region flanking ItmP 

Autorad iographs of Southern hybrid isation of a 3 2P-labelled 301 fragment, amplified 

with primers /0/253 and /0/254 to EcoR / ,  Him/ I I  and Sstl restriction enzyme digests of N. 
/olii Lp1 9 ,  E. festucae FI 1 and E. typhina E8. The size standards are in kb. The position 

of the fragment used as a probe is shown in Fig .  3.4 1 .  



monooxygenase (ItmJ) , and a mul tifunctional enzyme contai n i ng two prenyl -transferase 

domains, an LtmC type w ith a dimethyla l ly l  tryptophan synthase LtmD type (Fig .  3 .44) . 

The complete ltml gene was contained on ",CY 324 (Fig. 3 .44). Sequence analysis of 

ltml revealed the presence of s ix i ntrons (Fig. 3 .45) of which a l l  are conserved with the 

i ntrons I ,  2, 3 , 4, 5 and 7 from ltmK l ocated in ltm c luster I (Section 3 .4.2). Ltm] has a 

best BLASTP match to an A .  nidulans AN 1 598 sequence (Tables 3 . 1 1 ;  3 . 1 2). Of the 

four N. lolii cytochrome P450 monooxygenase identified, Ltm] is most s imi lar to LtmK 

fol lowed by LtmP then LtmQ (Table 3. 1 2). 

T he complete ItmE gene has s ignificant BLASTP matches to both P. paxilli PaxC, and 

to the A .  nidulans gene, AN85 1 4  (Table 3 . 1 2) .  FastA analysis shows that LtmE is  

55 .8% identical to LtmC and 37. 1 % identical to LtmD. The !tmE gene contai ns 3 

i ntrons (Fig.  3.45) of which i ntron 1 from the ItmC-l i ke domain i s  conserved w ith the 

placement and phase of ltmC intron, w hereas i ntron 3 from the ltmD-l i ke domai n i s  

conserved with the second ItmD i ntron. 

The l i brary screen completed with the ltml probe i solated two identical c lones ",CY 325 

and ",CY 338 that were rearranged at the T7 end. These clones contai ned a sequence 

with strong si mi larity to c lass V chiti n synthase gene, chsV. The complete gene was 

contai ned with in the c lones and sequenced. The gene is approximate ly 5.7 kb long and 

has two introns (Fig .  3 .45) that are conserved w i th placement and phase to those found 

in other fungal chsV genes. The sequence of the chsV gene is h igh ly conserved with a 

significant BLASTP match to Blumeria graminis (accession number AAF04279) (Table 

3. 1 1 ) . However, chsV is not part of ltm c l uster 3 .  

The i ntrons of ltmJ and ItmE from cl uster 3 and the chsV from ",CY325 and ",CY338 

were confi rmed by RT -PCR using cDNA from endophyte-infected plant material (Fig. 

3.45). The intron number, intron spl ice sites and predicted mass in kDa of each gene 

product are summari sed in  Table 3. 1 1 . 

3.9.3 Expression p rofi les of the 10 It  m genes 

The expression profi les of the 1 0  ltm genes, the chsV from ",CY 325 and the pks adjacent 

to cl uster 1 were characteri sed in planta and in culture. Previous data showed that the 
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A physical and genetic map of the Lp1 9  It m cluster 3 locus. The two It m genes, ItmE and ItmJ, are shown as green arrows, the 

exons of the It m genes are blue boxes under the gene. The lambda clone, ACY324, is shown as an arrow. The primers, 101205 
and 101206, used for amplification of the probe fragment are shown above the gene. The fragment used as a probe to isolate 

the lambda clones and for the Southern analysis in Fig. 3.40 is shown as a red box above the restriction enzyme map. The 

hybridisation with fragments ItmE and a fragment spanning ItmE-ltmJ was used to extend the map towards the left by IPCR 
using the restriction enzymes Clal , Xbal and Hirx:ll l l .  
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Fig ure 3.45 G e ne structures of the It m cluster 3 genes 

Gene structures of the /tIn cluster 3 genes. (A) RT-PCR confirming placement of introns. Lane ( 1 )  
Lp1 9 genomic DNA;  (2) cDNA from Lp1 9-infected Nu i  perennial ryegrass. The RT-PCR products were 
purified and sequenced with gene specific primers. Primer combinations used are indicated under 
each gel picture. The sizes of the PCR products are indicated in bp. (8) Gene structures showing 
introns and placement of primers used for RT-PCR analysis. The exons are represented by blue boxes 
and the primers are positioned above or below the sequence for forward or reverse di rection 
respectively. The approximate postion of the gene within the cluster is indicated as kb. (C) A 
schematic diagram of the chsV gene. 

RT-PCR analysis was performed with cDNA that was reverse transcribed using mRNA from Lp1 9-
infected Nui ryegrass. The PCR reaction conditions were: 5 ng of genomic DNA or 5 pL of di luted 
cDNA, 1 x  Taq polymerase buffer (Roche), 50 pM each dNTP, 200 nM each primer, 0.5 U Taq 

polymerase in a reaction volume of 25 ilL. The PCR amplification conditions were as follows: 1 cycle of 
940C for 2 min; 35 cycles of 940C for 1 5  s, 600C for 30 s, 720C for 1 min; followed by one cycle of 
7 20C for 1 0  min. The extension time was adjusted to 1 min/kb for larger fragments. 



endophyte biomass in planta i s  approxi mately I % (Sections 3 .5 ;  3 .6 .2;  Tables 3.4, 3 .7) .  

Gi ven that expression of ltmG, ltmM and ltmK was h igh ly up-regulated in planta ( Fig .  

3 . 1 3) ,  the other genes i nvol ved in lol i trem biosynthesis were a l so expected to  fol low a 

simi lar expression pattern. Random pri med cONA pools were made from mRNA of N. 

lolii Lp 1 9- infected Nui perennial ryegrass and E. Jestucae F1 1 - infected meadow fescue, 

and Lp 1 9  and FI I grown in  l i quid culture. The cON A pools from the two endophyte 

growth conditions, in planta and in cu l ture, were di l uted to leve ls  where the endophyte 

tub2 sequences were ampl ifi ed to simi lar level s (Fig. 3 .46), thereby adjusting the leve l s  

of cONA from endophytes grown in  cu l ture to simi lar level s to those of the endophyte 

in planta. A di l ution series of the cONA synthesi sed from mRNA of endophyte grown 

in culture and cDNA synthesi sed from mRNA of endophyte-i nfected ryegrass d i luted 

1 1 1 0  was used as templates for the amplification of tub2 with pri mers T 1 . 1  and T 1 .2 

(Fig. 3 .46). Equivalent expression level s of the tub2 gene occurred for the cONA from 

endophyte-infected ryegrass d i l uted 1 1 1 0  and for a 1 /2000 or a 1 /400 cONA d i lution 

from Lp l 9  or Fl l culture conditions, respecti vely (Fig .  3 .46C) .  

The expression pattern of each gene was  subsequently compared between the cON A of 

endophyte-infected ryegrass and the cONA from the endophyte alone ( Fig .  3 .47). The 

expression of the 10  ltm genes have s imi lar transcri pt level s which i ndicated that these 

genes are h igh ly up-regulated in planta. No transcript was detected for any of the 1 0-

ltm genes from cONA of endophytes grown in culture .  An additional sample, I O-fold 

more concentrated, of cONA synthesi sed from the endophyte culture was incl uded in 

the compari son to unequi vocal ly show that the expression patterns from the cul ture 

condition did not contain ltm transcripts. The expression of chsV i s  s imi lar to that of 

tub2 where the gene appears to be constitutively expressed in planta and in  culture. No 

evidence of pks expression i s  seen in  e i ther endophyte-i nfected plant materia l  or  in 

culture ( Fig. 3 .47). 

The ltm genes were al l up-regulated in planta and were therefore l i ke ly to share 

common regulatory e lements. The 5' untranslated regions of the Lp 1 9  ggsJ gene and 

each !tm gene were analysed for motifs that were over-represented within the !tm 

sequences. I nitial ly ,  1 00 1  bases of promoter sequence, i nc luding the ATG of each 

gene, was subjected to BLASTN analysis to determine if there were regions that shared 

identi ty between the promoters. The BLASTN analysis revealed three independent 

blocks of sequence wi th significant identi ty between three pai rs of ltm promoter 
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Figure 3.46 peR analysis to determ i ne cDNA di lutions with eq u ivalent 
amplification of tub2 

Amplification of endophyte tub2 with primers T1 . 1  and T1 .2 ,  to determine cDNA d i lutions with 

equivalent ampl ification of tub2. 

(A) Amplification of cDNA from Lp1 9-infected Nui  ryegrass with a di lution series of Lp1 9  cDNA from 

l iquid culture. Lane ( 1 )  Lp1 9  genomic DNA; (2) cDNA of Lp1 9-infected Nui ryegrass d i luted 1 /1 0 ; (3) 

water control .  The Lp1 9 cDNA d i lutions covered the range 1 /1 00, 1 /200, 1 /300, 1 /400, 1 /500. 

(8) Amplification of cDNA from F l 1 -infected meadow fescue ryegrass with a di lution series of F I 1 cDNA 

from l iquid culture. Lane (1 ) FI1 genomic DNA; (2) cDNA of Fl 1 - i nfected meadow fescue ryegrass 

d i luted 1 /1 0 ; (3) water control . The FI1  cDNA d i lutions covered the range 1 /1 00 ,  1 /200, 1 /300, 1 /400, 

1 /500. 

(C) 'Fine tuning ' the concentration of the cDNA d i lutions with respect to the 1 /1 0  cDNA from 

e ndophyte- infected ryegrass. Lane (1 ) Lp1 9  genomic DNA; (2) cDNA of Lp1 9- infected Nui ryegrass 

d i luted 1 /1 0 ; (3) cDNA of Lp1 9 d i luted 1 /1 000;  (4) cDNA of Lp1 9 d i luted 1 /2000 ; (5) F I1  g enomic 

DNA; (6) cDNA of Fl 1 - infected meadow fescue d i luted 1 /1 0 ; (7) cDNA of FI 1 d i luted 1 /400; (8) cDNA 

of FI 1 d i luted 1 /500; (9) negative contro l .  

PCR reaction conditions were : 5 ng of  genomic DNA or  5 III of  di luted cDNA, 1 x Taq polymerase 

buffer (Roche) ; 50 llM each dNTP;  200 nM each primer, 0.5 U of Taq polymerase in a reaction volume 

of  25 ilL. The PCR amplification conditions were as follows: 9 40C for 2 min;  fol lowed by 30 cycles of 

9 40C for 1 5  s, 600C for 30 s, 720C for 1 min; then one cycle of 720C for 1 0  min. 
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Figure 3.47 Expression analysis of the 1 0  It m genes 

ItmK 10132/1 5 

!tmM 1017/35 

ItmG 1013/1 

ItmB 101246/227 

Itme 101278/279 

ItmO 101359/228 

ItmQ 101282/223 

ItmP 10128 1 /280 

ItmJ 101266/21 4 

ItmE 101356/341 

pks 101 1 1 0/1 1 1  

chs V 10 13 1 2/289 

tub2 T1 . 1 1T1 . 2 

Expression an alysis of the 1 0  endophyte It m genes from cl usters 1 -3 ,  the pks pseudo gene adjacent to 

It m cluster 1 ,  chitin synthase (chsV) and tub2 genes. The fragment sizes are in bp. The samples are 

loaded as follows; Lane (1 ) Lp 1 9  genomic DNA; (2) cDNA from Lp 1 9-infected Nui perennial ryegrass 

d i l uted 1 /1 0 ; (3) Lp 1 9  cDNA from l iquid culture di l uted 1 /2000 and (4) 1 /200; (5) FI 1 genomic DNA; (6) 

cDNA from F l 1 - infected meadow fescue di l uted 1 /1 0; (7) FI 1 cDNA from liquid culture d i luted 1 /400 and 

(8) 1 /40; (9) water negative control .  

Each sample was amplifed with the primer pairs indicated, using PCR reaction cond itions identical to 

those described in Fig. 3. 1 2. The PCR amplification conditions were: 9 40C for 2 min, followed by 30 

cycles of 940C for 1 5  s, 600C for 30 s and 720C for 1 min ;  then one cycle of 720C for 1 0  min. 
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sequences. The ltmG and ltmK promoters shared 89% identi ty across 38  bases, ltmM 

and ltmE shared 8 1  % across 1 1 5 bases, and ltmP and ltmD shared two regions of 

identity that were 82% and 84% identical across 82 and 1 39 bases, respectively (Fig.  

3 .48). No other obvious regions of identity were recogni sed between the promoter 

regions. The promoters of each ltm gene were further  analysed using al gorithms from 

the site of Regul atory Sequence Analysis Tool s (Section 2.7) to detect smal l over­

represented regions common to each ltm promoter. I n itial ly the ltm promoter sequences 

were subjected to the ol igo-analysis, dyad-analysis and consensus a lgorithms  using  the 

avai l able default setti ngs (van Helden ,  et aI . ,  2000a; van Helden, et a I . ,  1 998 ; van 

Helden, et aI . ,  2000b) .  Motifs that were over-represented and therefore had a positive 

significance index were used as an input i nto the pattern finding  programme dna­

pattern, to locate the motifs w ithin the promoter regions of the ggsl and ltm genes. The 

final motif screen was l imited to those sequences that were present in the majority of 

the ltm genes and were not identified with i n  the ggsl promoter (Table 3 . 1 3 ; Fig. 3 .48). 

The putative motifs and the number of t imes they were identified w i th in  the !tm 

promoters are shown i n  Table 3. 1 3 . The dyad CTAN{ I I }CTA that was detected with 

the dyad-analysis programme was identified in a l l  the ltm promoters apart from ltme. 

However, ltmC did contain a putative e l ement when the search was extended to 

CTAN{ 1 O- 1 2}CT A. The CTA dyads were not detected i n  ggs l .  

DNA sequence motifs that had been recognised in the fungal promoters o f  genes up­

regulated during infection or in planta from Ustilago maydis, mig2 ( Falfsing, et a I . ,  

2005),  Magnaporthe grisea A CEI (Bohnert, et  aI . ,  2004) and Cladosporum fulvum A vr9 

(Snoeijers, et a I . ,  2003) were found in both the ggsl and ltm promoters (Table 3 . 1 3 ) .  

Therefore, none of these motifs were exclusively identified w ithi n  the ltm promoters. 

3.9.4 Fu nctio nal  a nalysis of ItmC 

Functional characteri sation of ltme was determined by complementation  of the P. 

paxilli paxC deletion mutant, ABC83.  The ABC83 mutant is blocked early i n  the 

paxi l l i ne biosynthesis pathway and therefore unable to synthesis i ndole-diterpenoids 

(Bryant, Astin and Scott, unpubl i shed). To express ltmC in the P. paxilli background, 

the gene was put under the control of the paxM promoter i n  pPN 1 85 l  (Section 3 .6.5). 

The sequences of the Lp 1 9  and FI I ltmC genes are identical ; therefore the ltmC gene 

was ampl ified from Lp 1 9  genomic DNA us ing the high-fidel ity proofread ing  enzyme 
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Table 3.1 3 Over-represented motifs from the It m genes 

ProgrammeZ Number of matches identifed in each 5 '  non coding region 
DNA Pattern 1 Reference Not present3 /tmK !tmM !tmG /tmS /tme /tmD /tmQ !tmP !tmJ 
WTAVCKCAMY consensus gg5 7 2 2 

CTAN 1 1 CTA dyad gg5 7 ,  !tme 2 2 0 5 2 2 1 

CTANl OCTA gg5 7, !tmM, /tmP 0 4 1 3 4 0 0 

CTAN1 2CTA gg5 7, !tmJ, /tmE 4 4 2 0 

CCTAA Ol igo-5 gg5 7 4 3 4 2 2 1 4 2 2 
CTATA Oligo-5 gg5 7 9 7 8 4 5 7 8 6 4 
TAGGA Oligo-5 gg5 7 4 8 3 3 5 3 3 6 3 
ACCTTG Oligo-6 gg5 7, !tmM 2 0 3 1 1 1 3 1 2 
AGCTAG Ol igo-6 gg5 7 2 1 1 1 3 2 1 1 2 

TAGATA4 Oligo-6 gg5 7 2 2 2 1 1 5 1 3 1 
AGATAG Oligo-6 gg5 7, ItmS, !tme 3 2 5 0 0 1 5 1 1 
TAGGAA Oligo-6 gg5 7, ItmJ 2 3 3 2 2 3 2 0 

CAA Farfsing et al .  2005 5 20 1 4  3 1  28  1 2  2 2  20  24 
CCAMM Farfsing et al .  2005 1 5 8 5 6 3 4 3 2 
CCAMC Farfsing et al. 2005 L tmK, !tmD, !tm) 0 1 2 1 3 0 2 2 0 
MNMNWNCCAMM Farfsing et al. 2005 !tmK, ItmS, !tm), !tmE 0 1 1 0 1 1 1 1 0 

TAGATA4 Snoeijers et al .  2003 gg5 7, /tmK,M,G,S,C,D,Q,P,J,E 0 0 0 0 0 0 0 0 0 

GAL4 5 Bonhert et al .  2004 !tmK, G, S, D, Q, P 0 0 0 0 0 0 5 

lThe ambiguity code is as follows, W=A or T; V=A, C or G; K= T or G; M=A or C; Y=C or T 
2The programme from http://rsat.u lb.ac.be/rsatl used to ident ify the sequence. The programmes Oligo-5 and 
Oligo-6 selected 5 and 6 nucleotide patterns respectively. 
3The genes whose 5' untranslated regions did not contain the motif. 
4The T AGAT A motif was identified by ol igo-analysis. The motif identified in Snoeijers et al. 2003 is an overlaping inverted repeat 
of T AGA T A which was not contained in any promoter elements. 
5The screen for potential Gal4 domains used the motif CGG N{4 , 1 2}CCG. 
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Platinum Ptt: ( I nvitrogen) with pri mers 101235 and 101236. These primers incorporate 

NcoI and EcoRI  restriction enzyme recognition sites, respectively .  The 1 242-bp PCR 

fragment, containing the ltmC gene and 1 09-bp of 3' untranslated region, was digested 

w ith NcoI and EcoRI and d i rectional Iy cloned i nto pPN 1 85 1 ,  result ing in plasmid 

pCY34 ( Fig. 3 .49). The IUnC gene was fused to the paxM promoter at the ATG 

translational start site using the restriction endonuclease NcoI .  The translational fusion 

that results in creating an NcoI site in the ltmC gene caused a single base change where 

the second codon of ItmC has a conservative replacement of threonine in the w i ld-type 

gene to alanine in the fused gene. A 3.5 kb HindI I I  fragment from ACY3 1 5  was cloned 

i nto a pUC l 1 8  vector resulti ng in plasmid pCY66 (Fig. 3 .49) . This 3.5 kb HindI I I  

fragment contained the complete Lp 1 9  ltmC gene under the control of its native 

promoter. Protoplasts of ABC83 were transformed with p I I99 and pJA8,  containing an 

endogenous paxC fragment, or co-transformed w ith pCY34 and p I I99, or pCY66 and 

p I l 99, and transformants selected on geneticin .  Approximately 5- 1 0  stable  P.  paxilli 

A BC83 transformants were colony-purifi ed and subsequently screened by TLC analysis 

for their  abi l ity to produce paxi l l ine (Fig. 3 .50). 

T LC analysi s of the wi ld-type P. paxilli indole-diterpenoid extraction showed i ntense 

green bands that have the same Rf as pax i l l ine, paspal ine and 1 3-desoxypax i l l i ne (Fi g. 

3 .50). The ABC83 paxC mutant, used for the transformations, was unable to produce 

any i ndole-diterpene (Fig.  3 .50). The ABC83 transformants containing pII99 are unable 

to complement the paxC mutation and are therefore pax i l I i ne  negative ( Fig .  3 .50; 

samples ABC283- 1 and 2). The ABC83 transformants co-transformed with plasmids 

p I I99 and pCY 66 with the Lp 1 9  IUnC gene under the control of the native Lp 1 9  

promoter are unable to complement the paxC mutation and are pax i l l i ne negative (Fig .  

3 .49; samples ABC383- 1 - 5) .  Al l  five A BC83 transformants contain ing the 

endogenous paxC gene on plasmid pJA8 were able to complement the paxC deletion 

phenotype (Fig .  3 .50; samples ABC483- \ - 5) .  Seven of the 1 0  transformants 

contain ing ltmC under the control of the paxM promoter are able to produce pax i l l i ne  

(Fig .  3 .50; samples ABC583- 1 - 1 0). The T LC analysis was  confirmed by H PLC 

analys is  (Appendix 5 .4). These data confirmed that ltmC i s  a functional orthologue of 

paxC. 
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Fig u re 3.49 Constructs for complementation of the paxC deletion m utant 

Making the constructs for complementation of the paxC deletion mutant. (A) The pPN1 851 construct 
as shown in Fig. 3.29. (B) The pCY34 construct. The ItmC gene from Lp1 9  was amplified with primers 

101235 and 101236, digested with Ncd and EcoR l  and subsequently cloned into pPN 1 851 . The paxM 
promoter is in a green box. (C) rhe 3 .5 kb Himl l l  fragment from Lp1 9  containing ItmC was cloned into 
pUC1 1 8  resulting in pCY66. The pCY66 plasmid was used with pl l99 in a co-transformation of ABC83 
protoplasts. (0) The 2.5 kb acn fragment from P. paxilli containing paxC was cloned into pl l99 resulting 
in pJAB (Astin, unpublished).  
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TLC analysis of paxC complementation transformants. Indole-diterpenes were extracted from mycelium (Section 2 . 1 1 )  grown for 7 days in CDYE + trace 
elements (Section 2.2.2 ,  2.2.7) at 2SoC. All plasmids were used to transform the paxC deletion mutant, ABC83 . The plasmids were as follows; p1 l99 ; 

pCY66 withLp1 9  ItmC under the control of its native promoter; pJA8 with paxC under the control of its native promoter; pCY34 with the Lp1 9  ItmC gene 
under the control of the paxM promoter. The + under the TLC plate indicates the presence of a green band identical in Rf to the paxi l l ine standard , whereas 
the ind icates possible paxi l l ine production. 1 3dP  = the mobil ity of paspaline and 1 3-desoxypaxil l ine. 



3.9.5 It  m clusters 1 ,  2 and 3 form a large p latform 

Sequence analyses of the ltm c luster 2 lambda clones ACY 30 1 ,  ACY305 and ACY346 

showed l i nkage to lambda clone ACY324 contain ing  ltm c luster 3 (Section 3 .9.2;  Fig. 

3 .5 1 ). The two clusters are separated by � 1 6  kb of repetitive AT-rich (69% AT) DNA 

that contains a series of  d i rect repeats as  shown i n  F ig  3 .5 1 .  Defin i tion of the repeating  

units between ltm clusters 2 and 3 resolved the  hybridi sation patterns found with i n  the 

ACY30 1 fragment (Fig. 3 .43) .  The expected hybridi sation patterns to the 30 I probe 

(Section 3 .9. 1 )  would be to 1 8 .3  kb EcoRI , 1 0.7 kb HindI I I  and 1 8 .4 kb SstI fragments, 

wi th each hybridis ing fragment contain ing two binding sites of the probe (Fig .  3 .43 ; 

3 .5 1 ) . The actua l  hybridisation pattern (Fig. 3 .43) had additional hybrid isi ng  fragments, 

w hich suggested that the repeat is present el sewhere in the genome. The nucleotide 

sequence of the gap between ltm clusters 2 and 3 was al so compared to sequen ces of 

ACY224, ACY226, ACY227 and ACY229 that were identified from the l ibrary screen 

with the Rua probe (Section 3 .7.2) .  A 0.8-kb sequence was common to ACY229, 

ACY227 and the region between ltm clusters 2 and 3 (Fig. 3 .5 1 ) . However, lambda 

c lone ACY227 contained only 339 bp of this region . 

To determine whether c luster 1 was contained on the same chromosome as cl usters 2 

and 3 ,  the fragments [tmM, [tmB, and ltml from !tm cl usters 1 , 2 and 3 ,  respectively,  

were hybridi sed to endophyte chromosome separations. The three genes are contained 

on the same 2.5-Mb and 6.0-Mb chromosomes from Lp 1 9  and Fl l ,  respectively (Fig .  

3 .52). The N. lolii stra in  Lp7 contains the three genes on a 4.6-Mb chromosome. The 

ltm clusters I and 2 are contained on 2.5 Mb chromosome in N. lolii strain Lp5, but the 

hybridi sation with !tml was to a larger chromosome of �3.5 Mb (Fig. 3 .52). The N. lolii 

strain ,  AR 1 ,  only hybridi ses to ItmM and ltmB from c lusters 1 and 2. The Lp 1 stra in 

from Neotyphodium LpTG-2 has not hybrid i sed  w ith the three probes, due to the qual i ty 

of the DNA. As  expected from previous data (Fig .  3 .4, 3 .40) E8 did not hybridi se w i th 

the ltm genes (Fig. 3.52). Fr l ,  an E. festucae. did not hybridise with the ltmM or ItmB 

probes and had faint hybridi sation with ltml to a 4.5-Mb chromosome. However, the 

ltml probe contained the highly conserved haem-bind ing domain ,  which could cross 

hybridise with other cytoch rome P450 monooxygenases. 
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Linking the It m gene clusters 1 ,  2 and 3 as a large platform. The genes are represented by green arrows, the retrotransposons are represented by red and blue boxes for 

Tahi and Rua respectively. The approximate distance across the platform is represented as kb. The · are regions that have been used for hybridisation analysis. The 
lambda clones are black lines above the restriction enzyme map. The uncloned region between cluster 1 and clusters 2 and 3 is estimated from Figure 3.53 based on the 

EcoR I ,  San and S5ft hybridisation patterns. The repeat units between clusters 2 and 3 are 3 kb, 1 .8 kb, 0.44 kb and 0.56 kb. A single repeat is surrounded by a black box. 
The sequence common to "CY229 and "CY227 is shown as a red circle. 
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The chromosomal locations of It m genes from clusters 1 , 2 and 3. (A) Chromosomal separation of N. lolii strains Lp1 9 ,  Lp5, AR1  and Lp7, E. festucae strains 

FI1 and Fr1 , E. typhina strain E8 and Neotyphodium LpTG-2 strain Lp1 . Lane M1 = S. cerevisiae chromosomal standard (BioRad) ,  M2 = S. pombe 

chromosomal standard (BioRad) .  The size standards are indicated in Mb. The electrophoresis conditions are the same as in Fig . 3 .6 .  Autoradiograph of the 

gel i n  A hybridised with 3 2P-labelled (8) ItmM probe; (C) ItmB probe; (0) ItmJ probe. The primers used for probe amplification and the cluster location of each 

fragment i s  indicated under each blot. 



To determine if !tm cluster I was l i nked to !tm cl usters 2 and 3 ,  Southern analys is  of 

digests with the rare base cutter, NotI ,  and the restriction enzymes EcoRI ,  Sa!I and SstI 

were hybridised with !tmG, !tmB and !tml probes (Fig .  3 .53) .  The !tmG and !tmB 

fragments both hybridi sed to �48 kb EcoRI fragments from Lp 1 9, Fl l and Lp I .  The 

hybrid i sation with !tmG and !tmB to Sail digests shows that these two fragments are 

contai ned on a �74 kb Sail fragment in Lp l 9  and Lp l and on a 50 kb fragment in FI I .  

The difference in  size of the Sail fragments between Lp 1 9  and FI I i s  due to the absence 

in FI I of the retrotransposon platform between !tm c l uster 1 and the pks (Section 3 .7 .3) .  

The !tmG and !tmB probes hybridised to two different-sized SstI fragments of 23 kb and 

1 7  kb in all three strai ns (Fig. 3 .53) .  Based on the sizes of the !tmG and !tmB 

hybridis ing fragments, c luster I is separated from c l uster 2 by �35 kb (Fig. 3 .5 1 ). The 

Lp I strain was used as a control to confi rm that Lp I and Lp 1 9  have s imi lar-sized 

hybrid i sation bands as those seen in Fig. 3. 36. 

The E. Jestucae FI l NotI digests contained a hybridis ing band of � l 20 kb wi th the 

probes !tml, !tmB and !tmG, suggesti ng !tm clusters I ,  2 and 3 are contained on the 

same fragment ( Fig. 3 .53). The N. spp. Lp I stra in hybridised to a band of � 1 20 kb with 

the !tmG and !tmB probes but no hybridis ing band was detected with the !tml probe 

(Fig. 3 .53). The intensities of the N. spp. Lp I hybridisi ng bands are lower, when 

compared to N. !olii Lp 1 9  and E. Jestucae F1 1 ,  as Lp I is  a hybrid (E. Jestucae x E. 

typhina complex) and therefore has a genome twice the size of these strai ns. Lp 1 9  NotI 

digests contained two hybridis ing bands of � 1 70- 1 80 kb to each of the three probes 

(Fig . 3 .53E). This  suggested that not only are the three c lusters l i nked i n  Lp 1 9  but this 

region is  a lso dupl icated (Fig. 3.53) .  The hybrid isation data confi rms that !tm c lusters I ,  

2 and 3 are l i nked, and therefore, the !tm genes are contai ned together as a platform in 

Lp l 9  and FI I .  Fol l ow i ng this result , a re-analysi s of earl ier data (Fig 3 .4, 3 . 1 4, 3 . 32, 

3 .33 ,  3 . 39) was carried out which showed Lp 1 9  hybridi sations had not detected a 

dupl ication of the !tm region. However, !tm genes hybridised to two Lp 1 9  

chromosomes (Fig. 3 . 35 ;  3 .52), the obvious 2.5 M b  chromosome and a much fainter 

hybridi sation to that of the largest chromosome at � 1 0 Mb. A simi l ar hybridi sation 

pattern is  seen with the Lp5 chromosomes ( Fig.  3 .52). 

Probes to si x regions of the !tm platform were hybrid ised usi ng standard hybridization 

condit ions (Section 2.4.7. 1 )  to 1 4  different restriction enzyme d igests of Lp 1 9  genomic 

DNA ( Fi g. 3 .54). Of the 14 digests screened, only that of Pst! show a different banding 
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Southern analysis to show l inkage of Itm clusters 1 , 2 and 3 .  (A) An ethidium bromide stained gel of genomic digests. (6-E) Autoradiographs of hybridisations 

of A with 3 2P-labelled fragments of ItmG, ItmB and ItmJ, from clusters 1 ,  2 and 3 respectively, to No� ,  EcoRI ,  Sail and Ss� restriction enzyme d igests of Lp1 9 , 
F I 1  and Lp1 . Lp1 was used as a control to confirm that Lp1 9  and Lp1 have similar-sized hybridisation bands as those seen in Fig . 3 .36.  Lane M 1 , Lambda 

ladder (BioRad) ;  lane M2 lambda Hirx:HII DNA standard ( Invitrogen). S ize standards are shown in kb. Hybridisations are with (6) ItmG (amplified with primers 

10179 and 101 1 ) , (C) ItmB (amplified with primers 101345 and 101346) , (0) ItmJ (amplified with primers 101205 and 101206) . (E) Enlargements of the Lp1 9  No� lanes 

hybridised with each probe to show the hybridising band was a doublet. 

Conditions for DNA separation: 1 .0 % (w/v) Molecular biology grade agarose in  0 .5x TBE at 200 volts, with the following ramped switch times 2-1 0  s for 1 8.4 h, 
1 0- 1 6  s for 4.6 h ,  at 1 4°C .  
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pattern to what was expected, based on the Lp 1 9  genomic map. However, i t  is more 

probable that this sample was not digested to completion. The high background found 

with the hybridi sation w ith  the ltml fragment results from the presence of the highly 

conserved haem-binding domain of cytochrome P450 monooxygenases wi th i n  this 

probe. The background hybridisation shown in  Figure 3 .54E is more dramatic than w as 

seen wi th hybridi sations of the ltml probe to other fi l ters (Fig. 3 .53 ; 3 .55 ; 3 .56) because 

the ltml fragment was the first probe used wi th this fi l ter (Fig. 3 .54E). 

3.9.6 The ttm platform is genetical ly u n stable 

Previous Southern hybridi sation data ( Fig.  3 .52) indicated that within the E. jestucae 

and N. lolii group there has been rearrangement of the !tm gene platform. This  i s  

espec ial ly  evident i n  N. lolii Lp5 where c lusters I and 2 are o n  a different chromosome 

to c l uster 3; that N. spp. Lp l and N. lolii AR l are missing  ltm c luster 3 ;  and that the E. 

jestucae Fr l strain, which is closely rel ated to Fl I  is missing all three clusters (Fig. 

3.52) .  To assess this further, the genomic  arrangement of the [tm platform was screened 

in c losely related strains w ith known i ndole-di terpene phenotypes. The lol i trem 

producers were N. lolii Lp 1 9  and Lp5, and E. jestucae FI l .  N. lolii Lp 1 4  produces 

janth itrems, compounds structural ly  rel ated to the lo l i trems (Tapper and Lane,  

unpubl i shed). The lo l i trem non-producers were N. lolii AR l ,  Neotyphodium spp.  Lp l ,  

and E. typhina E8 . The chemotype of E. jestucae E 1 89 i s  unknown .  These i solates 

were screened for the presence of genes ItmP, !tml and ItmE as strains had previously 

been shown by Southern analysi s to have differences in thi s region. As  very l ittl e  

nucleot ide sequence diversity i s  found between the asexual N. la lii , Lp 1 9, and sexual E. 

jestucae, Fl l ,  across the ltm genes in c luster I ,  (Section 3 .7 .3) ,  standard hybridisation 

conditions were used. 

The [tmP probe hybrid ised to seven of the eight strains screened ( Fig .  3 .55) .  E8 is the 

only strain negative for ItmP hybridisation .  The ltmP probe contains  an SstI site and 

therefore hybridises to two fragments w ith  a 9-kb hybridising band common to the 

seven strains that contain ItmP. This band in Lp 1 9  contain s  the genes ItmC, ltmD, ItmQ, 

and partial sequences of ItmE and ItmP ( Fi g. 3 .55). Sequence diversi ty i s  seen amongst 

the seven strains that contained !tmP as the bands of the EcoRI-digested DNA and the 

second SstI hybridis ing fragment were of varyi ng sizes. Lp5 has two copies of ltmP 

seen c learly as two hybrid isi ng  bands i n  the EcoRI-digested DNA. 
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AR1 and Lp1 4, E. festucae strains FI1 and E1 89 , Neotyphodium species Lp-TG2 strain Lp1 and E. typhina 

strain E8 hybridised with 32P-labelled ItmP amplified with primers 101 1 96 and 101 1 98 ;  ItmJ amplified with 

primers 101205 and 101206, and ItmE amplified with primers 101356 and 101341 . The sizes of the hybridising 
bands are shown in kb. (C) A schematic map of the ftm cluster 2 and 3 region showing the approximate 

deletions in Lp1 4,  Lp1 and AR1 as determined by Southern analysis. The position of the probes are shown 
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The ltm} probe hybridi ses to four (Lp 1 9, Lp5, Fl l and E 1 89) of the e igh t  stra ins  

screened (Fig. 3 .55). E.  typhina E8,  N. spp. Lp I ,  N.  lolii A R I  and N. lolii Lp 14  are al l 

negative for ltm} hybridi sat ion. N. lolii Lp5 contai ns two copies of !tm}, one that 

hybridi ses to an SstI fragment the same s ize as N. lolii Lp 1 9  (� 1 8  kb) and a second 8 .5-

kb fragment. The !tmE probe hybridi ses to the same four strains ,  N. lolii Lp 1 9, N. lolii 

Lp5 , E. jestucae Fl l and E. jestucae E 1 89, as that of the ltm} hybrid i sation (Fig. 3 .55). 

E. typhina E8, N. spp. Lp I ,  N. lolii AR I and N. lolii Lp 1 4  are all negati ve for ltmE 

hybridisation. N. lolii Lp 1 9  and Lp5 have the same-sized lanE hybrid i s ing band of �20 

kb. E. jestucae Fl l and E 1 89 have ltmE hybrid is ing bands of 9 kb and 1 .2 kb, 

respectively. The AT -r ich region between c lusters 2 and 3 is smal ler  i n  E. jestucae Fl l 

and E 1 89 than N. lolii Lp 1 9  based on the sizes of the hybrid is ing bands w ith  the ltmP 

and ltm} probes (Fig. 3 .55). Absence of ltm} and ltmE i n  N. spp. Lp 1 ,  N. lolii AR 1 ,  N. 

lolii Lp l 4  and E. typhina E8 correl ated with a lo l i trem B negat ive phenotype, 

suggesting  that these two genes are specifi c  for lo l i trem biosynthesis .  A schemat ic 

d iagram of the c luster 2 and 3 regions from strains used i n  the Southern analysi s i s  

shown i n  Figure 3.55. Attempts have been made by I PCR to i so late the regions from 

Lp I ,  Lp 1 4  and A R  1 that flank the del et ions, but to date th is  has been unsuccessfu l .  

3.1 0 Phylogenetic d istribution of the It m genes 

The di stribution of the ltm genes with in Epichloifl Neotyphodium endophytes was 

determi ned to show whether the genes were absent or i nactive in non-producers. A 

selection of Neotyphodiwn and Epichloc' strain s  of known and unknown lo l i trem 

phenotypes were analysed for the presence of the ltm genes. Init ia l l y  a screen w i th ltmC 

was used, as thi s  gene encodes an enzyme  that i s  known to be i nvolved early i n  the 

pathway of i ndole-d i terpene biosynthesi s. Eighteen endophyte strains from E. jestucae, 

N. lolii, Neotyphodium spp, E. typhina, E. armarillans, N. coenophialum, N. siegelii, E. 

brachyelytri and E. bromicola were hybridi sed w ith ItmC using condit ions of l ow 

stringency and with ltmM, ltmB, ItmP and ltm} using  standard hybridi sation conditions 

(Fig. 3 .56). Only the N. lolii Lp 1 9  and E. jestucae FI I i solates are known to produce 

lo l i trem B. The N. lolii i solate AR l ,  N. sp. LpTG-2 i solate Lp l ,  N. coenophialum 

i solate Tf28 and E. typhina i solate E8 are lo l i trem B non-producers. The N. lolii i so late 

Lp 1 4  is capab le  of producing janthi trems, wh ich are structural l y  s imi l ar to lol i trem B .  

The  lol i trem B phenotype of the remain ing  i solates used i n  Figure 3 .56 are unknown. 
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-4.6 kb 

-23 kb 

ItmM 
1017 and 10135 

-23 kb 

ItmB 
101345 and 101346 

-1 8.3 kb 

ItmP 
101 1 91 and 101 1 92 

-23 kb 

ItmJ 
101205/206 

Southern analysis of EcoR I-digested genomic DNA hybridised with 

Autoradiograph of a low stringency hybridisation (Section 2.4.7) with the complete Itme gene 
amplified with primers 10121 6 and 236. A longer exposure failed to detect additional bands. ( B-E) 

Autoradiographs from standard hybridisation (Section 2.4.7) with the probes defined adjacent to 

each blot. The arrows identify bands that were more obvious with a longer exposure. The 
abbreviations are as follows: E. arna = E. amarillans, E. fes = E. festucae; N. 101 = N. lolii; N. 12 = N. 
LpTG-2; N. coe = N. coenophialum; E. typ = E. typhina; N. sie = N. siegelii; E. bra = E. brachyelytri; 

E. bro = E. bromicola. The fragment sizes are indicated in kb. The lolitrem 8 producing isolates are 
indicated in green text, non-producers in red text and unknown in black text. N. lolii Lp1 4  is able to 

anthitrems an indole d· 
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The Southern hybridisation data showed that the E. Jestucae i solates formed three 

groups. E 1 89, Fg I ,  and Fl l contained a l l  the ltm genes, wh i l e  Fr l ,  Frr l and FrcS 

contained none of the ltm genes and one strain ,  Frc7, contained al l the ltm genes apart 

from ltml from cl uster 3 (Fig. 3 . 56). Of the N. lolii i so lates only Lp 1 9  contained al l of 

the genes, w hereas Lp l 4  and ARl  were missing !tml from cluster 3 (Fig. 3 .56). N. 

coenophialum Tf28,  an i nterspecific hybrid with ancestral ori gins from E. Jestucae, E. 

typhina complex (ETC) and Loliwn associated c lade (LA E) ,  and N. sp. LpTG-2 Lp l a 

hybrid with ancestral orig ins  from E. Jestucae and ETC, contain genes from c lusters 1 

and 2 but are missing ltml from cluster 3 .  However, the hybridisation of ltmP i s  very 

fai nt i n  N. coenophialum Tf28. N. coenophiaium Tf28 and N. sp. LpTG-2 Lp 1 are 

l ol i trem B negative (Chri stensen, et a I . ,  1 993). E. amarillans E52, and E. brachyelytri 

E 1 040 strains were negative for all ltm genes (Fig.  3 .56). The E. typhina i solate E8 

showed no hybri d i sation wi th the ltm genes but Poa, a lol i trem-negative strain ,  

conta ined genes from c luster 1 and 2 but not c luster 3 ( Fig .  3 .56). As wi th N. 

coenophialum, the E. typhina Poa hybridi sation wi th ltmP was very fai nt. The qual i ty 

of the DNA of the E. bromicola E799 isolate was poor but there i s  faint hybrid i sation 

wi th ltml and ltmC (Fig. 3.56). N. siegelii E9 1 s, a hybrid w ith ancestral orig ins from E. 

Jestucae and E. bromicola, onl y  hybrid i ses with the ltmC probe and contain s  two 

hybrid ising bands (Fig. 3 .56). This hybridi sation pattern could be due to partial 

digestion of the DNA. Of the i solates screened, those that are asexual w ith an E. 

Jestucae ancestor have ltm genes from c lusters 1 and 2 present i n  their genomes. 

The analysis of the ltm genes was extended to a larger range of endophytes,  covering 

the 10 sexual Epichloif species and a selection of Neotyphodium species, using a PCR 

screen performed wi th a l l  1 0  of the ltm genes (Fig. 3 . 57). Primers used in this screen 

were desi gned to regions conserved w ith known pax orthologues or homologues 

(Appendix 5 . 1 ) . Two of the genes, !tml and ItmE, were ampl ified using primers 

designed for previous PCR and RT-PCR analys is  (Append ix  5 . 1 ). The geranylgeranyl  

d iphosphate synthase (ggsJ ; Section 3 .2) and ch i t in  synthase (chsV; Section 3 .9.2) 

genes were used as ampl ifi cation control s for the DNA as both genes were expected 

w ithi n  all endophyte genomes. The peR wi th primers to ggsJ and chsV ampl ifi ed DNA 

from a l l  the endophyte strains  screened (Fig .  3 .57). The E. Jestucae i so lates ,  grouped 

i nto those with the ltm genes, Fg I ,  FI I ,  Frc7 and E 1 89, and those wi thout, Fr I ,  FrcS, 

and Frr I ,  confirming the hybridi sation data from Fig. 3 . 56. Frc7 did not ampl i fy a 

product with the ltmJ or ItmE primers whi le  E 1 89 d id  not ampl ify w ith a product w ith 
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Fig ure 3.57 peR screen for the It m genes 

ItmG 101 1 56/1 57 

ItmM 10 11 58/1 59 It m cluster 1 

ItmK 101 1 60/1 61  

ItmB 10 1345/346 

Itme 101278/279 

ItmO 101359/360 It m cluster 2 

ItmQ 1013 1 3/282 

ItmP 101280/281 

ItmJ 10 1205/206 
It m cluster 3 

ItmE 101356/341 

ggs 1 CYLp 1 9- 1 6/1 

chsV 1013 1 2/289 

Each gene was amplified with primer pairs designed to conserved regions of the gene. The primer pairs used are indicated next to the name of the 

gene amplified . The primer locations can be found in  Appendix 5. 1 .  The size (bp) of the PCR product is  on the left margin .  Each sample was amplified 

using the following reaction conditions: 5 ng of genomic DNA, 1 x Taq polymerase buffer ( Roche) , 50 pM each d NTP, 200 nM each primer, 0.5 U Taq 

polymerase in a reaction volume of 25 pL. The PCR amplification cond itions were: 940C for 2 min followed by 30 cycles of 94°C for 1 5  s ,  58°C for 30 s 

and 720C for 1 min;  then one cycle of 72°C for 1 0  min. 

The species abbreviations are as follows: ES = E. sylvatica; Et = E. typhina; Ec = E. clarkii; Eg = E glyceriae; Ee = E elymi; Ebr = E bromicola; Eba = E 
baconii; Ea = E amarillans; Ef = E. festucae; Ebra = E. brachyelytri; NI = N. lolii; Nc = N. coenophialum. Other strains can be identified from Table 2. 1 3. 



the ltmE primers but have hybridised to thi s  fragment (Fig .  3 .56; 3 .57) .  The other  

Epichlo(/ species l acked the ltm genes or have remnants of these genes ( Fig .  3 .57) .  The 

Neotyphodium species w ith an E. jestucae ancestral origin are positive for the ltm genes 

of c lusters 1 and 2 (Fig. 3 .57) .  This inc ludes N. coenophialum Tf28 (orig ins of E. 

jestucae, ETC, LAE) ,  N. sp. LpTG2 Lp l (orig ins of E. jestucae, ETC), N. melicicola 

(orig ins of E. jestucae, N. aotearoae), N. siegelii E9 l 5  (orig ins of E. jestucae, E. 

bromicola) and N. tembladerae E 1 1 69 (orig ins of E. jestucae, ETC). The exceptions to 

thi s  are N. allstraliense E938 (ancestral orig ins of E. jestucae and E. typhina complex) ,  

which is ltm negati ve; N. huerjanum E4055 (ancestral orig ins from the E. typhina 

complex and N. aotearoae),  which is posit ive for ltm cl usters I and 2; and N. aotearoae 

E899 (N. aotearoae ancestral origi ns), wh ich has some ltm genes. PCR on these 

samples was repeated with fresh DNA di l utions confi rm ing the samples had not been 

mixed up. E. bromicola E799 and E. typhina Poa contain mult ip le remnants of the ltm 

genes. Both stra ins ampl ify with the ltmB and ltme primers, and E799 al so contains 

ltml and lanE, whereas ampl ification with Poa DNA can detect ItmG, ltmM, ItmQ and 

possibly ltmD ( Fig .  3 .57). 

An ltmG probe was used to confi rm that the Epichloif strains negati ve by PCR were a lso 

negative by Southern analysis ( Fig. 3.58) .  This  showed that E. amarillans stra i n  E52, 

contains an lunG-hybridis ing band, which was a lso detected as a faint PCR product w ith 

the ltmG primers (Fig .  3 .58 ;  3 .57). The hybridisation resu l ts of the remain i ng Epichlo(/ 

strains wi th lunG (Fig. 3 .58) were cons istent w ith the PCR data (Fig. 3.57). 

The distri bution of the retrotransposons and pks gene found to flank the ltm c lusters was 

examined further by Southern analysis using a selected range of endophyte strain s  that 

cover most Epichloe· groupings (Fig 3 .58) .  Hybridisation was first performed w ith a 

ggsl fragment to show that the genomic D NA on the fi l ters was of good q ual ity. The 

ggsl probe hybridi ses to a 4.5-kb band in the E. jestucae and Neotyphodium spec ies. 

The other Epichloe· strains have ggsl-hybrid i s ing bands of d ifferent sizes. Strain s  that 

are known to be hybrids were observed to contain two copies of the ggsl gene. The 

retrotransposons Tahi and Rua hybridise to E. jestucae and E. baconii but do not 

hybrid ise to other Epichloe· species. The E. baconii strain E l  03 1 and the Neotyphodium 

FaTG-2 i solate Tfl S  have a l arge number of Rua e lements but fewer Tahi elements. E. 

jestllcae E l 89 and FrcS and N. loW Lp l 4  have fewer Tahi and Rua e lements than either 

E. jestucae Fl l or N. lolii Lp 1 9. The hybrid isation of the pks pseudogene shows no 
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-23 kb 
ItmG 
1013 and 1011 

4 and 10123 

ggs 1 
CYLp 1 9- 1 2/1 

Figure 3.58 Southern analysis on the distribution of the retrotransposons 
and pks sequences 

Southern analysis of endophyte strains to determine the presence of the /tmG, retrotransposons and pks 

pseudogene. All genomic DNA (2 pg) was digested with EcoR I and hybridised with 32P-label led 

fragments. The probes and primer pairs used to amplify each fragment are stated at the right of the figure. 

The strains Lp1 9 (marked as 11) and FI 1 (marked as � have been included on each blot as positive controls 

and as size markers for each hybridising fragment. All the autoradiographs were over-exposed to detect 

any faint hybridisation (data not shown). The species abbreviations are as follows; E. ama, E. amarillans; E. 
bac, E. baconii; E. bra, E. brachye/ytri; E. bro ,  E. bromico/a; E. ely, E. e/ymi; E. fes, E. festucae; E. gly, E. 
g/yceriae; E. syl, E. sy/vatica; E. typ, E. typhina; N. F2, N. sp. FaTG-2 ; N. L2, N. sp. LpTG-2; N. coe , N. 
coenophia/um; N .  101 ,  N. /olii; N. mel,  N. me/icico/a; N. tem, N. temb/adarae. 
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obvious phylogenetic d i stribution, being present i n  some strains  but not i n  others. 

A l though the pks has been used as a probe for Southern analysis ,  the pks gene from 

these posit ive stra ins have not been sequenced so as yet we do not know if the gene i s  

functional i n  other endophyte i solates. 

A summary of the ltm gene d istribution based on PCR and Southern analysi s and, where 

known, the lol i trem phenotype is g iven  in Table 3 . 1 4. On the basi s of these data, 

functional pathways for l ol i trem biosynthesis appear to be confi ned to the E. Jestucae 

and N. {olii l ineage. Remnants of thi s  pathway are found i n  E. amarillans, E. bromico{a 

and E. typhina. The ltm genes are found i n  many hybrid Neotyphodium sp, w here 

nearly all ftln-posit ive stra ins have an E. Jestucae ancestor. Based on the peR and 

Southern data, predictions can be made on the l ol i trem phenotype of the endophyte. 

Strains  that l ack the essential early pathway genes, such as ltmG, ItmM and ItmC, wi l l  

not synthes i se any i ndole-diterpene i ncludin g  lo l i trems. Such predictions have been 

summari sed in Table 3 . 1 4. The data in Table 3 . 1 4  i ndicated that some i so lates 

previously known to be i ndole diterpene negative, such as N. lolii ARI,  N. spp. Lp 1 and 

N. coenophialum Tf28,  should be categori sed as having the potential to produce i ndole 

diterpenes as they contain the essential early pathw ay genes. These i solates w i l l  require 

further analysis to estab l i sh if they are able to produce an earl ier i ntermediate of 

lo l i trem B.  Interestingly, N. lolii i so lates Lp 1 4  and A R l  have i dentical ltm gene 

d istribution patterns yet they have very different i ndole diterpene phenotypes. Th i s  data 

suggests that Lp 1 4  must contain additional uncharacteri sed genes that would be 

requ ired for janthitrem production.  

The val id i ty of the PCR screen wi l l  reqUlre confirmation of the i ndole d i terpene 

phenotypes by H PLC and mass spectrophotometry methods. However, i t  does g ive a 

c lear i nd ication that strains  that l ack the key early genes would be very un l ike ly to have 

the capabi l ity to produce i ndole diterpenes. 

3.1 1 It m homolog ues detected in  other fungi  

Genes i nvolved i n  i ndole-diterpene production have been c loned and characterised from 

the fi l amentous fungi P. paxilli, and A. flavus (Young, et aI . ,  200 1 ;  McMi l lan,  et a I . ,  

2003 ; Zhang, et aI . ,  2004). G enomic organi sation of genes shared between the c l usters 



Itmgene� Screenil"lQ Ancestral Predicted Clav and $chardl' 
Species Isolate G M K B C 0 0 P gJJ.s l  chsV I!.ks technique1 originl ID phenotype' 2002 

E. amaril/ans E52 ,.. ,.. PCR/S negative 
E. amarillans E57 ,.. ye PCR negative 
E. baconii E248 ,.. ,.. PCR negative nt 
E. baconii E l 0 3 1  ,.. ,.. PCR/S negative nt 
E. brachyelytri El 040 yes ,.. ,.. PCR/S negative nt 
E. bromicola 501 ,.. ,.. PCR negative nt 
E. bromicola E799 yes yes ,.. ,.. PCR/S negative nt 
E. c1arkii E422 ,.. ,.. PCR negative nt 
E. eIymi E56 ,.. ,.. PCR/S negative 
E. e1ymi E 1 84 ,.. ,.. PCR negative 
£. festucae Frl ,.. ,.. PCR/S negative 
E. festucae Frc5 ,.. ,.. PCR/S negative 
E. festucae Frrl es ,.. ,.. PCR/S negative 
E. festucae Frc7 ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. ye PCR/S . Ne 
E. festucae FI1 ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. ,.. PCR/S + 

E. festucae Fgl ,.. ,.. ,.. ,.. ,.. ,.. ,.. ye ,.. ,.. ,.. PCR/S positive + 

E. (estucae E 1 89 ,.. ,.. PCRIS positive 
E. glyceriae E2772 ,.. yes ,.. ,.. PCR/S negative nt 
E. glyceriae E277 ,.. ,.. PCR/S negative nt 
E. sylvatica E503 ,.. yes ,.. ,.. PCR/S negative nt 
E. sylvatica E354 yes yes PCR/S negative nt 
E. typhina E505 ,.. yes PCR/S negative 
E. typhina E425 yes yes yes PCR/S tive 
E. typhina E8 yes ,.. ,.. PCR/S 
E. typhina E l 022 ,.. PCR negative 
E. typhina E348 yes ,.. PCR negative 
E. typhina E2463 yes PCR ative 
E. typhina Pea ,.. PCR/S ETC 
N. aotearoae E899 yes PCR Nao unsure 
N. australiense E938 ,.. PCR Efe, ETC tive nt 
N. coenophialum Tl28 ,.. PCR/S Efe, ETC, LAE 
N. huerfanurn E4055 ,.. PCR ETC positNe nt 
N. inebrians E81 8  ,.. PCR Nin ative 
N. JoIii Lp1 9  ,.. ,.. ,.. yes PCR/S Efe paIIIW 
N. /ofii Lp5 ,.. ,.. ,.. nt nt nt nt nt nt nt yes S Efe paIIIW 
N. lolii Lp7 ,.. ,.. yes nt nt nt nt nt nt yes S Efe paIIIW 
N. JoIii Lp14 ,.. ,.. ,.. as yes PCR/S Efe �4 
N. loIii Lp9 ,.. ,.. ,.. nt nt nt nt nt nt yes S Ele ....... 
N. IoI. ARl ,.. ,.. ,.. ,.. ,.. yes PCR/S Ele 
N. melicicola E822 ,.. ,.. ,.. yes ,.. yes PCR/S Efe, Nao positve 
N. siegelii E91 5 ,.. ,.. ,.. yes PCR/S Efe, Ebr 
N. sp. FaTG-2 Tl1 5 ,.. ,.. ,.. nt nt nt nt nt nt nt ,.. S Efe, LAE 
N. sp. FaTG-2 Tl20 ,.. ye ,.. nt nt nt nt nt nt nt yes S Efe, LAE + 

N. sp. lpTG-2 Lpl - - ,.. yes PCR/S Efe, ETC 
N. sp. lp TG-2 Lp2 - ,.. yes nt nt nt nt nt nt nt .,.. S Efe, ETC 
N. sp. "sleepYQrass" E4096 - ,.. yes yes - yes yes yes yes yes PCR Efe, Eel positive nt 
N. tembladarae E 1 1 69 ,.. ,.. PCR/S Efe, ETC positive nt 
N. sp. Hdl PCR ETC, Ebr negative nt 

1 Samples were screened by PCR onlv (PCR). Southern analvsis onlv (S) or both Southern analvsis and PCR (PCR/S). 
2 Ancestral orlQin of the asexual species as dehned by Moon et al 2004 
3 The indole·diterpene phenotype was predicted based on the presence of the It m qenes, or known (*). 
An indole-diterpene positive phenotype IS Qiven to strains that are positive for ItmG, It mM and ItmC. 
Where the results are incomplete a label of unsure has been used. 
Known positive phenotypes are highlighted in green, known negative phenotypes are highlighted in red . 

.. Lp 1 4  is known to make indole-diteroenes of the ianthitrem oroup but does not produce lolitrems. 
5 lndole-ditepene phenotype as summarised in Clay and Schardl, 2002. '.' - undetected from any isolate tested, '+' detected from some isolates 
nt - not tested 
yes highlighted in pale green are samples that have a band by PCR but no sequence analysiS to confirm it is a related gene 
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of P. paxilli, A .  flavus and N. lolii strains are shown i n  Figure 3 .S9. Orthologues of 

ltmC, ItmM and ltmC were found in  both the pax and atm clusters. The It m c luster a l so 

contained homologues of paxB, paxD, paxP and paxQ. The atm cluster i s  only partial l y  

sequenced, bu t  based on t he  structural s imi larity of paxi l l i ne to aflatrem, the atm cluster 

was predicted to contain other pax homologues such as paxP, paxQ, paxD and possib ly 

paxB (Zhang, et al . ,  2004). Sequence compari sons of the It  m genes to the pax and atm 

genes are summarised i n  Table 3 . 1 2  and al ignments are shown i n  Appendix S . 1 .  The 

location and order of the genes from the pax, I t  m and atm c lusters were different among 

the strains  (Fig .  3.S9). A s  expected, the ltm cluster contained additional genes w ith 

putative roles for the decorat ion of the i ndole-diterpene backbone. 

A database search of the four 'completed' fungal genomes of N. crassa, A .  nidulans, M. 

grise a and F. graminearum was used to identify ltm homologues from these species. 

BLASTP analysis was used to find {tm homologues and their genomic l ocation (Table 

3 .  I S) .  Sequences contained w i th in  the four fungal genomes, with BLASTP matches to 

It m genes that were better than 1 e- l 0, were analysed for l i nkage of two or more It m 

homologues. 

The N. crassa genome conta ins homologues of ltmG, ltmM, ItmD, ItmB, ltmQ and ltmK. 

However, there i s  only one copy of geranylgerany l  diphosphate synthase, which i s  the 

al-3 gene (Barbato, et aI . ,  1 996), a ggs l-type rather than an ltmG. The remain ing  genes 

have BLASTP E-val ues greater than 1 e-SO and none of these genes was located i n  

clusters. 

The F. graminearum genome contained sequence homologues of ltmC, {tmM, ItmB and 

the P4S0 monooxygenases but did not contain an lunD (dma W- l i ke prenyl transferase) 

homologue. The BLASTP matches to the P4S0 monooxygenase sequences all have E­

values greater than 4e-52 .  There are three putative ggs genes, the ggsl (FG l O097, 

Section 3 . 2. 1 ), a second ggs, FG04S9 1 ,  c lustered w ith ItmB and ItmM homologues and a 

third,  FG0 l738,  w ith  a less s ignificant BLASTP match (Table 3 . 1 S) .  

The M. grisea genome contain s  homologues of the It  m genes but the B LASTP values 

are greater than I e-S 1 .  There w ere five regions that contained clustered homologues of 

the ltm genes with the most significant c luster contain ing a cytochrome P450 

monooxygenase, a prenyl transferase and a FAD-dependent monooxygenase (Tab le  
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Fig ure 3.59 Comparison of indole-d iterpene gene c lusters from P. paxilli, N. lolii and A. fla vus 

Genomic organisation of the (A) P. paxilli pax, (8) N. lolii It m and (C) A. flavus atm gene clusters. The arrows indicate the position and direction of 

transcription of each gene. The gene names have been abbreviated to a single code letter. The genes with red boxes have been identified in all 
three clusters. The genes in blue boxes have been identified in the pax and It m gene clusters. However, the sequence of the atm cluster is 
incomplete . 



Gene ID numer' Species 

NCU01 427 
NCU02925 
NCU04693 
NCUOS376 
NCU05967 
NCU08 1 73 
NCU09274 
NCU09400 

AN0654 
AN1 S92 
AN1 598 
AN1 784 
AN21 1 4  
AN2345 
AN2407 
AN2569 
AN26 1 1  
AN3253 
AN3256 
AN3274 
AN3497 
AN3596 
AN4576 
AN60 1 8  
AN6784 
AN68 1 0  
AN7684 
AN81 39 
AN8 1 40 
AN8 1 4 1  
AN8 1 43 
AN81 44 
AN8 1 84 
AN82S0 
AN8378 
AN8470 
AN8482 
AN85 1 4  
AN8530 
AN9229 
AN9230 
AN9248 
AN92 5 1  
AN92S3 
AN92S7 
AN9258 

FG00057 
FG00071 
FG00092 
FG01 738 
FG01 786 
FG01 8 1 9  
FG01868 
FG021 1 7  
FG02672 
FG03657 
FG03729 
FG03775 
FG0446 1  
FG04591 
FG04594 
FG04595 
FG047 1 7  
FG04776 
FG05063 
FGOS334 
FG081 1 6  
FG081 87 
FG08228 
FG09063 
FG09 1 9 5  
FG1 0097 
FG 1 06 1 2  
FG1 1 002 
FGl l 1 00 
FG1 l 2 1 5 
FG 1 l 282 
FG1 l 53 6  

MG00024 
MG00026 
MG000 3 1  
MG00238 
MG00300 
MG00572 
MG00758 
MG01 391 
MG01 700 

I R7 

N. crassa 
N. crassa 
N. crassa 
N. crassa 
N. crassa 
N. crassa 
N. crassa 
N. crassa 

A. nidulans 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidfians 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidulans 
A. nidulans 
A. nidfians 
A. nidfians 

F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. gram inearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 
F. graminearum 

M. grisea 
M. grisea 
M. grisea 
M. grisea 
M. grisea 
M. grisea 
M. grisea 
M. grisea 
M. grisea 

Contig' Putative function' 

3.57 
3.1 52 
3.257 
3.306 
3.339 
3.492 
3.580 
3.598 

1 .1 0  
1 .25 
1 .25 
1 .28 
1 .32 
1 .38 
1 .39 
1 .43 
1 .43 
1 .54 
1 .54 
1 . 55 
1 .59 
1 .61 
1 .78 

1 . 1 03 
1 . 1 1 2  
1 . 1 1 3  
1 . 1 30 
1 . 1 4 1  
1 . 1 4 1  
1 . 1 4 1  
1 . 1 4 1  
1 . 1 41 
1 . 1 4 1  
1 . 1 45 
1 . 1 52 
1 . 1 53 
1 . 1 53 
1 . 1 54 
1 . 1 55 
1 . 1 70 
1 . 1 70 
1 . 1 72 
1 . 1 72 
1 . 1 72 
1 .1 72 
1 . 1 72 

1 .2 
1 .4 
1 .5 

1 .92 
1 .93 
1 .93 

1 . 1 00 
1 . 1 1 1  
1 .1 32 
1 . 1 60 
1 . 1 62 
1 . 1 63 
1 . 1 92 
1 .1 93 
1 . 1 93 
1 . 1 93 
1 . 1 96 
1 . 1 96 
1 .203 
1 .2 1 6  
1 .325 
1 .329 
1 .329 
1 .370 
1 .371 
1 .4 1 8  
1 .444 
1 .457 
1 .459 
1 .460 
1 .464 
1 .473 

2.7 
2.7 
2.7 

2.57 
2.70 
2.99 

2 . 1 34 
2.256 
2.318  

al-3, geranylgeranyl diphosphate synthase 
FAD monooxygenase 
prenyl transferase dmaW-like 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
FAD monooxygenase 
Cytochrome P450 monooxygenase 
unknown 

geranylgeranyl diphosphate synthase 
prenyl transferase 
Cytochrome P450 monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
prenyl transferase dmaW-like 
prenyl transferase 
Cytochrome P450 monooxygenase 
prenyl transferase ggs-like 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
prenyl transferase 
prenyl transferase 
FAD monooxygenase 
Cytochrome P450 monooxygenase 
FAD monooxygenase 
Cytochrome P450 monooxygenase 
prenyl transferase ggs-like 
unknown 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
prenyl transferase 
prenyl transferase dmaW-like 
Cytochrome P450 monooxygenase 
prenyl transferase 
FAD monooxygenase 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenase 
unknown 
FAD monooxygenase 

FAD monooxygenase 
cytochrome P4 SO monooxygenase 
FAD monooxygenase 
prenyl transferase ggs-like 
cytochrome P450 monooxygenase 
FAD monooxygenase 
cytochrome P450 monooxygenase 
cytochrome P450 monooxygenase 
cytochrome P450 monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
unknown 
prenyl transferase ggs-like 
Unknown 
FAD monooxygenase 
cytochrome P450 monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
cytochrome P4S0 monooxygenase 
FAD monooxygenase 
cytochrome P4S0 monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
cytochrome P450 monooxygenase 
geranylgeranyl diphosphate synthase 
FAD monooxygenase 
cytochrome P45Q monooxygenase 
FAD monooxygenase 
FAD monooxygenase 
cytochrome P450 monooxygenase 
cytochrome P450 monooxygenase 

cytochrome P4 SO monooxygenase 
prenyl transferase ggs-like 
FAD monooxygenase 
cytochrome P450 monooxygenase 
cytochrome P450 monooxygenase 
cytochrome P450 monooxygenase 
geranylgeranyl diphosphate syntha§" 
cytochrome P450 monooxygenase 
cytochrome P450 monooxygenase 

Itm' E-value' Itm' E-value' Itm' E-value Itm' E-value 

G 
M 
E 

Q 
Q 
M 
K 
B 

G 
G 
K 
M 
M 
E 
G 
J 
G 
K 
K 
K 
Q 
M 
M 
M 
E 
G 
M 
Q 
M 
P 
G 
B 
P 

M 
M 
E 
E 
K 
E 
M 
K 
J 
P 
B 
M 

M 
K 
M 
G 
K 
M 
K 
J 
Q 
M 
M 
M 
B 
G 
B 
M 
K 
M 
M 
Q 
M 
Q 
M 
M 
J 
G 
M 
Q 
M 
M 
K 
K 

J 
G 
M 
K 
J 
K 
G 
K 
K 

7e-92 
7e-25 
1 e-34 
2e-36 
2e-26 
4e- 1 5 
4e-48 
7e-20 

1 e-21  
1 e-40 
ge-1 6 
8e-35 

5e-43 
2e-48 
5e-30 
4e-1 3 
Se- l O  
6e-46 
5e- 1 6  

3e-l l 
ge-30 
2e-43 
2e-31 

1 e-25 

9e-24 

8e-1 3 
6e- 1 9  

2e-37 
5e-1 1 
2e-36 
2e-32 
2e- 1 4  
2e-3 1 
2e- 1 9  

1 e-49 
5e-33 

8e-1 1 
2e-1 2 
5e-26 

4e-1 2 
2e-1 5 
7e-1 6 
1 e-1 4 
ge-30 
3e-1 1 
5e- 1 O  
4e-25 
3e-90 
ge-1 5 
2e-27 
7e-30 

ge-40 
5e-41 

2e-33 
2e-35 

4e-29 
6e-3 1 
5e-29 
1 e-88 
1 e-36 
6e-34 

D 
K 

E 

o 
E 
P 
E 

K 

Q 
E 

K 
P 

o 
P 

P 
K 
Q 

Q 

J 
K 
J 

E 

Q 

K 

P 

P 
E 

P 

Q 
P 

Q 
E 

P 
Q 
Q 

P 
Q 

1 e- 1 8  

2e-33 
2e-3 5 
7e-23 

2e-43 

4e- 1 8  

5e- 1 9  
2e-10 
ge-1 S 
5e- 1 4  
8e-46 
2e-38 
8e-44 
4e-23 

2e-1 7 

8e-30 

5e-27 
7e-1 3 

1 e-2 1 

2e-49 
6e-32 

2e-3 1 
8e-1 2 
5e-27 

2e-33 

3e-1 7 
8e-l 2 

1 e-41 
5e-22 
2e-32 

2e-1 6 

1 e-30 

ge- 1 3  

4e-28 

2e-25 
1 e-21 

5e-26 

5e-38 
2e-41 

3e-31 
5e- 1 4  

3e-28 
3e-31 
1 e-25 
1 e-21 
8e-35 
2e-28 

C 

P 
K 

P 

C 

P 

K 

P 
P 
P 
P 

C 

P 

K 

J 
Q 

Q 
P 
K 

c 

p 
Q 
K 

C 

p 

K 

K 
C 

K 

P 
C 

K 
P 
C 
J 
P 

1 e- 1 0  

1 e-30 
2e-23 

3e-41 

8e- 1 2  

4e-7 1 

1 e- 1 4  

2e-45 
1 e-31 
1 e-42 
7e-20 

1 e-1 5 

4e-23 

1 e-23 

1 e-39 
1 e- 1 9  

2e-29 

2e-30 
1 e-1 2 
1 e-23 

l e-30 

5e- 1 Z  

1 e-37 
2e-22 
2e-3 1 

ge-1 0 

7e-28 

3e- 1 0 

7e-27 

8e-20 
3e-1 3 

5e-24 

3e-35 
3e-40 

6e-30 
6e-1 0 

2e-25 
4e-26 
3e-22 
5e-l l 
3e-33 
6e-24 

Q 

Q 

Q 
Q 
Q 
K 

Q 
K 

Q 

Q 
p 
P 

Q 

P 
Q 

K 

Q 
p 
J 

Q 
J 

1 e-29 

5e-22 

3e-46 

1 e-27 
1 e-27 
6e-41 
2e-1 6 

3e-22 

3e-20 

1 e-38 
2e-1 7 

4e-27 

1 e-26 

3e-20 

Se-27 

Ze-31 
ge-2l 
Be-30 

3e-28 

4e-24 

Se-20 

1 e-23 

l e-29 
Se-3 1 

l e-30 

ge-24 
Ze- 1 7  
2e-20 

ge-32 
1 e-22 



Gene ID numer' Sl2!!.cies Cont ig' Putative function3 Itm' E-value' Itm' E-value' Itm' E-value Itm' E-value 

MG0 1 701 M. grisea 2.3 1 8  prenyl transferase ggs�ike G 4e-42 
MG019S0 M. grisea 2.368 cytochrome P450 monooxygenase K l e-41 P 5e-39 2e-33 Q 4e-27 
MG02256 M. grisea 2.442 FAD monooxygenase M l e-35 
MG02272 M. grisea 2.445 cytochrome P450 monooxygenase J 9e-48 K 2e-47 Q 2e-30 P 3e-26 
MG02292 M. grisea 2.449 FAD monooxygenase M 2e-24 
MG02294 M. grisea 2.449 cytochrome P450 monooxygenase J 2e-33 K l e-32 P ge-31 Q 2e-31 
MG03 1 04 M. grisea 2.6 1 7  cytochrome P450 monooxygenase K 7e- 1 8  Q 6e-1 7 J 6e-1 5 P 2e-1 5 
MG03432 M. grisea 2.675 prenyl transferase ggs-like G 6e-43 E 6e- 1 2  
MG03834 M. grisea 2.748 cytochrome P450 monooxygenase K 4e-36 J ge-26 Q ge-24 P l e-24 
MG04349 M. grisea 2.822 cytochrome P450 monooxygenase J 6e-22 P 2e-21 Q l e-21 K 6e-1 8 
MG06540 M. grisea 2 . 1 21 8 prenyl transferase dmaW-like D 3e-40 E 2e-32 
MG06761 M. grisea 2 . 1 252 FAD monooxygenase M 8e- 1 9  
MG07247 M. grisea 2.1 347 cytochrome P450 monooxygenase J 3e-21 Q 5e-20 K 2e- 1 7  
MG07506 M. grisea 2 . 1 395 prenyl transferase ggs-like G 8e-41 E l e- 1 3  
MG08280 M. grisea 2 . 1 5 5 1  prenyl transferase dmaW-like D 2e-30 E l e-22 
MG08293 M. grisea 2 . 1 557 FAD monooxygenase M 6e- l l 
MG08378 M. grisea 2 . 1 577 cytochrome P450 monooxygenase K 2e-23 J 6e-20 Q l e-20 P 5e-1 9 
MG08379 M. grisea 2.1 577 cytochrome P450 monooxygenase K 3e-30 P 7e-25 Q 6e-23 J 5e-1 7 
MG08385 M. grisea 2 . 1 578 cytochrome P450 monooxygenase K 8e-28 Q l e-26 J 3e-23 P l e-20 
MG08387 M. grisea 2 . 1 579 cytochrome P450 monooxygenase J 2e-24 K 2e-23 Q 6e-1 7 P 4e-1 3 
MG08459 M. grisea 2 . 1 594 cytochrome P450 monooxygenase P 3e-39 7e-37 K 2e-36 Q 3e-26 
MG08 6 7 1  M. grisea 2 . 1 638 unkno1Ml 8 l e- 1 4  
MG09 1 56 M. grisea 2 . 1 746 cytochrome P450 monooxygenase Q ge-32 3e-20 P 3e- 1 9  K 5e- 1 4  
MG09 1 98 M. grisea 2 . 1 756 cytochrome P450 monooxygenase K 6e-36 7e-3 1 P 4e-28 Q l e-23 
MG09448 M. grisea 2. 1 8 1 0  prenyl transferase ggs�ike G 2e-38 l e- 1 9  C 2e-1 3 
MG09453 M. grisea 2 . 1 8 1 0  FAD monooxygenase M ge-41 
MG1 00 1 4  M. grisea 2 . 1 9 1 6  FAD monooxygenase M 6e- l 0  
MG 1 0345 M. grisea 2 . 1 99 1  cytochrome P450 monooxygenase Q ge-27 K 4e-27 P l e-26 J 2e-2 1 
MG1 03 5 1  M. grisea 2 . 1 99 1  cytochrome P450 monooxygenase K l e-37 ge-34 P 2e-30 Q 2e-28 
MG1 0 527 M. grisea 2.2024 cytochrome P450 monooxygenase K 3e-34 l e-32 Q ge-29 P l e-28 
MG1 0746 M. grisea 2.2065 unknown 8 l e-1 5 
MG1 0908 M. grisea 2 . 2 1  I 1 FAD monooxygenase M 2e-27 
MG1 0953 M. grisea 2.2 1 24 prenyl transferase dmaW-like E 3e- 1 6  D 3e-1 O 
MGl l 075 M. grisea 2.2223 cytochrome P4S0 monooxygenase P l e-34 J 4e-33 K 2e-32 Q 2e-30 

1 Genes that are clustered or in close proximity are identified in red. 

, The contiQ the Qenes are contained on as dehned by the Broad Institute (http://www.broad.mit.edu/annotation/funQi/fQi). 

, The predicted function of the [lenes based on homolO!lY to the It m [lenes. 

, The tfm Qenes with the best BLASTP match. The cytochrome P4S0 monooxy[lenases and the prenyl transferases have multiple sequence matches. 

, E-values hiQhliQhed yellow are matches to the QQS 1 'lenes. E-values hi'lhliQhted Qreen are Qreater than 1 e-50. 
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3 . 1 5) .  Associated with each of the M. grisea c lusters were transposon sequences. There 

w ere s ix putat ive homologues of prenyl transferases of the ggs-type one of which w as 

the ggsl gene (MG00758, Section 3.2. 1 ) , three were associated w i th other ltm 

homologues and two were not associ ated w ith ltm genes (Table 3 . 1 5) .  

The A .  nidulans genome contained ltm homologues with s ignifi cant BLASTP matches 

(E-values l ess than l e-49) to lunG, ltmK, [tmM, ItmP, and ItmD (Table 3 . 1 5) .  There 

w ere two ggs homologues, AN0654 (a ggs 1 ,  Section 3 .2 . 1 )  and a second homologue, 

AN8 1 43 ,  which i s  associated w ithin a c luster that contained itmB, [tmM, ltmP and ltmQ 

homologues (Table 3 . 1 5) .  There were two addi tional ggs- l i ke prenyl transferases w it h  

B LA STP matches that were l ess significant than those mentioned above, of which one 

(AN I 592) was c lustered with an ltmK homologue (Table 3. 1 5) .  The A .  nidulans 

genome contained four regions w ith clustered It m homologues of wh ich three of these 

had genes wi th in  the c lusters that had h igh ly  signifi cant B LA ST P  matches (E-value less 

than l e-69) to It  m genes (Table 3 . 1 5). 

To determine the phylogeneti c relationsh ip  between the ggsl- l i ke and those required for 

secondary metabol i sm (ggs2-l i ke) the fungal GGPP synthase sequences from N. lolii, E. 

jestucae, P. paxilli, F. jujikuroi, A .  flavus, F. graminearum, N. crassa, M. grisea, E. 

typhina, A .  nidulans were al i gned using Clusta lX (Appendix 5 . 1 ) . The phylogenetic 

rel at ionship of the GGPP syn thases was shown in an unrooted tree based on a spl i t  

decomposit ion graph, which w as further supported by t he  Ne igh bour-Joining method 

(Fig .  3 .60). The GGPP synthase sequences were separated i n to two di stinct groups, 

contain ing the ggsl - l i ke and the ggs2- l i ke sequences, respectively.  Each group 

contained sequences that were more sim i lar between species than w i th in  their own 

speci es. Each ggsl- l ike sequence contained the IPPRXSS motif mentioned in Section 

3 . 2. 1 (Appendix 5. 1 ) . 

The phylogenetic tree supports the hypothesis that F. graminearum and A .  nidulans 

have two copies of the ggs gene,  one that c lusters w ith  the house keeping ggsl - l i ke and 

a second gene that c lusters w ith the ggs2-l i ke required for secondary metabol i sm .  To 

date there are no reports of A .  nidulans, M. grisea or F. graminearum producing 

diterpene compounds. 
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Gfggs2 

A 

8 

----- 0 . 1  

PaxG 

AtmG 

AN8 1 43 

FG0459 1 

Ppggs1 
AN0564 

AI-3 

FG 1 0097 
........... ____ fggs1 

FG04591 

LtmG 

E8ggs1 
Lp1 9ggs1 
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FG 1 0097 
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E8ggs1 
Lp 1 9ggs1 
FI 1 ggs1 

Figure 3.60 Phylogenetic analysis of the fungal GGPP synthases 
(A) A phylogenetic tree based on a split decomposition graph. (8) A phylogenetic tree based 
on Neighbour Joining graph . Both Trees were generated by Pete Lockhart. The GGPP 
synthase sequences are as follows P. paxilli (PaxG accession number AAK1 1 531 ; Ppggs1 
accession number AAK1 1 525), A. nidulans (AN0564 accession number EAA65430; AN81 43 
accession nu mber EAA591 65) ,  A. fla vus (AtmG accession number AAT6571 7) ,  G. fujikuroi 
(Gfggs1 accession number EAA68323; Gfggs2 accession number CAA75568) ,  F. graminearum 
(FG0459 1 accession number EAA72205 ; FG 1 0097 accession number EAA68323) , N. crassa 
(AI-3 accession number CAD70868), M. grisea (MG00758 accession number EAA49 1 00) ,  N. lalii 
Lp1 9ggs1 and LtmG, E. festucae FI1 ggs1 and E. typhina E8ggs1 . 
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1 Q 1  

CHAPTER FOUR 

DISCUSSION 



4. 1 Endophytes that produce lol itrem B contain two gg5 
genes 

Penicillium paxiLli produces the indole-d i terpene al kaloid pax i l l i ne, which has structural 

s imi larities to lo l itrem B, a secondary metabo l i te of Neotyphodium lolii. Paxi l l ine has 

been identified in extracts of N. lolii- i nfected perennial ryegrass suggesting that 

pax i l l i ne and/or precursors of pax i l l i ne are l i kely intermediates of lo l i trem B 

biosynthesi s (M unday-Fi nch, et a I . ,  1 998 ; Munday-Finch, et a I . ,  I 996a; Mantle ,  

Weedon, 1 994) . The P. paxilli pax biosynthesis gene c l uster contains a set of at l east 

fi ve genes that are essential for pax i l l ine production: paxG encoding a GGPP synthase, 

paxM encoding an FAD-dependent monooxygenase, paxC encoding a prenyl 

transferase, and paxP and paxQ encoding two cytochrome P450 monooxygenases 

(Y oung, et a I . ,  200 I ;  McMi l lan, et aI . ,  2003). Within the pax cl uster, paxC i s  the most 

h ighly conserved gene showing significant s imi larity to avai lable GGPP synthase 

sequences. I n  fact, the P. paxiLli genome contains two independent GG pp synthase 

genes, ggsl and paxC. The paxG gene was show n by deletion analysis to be pathway 

specific for pax i l l ine production. The inabi l i ty of ggsl to complement the paxC 

mutation suggests that GGS I and PaxG are spatia l ly  separate i n  the cel l (Y  ollng, et aI . ,  

200 1 ). 

The conserved gene structure of GGPP synthases in fi l amentolls fungi al lowed 

degenerate primers to be designed to i solate the corresponding genes from N. lolii. Th i s  

approach l ed to the i solation of two GGPP synthases, ggsJ and ltmG (Section 3 . 1 ) . The 

lllnG gene was only present i n  the lo l i trem-producing i solates, N. lolii Lp 19 and E. 

festucae FI ] ,  w hereas ggs/ was identified in both lol i trem-prodllc ing and non-producing  

i solates (Section 3. 1 ) . Therefore, ltlnC i s  predicted to be the  paxC orthologue. The 

presence of two GGPP synthase genes i s  consi stent with data obtai ned from P. paxilli 

and other fi l amentous fungi that synthesise d iterpenes (Young, et aI . ,  200 1 ;  Tudzynski ,  

Holter, 1 998 ; Zhang, et  aI . ,  2004). The prese nce of two GGPP synthases i s  now 

considered a signature of fungal secondary metabol i te diterpene production (Parker, 

Scott, 2004). 

The ggs/ genes from N. lolii, E. festucae and E. typhina l ack introns (Section 3 . 2). 

Sequence analysis of these ggs / genes showed that, al though they are h igh ly conserved, 

there are smal l polymorphic regions contai ned within repeated sequences of the ggs/ 
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genes. Of particular i n terest i s  the polymorphic CAG repeat, wh ich was shown to be 

useful for stra in  identification (Section 3 .2 .2) .  Epichloe and Neotyphodium isolates 

were d i st inguished based on the number of CAG and flanking CAT repeats. Strain s  

that group w ithin the Epichloe typhina complex (ETC), such a s  E. typhina and E. 

syZvatica, contain CAS (where S = G or C) i nstead of CAG .  The sequ ence variation of 

the CAG repeat is easi ly  detected by sequencing a PCR product ampl i fi ed with primers 

that are specifi c  to al l i solates of the Epichloe and Neotyphodium groups. This  s imple 

diagnosti c test i s  a useful tool for d i st inguishing a l arge number of i so lates and 

differentiating between c losely related N. loW i solates, such as Lp 1 9  and AR l .  

The ltmG genes contained i n  the lo l i trem B-produci ng strains  N. lolii Lp 1 9  and E. 

jestucae Fl I were shown by RT-PCR to contain two i ntrons (Section 3 .3 )  of which the 

positions and phases are conserved with the fi rst two i ntrons of the P. paxilli paxG, A .  

flavus atmG and F. jujikuroi ggs2 from the pax i l l i ne,  aflatrem and g ibberel l i n  

biosynthes is  c lusters, respectivel y  (Young, e t  a l . ,  200 1 ; Tudzynski , Holter, 1 998 ; 

Zhang, et aI . ,  2004). The expression profi l es of ltmG and ggsJ differ. Expression of the 

ltmG gene was not detected i n  culture but was h ighly expressed in planta (Section 3 .5  

and 3 .9.3 ), whereas expression of the ggsJ gene was detected i n  culture (Section 3 .2 .3) ,  

but  was not detected in  planta. The endophyte DNA biomass from endophyte-infected 

p lant material was estimated to be between 0.3 and 1 .9% of the total plant DNA 

b iomass and w hen thi s i s  taken into consideration ItmG w as shown to be h igh ly 

expressed in planta. 

GGPP synthases contain five h ighly conserved regions (Chen, et ai . ,  1 994) of wh ich the 

fi rst domain in fi l amentous fungi , i s  s ituated approx imately 70 residues from the N­

terminus. The N -terminal region of GGPP synthases prior to the first conserved region 

contains the greatest sequence diversity . However, a l ignment of avai l ab l e  fungal GGPP 

synthase sequences showed that the ggsJ -l i ke genes have a unique protei n  motif, 

I PPRTSS,  wh ich  is absent from the fungal genes i nvolved i n  secondary metabo l i sm 

pathways. The IPPRTSS motif was l ocated wi th in  the first 50 amino acids of the P. 

paxilli, F. jujikuroi, E. jestucae, E. typhina, N. lolii, A. nidulans, M. grisea, F. 

graminearwn and N. crassa ggsJ genes (Appendix 5 . 1 . 1 ). The I PPRTSS motif was 

identified i n  1 00 protei n  sequences, w i th at most one mismatch ,  using the B LASTP 

algori thm to  search for short, nearly i dentical sequences. Nearly fifty percent of the 

detected sequences were of fungal orig in ,  w hich i nd icated that th i s  motif could have a 
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significant function with in  fungal prote ins.  As yet, the IPPRTSS motif has not been 

characteri sed i n  other proteins  so it remai ns uncertain what the l i ke ly function of th i s  

sequence is ,  but  a putative rol e  could be to  anchor or  translocate Ggs l i nto a subcel l ul ar 

locali sation separate from PaxG . Analysis of Ggs I using the web-based local isation 

predictions (Section 2.7) did not reveal concl usively the putati ve subcel lu lar local i sation 

of this protein. However, translocation of GGPP synthases has been shown in 

Arabidopsis thaliana, which contai ns fi ve independent GGPP synthases. The N­

terminal regions of these proteins  have been shown to be redundant for GGPP synthase 

acti vity. Subsequent fusion of these N-terminal regions to G FP showed that the G FP 

protei n could be translocated to separate subce l l ular locali sations (Okada, et aI . ,  2000). 

Other possibi l i t ies that could l imit  GGPP synthase complementation are low-level ggsl 

expression, ti ssue-specifi c expression of the ggs2- l ike genes and/or protein  stabi l i ty .  

Phylogenetic analysis of the fungal GGPP synthases groups the ggsl - l i ke housekeep ing 

GGPP synthases of different species together and separate from the i r  homologues,  the 

ggs2- l ike GGPP synthases, which are i nvol ved in secondary metabol ite biosynthesis 

(Section 3 . 1 1 ) . Two independent ggs genes have been identifi ed within the genomes of 

F. graminearum and A .  nidulans. The diterpenoid phenotypes of these strains are 

unknown but the phylogenetic analysis establ i shed that one of the two genes groups 

with the ggsJ - l i ke genes and the other groups with the ggs2- l i ke genes. Therefore, if 

the presence of two GG pp synthases is a s ignature for d i terpene production (Parker, 

Scott, 2004), then F. graminearum and A.  nidulans would be predicted to synthesi se 

compounds wi th a diterpene moiety, assuming the genes are functional . 

4.2 Identification of 10 It m genes 

The indole-diterpene biosynthesis pathway for lol i trem B production is predicted to 

contain at least 8- 1 2  genes, of � hich fi ve have been characterised in the pax i l l i ne 

biosynthesis pathway of P. paxilli (Young, et aI . ,  200 1 ; McMi l lan, et aI . ,  2003 ; Scott, 

McMil lan,  Ast in ,  Sai kia,  Y oung, Bryant and Parker unpubl i shed results) .  The fi rst N. 

lolii ltm gene cl uster identified with in the Lp l 9  genome contai ned ltmG, ltmM, a 

monooxygenase, and llmK, a P450 monooxygenase with predicted roles  in i ndole­

diterpene biosynthesis (Section 3.4). However, flank ing these three genes are 

degenerate retrotransposons and a polyketide synthase pseudogene. The sequence of 
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ltm c luster 1 i s  under-represented in  the genomic  l ibrary and the repeti t i ve nature of the 

retrotransposons and flanking sequences made it difficu l t  to i solate c lon es i n  order to 

sequence these regions (Section 3 .7). Three additi onal genes encoding, a prenyI 

transferase, I tmC, and two P450 monooxygenases, [tmP and [tml, w ere subsequently 

i dentified with i n  EST l i braries, which enabled the i solation of the corresponding 

genomic regIOns. The lun cluster 2 was identified by hybrid isation w ith fragments of 

{tmC and {tmP and contained 5 genes !tmC, {tmD, !tmP, ltmQ and ItmB encod ing a 

prenyl transferase, a d imethylal l yl tryptophan (DMAT)-l i ke synthase (prenyl 

transferase), two P450 monooxygenases, and a protei n  of unknown function, 

respectively (Section 3 .9. 1 ) . The ftm c luster 3 was identified by hybridi sation w ith a 

fragment of !tm] and contain s  at least 2 genes, ltml and ItmE, encoding a P450 

monooxygenase, and a muItifunctional enzyme contain i ng a DMA T - l i ke synthase and a 

PaxC-l i ke prenyl transferase (Section 3.9.2). 

The ltm biosynthesis gene c lusters contain four P450 monooxygenases. Two of these 

genes, !tmP and ItmQ, have significant si mi lar i ty to paxP and paxQ, respectively, from 

the P. paxilli pax cluster. Based on the i r  significant sequence s imi larity to pax genes, 

N. lolii genes ltmP, {tmQ, ltmG, ItmM, ItmC, ItmD and [tmB are predicted to be 

orthologues of the P. paxilli paxP, paxQ, paxG, paxM, paxC, paxD and paxB, 

respectively.  The genes [tmE, ltml and ItrnK have no known pax orthologue and are 

predicted to be unique to lo l i trem biosynthesis .  No homologue of the P. paxilli paxA 

gene was identified with in the three gene c lusters. 

The proposed lo l i trem B b iosynthesis pathway (Fig. 4. 1 ;  4.2) has been based on 

identifi cation of i ndole-diterpene compounds i dentified from endophyte-infected 

perennial ryegrass (Munday-Finch, et aI . ,  1 998 ; Gatenby, et aI . ,  1 999; Parker, Scott, 

2004; Mantle ,  Weedon, 1 994; Munday-Finch,  et aI . ,  1 996b). The s imi lar i ty between 

pax i l l i ne and lo l i trem biosynthesis suggests that the gene products of lunG, [tmM, [tmC, 

ltmP and ItmQ p lay the same respective catalytic roles as their pax orthologues. The 

predicted catalytic functions of the It m gene products are i nd icated in Table 4. 1 .  The 

GGPP synthase, LtmG, i s  proposed to synthesise the GGPP moiety and is considered 

the first step of lo l i trem biosynthesi s (Table 4. 1 ) . Parker and Scott (2004) have 

proposed that the FAD-dependent monooxygenase LtmM catalyses the epoxidation of 

G GPP and this i s  then cyc l i sed by the prenyl transferase LtmC fol lowed by the addition 

of i ndole-3-glycerol phosphate. On the other hand, Fueki et al . (2004) have used 2H_ 



1 3-desoxy paxilline 
H 

OH 

r..-paxitriol 

paxilline 

Figure 4 . 1 E a rly steps in lo l it rem B biosynt hes is 
The early steps in lolitrem B biosynthesis. The gene names have been abbreviated to a sing le 
letter. The proposed enzymatic functions of each gene based on similarity to the pax ortholog ue 
and deletion analysis is ind icated by a dark blue circle . The enzymatic steps ind icated in the light 
blue circles are putative . Paspaline and paxilline are predicted to feed into the lolitrem B 
metabolic grid (Fig . 4 .2). The enzymatic functions of the gene products are found  in Table 4 . 1  . 
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The proposed metabolic grid to lolitrem B has been mod ified from Parker and Scott (2004). The Um b iosynthetic enzymes have been abbreviated to a 
sing le letter. Their proposed catalytic fu nction is described in Table 4 . 1 . The order of the catalytic steps that are pred icted to contain two enzymes may 
re sult in the synthesis of additional co mpou nds that are yet to be identified . The compo unds that have been iso lated from endophyte-infected L. perenne 
are paspal ine ,  paxill ine , lolicin e A, lo litrio l, terpendole M, lo li l l ine , lo litrem B and lolitrem H.  
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Ta ble 4. 1 Description of the pred icted cata lytic activities of the Ltm proteins 

P rote i n  C l assification 

prenyl  tran sfera se/ DMAT synthase 

P450 monooxygenase 

P450 mo nooxyg e n a se 

P450 monooxyg e n a se 

D M AT synthase 

Predicted Fu nctio n  

Prenylat ion o f  C20/ fo rms A B  r ings 

Hydroxylat ion of C 1 4  

Demethylation o f  t h e  C 3 0  

Hyd roxylat ion of t h e  C B  

Prenylat ion o f  C 2 1  

Ltm E  

LtmJ 

Ltm P  

LtmQ 

Ltm D  

LtmC 

Ltm B  

LtmG 

LtmM 

LtmK 

Prenyl  tra n sfe ra se j o i n s  i n d o l e - 3 - g l ycerol p h osph ate to GGPP 

U n kn o w n  function 

GGPP synthase 

FAD d e pendent mon ooxyg e n a se 

P450 monooxyge nase 

gene rates GGPP 

cyc l i sation of GGPP (fo r m s  the epoxides 

forms epox i d e  a c ross C 1 1 /C 1 2  
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labe l led geranyl gerany l indole and shown conversion of thi s  compound to emindole v ia  

epoxidation and cationic cycl isation, suggesting  that G G PP and i ndole-3 -glycerol 

phosphate are joined prior to epoxidat ion.  T he actual order of the i ni t ia l  b iosynthetic 

steps to paspa l ine, the fi rst proposed stabl e i ntermediate, remains uncerta in  as stab le  

i ntermediates have not been i solated from deletion mutations of  paxG, paxM, paxC or  

ItmM (Young, et  al . ,  200 I ;  McMi l l an, et al . ,  2003 ; Scott, McMi l l an ,  A stin ,  Saikia, 

Y oung, Bryant and Parker unpubli shed results). Deletion of ltmM showed that it was 

essential for l ol i trem b iosynthesi s as no lo l itrems were detected in  extracts of perennial 

ryegrass i nfected wi th the ItmM deletion transformants (Section 3 .6). The ltmM 

deletion mutation w as complemented wi th a nat ive N. loW Lp 1 9  ltmM and w i th paxM 

but only when paxM was present i n  a h i gh copy number. When ltmC and ltmM were 

p laced under the control of a paxM promoter they complemented the P. paxilli paxC 

and paxM deletion mutants, confirming that these two genes are functional orthologues 

of paxC and paxM, respectively (Section 3.6 and 3 .9.4). 

The biosynthesi s of l ol i trems is considerably more complex than that of paxi l l ine ,  given 

the diversity of compounds i dentified in  endophyte-infected perennial ryegrass seed and 

l eaf t issue (Gatenby, et  al . ,  1 999; Munday-Finch, et al . ,  1 996b; Munday-Finch, et  a l . ,  

1 997). To accommodate thi s  huge structural d iversity, Munday-Finch have proposed 

that lo l i trem biosynthesis occurs by way of a metabol ic  grid wi th c losely related 

compounds serving as substrates for the same enzyme (Gatenby, et al . ,  1 999; Munday­

Finch, et al . ,  1 996b; Munday-Finch, et al . ,  1 997) .  Therefore, some of the lo l i trem 

biosynthesis enzy mes are l i kely to have broad specifi cit ies and catalyse mul t ip le  steps 

v ia  major and minor pathway routes. The F. jujikuroi gibberel l in b iosynthesi s pathway 

requ i res at l east four P450 monooxygenases w here P450- 1 and P450-4 catalyse mul ti pl e  

steps of the major b iosynthetic pathway and also produce s ide products v ia  a minor 

pathway route (Rojas, et al . ,  200 1 ;  Tudzynsk i ,  et al . ,  200 1 ;  Tudzynski , et al . ,  2002; 

Rojas, et al . ,  2004). 

Based on the biosynthetic scheme suggested by Munday-Finch, catalytic roles  for the 

ltm gene products can now be proposed (Fi g. 4. I ;  4.2 ;  Table 4. 1 ). T he P.  paxilli 

deletion mutants, paxP and paxQ, accumulate paspal i ne  and 1 3-desoxypax i l l i ne ,  

respectively. PaxP i s  proposed to  catalyse the  demethylation of pos i ti on C- I 2  and 

possibly the oxidation of pos i tion C- l O  (McMil l an ,  et  al . ,  2003) resultin g  i n  ei ther PC­

M6 or 1 3 -desoxypaxi l l i ne (Fig. 1 .3) .  PaxQ i s  proposed to catalyse the hydroxylation of 
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C- 1 3  usmg either 1 3-desoxypaxi l l i ne or PC-M6 as a substrate (Fig.  1 . 3) .  S imi lar 

mod ifications of paspal i ne are required for lo l i trem B biosynthesi s .  Therefore, LtmP 

and LtmQ are proposed to act as functional orthologues of PaxP and PaxQ, 
, 

respect ively.  To generate lol itrem B,  LtmP can catalyse the C- 1 2  demethylation of 

paspal i ne forc ing the pathway via pax i l l i ne or it can demethylate l ol i c ine A shunti ng the 

pathway via lol i l l i ne (Fig. 1 . 3 ,  4.2). The catalytic step from lol ic ine A to lol i l l ine 

requires C- 1 2  demethylation and C- 1 3  hydroxylation, thereby requ i ring both LtmP and 

LtmQ. Lol itrem B is hydroxylated at the C- 1 3  position, which can be catalysed by 

LtmQ from at least three different substrates, \ 3-desoxypax i l l ine ,  terpendole E or 

lol ic ine A (Fig. 4.2). Based on th is  scheme it i s  proposed that deleting either ItmP or 

ItmQ would result in mutants unable to produce l ol i trem B. The phenotypes of either 

ItmP or ItmQ or ItmPIltmQ double deletion mutations are predicted to accumulate 

lo l ic ine A as the metabol ic grid would be blocked via paxi l l i ne. 

The ltm c lusters I and 3 contain ltmK and ItmJ encoding P450 monooxygenases that are 

unique to l ol i trem biosynthesis. These enzymes are predicted to cata lyse steps that have 

not been identified in  pax i l l i ne biosynthesis. Additional enzymes are required not only 

to form the epoxide between C- I I  and C- 1 2, identified in lol itrio l ,  lol itrem B and H ,  

and terpendole C ,  I ,  and M ,  but a l so for the C- 1 4  hydroxylation of terpendole M and 

lol itrem H. The ItmK gene was present in al l N. lalii strains tested, whereas ItmJ was 

absent in most N. lolii stra ins that are known to be lo l itrem B negati ve, inc luding AR J ,  

Lp l 4  and N. LpTG-2 stra in Lp l .  N. lolii Lp 1 4  produces janthi trems, a structural ly 

s imi lar compound to lol i trem B (Tapper and Lane unpubl i shed) (Fig. 4.3),  but i ndole­

diterpenes have not been detected in N. lolii AR I and N. spp. Lp l strai ns  (Latch ,  et aI . ,  

2000). LtmK, an enzyme that i s  present i n  both N. lalii Lp l 9  and N. lolii Lp \ 4, 

possibly forms the epoxide moiety of 1 1 , 1 2-epoxy-janthitrem G,  identified i n  Lp 1 4-

infected perenn ial ryegrass. UmJ is ,  therefore, predicted to hydroxylate position C- 1 4, 

a chemical modification not identified in  janthitrem extracts from Lp 1 4. The C- I I 

hydroxylation that converts paspal i ne to terpendole E i s  predicted to be catalysed by a 

P450 monooxygenase. LtmK is  a l i kely candidate for th i s  role as epoxide formation 

could  not occur prior to C- \ 2  demethylation and, therefore, hydroxylation wou ld occur 

at the C- I \ position. I t  i s  now proposed that a deletion mutant of ItmK would 

accumulate the compounds a-paxitriol and lol i l l i ne ,  whereas a deletion of ltm} cou ld 

sti l l  produce lol itrem B .  A deletion mutant of both ltml and ItmK would accumulate a­

pax itriol and lol i l l i ne ,  the same compounds as that of an lunK mutation. The 
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Figure 4 . 3  M o difi cat ions of paspal ine and t he predicted indo le-diterpene phenot y pes Lp1 4, Lp1 9 a nd A R 1  

The mod ifications t o  p aspal ine requ ired to synthesise lo litrem B ,  terpendole C and 1 1 ,  1 2-epoxy-jan th itre m G .  The indole-diterpene phenotype o f  AR1 has been 

predicted based on the presence of /tm clusters 1 and 2 assuming that the g e n es are complete and en code functio n al proteins.  Th e r ing stru ctu re of lolitrem B is 
ind icated by the red letters within each rin g .  Additional genes (re presented as a ?) may be requ ired to form the structu rally d ifferent AB rin g  fo und in the 
janth itre ms, and for th e  formatio n of the I ring of lolitrem B and equ ivalent r ing stru ctu re fo un d in terpendole C. 



characteri sation of deletion mutants of each of the four P450 monooxygenases would be 

i nval uable for confirmation of the biosynthesi s  and proposed metabol i c  grid of lo l i trem 

B .  

LtmG, LtmC, LtmD and LtmE are prenyl transferases. The catalytic acti v it ies of LtmG, 

a G G PP synthase, and LtmC, a putati ve cycl ase, are di scu ssed above. LtmD is a 

putati ve DMAT - l i ke synthase w hereas LtmE contains both a putat ive DMAT - l i ke 

synthase and a cyclase domai n. The cyc lase domai n is most s imi l ar to LtmC and PaxC 

whereas the DMAT sy nthase domain is more s imi lar to Ltm D and Pax D  than to DmaW 

(Wang, et aI., 2004; Tsai , et aI., 1 995 ; Tudzynski ,  et aI., 1 999) i n vol ved in  ergot 

al kaloid production. Therefore, the ltm cl usters contai n two genes, ltmC and ltmE, 

encod i n g  cyc lases,  and two genes, ltmD and ltmE, encoding DMA T - l i ke synthases. The 

fu nctional role of DmaW in ergot a lkaloid b iosynthesis is the prenylation of the C-4 

posi ti on of the tryptophan i ndole ri ng thereby formi ng DMAT ( Wang, et aI., 2004; Tsai , 

et a I . ,  1 995; Gebler, Pou l ter, 1 992; Gebl er, et aI., 1 992). The fu nction of the P. paxilli 

Pax D  i s  yet to be el ucidated, but PaxD i s  predicted to i soprenylate paxi l l i ne .  Lol i trem 

B has addit ional isopreny lation that results i n  the formati on of the A, B and I ri ngs (Fig. 

4.3 ). The i so lation of lol i c ine A, l ol itri o l , terpendole C and terpendole M from N. lolii­

i nfected ryegrass suggests that the A and B r ings of lol i tre m B can form i ndependently 

of ring I formation ( M unday-Finch,  et aI., 1 998; Gatenby, et aI., 1 999), req uir ing at least 

two enzymes for these prenylations. Lol itre m B, 101 i trem H, lo l ic ine A, 10 1 i l l i ne and 

lo l itr iol  ( Fi g. 4.2) are di- i soprenylated at the C-20 and C-2 1 posi tions of the i ndole ri ng. 

The isoprenylation of the C-20 position of lo l i tre m B i s  equi valent to that of the 

tryptophan C-4 position medi ated by Dma W in ergot al kaloi d prod uction. Therefore, at 

least one, if not two D MAT synthases, such as LtmD and Ltm E, are l i ke ly  to cata lyse 

such a reaction. The clo sure of ri ngs A and B formed by the d i- isopreny lation of r ing C 

i s  predi cted to be catalysed by a cyclase such as that of the cycl ase domai n  of Ltm E or 

an as yet unidentified P450 monooxygenase/s. A deletion mutant of ltmE and/or ltmD 

would lead to terpendol e I .  The prod uction of janth itrems by Lp 1 4, an i solate that l acks 

the ltm c luster 3 ,  ( Fi g. 4.3 ) suggests that Ltm D i s  l i ke ly  to prenyl ate the C-2 1 posit ion.  

The enzyme req uired for the prenylation of ri ng I has yet to be identified. 

The formation of lol itre m B can proceed v ia  an i ntermedi ate that has been i soprenylated 

to form the I ring and then subsequently d i - i soprenyl ated to form the A and B ri ngs, or 

via i ntermediates that form the A and B r ings fi rst and then form the I ri ng. The P450 

, 
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monooxygenases would use substrates from both i sopreny l ation routes, suggest ing that 

the l ol i trem B biosynthetic pathway is a very complex grid of reactions that may 

i nvolve both major and minor routes. Metabo l ites produced from biosyntheti c 

pathways that i nvolve metabol ic grids show greater structural diversity because of these 

mult ip le pathway routes. In particular, if enzymes such as P450 monooxygenases are 

able to catalyse mult ip le  steps and i ntermediates of these steps are subsequently 

avai l ab le for other pathway enzymes, then the structural di versi ty of the pathway would 

be magnified with no additional enzymes requ i red.  If this hypothesis i s  correct, 

addit ional pathway in termediates are yet to be identifi ed in l ol i trem biosynthesi s. 

The three {tm biosynthesis gene c l usters contain 1 0  genes wi th putative roles in i ndole­

diterpene biosynthesi s .  However, the presence of additional genes cannot be 

d i scounted, especial l y  as the DNA sequence was not e xtended beyond {tmE in c luster 3 .  

Enzymatic steps that are unaccounted for are those requ ired for the conversion of 

pax i l l i ne to a-paxitrio l ,  the formation of r ing I i n  lo l i trem B and the prenylation of C-22 

i n  janthitrems. Additional pathway genes could be un l i nked, as characteri sat ion of 

trichothecene production has i dentified three genes that are not associated w ith the 

major gene cl uster (Meek, et a l . ,  2003 ; Peplow, et a l . ,  2003a ;  Kimura, et a l . ,  1 998b; 

McCormick, et al . ,  1 999; Brown, et al . ,  2003). Therefore, addit ional genes may a lso be 

recru i ted from other genomic  l ocations. 

4.3 The three It m gene clusters are conta ined on a 1 00 kb 

' platform' 

The three ltm gene c lusters were shown by Southern and sequence analys is  to be l inked 

together on a l OO-kb region of the genome (Section 3 . 9.5) .  The ltm c lusters 2 and 3 

were demonstrated to be l i nked by the mappin g  of overl appin g  l ambda clones that 

contained a series of di rect repeats enclosed i n  1 6  kb AT -r ich sequence that separated 

the two gene clusters. Southern analysis confirmed that c luster 1 is divided from c luster 

2 by �35 kb of sequence predicted to be a ' p latform' of retrotransposon e lements .  

A nalysis of chromosomal separations showed that the three ltm c lusters are dupl i cated 

on two N. loW Lp 1 9  chromosomes of differin g  sizes of � 1 0 Mb and 2.5 Mb.  The 

chromosomal dupl ication seen i n  Lp 1 9  i s  sim i lar to that of N. loW strain Lp5 . 
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However, in  Lp5 one copy of ltm cluster 3 was translocated from a 2.5 M b  to a 3 .5 M b  

chromosome. 

A transformation of N. lolii Lp 1 9  protoprasts with the pCY39 construct, successfu l ly  

used to generate E.  Jestucae FI l ltmM delet ion mutants, d id  not result  i n  Lp 19  ltmM 

deletion mutants (Section 3 .6). A total of I 1 1  N. lolii Lp 19  hygromycin-resi stant 

transformants were screened w i th the pri mer combi nations used to detect E. Jestucae 

Fl l transformants with homologous recombination of the pCY39 plasmid.  However, 

the primer combinati ons  used for screen ing  the transformants would be unable to 

d i st inguish a homologous recombination event contained in  a dupl i cated region.  

Unfortunate ly,  the Lp 1 9-1tmM transformants were not screened with primers that wou ld  

detect the presence of  a homologous recombi nation i n  the  presence of  a dupl icated 

target gene. However, these data, along with the Southern hybridisation of genomic 
4-

D NA and chromosomal separations,  support the presence of dupl ications of the ltm 

genes i n  N. lolii Lp 1 9. A lthough the qual ity of the E. Jestucae strain FI I chromosomal 

separations is poor, the ltm gene clusters in E. Jestucae do not appear to be dupl icated,  

as ltmM deletion mutants were obtained at a frequency of �5%. 

The dupl ication of the ltm genes i n  N. lolii Lp 1 9  and N. lolii Lp5 is unusual as 

dupl ications of other gene c l usters, such as AK-toxin ,  AM-tox in  and HC-toxi n, have 

typical ly  been i n  tandem or associated on the same chromosome (Panaccione, et aI . ,  

1 992; Tanaka, et a I . ,  1 999; Johnson, e t  aI . ,  2000; Ahn,  Walton, 1 996; A h n ,  e t  aI . ,  2002 ; 

Tanaka, Tsuge, 2000). Both copies of the dupl icated genes invol ved i n  the production 

of HC-toxin are known to be active (Panaccione, et aI . ,  1 992). However, in  the plant 

pathogen Alternaria alternata on)y one copy of the A K- and AM-toxi n  genes i s  active 

(Tanaka, et aI . ,  1 999; Johnson, et aI . ,  2000). I t  remains  to be determi ned w hether both 

copies of the ltm genes in the Lp l 9  dupl ication are acti ve. 

4.4 Reg ulation of the Itrn genes 

The endophyte DNA biomass in endophyte-infected perenn ial ryegrass was estimated 

by real-time PCR to be between 0.3 to 1 .9 % of the total plant biomass i n  leaf sheaths 

(Section 3 .6.2). The DNA biomass of N. lolii Lp 1 9  and E. Jestucae Fl l contained in 

endophyte- i nfected perenn ial ryegrass were s imi lar, averaging 0.8% and 1 % of the total 
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DNA biomass respectively.  Previous studi es of endophyte biomass in planta, 

determined using quanti tat ive PCR, estimated the quantity of DNA of the fungal orig in  

from Neotyphodium spp. LpTG-2 strain Lp l to  l i e  i n  the  range 0. 1 4  - 0.6% (Panaccione,  

et aI . ,  200 1 ) . Although thi s i s  a l ower estimate than that for the Lp 1 9  and FI I samples 

mentioned above, the result i s  sti l l  consi sten t  with an extremely low endophyte to p l ant 

DNA biomass ratio .  

The expression profi les of the Itm genes showed that these genes were h igh ly expressed 

in planta w here the production of lol i trem B is most prevalent (Section 3 .9 .3) .  

Expression of the It m genes was not detected i n  mycel ial e xtracts. The expression 

profi les were confirmed by northern analysis, one step RT -PCR and with cDNA pools  

from random primed RNA (Section 3 .5). As expected,  the  endophyte tub2 and chsV 

genes were expressed in samples from mycel ia  and endophyte-infected perenn ial 

ryegrass extracts. ChsV i s  a c lass V chit in synthase requi red for the i ntegrity of fungal 

cel l wal ls .  Therefore, the chsV gene is expressed in culture and in planta (Horiuchi ,  et 

aI . ,  1 999; Takeshi ta, et aI . ,  2002 ; Amnuaykanjanasin ,  Epste in ,  2003 ; Madrid, et a I . ,  

2003) .  Expression of the pks gene, a pseudogene that appears to  be  nonfunctional , 

adjacent to It m cluster 1 w as not detected i n  the sampl es tested. 

Coordinated regulation of genes i s  a key feature of fungal gene c lusters (Section 1 . 8) .  

The genes of the aflatoxin ,  trichothecene and HC-toxi n  c l usters contain common 

regulatory motifs w ithi n  the promoter regions of each gene, which are identifi ed by 

regulatory proteins that are al so contained within the c luster (Hohn, et  aI . ,  1 999; Pedl ey ,  

Walton, 200 1 ; Fernandes, e t  aI . ,  1 998). At present there i s  no evidence that either the  

It m or pax gene clusters conta in  regulatory genes. However, the ltm genes show a 

s imi lar pattern of regulation and, therefore, are l i kely to have common motifs within the 

promoter regions of each gene.  

Regulatory motifs w ithi n  promoter regions can be difficult to identify. Whole-genome 

comparisons have been used to identify regulatory elements w ithi n  yeast (Kel l i s, et aI . ,  

2003) .  However, there was no sequence diversity for this  approach t o  be useful w i th 

the DNA sequence of ltm c luster 1 from N. lolii Lp 1 9  and E. Jestucae H I .  A n  

a l ignment of promoter regions from the p lant-induced co-regulated mig2 genes of 

U'itilago maydis revealed regions of s imi larity that were subsequently shown by 

reporter analysis to be responsib le for i nducible activity in planta (Farfsing, et aI . ,  2005 ; 
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Basse, et al . ,  2002) .  A l i gnment of the ltm promoter regions did not identify obvious 

elements common to all the ltm promoters. However, over-represented sequences were 

detected w hen searched at the s ite for Regulatory Sequence Analysis Tool s (see Section 

2.7). Motifs of particular interest were those that were only present in the ltm promoters 

and not contained in the promoter of the differently regulated ggsl gene (Section 3 .9 .3) .  

Motifs that have been identified with in other plant-regulated fungal genes, such as those 

from the mig2 genes ( Farfsing, et a l . ,  2005) ,  were found i n  a l l  promoters screened, 
, 

i nc lud ing ggs l .  However, the GAL4 motif i n  the M. grisea ACE l promoter ( Bohnert, 

et a l . ,  2004) was identified only in the ItmJ promoter. 

The Cys6Zn2 binuclear cl usters are motifs found i n  transcriptional regulators that are 

common to fungal genomes and bind dyad sequences (van Helden, et al . ,  2000; Todd, 

A ndrianopoulos, 1 997). The identification of an over-represented dyad CT AN{ 1 0-

1 2}CT A with in the ltm genes (Section 3 .9.3) could  indicate regulation by a Cys6Zn2 

b inuclear cl uster protein .  The expression profi les of the mig2 genes are si m i l ar to those 

of the ltm genes, where the genes are not detected i n  culture but are highly up-regulated 

in planta. Analysis of the mig 1 and mig2 promoters identified regions responsible for 

both negative and i nduci ble regulation (Basse, et al . ,  2002 ; Basse, et al . ,  2000). The 

identification of putati ve regulatory motifs now provides a start ing point for promoter 

d i ssection of the ltm genes. 

The regulation of the !tm genes is s ignifi cantly different from that of the paxi l l i ne 

b iosynthesis genes, as pax i l l i ne production i s  l imited to culture growth, wh i le  lo l i trem B 

i s  predominantly produced in planta. Evidence for separate regulation of these two 

pathways comes from the complementation analysi s of the ItmM, paxM and paxC 

deletion mutations (Section 3 .6 and 3 .9.4). An Lp 1 9  fragment contain ing the complete 

ItmM gene was able to complement the ItmM deletion mutation of CY FI I -M28 in a l l  of 

the transformants screened. Although complete copies of the paxM gene were al so used 

to transform th is  mutant, only one transformant, which contained the paxM gene in an 

extremely high copy number, was able to produce lol i trem B (Section 3 .6). To 

complement the P. paxilli paxM and paxC deletion mutations, the ItmM and ItmC genes 

were put under the control of the paxM promoter. Paxi l l i ne  production was restored i n  

a t  l east 60% of the transformants indicati ng that ItmM and ItmC are orthologues of 

paxM and paxC respectively (Section 3.6.5 and 3 .9.4) .  Co-transformation of a 

genetic i n-se lectable marker was used i n  these experiments and i t  i s  l i kely that some 
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transformants do not contain the target gene, result ing i n  the l ower complementation 

frequency . Heterologous expression of the i ndole-diterpene biosynthesis genes was not 

affected by position-dependent regulation, as found with  the aflatoxi n  biosynthesis gene 

nor- I .  Expression of the nor- / : :GUS fusion was only detected at nor- / homologous 

recombination sites (Chiou, et aI . ,  2002). GUS act iv i ty w as not detected with 

i n tegration of nor- I : :G US at the niaD or pyrG l ocus even under i nducing conditions for 

these genes (Chiou, et aI . ,  2002). 

Nat ive ltmC (pCY66) and ItmM ( pCY 40) were not able complement the P. paxilli paxC 

and paxM deletion mutations recpectively. The pCY66 plasmid was co-transformed 

with the genetic in-selectable marker and was shown by PCR to contain the complete 

ltmC gene (Bryant and Scott, unpubl ished results) .  

The complementation results of the ltmM deletion mutant and the P.  paxilli paxM and 

paxC deletion mutants support the hypothesi s that the ltm and pax genes are regulated 

differently. Complementation w ith the appropriate promoter i ndicates that these genes 

are orthologues, accepting the same substrates .  The expression profi les of the ltm genes 

suggest that these genes are up-regulated in planta thereby requir ing i nput from the 

plant host. 

4.5 Predicting indole d iterpene ( ID) phenotypes 

Alkaloid analysi s of Epichloif and Neotyphodium i solates ind icated that the most 

common alkaloid produced by endophyte-infected ryegrass is peramine,  followed by 

ergoval i ne, lol ines and then the lol itrems (Clay,  Schardl , 2002; S iegel ,  et a i . ,  1 990; 

Christensen ,  et ai . ,  1 993) .  A question remains  as to why such closely related species are 

unable to produce the complete set of alkaloids. I t  was hypothesi sed that the lo l i trems 

are only produced by 1 0% of the endophyte strains (S iegel , et ai . ,  1 990) wi th E. 

Jestucae and the asexual derivatives N. lolii and LpTG -2 bein g  the only i solates to have 

tested positi ve for i ndole diterpenes (Clay, Schard l ,  2002; Schardl ,  e t  ai . ,  1 994; Bush, et 

ai . ,  1 997; Christensen, et ai . ,  1 993). I n  fact, some members of the c losely related E. 

Jestucae and N. lolii groups consist of both lo l i trem producers and non-producers. To 

exam i ne this phenomenon more closely, genomic DNA of 42 Epichloif and 
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Neotyphodium i so lates was screened for the presence of the ltm genes by PCR and 

Southern analysi s (Section 3 . 1 0). Th i s  was then used to pred ict phenotypes based on 

the presence and absence of each ltm gene and correlated to known lo l i trem B 

phenotypes. 

Two genes proposed to be i nvol ved in the production of the alkaloid lo l ine ,  lolA and 

lolC, were found to be strictly associated with endophyte stra ins known to produce 

lol i nes (Spieri ng, et aI . ,  2002). However, the correlation of ltm genes w i th lo l i trem 

producers is not as tightly associated as that of lolA and lolC genes w ith lol i ne 

production. The genes from ltm cl usters 1 and 2 were identified withi n i solates that are 

known to be lol i trem B negative. However, ltmJ and ltmE from ltm c luster 3 are the 

only two ltm genes whose presence (or absence) i s  directly correlated w ith stra ins that 

are able (or unable) to produce lo l i trem B .  

The E.  Jestucae group can synthesise al l four a lkaloids. However, no s ingle  E.  Jestucae 

strai n has been identified that produces a l l four classes of metabol i tes. Of the seven E. 

Jestucae i solates screened for the presence of the ltm genes, on ly four, FI I ,  Fg I ,  E 1 89 

and Frc7, contai ned the pax orthologues ltmC, ltmM, ltmC, ltmB, ltmP, ltmQ and ltmD. 

FrcS, Fr l and FIT I were devoid of any detectable ltm genes thereby deeming them 

indole-diterpene negative. Among the forty-two isolates screened by PCR for ltm 

genes, on ly three, E. Jestucae stra ins  Fl l and Fg l and N. lolii Lp 1 9, tested positive for 

a l l  1 0  ltm genes. FI I and Lp 1 9  are able to produce lol i trem B,  but the i ndole-diterpene 

phenotype of Fg 1 i s  unknown. Based on these data, if the ltm genes conta ined with in  

Fg l are complete and functiona l ,  th is  strai n would be predicted to produce lol itrem B.  

The Neotyphodium i sol ates contain the l argest number of ltm genes but of these on ly the 

Lp 1 9  i solate contained all I O  ltm genes. I t  is yet to be confi rmed that the detection  of 

an ltm gene by PCR correlates w ith the presence of a complete and functional gene. 

Analysis of lo l i trem B requ ires fl uorescence detection, wh i le  paxi l l i ne  analysi s requ i res 

UV detection that has more i nterference from UV -absorbing compounds that are 

extracted from endophyte-i nfected grass .  Therefore, l ol i trem B is easie r  to identify i n  

plant extracts than pax i l l i ne and other i ndole-diterpenes that requ ire U V  detection. The 

i solates N. lolii A R I ,  N. spp, Lp I and N. coenophialum Tf28 have tested negati ve for 

lol i trem B but have not been screened for other i ndole-diterpenes (Christensen, et aI . ,  

1 993 ; Tapper, Latch,  1 999). PCR and Southern analysi s of these strain s  have detected 
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the presence of the core genes, ltmC, !tmM, !tmC, !tmP and ItmQ, requi red for pax i l l i ne 

production. Thus, if these genes are functional then a l l  three i so lates are predicted to 

produce pax i l l ine  and possibly terpendoles. Predictions such as these can now be tested 

on availab le  endophyte-infected p lan t  material . 

The N. lolii strai n A R  1 has been successful l y  marketed as an e ndophyte that deters 

Argentin e  stem weevi l (Listronotus bonariensis) and is free of the mammal ian tox i n  

lo l i trem B (Tapper, Latch, 1 999; Popay, e t  aI . ,  1 999). PCR and  Southern analysis of 

AR I at the l oci  of It m cluster 1 and c l uster 2 i ndicate that A R I has a s imi lar genomic 

map to N. lalii Lp 1 9, except that AR I l acks ltm c luster 3, i nd icating a breakpoint 

beyond the {tmP gene.  The absence of ltml and ItmE in AR I i ndicates that th is strain 

shoul d  at l east produce terpendoles of which terpendoles D-J are non-tremorgenic.  

However, analysis of each gene for sequence, expression and functional i ty would be 

required to confi rm that the ftm genes of c lusters 1 and 2 in this stra in  are al l  functional. 

Terpendole C i s  a potent tremorgen i n  mice (Gatenby, et  aI . ,  1 999) and is therefore 

unl i ke ly  to be produced by AR I as tremorgenicity has not been i ndicated w ith this 

strain .  The N. coenophialwn strai n  Tf28 has a simi lar Itm profi l e  as A R I ,  contain i ng 

the genes from ltm c lusters 1 and 2 .  The Tf28 genomic map i s  s imi lar to N. lolii Lp 1 9  

across these two c lusters. However, the presence of ItmP from c luster 2 i s  ambiguous 

as PCR analys is  i ndicates the presence of the gene but a complete copy of this gene i s  

not supported by the Southern analys is .  Tal l fescue grass p lanted i n  the USA i s  

predominantly i nfected w i th  N. coenaphialum and does not produce the  i ndole­

diterpene l ol itrem B. Tf28 is predicted to produce paspal i ne and possibly other i ndole­

diterpenes if ItmP is functional . 

The N. lolii strain Lp 1 4  produces janthitrems, compounds that are structura l ly  simi lar to 

lo l i trem B but contain a different structural configuration of the A and B r ings (Fig. 

4.3) .  Lp 1 4  has a simi lar genomic map to AR 1 but the alkaloid phenotype indicates that 

this strain has additional genes that are yet to be i dentified. Other possib i l i t ies are that 

the genes that are present differ s l ightly wi th their specificity or regulation, which 

resul ts i n  a diffe rent c lass of i ndole-diterpene. Therefore, sequence analyses of the ltm 

clusters i n  th is  strain w i l l  be i mportant to distinguish if any structural differences i n  the 

ltm genes exi st, which would result in a different chemotype. 
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Echinopogon ovatus, a tufted perennia l  grass of New Zealand infected with a fungus 

serological ly  related to N. Lolii, tested posit ive for paxi l l i ne analogues by an ELI SA­

based assay (M i l es, e t  a I . ,  1 998), although the indole-diterpene compound was not 

identified. Analysis of endophyte i solates N. aotearoae and N. australiense from E. 

ovatus revealed that the N. austraLiense i so late, an i nterspecific hybrid of E. Jestucae 

and ETC orig in ,  does not conta in ltm genes. However, analysis of N. aotearoae stra in  

E899 demonstrated that genes for ltmC, ltmM, ltmB and ltmD are present, but the 

absence of ltmC would suggest that E899 would be unable to produce paspal ine,  the 

first proposed i ndole diterpene. Further analyses of the ltm genes present in endophytes 

from E. ovatus would help to pred ict and subsequently identify the ELI SA cross­

reacting compound. 

The PCR and Southern analysis for the Ltm genes showed that, apart from E. Jestucae 

and the asexual Neotyphodium stra ins that contain an E. Jestucae orig in ,  most Epichloe' 

endophytes l acked these genes. Therefore, i solates that do not conta in the Ltm genes are 

unable to produce indole-diterpenes. The E. bromicoLa i solate E799 tested positi ve for 

LtmB, LtlnC, LtmJ and LtmE. However, to be able to produce an i ndole-diterpene 

compound, LtmC, and LtmM would be essential . The E. typhina Poa isolate contai ned 

the core genes LtlnG, LtmM and LtmC required to produce paspal i ne,  but indole 

diterpenes have not been detected in  th is  Poa isolate. Further analysis i s  required to 

determine w hether these PCR fragments were from complete and functional genes. T he 

EpichLoe' i so lates that showed no evidence of the ltm genes would be unable to make an 

indole-d i terpene compound and therefore the absence of an indole-diterpene phenotype 

is due to the fungal genotype and not to the plant genotype. The presence of rem nant 

ltm genes in some sexual Epichloe' i solates would suggest that the ltm genes were once 

present i n  a common Epichloe ancestor and have subsequently been lost. These data 

are consistent w ith the phylogenomic characteri sation of fungal PKS genes, w hich 

indicates that a common ancestor of the Pezizomycotina contained each c lass of PKS 

and these have been lost in some species over t ime (Kroken, et aI . ,  2003). 

Deletions of secondary metabol i te pathway genes have been identified in i solates of A .  

oryzae and A .  sojae, which are c losely  related to A . flavus and A .  parasiticus. Aflatoxi n  

i s  a h igh ly carci nogenic compound produced by A .  flavus and A .  parasiticus, but i s  not 

detected i n  A .  oryzae or A. sojae. Analysis of A. oryzae and A. sojae strains showed 

evidence of aflatoxin biosynthesis genes but expression of these genes was not detected 
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(Watson, et aI . ,  1 999; Kusumoto, et aI . ,  1 998). A .  oryzae i so lates w ere examined for the 

structure of the aflatox in  biosynthesi s gene c luster. Three d i st inct groups were 

observed, t hose that appear to h ave al l the genes, and two groups that conta in  deletions, 

which would ind icate two i ndependent breakpoi nts (Kusumoto, e t  aI . ,  2000). The 

Neotyphodium i solates such as A R I , Lp 1 4, Lp I and Tf28 contain ltm cl usters I and 2 

and have deletions wi th in  the low copy repeat between ltm c lusters 2 and 3 .  However, 

the extents of these del etions in  the i solates are un mapped. A nalysi s of the 

Neotyphodium i so lates in planta i s  requi red to determine  whether the ltm genes that are 

present i n  these stra ins are expressed and active. 

To date there has been no sing le  i solate that has produced both i ndole-diterpenes and 

lo l ines and therefore the b iosynthesi s of these two compounds appears to be mutua l ly  

exclusive of each other. Comparative analysis of genomic  sequence from i solates such 

as the 10 I in e-produc ing N. coenophialum Tf28 and lo l i trem-produc ing  N. lolii Lp 1 9  w i l l  

be useful t o  estab l i sh  if  there i s  a genetic reason why the capaci ty t o  synthesise both 

lo l i nes and lo l i trems i n  one stra in does not occur. 

4.6 Features of the N. lolii genome 

The genomes of Epichloe· and Neotyphodium harbour many repeated sequences that 

range from l ow copy numbers ( less than 1 0) to signifi cantly h igh numbers (greater than 

50) as seen w i th the retrotransposons (Section 3 .7  and 3 .9). To date, the retrotransposon 

sequences i dentified w i th i n  Epichloe· and Neotyphodium l ack open reading  frames and 

contain a sequence bias towards A and T nucleotides. The repeti t ive sequences that are 

associated w i th the ltm genes, such as Tah i ,  Rua and the l ow copy repeat between ttm 

clusters 2 and 3 ,  have not been ident ified i n  Epichloif i so lates that belong to the ETC 

group. The sequence analysis of the Tahi and Rua retrotransposons i nd icated they are 

degenerate and would be non-functional . The h i gh AT content of the repeated 

sequences suggested that an RIP- l ike mechanism maybe functional w it h i n  Epichloe 

species. R IP is a process that specifical l y  m utates repetit ive DNA prior to meiosis ,  by 

i ntroducing transit ions of G :C to A :T. RIP functions premeiotical ly  (Se lker, 1 990) and 

therefore to determine w hether RIP is functional with in the Epichloe· sexual species, a 

sexual cross wi th a stra in conta in ing mul ti p l e  copies of a selectable marker would be 
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required. I t  i s  unl ike ly that R I P  occurred withi n the asexual strain s  and therefore al l 

G :C to A:T transitions have accumulated prior to the loss of the sexual state. This  i s  

supported by  a sequence identical to  Rua-2, a partial retrotransposon sequence that i s  

located adjacent to LtmG in the  sexual E.  Jestucae strain Fl l and the  asexual N. LoLii 

strain Lp 1 9. There is also no evidence that RIP has altered the dupl icated Ltm genes i n  

N. LoLii stra in  Lp 1 9, suggest ing that the dupl ication  of these genes occur red once as the 

asexual state was formed. 

Retrotransposons have been i mpl icated in genomic rearrangements in Saccharomyces 

cerevisiae (K im,  et aI . ,  1 998) . Repeated sequences with in a genome can act as regions 

of homology, which can serve as sites for ectopic  recombination. Ectopic 

recombination between chromosomes can be responsible for translocations, 

dupl ications and deletions (Zolan, 1 995). The EpichLoe' Jestucae and Neotyphodium 

genomes contain both h igh and low copy number repeats that could act as 

recombi nation ' hotspots ' for genomic rearrangement. The absence of Ltm cl uster 3 i n  

many Neotyphodium i solates that contain cl usters 1 and 2 i s  indication of  a 

recombination ' hot spot ' . Therefore, a l arge vol ume of di spersed repeats, such as the 

retrotransposons, can contri bute to an i ncrease in the plasticity of the genome (Zolan,  

1 995). Deletion of sequences i s  not uncommon to fungal genomes and is known to 

spontaneously occur at the loci  for HC-toxin  (Pitk in ,  et aI . ,  2000), A M-tox in (John son , 

et a I . ,  200 1 ), AK-tox in ( Hatta , et a I . ,  2002), A VR-Pita (Orbach,  et a I . ,  2000) and PWL2 

(Sweigard, et aI . ,  1 995). The genes requi red for the production of AK- and AM-toxi n  

are found on  conditional ly di spensable chromosomes. CY FI I -M6 1 ,  generated from the 

transformation of FI I with plasmid pCY 39, contai ns a l arge deletion associated with the 

Ltm genes. The extent of the deletion remains undefi ned but extends beyond Ltm cl uster 

3 ,  which i ndicates that regions within and betwee n  the ltm c lusters are di spensable and 

therefore not required for growth of the organism. 

The Ltm gene platform is  unique i n  that retrotrans posons and low-copy repeats interrupt 

a series of genes that were perhaps once contai ned as a si ngle gene c l uster. In support 

of an ancestral s ingle c l uster, the E. Jestucae isolate FI ] l acks the retrotransposon 

platform between the Ltm c l uster ] and the pks pseudogene (Section 3 .7). The data 

presented here also show that the Ltm genes existed before the retrotransposons, as 

fragments of ltm genes are sti l l  present i n  i solates that do not contain the 

retrotransposons. The E. bromicoLa i solate E799 has no evidence of the 
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retrotransposons Tahi and Rua, but does contain fragments of ltmB, ItmC, ltmJ and ltmE 

(Section 3 . 1 0) .  

Phylogenetic analysis of the asexual Neotyphodium i so lates has  predomi nantly found 

these strains  to be interspecifi c  hybrids with at l east two ancestral parents (Schard l ,  et 

a I . ,  1 994; Tsai , et  aI . ,  1 994; Moon,  et aI . ,  2000; Moon , et aI . ,  2004). The most prevalent 

in terspecific hybridisations have been associated wi th an E. Jestucae ancestor ( Moon, et 

aI . ,  2004). Whi l e  nearly al l the asexual endophytes are i n terspecifi c  hybrids, N. loW 

and N. aotearoae appear to be the exceptions ( Moon, et  a I . ,  2004; Schardl ,  Craven,  

2003) .  The dupl ication of the ltm genes in N. lolii i solates Lp 19 and Lp5 cou ld be the 

first evidence that N. lolii i s  an i ntraspecific hybridisation of two E. Jestucae parents. 

This hypothesi s w i l l  be difficu l t  to test, as the result ing diploid genome would resu l t  i n  

identical copies of each gene. The genome size of N. lolii w as previously estimated as 

between 28-35 Mb as determined by quantitative Southern analysis and e lectrophoretic 

karyotypes ( Ku ldau, et aI . ,  1 999). Electrophoretic separation of the N. lolii Lp 1 9  and N. 

lolii AR 1 chromosomes provides estimates of their genome sizes at approximately 38 

Mb and 36 Mb, respectively (Section 3.9.5) .  This i ndicates that the genome sizes of 

these strains are near the upper l imits of a haploid genome but consistent w i th the size 

of the E. Jestucae i so lates used at the same time. However, chromosomal separations 

are often difficu l t  to analyse as the chromosomal bands do not fol low a standard rat io of 

stain ing i ntens i ty to size. If strains such as N. lolii Lp 1 9  have resulted from 

hybrid isation w i th two E. Jestucae parents, both parents would have contained the ltm 

genes. N. loW i so lates such as AR 1 and Lp7 that have on ly one copy of the ltm gene 

c lusters could  have arisen by hybridisation w ith two different E. Jestucae i so lates, one 

that contained the ltm genes and the other  that did not. The N. coenophialum i so lates 

have arisen from two separate hybridi sations with subsequent reduction of the 

polyploidy state by deletion, as not every gene is present i n  trip l i cate and the genome 

size of �6 I .2 Mb is equivalent to that of a d ip lo id rather than a tri ploid  genome ( Moon, 

et aI . ,  2004; K uldau, et a I . ,  1 999). Comparison of two related yeast species, S. 

cerevisiae and Kluyveromyces waltii, has shown that S. cerevisiae underwent w hole­

genome dupl ication, w hich was then fol l owed by mutation, deletion and rearrangement 

to regain a stab le  p loidy state ( Ke l l i s, et aI . ,  2004). The genome size of N. lolii i s  

simi lar to that of the parental ancestor, E. Jestucae. This suggests that if a genomic 

hybridisation event occurred w ith  two E. Jestucae parents, extensive deletion fol l owed 

to return the N. lolii genome back to a functional size. A n  a l ternative hypothesis i s  that 
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the ltm genes and flanking region i n  N. lolii have been dupl icated and translocated to 

another chromosome. Further sequence analys is  of both E. Jestucae and N. lolii may 

resolve th is  i ssue. 

Karyotype analysis of the e ight Epichloe' and Neotyphodium i solates showed 

chromosome length polymorphi sms, although some stra ins had s imi lar-sized 

chromosomes. However, the ggsl fragment hybridi sed to different-si zed chromosomal 

DNA bands in each strain tested, ind icati ng that genomic rearrangements had occurred 

(Section 3 .2  and 3.9.5). The ltm clusters I and 2 are contained on chromosomes of 

identical sizes i n  the N. lolii i solates, Lp 19 and Lp5 , but these two gene clusters are 

contained on a different-sized chromosome i n  the closely related N. lolii AR I and E. 

Jestucae FI I i solates. A l though the i solates have different genomic rearrangements, 

microsynteny was observed at the ggs I locus between N. lolii strain Lp 1 9  and the 

fi l amentous fungi M. grisea, N. crassa, F. graminearum and A .  nidulans; a s imi lar 

observation was made w ith sequences from a BAC clone of E. Jestucae ( Kuti l ,  et  a l . ,  

2004) . 

4.7 S ummary 

This  thesi s describes the i solation of a 1 00-kb p latform of three gene clusters that 

together are required for the biosynthesis of the i ndole-diterpene, lo l i trem B. The ltm 

locus contains at least seven orthologues of the P. paxilli paxi l l i ne biosynthesis gene 

c luster, pax. Functional characterisation of two ltm genes, ltmM and lanC, showed they 

are i nvol ved in i ndole-diterpene  production and are functional orthologues of paxM and 

paxC, respectively. The genes contained w i th in  the ltm l ocus are h ighly expressed in 

planta w here the production of lo l i trem B is most prevalent. Analysis of DNA biomass 

from endophyte-infected perennial  ryegrass showed that the endophyte only represents 

approximately 0.3 - 1 .9% of the total DNA biomass. Therefore, when tak ing i nto 

consideration endophyte biomass in planta, the l evel of the expressed ltm genes i s  

greater than that of the perennial ryegrass B-tubul i n  o r  acti n genes. These data suggest 

that the regulation of the ltm genes requ ires p lant-specific factors. The i ndole 

d i terpenes have the abi l i ty to protect the host from grazing i nsects and herbivores. This 

is m irrored w i th the ltm genes bei ng  h ighly up-regulated in planta in correlation w ith 

lo l i trem B production. 
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The capacity to produce lo l i trems, as seen i n  N. lolii i so late Lp 1 9  and E. Jestucae i so late 

Fl l ,  requires the three ltm gene clusters. These gene c lusters are nonexi stent in many 

Epichloif species, which explains why i ndole-diterpenes have not been detected in these 

isolates. The genes contained on ltm c luster 3 are rarel y  identified wi th in  endophyte 

i solates, which correl ates with an inabil i ty to produce l ol i trem B. The deletion of ltm 

c luster 3 ,  common to many Neotyphodium isolates, indicates a breakpoint between ltm 

c lusters 2 and 3 .  Genomic profi l ing of Neotyphodiwn species with the ltm genes shows 

the presence of many ltm genes, but i ndole diterpenes are yet to be identified for most 

of these i solates. Functional data are now required to show that i so lates contain ing the 

minimum core ltm genes have the capacity to produce i ndole-diterpenes. 

The indole-diterpene biosynthesis pathway is  a complex grid of enzymatic steps. I t  is 

foreseeable in  the future that other i ndole-d iterpenes w i l l  be identified from 

Neotyphodiwn and Epichloif i solates .  Sequence from the regions flankin g  the ltm 

platform of Lp 1 9  and other i ndole-diterpene  producing endophytes w i l l  ascertain 

w hether additional genes are i nvolved i n  the chemical modification of the i ndole­

di terpenes. The expression profi les and chemical phenotypes of many endophyte 

i solates have yet to be determi ned, which may add further support to the corre lation of 

the ltm genes w ith a chemical phenotype. Comparative genomics and functional 

analysis of the itm, pax and atm genes w i l l  he lp  e lucidate the lol itrem B biochemical  

pathway. 

This is the first description of 1 0  genes required for the production of the lo l i trem i ndole 

diterpenes. The identifi cation of these genes has been used to predict the biochemistry 

for lo l i trem production, thereby aiding in the e lucidation of the proposed metabol i c  grid 

and future identification of additional i ndole di terpenes compounds. Based on this 

work most Epichloif endophytes can now be classified as ' unable to produce i ndole 

d iterpenes ' .  However, Neotyphodium i solates that w ere previously considered l o litrem 

negative may have the capaci ty to produce i ndole diterpenes. Understanding  the 

biochemistry of i ndole-diterpene production may result in the identification of novel 

indole-diterpene  compounds. 
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ApPENDIX 5. 1 

M U LTIPLE SEQUENCE ALIGNMENTS 

5 . 1 . 1  Geranylgeranyl d iphosphate synthases 
5. 1 . 2  FAD dependent monooxygenases 
5 . 1 . 3 P450 monooxygenases 
5. 1 .4 Prenyl transferases , paxC-l ike 
5. 1 . 5 Prenyl transferases , dmaW-l ike 
5. 1 . 6  PaxB-l ike 
5. 1 . 7  Geranylgeranyl d iphosphate synthases (requ i red for I D  production) 

? l fl  



Appendix 5.1 . 1  A cl ustalx a l ign ment of funga l  ggs gene 

The IPPRXSS motif is hi9hl ,,;. in . The regions of identity between at least 1 3/1 5 the 
sequences is highlighted in • • and regions of similarity are highlighted in grey. The three 
degenerate primers are indicated by the directional arrows with the letters of the motifs used in 
red . Amino acid differences found between Lp1 9, FI1  and E8 have been highlighted in 
The accession numbers for the sequences are as follows: A. fla vus atmG = AAT657 1 7 ; A. 
nidulans AN0564 = EAA65430, AN81 43 = EAA591 65 ;  E. festucae Fl 1 -ggs1 = AAW8851 7 ; E. 
typhina E8-ggs 1  = AAW8851 8; F graminearum FG1 0097 = EAA68323, FG04591 = EAA72205; 
G. fujikuroi Gf-ggs1 = CAA65644, Gf-ggs2 = CAA75568; M. grisea MG00758 = EAA491 00;  N. 

crassa AI-3 = CAD70868; N. lolii Lp1 9-ggs1 = AAW885 1 3, ItmG = AAW8851 0; P. paxilli Pp-
9gs1 = AAK1 1 525, paxG = AAK1 1 531 . 

FGI 0 0 9 7  
Gf - ggs l 
Lp 1 9 - ggs 1 
F l l - gg s l  
E8 -ggs 1 
MG0 0 7 5 8  
Al - 3 
AN 0 5 6 4  
Pp -g g s l 
paxG 
atmG 
FG0 4 5 9 1 
ItmG 
AN 8 1 4 3  
Gf -ggs 2 

FG I 0 0 9 7  
Gf - ggs l 
Lp 1 9 -ggs 1 
F l l - gg s l  
E8 -ggs 1 
MG 0 0 7 5 8  
Al - 3 
AN 0 5 6 4  
Pp-gg s l  
paxG 
atmG 
FG 0 4 5 9 1  
ItmG 
AN8 1 4 3  
Gf - g g s 2  

FG I 0 0 9 7  
Gf - ggs l 
Lp 1 9 - ggs 1 
F l l -ggsl 
E8 -g g s 1 
MG 0 0 7 5 8  
Al - 3 
AN 0 5 6 4  
Pp-ggs l 
paxG 
atmG 
FG 0 4 5 9 1  
ItmG 
AN8 1 4 3  
Gf - g g s 2  

2 1 7  

MIP- - - - - - - -TADPML-SLNPETLPPSTLHMLSLSPKAMHKMSAI SNPLVSPN 
MI P - - - - - - - -TADPI L-SFNPEALPPSALHMLSLSPKAMEKMSGI SNPLVSPNiAiI2I1 
MAS S SLSTNNISSPPFT-SPNP _ _ __ GPRRNS GGAGAGASNPNNSNSNSNNNYYQN 
MAS S SLSTNNISSPPFT- SPNP GPRRNSGGAGAGASNPNNSNSNSNN Y YQN 
MASSSLST I S SPPF - SP!P GPRRNSIPA�ASNPNNNIIIIIIII�I 
ML S S - - - - - - ISPNTFLQSP� SGI H SNHIAPSKPALRPVPEGDWIAQSLKQQ 
- - - - - - - - - -MAVT SS SPGPAPLSLLSNNDDFIAPFNINTKFPSAI QPI SVA 
- - - - - - - - - -MTSDSHFHPP RM- - - - - - -SGASTRDKAALMGNFEKDWLS 
- - - - - - -- - -MS S S - - FQPPSP - - - - - - - - -AGAASGPASPPS - - -HRHRKS 
- - - - - - - - - - -MSYILAEALNFVRRGIS HLNYWGAS HSLSADNYWESNFQGFPRLLSDSS 
- - - - - - - - - - -MI SGVPDRWKVVAS - - - - - - -- - - - - SLSSN - -LDASY P - - - - - - TSSS 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -MAQ S - - - - -VPP- - - - - -ASSH 
- - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - -- - -- MTMAAN - - - - -DFP- - - - - -FQCQ 
- - - - - - - - - - - - - -MVFDTLNAPQPYQE HYP PRWNVH HSSSP - - - - - -LPNGH S I I PNGH 
- - - - - - - - - -MAEQQI SNLLSMFDASHASQKLE I TVQMMDT YHYRETPPDSSSSEGGSLS 

- - - - - - - - - - - - - - -GVPTSLSPTPTKSVLRPVPEGN - - - - - - - -WLSQKQASAKTH 
T - - - - - - - - - - - - - --GIPTSLNATPTKPVLRPVPEGD- - - - - - - -WLSQKQLSP RAQ 

QSH- -QSHQS HQGYQGYQGYQSFTQPAPLPN ILSPVQEGGSLFGAASPTAS FQEQTMRTS 
QSH- -QSIQSHQSYQGYQGYQSFTQPAPLPN I LSPVQEGGSLFGAASPTASFQEQTMRTS 
QSIIIoSIbS QGIQIYQGYQSFTQPAPLPN I L SPVQEG!IIFGAASPTASFQEQTMRTS 
QAS - - - - - - - - - - - - - - - - IASATAAAPATTRRMRKATSN- - - - - - - - - --TPPVDADPH 
IPS - - - - - - - - - - - - - - -NRIS SAGLAATQQAQTRKRKAS - - - - - - - - - - -VAQ I SLPSM 
KGD- - - - - - - - - - - - - - - - -KLQTN- TDLSKRHTRNQSS - - - - - - - - - - - - - - - - - - - - ­
VTD- - - - - - - - - - - - - - - - -EPTTNGPSARLKHKRNKSS - - - - - - - - - - -- - - - - - - - - ­
KAP - - - - - - - -- - - - - - --STI RTVQVLE DDVDDIAIQY - - - - - - - - - - - - - - - - - - - - ­
LST - - - - - - - - - - - - - - - -EPI DTRSSS PQGSASTPVDK - - - - - - - - - - - - - - - - - - - - ­
GQL- - - - - - - - - - - ---- -TVG - - -EVGTSVNSVPYARH - - - - - - - - - - - - - - - - - - - - ­
EKK- - - - - - - - - - - - - - - - SYSQPSLVY CNGNIAETYLE - - - - - - - - - - - - - - - - - - - - ­
S I I - - - - - - - - - - - - - - - -PNGKTAVAVTNGADNQHQHKG- - - - - - - - - - - - - - - - - - - ­
RYD - - - - - - - - - - - - - - - - -ERRVSLPLSHNAASPD I VSQLCFS - - - - - -- - - - - - - - - -

ASNPGYGVMTA- - - - - - - - -- - - - -- - - - - -PNPP-PDPERYAHEDLEFTA-KRSWNGDK 
MSNAGY GVMQA- - - - - - - - - - - - - - - - - - - - PNPP- PDPERYAHEDLEFTA-KRSWT DEK 
MRNPTTPIVSAIMHHHQQQQQQQQQQQQQRPPPPP-PDPRRYEHE DLNYTP-QRSWTDDK 
MRNPTTPIVSAIMHHHQQQQQQQQQQQQiRPPPPP- P DPRRYEHEDLNYTP-QRSWTDDK 
MRNPTTPI SAIMHHH�QQ IRPPPPP.PDPRRYE�DLNYTP-QRSWTDDK 
MLNHQT - - - - - - - - - - - - - - - - - - - - - - - - - QAPTRF DANRYATE DFNFTTTKKTWSEDK 
LPTSFS PYTMAPQ- - - - - - - - - - - - - - - - - - PPQPPPNPDRFATEDF -FSPSRRTWSEEK 
- - - - - - -- - - - - - - - - -- - - - - - - - - - -- - - - - - - -LDGTKYK- - -- - - - - -DGKWSQEN 
- - - - - - -- - - - - - - - - - - - - - - - - - - -- - - - - - - - -VDGTKYK-- - - - - - - -DGTWSSKN 

- - - - - - -- - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -KE 
- - - - - - - - - - -- - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - -TAMSSELNHRWKSQR 



FG1 0 0 9 7  
Gf -ggs l 
Lp 1 9 -ggs 1 
F l l - ggs l  
E8 -ggs 1 
MG0 0 7 5 8  
Al - 3 
AN0 5 6 4  
Pp-ggs l 
paxG 
atmG 
FG0 4 5 9 1 
ltmG 
AN 8 1 4 3  
Gf -ggs 2 

FG 1 O O 9 7  
G f -ggs l 
Lp 1 9 - ggs 1 
F l l - gg s l  
E8 -ggs 1 
MGO O 7 5 8  
Al - 3  
AN0 5 6 4  
Pp-ggs l 
paxG 
atrnG 
FG0 4 5 9 1  
ltrnG 
AN 8 1 4 3  
Gf -ggs 2 

FG 1 O O 9 7  
Gf-ggsl 
Lp 1 9 -ggs 1 
F l l -ggs l 
E 8 -ggs 1 
MGO O 7 5 8  
Al - 3 
AN 0 5 6 4  
Pp-ggs l 
paxG 
atrnG 
FG0 4 5 9 1  
ltmG 
AN8 1 4 3 
Gf -ggs 2 

. . 

* 

* :  : 

* 

* * * * * 

* 

* : * * 

: * : : * 

* : : :  * 

* 

* :  * * : . . 

. .  . 

* : * * *  * *  

. .  

* 

: * 

. .  

. . 

* : 

. . 

. . : * * : * * : : * * 

. . 

. : * 

* *  

- - - -PTDCVPLVNLIG 
- - - -PTDCVPLVNLI G  

SAA--- -- -AVDCVPLVNLI G  
SAF--- -- -PTDCI PLANLIG 
SRS - - - -- -PVDCVPLVN I I G  
SST- -- - - -GKDCVALVNVLG 

IQSRK-- - - - -NTDFSKLVELLG 
SEV- - - - - -TSDFLGLVDLLG 

S- -----DKDyVPLVNVLG 

SEAS ISDSALESLSSAVSLLG 
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FGI 0 0 9 7  
Gf - ggs l 
Lp 1 9 -ggs 1 
F l l -ggs l 
E8 -ggs 1 
MG0 0 7 5 8  
Al - 3 
AN0 5 6 4 
Pp- ggs l 
paxG 
atmG 
FG0 4 5 9 1  
ItmG 
AN8 1 4 3  
Gf -ggs 2 

FG I 0 0 9 7  
Gf -ggs l 
Lp 1 9 -ggs 1 
F l l -ggs l  
E8 -ggs 1 
MG0 0 7 5 8  
Al- 3 
AN0 5 6 4  
Pp-ggs l 
paxG 
atmG 
FG0 4 59 1 
ItmG 
AN8 1 4 3  
Gf - ggs 2 

FGI 0 0 9 7  
Gf -ggs l 
Lp 1 9 -ggs 1 
F l l - ggs l  
E8 -ggs 1 
MG0 0 7 5 8  
Al -3 
AN0 5 6 4  
Pp- ggs l 
paxG 
atmG 
FG04 5 9 1  
ItmG 
AN8 1 4 3  
Gf -ggs 2 

2 1 9  

* * * *  * *  * :  : * * * * : * * * : *  : : * : : . : * * *  

yTRKVIMVLIERARKMAEELDEGR- - - - - -GsTKG­
RKVLSVLI ERARKMAEELDQGR- - - - - -GSTKG­

yTRSVITILIARARKMAHEMDGAT- - - ---GKADG­
yTRSVITILIARARKMAHEMDGAT- - - ---GKADG­
yTRSVIIILIARARKMAHEMDGAT- - - ---GKADG­
yTKKVLTVLIERARKVTDELDAGR------GKCSG­

�D1UU�Q�ITE:DIDDGR- - - ---GKSGG-

QyTRETLSRL;S�EAJRG'��KK1�ET- - - - - -SLGPNPG-

- - - -SEDLESy­
FCONKIOSLvJ�vr�QLAALEN- - - - - -SSSCGGP­

RQKTEDEA FTRQKLRDLTARARDMLTELRERA- - - -GAGAGAAG 
SMRRVQGKLTAQKRCWFWK- - - - - - - - - - - - - - -- - - -- - - - - - - - --------------

KMAVL- - -------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -----­

KMAIQ- - ---- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ----
DRMVVSK----- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -­

RMVVSK- ---------- - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - -­
RMVVSK- ----- - - - - - - - - - - -- - - - - - - -------------------­
KMVVE------------ ----------------------------- ----
RIMLHQEENVAQKNGKKE---------- - - - - - - - -- - - - - - - - - - - --­
KITESTLADTNTTTRDINGNCATR---- -------------- -------­

MVRA KIVDSTLSDEGAQ- - - - - - - - - - - - - - - - - - - -- - - -- - - - - - - -- - - -­
LLEVEyPTNEKGRV- - - - - - - - - - - - - - - - - -- - - - - - - --- --------

-I YDI LL---- - - ------ - - - - - - - -- - - - - - - - - - - - - -- - - - - - - - - - - --
-ACI KLILYNRLTYKVPAAQVIHGASGGYSTAPKPRILAQQIAT�HLQYAT 

KLAIKPRANIEVE- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -­
FLELKE- - - -- -------- - - - ----------------------------



Appendix  5.1 .2  A Clustal W  a l i g n ment of fungal  pax M- l i ke seq uences 

The FAD dependent monooxygenases AtmM from A. flavus, PaxM from P. paxilli and 
LtmM from N. lolii were aligned using ClustalW. The regions of identity between al l  
three species is high lighted in III and regions of similarity is highlighted in . The 
number and approximate placement of the introns is highlighted in The 
approximate position of the primers, 101 1 58 and 101 1 59, used in Fig. 3.57 is indicated by 
a blue box. 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

LtmM 

AtmM 

PaxM 

6 0  
5 9  
5 8  

1 2 0  
1 1 9  
1 1 8  

1 8 0  
IARR 1 7 9 

SQ 1 7 8  

2 4 0  
2 3 9  
2 3 8  

LDDMYTYPDTVRFSSADAVR!C I VHFPLVNGATEH!NREVTRUT 3 0 0  
LGKKYVYPDSPRYTSHETSI I RDVKFYEN IT E DKRETSS 2 9 9 
T-PQASFAKVE I DNTHTARCIC L RT KKVSDTLC 0 RCTIF H 2 9 7  

KNGHKKLARQELLQLLREF 3 6 0  ��I4�U1f�I SSGPYFPTSSQMEFLLQKY 3 5 9  ��IIilOl� I S HGS--- IRDQDINSMFQEF 3 5 4  

4 2 0 
D�\SF[Ti�GT1�CI� 4 1 9  

4 1 4 

LPLEP QWSRK£ATPWILVLLVIVVSFGLHSP�IP�FWSNISKTVE- 4 7 9  
LPT KYSKQ --SWSYLTQLMI YLFGLT IVYTS DLEG FYFLQV 4 7 7  
I DL - -AWGKS - SWEFILQSLVYLRPKFR IVY LVAAAAF I CLSSLF 4 7 1  

LtmM P 4 7 2  

220 



A ppend ix 5.1 .3  Cl u stalW a l ignments of  P450 monooxygenases 
involved i n  indole-diterpene prod u ction 

P450 monooxygenases from N. lolii (LtmJ , LtmK, LtmP and LtmQ) and from P. paxilli (PaxP and 
PaxQ) aligned using ClustalW. Sequence identity is highlighted in Ill, and region of similarity 
is highlighted in grey. The number and aproximate placement of the introns is high lighted in 

. The approximate positions of the primers used in Fig. 3.57 are indicated by a blue box. 

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

22 1 

1 MLMLHAVPVGI CLLLWYVVYGTK 

1 MKMLTEHFDFPKLN- - - - -FATIVISGATI IGI I FLRYLNYPT 

1 MDLSDFHI STPLRYFHEEAS------LLWKLGVFAVLVYFLLPKPTYKTN 

1 MDFVLSALQ- - - --RDSWGlAAI ILVS IWALHSFHRSRK 

1 MQYGNLTTVLLLRNTLLSLNS S S ICHVHWLQVIVALLVL IVC IFLYWRTP 

1 MAFASLLHHIWNHAVDCAEQLTWWQTIVS F I I FC I MC SWLPGNGE 

2 4  RKE 

4 0  VN- -

4 5  VK- -

3 5  LQI 

5 1  TGI 

4 6  MR- -

2 3  

3 9  

4 4  

3 4  

5 0  

4 5  

7 3  

8 6  

9 2  

8 3  

1 0 0  

9 3  

7 4  -MDL IVIPLQYALELRAVT------- SDKLD 

87 RMEVF ICDRQMTREYQNVDDYHLS FRAVMTE 

9 3  -GDLVVLSTRYAEELRQMP-- - - - --STTLN 

8 4  RWEVC ICNEDMlREYKNLMDNQFSAIAVTSE 

PLTASFD D NAGKVTRILLG 1 1 5  

FQFKWL L PGQAHEARI IP 1 3 6  

ALEATFT D VGGYTTILTD 1 3 4  

FQI KWT A PGTEEGAHKI S  1 3 3  

1 0 1  -GDIL IVPPRYLDDLHNKS-------QEELS 

94 -ADWLVLSQRYLDDLQSLP------ -AERLS 

AIYGL IR 

HTDALVT 

FGGSYSGITLL 1 4 2  

WGS SHSPFALL 1 3 5  

1 1 6 SE--LHTRAIQ 

1 3 7  NSVIAKALSWQ 

1 3 5  SH--LHTETIQ 

1 3  4 I PLLGKALTWQ 

1 4 3  GENDVGlRALQ 

1 3 6  NKSDLSSRAL 

QRLT-----PKLP QTLPVLLDELNHAFGQVLPAGN---- 1 5 4  

RTRANKPSDPFFE SFSAEFMQGFQEEMRRL IQYQNS SVM 1 8 6  

KKLT- - ---PAI L IPRMI SELDHAFEVEFPTCD---- 1 7 3  

RNRS ----AAQND PYFSEFVEEFLYAWKEEVPVPENG-- 1 7 7  

TKIT--- --PNLA KLCDDIRDEFQYCLDTDFPACR- --- 1 8 3  

DVVA- ----PNYA KDLDSLVDELRYSLEHD I DIQD---- 1 7 6  

1 5 5  

1 8 7  

1 7 4  

1 7 8  

1 8 4  

1 7 7  

- - - - - -- - 1  SNAWI SVNPYELVLNLATRATARLF 

SNRSGAVL I P AHGWHAVPCFPLALKVIGRLTTYVLF 

- - - - - - - - 1 ' - --QFAS INPYTVFLRLVARVGARIFI 

- - - - - - - - 1 ' - ----YELPCFETGARVVAHLTARSL 

- - - - - - - - 1 - - - -WTSVSVHPLFLKAVERITHRI F  

- - - - - - - - 1 - - - -WKPI DALELSSKLVLRI SQRILI 

L ICRNE I FLETT 1 9 6  

PLCQDATFLNMC 2 3 6  

ELCREEKWLQAS 2 1 2  

PLCRNPEIVNLF 2 1 4  

PLCRNPQWVQAT 2 2 1  

PMSRDQELLECA 2 1 4  

1 9 7  ASFSRNT FDTISTSRSFGNLFTH YFARWISTAKEAHGQLQY IQN-

2 3 7  CQFGDVI PRDAI ILRSWPALARP IVK ILSAPR- - - -VMGKLRNI 

2 1 3  IDYTKNI FLTIALMRPMPGFLHP IVGR ILPSSRSLKDQLSY IQQ 

2 1 5  TDYGSAV PTSGFFIAMFPE IMKP FVANFCSAPR-- - - I SKRLQAI 

2 2 2  SKHAHY TMIQIAMRSVPKFIQP LLNFCLPWPWKNAACVREAKN 

2 1 5  QGYAD TVVQFALKLLPRQIRP LVYPLLPQAWATKSWIRRCDKI 

2 4 5  

2 8 2  

2 6 2  

2 6 0  

2 7 1  

EM 2 6 4  



LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

2 4 6  VQ-RRKLNSE-----E 

2 8 3  KS-RRESHETN--PMS 

2 6 3  IKERRRLEASSDSEYK 

2 6 1  AK--RREEGG - - - - - I  

2 7 2  QR-RRNLEKVNSFDYI 

2 6 5  QR-RQVLEKS- DPVYE 

2 8 8  

3 2 6  

3 1 1  

3 0 3  

3 1 9  

3 0 7  

LtmP 

LtmQ 

PaxP 

PaxQ 

LtmK 

LtmJ 

2 8 9  QNVLKHG--WTEI TQQTM 3 3 6  

3 2 7  I DACFEK- - -HGKGTKAAL 3 7 3  

3 1 2  MAVVHTSAM SMTH ILYDLLTMPDL IE��u_IRNE IKD-- -WNKATQADL 3 5 8  

3 0 4  FGAIHTTTQ I QSALEE - - -HGGWVKEGI 3 5 0  

3 2 0  TIAGHSTAA SGAHALFDMVSHS QVFRHV--ELRVTKQAL 3 6 7  

3 0 8  L I SRMAPVV QVIGPDGAGLGNLRQSF 3 5 7  

LtmP 3 3 7  

LtmQ 3 7 4  

PaxP 3 5 9  

paxQ 

LtmK 

LtmJ 3 5 8  

QLQPGQQIAI 3 8 4  

N IPKGSVIFT 4 2 1  

FLPKGTHICM 4 0 6  

T I PEGTFVFA 3 9 8  

HVPYNTLLCV 4 1 7  

HLPRGTHVAF 4 0 7  

LtmP 3 8 5  

LtmQ 4 2 2  

PaxP 4 0 7  

PaxQ 3 9 9  

LtmK 4 1 8  AP 

LtmJ 4 0 8  

TKLSDAHLFQP · KQSG- - - - - - -TATTSFSNS SALNLH 4 2 7  

RYYKDPKVFDG • ARMRNDPK-- -LGLFC DLTATNEQSMH 4 6 8  

DVVS DPDTFD • VKQR - - - - - - - -TATSGFVSTGPNNMH 4 4 8  

TLYPEARQFDGY · YNLGQKTG- - -KPQDFRFAATNQKYLQ 4 4 5  

DVIEDPTSFNG • YEQRCRDA- -SQEKKHQYATTDKSHLH 4 6 5  

RKDLGEAQENE�KHRFVTfDSNYLT 4 5 7  

LtmP 4 2 8  

LtmQ 4 6 9  

PaxP 4 4 9  

PaxQ 4 4 6  

LtmK 4 6 6  

LtmJ 4 5 8  

LtmP 4 7 8  ILPNRNAVVLLR-RLEKTVTVC * 4 9 9  

LtmQ 

PaxP 

PaxQ 

LtmK 

ItmJ 

5 1 7  LLPDMSAK IWLREKRAREKNL * 

4 9 8  IVPNVATP ILI K-RRATKA* 

4 9 4  LFPDMKAVVILKARKSVSA* 

5 1 4  PLFN INTPLLMK-RRNDSLVL* 

5 0 6  AYPSKTTLL IKR1RKDGDQI� 

5 3 8  

5 1 6  

5 1 3  

5 3 4  

5 2 6  

EYDFKLDSEFPSRRPPNIVHGDK 4 7 7  

SNFDFCIENFGPRP--ANQPFGKF 5 1 6  

DYDFKFETEHKER-PKNLLIGDK 4 9 7  

YD IATKDNKGRP--ENWIFKKI 4 9 3  

QYDIR-S PERAKR-PVAGHFHEF 5 1 3  

RYE FKWPPGVPVP --EQQYRHVF 5 0 5  



Append ix 5. 1 . 4 ClustalW a l i g n ments of prenyl  tra n sferase Itme type 

seq uences 

ClustalW Alignment of prenyl transferases (ItmC-type). The sequences are as follows, LtmC 
and Ltm E are from N. !olii, PaxC is from P. paxilli and AtmC is from A. fla vus. The regions of 
identity between all four sequences is highl ighted IB!I and regions of simi larity are 
highlighted grey. The number and approximate placement of the introns is highlighted 
Placement of the degenerate primers designed to AtmC and PaxC are boxed in red with the 
primer name and orientation indicated underneath . The regions boxed in blue shows the 
approximate placement of primers mentioned in Fig . 3 .57.  

1 MTSGAWLVARPAAI EIAALLFAFTLGYLVKYTINYQSVVSQAIDHYGYGY 

o 

MGVAGSGVLYFLFNNVPSPR 

5 0  

o 

2 0  

LtmC 

L tmE 

PaxC 

AtmC 

1 

1 MGFFHDFLS RPTTYAI LAVLV I PVTALAWDRLP-PL 3 5  

LtmC 

LtmE 

PaxC 

AtmC : : ::::::::::::;:;��������������: 3 6  LPSAKRLLVGKKNPSKI TSLE • �IfrRQ I Y��APF����TE 

LtmC 

LtmE 

PaxC 

AtmC 

9 7  

3 6  

7 1  

8 6  

LtmC 1 4 7  

LtmE 8 6  

PaxC 1 2 1  

AtmC 1 3 6  

LtmC 1 9 7  

LtmE 1 3 6  

PaxC 1 7 1  

AtmC 1 8 6  

LtmC 2 4 7  

LtmE 1 8 6  

PaxC 2 2 0  

AtmC 2 3 5  

LtmC 

LtmE 

PaxC 

AtmC 

2 9 7  

2 3 6  

2 6 9  

2 8 4  

KHElL I  I 

RYALI I 

KY 

YHMI I 

NQGD IKIALE SPINETLQEAGQGLENLVAHMHFTK* 

SDGDTE VLESP D HALEAASVGLEDLVE · SDTL 

SRRNVG I I QCDY D LARSGAPVKEWLKL · LDLKA* 

SPHNIRQ VIQSDQ NI TEMKKSAVS IQDWLAL · DMKSE 

9 6  

3 5  

7 0  

8 5  

1 4 6  

8 5  

1 2 0  

1 3 5  

1 9 6  

1 3 5  

1 7 0  

1 8 5  

2 4 6  

1 8 5  

2 1 9  

2 3 4  

2 9 6  

2 3 5  

3 4 6  

2 8 5  

3 1 8  

3 3 3  

LtmE 2 8 6  DGDDLTRPSTI TQHEQDDHVDRAAIDAKSDASGSSNKSLTPPETAPTTDT 3 3 5  

AtmC 3 3 4  K* 3 3 5  

LtmE 3 3 6  LSETAVGD IS SVDVDYWTRRCVP I I GSLLKSCFVYSE�ETQLRFLQEH 3 8 5  

LtmE 3 8 6  VLPNLGPRPSSPGSQIQSMATF SGFPLQPS INLSGSGQAKVRYTFEPLDS 4 3 5  

LtmE 4 3 6  LSGTEVDPFALAPAQRVLEKLS TLLGVWPGWIDALIAAY HPTREEVEQLH 4 8 5  

LtmE 4 8 6  PNLHEYLRGVLVRTTGRQDVQVPPMPRMWVC FVALDLEGASQALKVY FDP 5 3 5  

LtmE 5 3 6  KI KEAVTG IP SCKYTCQ ILRTVDRFGNAKAVDMLEQ FLAEEHS IGAVEL I  5 8 5  

LtmE 5 8 6  AI DCVPEEMQPSARIKVYVHTMSNSFQTVRKYMTMGGRCMDPATLEGLEN 6 3 5  



LtmE 6 3 6  LHDVWYSLLGESQGIVNEEYSKPLTGFS SMQHHLYFSYEMTPGNADPGVK 6 8 5  

LtmE 6 8 6  VY I PVQSYAPDDKTIAQNYEANFRQLNWPWGEPGVYEAVIESALIGPVKHS 7 3 5  

LtrnE 7 3 6  RATFLHGGS SFIF SKGRGVYQS I YLDPPLEEGGNIAVFEHHDDQDT IVDL 7 8 5  

LtmE 7 8 6  GNM* 7 8 9  

??4 



Append ix 5.1.5 C l usta l W  al ign ments of perenyl tran sferases ItmD­
l i ke sequences 

ClustalW alignment of prenyl transferases ( ItmD-l ike). The sequences are as 
follows, Ltm E and LtmD are from N. /o/ii, while PaxD is from P. paxilli. The 
regions of identity between al l  three sequences is highl ighted III and regions 
of similarity are highlig hted grey. The number and approximate placement of 
the introns is highlighted . The approximate placement of primers used in  
Fig. 3 .57 are boxed in blue. 

LtmE 1 MKPTTRC PFDYLVSQCGKHHFKTFVQLL SPLLQDEDPDRYAL lLDlMDAV 5 0  

LtmE 5 1  HFSAlL l DD lANQSALRRNQPAAHVVFGETETATRAYLVLLRVVNRTMRE 1 0 0  

LtmE 1 0 1  NPVLAGELLNSLEE l HQGQDESLVWRRDGLETFPVADDERLAAYVRMSRL 1 5 0  

LtmE 1 5 1  KTGSLFVLLGRLLANGG�EFDDLgvRF YAQLQ DCKN l Y S PEYALNKG 2 0 0  

LtmE 
PaxD 
LtmD 

LtmE 
PaxD 
LtmD 

LtmE 
PaxD 
LtmD 

LtmE 
PaxD 
LtmD 

LtmE 
PaxD 
LtmD 

LtmE 
PaxD 
LtmD 

LtmE 
PaxD 
LtmD 

2 0 1  SVAEDLRNGEL SYPVVVAL lENKAEGlVGEALRTRSDGDTEQALRVLE S P  2 5 0 

o M 1 

o M 1 

2 5 1  AVKDACLHALEAASVGLEDLVEAWGRREKMRSDTLDGDDLTRPS T l TQHE 3 0 0  

2 QSDELQl P PWESLAEGLG--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 9  

2 lAKNl ELNGLDPATR------- - - -- - - -- - - - - - - - - - -- - - - - - - - - - 1 6  

3 5 1  

2 7  

2 2  

4 0 0  

7 3  

6 9  

4 4 7  

1 2 2  

1 1 5 

4 4 8  PAQRVLEKLS TLLGVWPGWlD!AAYHPTREEVEQLHP!E YLRGVLV 4 9 7  

1 2 3  ASLDTlASQRHLV- - -PGHNL KHFTDAFFl PNEEANl AELENRTl 1 6 9  

1 1 6 VAKDVVASLSATFRLSTKWSE SNFAVTPDQARQVlN EWlQGFVP 1 6 5  

4 9 8  RTTGRQDVQVPPMPRMWVCFVALIEGASQ**E" I AVTG!" C 5 4 7  

1 7 0  - -AM---QAVQ-------CMLSY I  PYRQlQ AlC " MQVK " G 2 0 7  

1 6 6 - -EG-MECDFP--KR l PFAMTSF I NGSNV Y "  lLTG " S 2 1 0  

LtmE 5 4 8  KYTCQl LR--TVDRFGNAKAVD AEE - - -H S l GAVELlAIEVPE 5 9 2  

PaxD 2 0 8  DLMl S S I KDLGl DAADYMKSLKVI INSEKAVQSGAYAl FFAF I MLT 2 5 7  

LtmD 2 1 1  DLVWEFLR--NLTPEMKPRAVDL.���ITDN- - -SGPSAIELVGI . VDD 2 5 5  

LtrnE 5 9 3  

PaxD 2 5 8  

LtrnD 2 5 6  
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6 4 2  

3 0 7  

3 0 5  



LtmE 6 4 3  

PaxD 3 0 8  

LtmD 3 0 6  

LtmE 6 9 3  

PaxD 3 5 5  

LtmD 3 5 6  

LtmE 7 4 2  

PaxD 4 0 1  

LtmD 4 0 5  

LLGES�VNEEYSKPLTGFS SMQHHL���� 6 9 2 

TMAI P  RD-- -DETLPKSPLPCAGVI I I AY 3 5 4  

LLQEPE ISDNGFDKPVNDSSMLCQKL S DF - 3 5 5  ��TIAQNYE�L�E PG-�VIE�PVKHSRATF� 7 4 1  

K • DIADGMDS - -DQ SKSFHS DNY IK - -VKDGKVMC 4 0 0  

R ETIQNYEAI CDH EDR- KIFQ PATE SRKKPI 4 0 4  

GG�FSK�S��LEEGGNIAVFEHHDDQDT IVDLGNM' 

HDI YK- I T  LSEYAD-----PSVWAPKLFKA* 

CD FTEE T S - IEG--- ---- -ETEVQSNLVA* 

7 8 9  

4 3 9  

4 4 0  

22(i 



Appendix 5.1.6 C l u stalW a l ign ments of Pax B- l i ke seq u en ces 
Alignment of PaxB. PaxA (P.paxillf) and UmB (N. lo/if) using ClustalW. Sequences that 
are identical between all three strains or between PaxB and UmB are highlighted 1mII. 
Identity between PaxA and UmB is highlighted grey. Approximate intron placements 
are numbered and highlighted . The approximate position of the primers used in Fig. 
3.56 are boxed in blue. 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 

PaxB 
PaxA 
LtmB 
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3 3  

5 0  

3 4  

3 4 -EdI- - - - - - - - - - - - -VY I�KIY� 1�I--� 6 5  

5 1  RE G1RPLDTFLTSCTVFFWPTFQ 1 PGLSLYG1AF�1P � 1 0 0  

3 5 - 1- - - - - - - - --- --1WH�R SSIAL1� ___ - - I 6 6  

6 6  CLVF� S P�=*- - ---lLL1IIG- - -*- - -YAl1TF- SS - - - 9 9  

1 0 1  1 DVHRRP TQADRN RLIAF L 1 QC 1 GPGL LLLAR 1 HTPSRDSK 1 5 0  

6 7  T 1 I Y� NKIiL ---- I -VTL�- - - 1 - - -TS�S -AR- - - 1 0 0  

1 0 0  --�V-ERNII-- FVATM- - -

151 SASQFDYRTF 1PSM1 IGY PLLLASLPAPL 
1 0 1  - - s�smsITM-AKHA I--VAG 1L- - -

� : �  !;;,.II!I:;;;;;.��!!:���-
1 3 9 IB--iif------ • 1tEvc&oQ�B-- - <n< ... ··nr -

1 3 7  

2 0 0  

1 3 8  

1 7 4  

2 5 0  

1 7 5  

�;; ��-il��;�;;;;;��- �����;��t��! ���  
1 7 6  ------------����--------��I_II 2 0 2  

2 0 2  �- - - -m1IGFu- - - - - - FWYVDRNEKSLG1SGPKK 2 4 1  

3 0 1  VQQKSLR I S  RC 1 GIVFL MVALLYWQTCSLQE EAGQKAPAK 3 5 0  

2 0 3  �- - - -II �T - - - - - -LLL * 2 2 8  

2 4 2  AN * 2 4 4  

3 5 1  DKQLDQE 1 *  3 5 9  

2 2 9  2 2 8  



Appen dix 5 . 1 .7 ClustalW a l ig n ments of Ggs seq uen ces i nvolved in 

i n do le-d iterpene biosynthesis 

Alignment of  the three GG PPS involved in  i ndole-diterpene production. The sequences 
are from the following fungi, LtmG from N. lolii, AtmG from A. flavus and PaxG from P. 
paxilli. The identical sequences between all three sequences is highlighted in BB, 
similarity is h grey. The introns are numbered and their approximate position 
is highlighted The primers used in Fig. 3.57 are boxed in  blue. 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

LtmG 
AtmG 
PaxG 

1 MTMAAND;
E

QCQEKK- 1 6  

1 M1SGVPDRWKVVAS SLSSNLDASY · S S SLST- 32 

1 MSY1LAEALNFVRRG1 S HLNYWGASHSLSADNYWE SNFQG · LSDSSK 50 

1 7  6 4  

3 3  - -E P 1 DTRSS S  8 0  

5 1  1 0 0  

6 5  

8 1  

1 0 1  

1 1 5 

1 3 1  

1 5 1  

1 6 5  

1 8 1  

2 0 1  

2 1 5 

2 3 1  

2 5 1  

2 6 5  

2 8 1  

3 0 1  

3 1 5  

3 3 1  

3 5 1  

EIIKVLV1EE E I ·  RLN1 1AE 
I • KLS 1VK I 

' LLHi;SLL�i I D D : QD" S�LRRG�P\,AHI 
LLHi"SLL?, ID D:Q J ... S :':LRRG P\'.;H 
LLH SLL2J I DD:QD ' S i:1LRRG P,,'AHIJ 

P�I KPRANIEVE . 
G1YD * 

G1HK L VEYPTNEKGRV * 

3 3 5  

3 4 1  

3 7 2  

11 1 1 4 

I 1 3 0  

VY 1 5 0  

1 6 4  

1 8 0  

2 0 0  

2 1 4  

2 3 0  

2 5 0  

2 6 4  

2 8 0  

3 0 0  

3 1 4  

3 3 0  

3 5 0  
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5 .2 . 1  pGEM-T 
5 .2 .2  pGEM-T easy 
5 .2 . 3  pUC1 9 
5 .2 .4 pUC1 1 8  
5 .2 .5  pPN1 688 
5 .2 .6  p l l99 

229 

ApPENDIX 5.2 
VECTOR MAPS 



Appendix 5.2.1 pGEMT (Promega) 

pGEMC>.T 
Vect« 

(3OJObp) 

pG E -T v.ector sequence reference points: 
T7 RNA polymerase transcription -nitration si e 
multipte ctoning reg'on 
SP6 RNA polymerase promoter (-1 7 0 +3) 
SP6 RNA polymerase transcription ini -anon site 
pUClM 1 3  Reverse SeQuendng Primer binding site 
lacZ start codon 
lac operatex 
�actamase coding region 
phage f1 region 
lac operon sequences 

pUClM 1 3  Forward Sequencing Primer binding site 
T7 RNA prnymerase promoter (-1 7 to +3) 

T78 1 start 
1 4  
20 
26 31 37 46 
55 
62 
62 
73 
75 
82 
g4 

1 03 
1 1 2 

PG 1 26 

1 
10-1 1 3 

1 24-1 43 
1 26 

1 61 -1 n  
1 65 

1 85-201 
1 322-21 82 
2365-2820 

2821-2981 , 1 51 -380 

294 1 -2957 
2984-3 

230 
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Appendix 5.2.2 pGEM-T Easy (Promega) 

pGEM".T Easy 
Vector 

(W1 5bp) 

pGEM�-T Easy Vector sequence reference points: 
T7 RNA polymerase transcription inniation site 
multiple dooing region 
SP6 RNA potymerase pmmoter (-17 to +3} 
SP6 RNA potymerase transcflption Initiation site 
pUCJM13 Reverse Sequencll1g Primer binding site 
lacZ start oodon 
lac operator 
�-Iactamase coding feg100 
phage f1 region 
lac operon sequeoces 
pUC!tv118 Forward Sequencmg Primer binding site 
T7 RNA polymerase promoter (-1 7  to +3) 

Apa l 
Aai ll 
Sph l  
8stZ I 
Nco I 
8stl l 
,"'-'ot I 
Sac 1 1  
fea R  I 

1 start 
1 4  
20 
26 
3 1  
37 
43 
43 
4Q 
52 

Spe l  M 
fca R  I 70 
,"'-'ot I 7 7  
8stZ I n 
Pst l BB 
Sai l  00 
Ndg I 97 
Sac I 100 

8stX I '1 1 8  

Ms! 1 1 21 
l-----I 1 41 

1 
1 0-1 28 

139-158 
1 41 

1 76-1 97 
1 00  

200-21 6  
1 337-2 1 97 
2300-2835 

2836-2996, 1 66-395 
2949-2972 

2999--3 



Appendix 5.2.3 pUC19  

Eco01091 2f57 
Aatll 261 7 

ptoJ 46 BstAPI 179 !Ndel 1 83  /I Ehel 235 Pdml 2294 

Bcg I 2215 
Seal 21 7I 

Cfrl OI 1 779 
feo31 I 1 766 

Eam1 1 051 1694 

Sspl 250 1  
....................... 

pUC1 8/1 9 
2686 bp 

t Rev 
___ BsaxI 659 

___ -Sapl 683 

Afl 11 IJ PscI 806 

232 
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Appendix 5.2.4 pUC1 18  

�, 
M 1 3 0ti '\ 

I 

pU Cl 1 8  
3 .1 6 2  kb 

/ Hil1dlII 
S phI 

/ Ps1i 
S �U 
)"'bill 
B ... tnHI 
5 mill 
Kp11l 

\ S ... cl 
. EcoRI 

For 

� Rev 



Appendix 5.2.5 pPN1 688 

M 1 30ti 

pU Cl 1 8  
3 . 1 6 2  kb 

pMB l on /"'------::; 5 c� 

HindIIl 
5 -p III 
Pstl 
5�.1I 

M:CS Xb� 
B �.mHI 
5m� 
K-PllI 
Sa.cl 

\ EcoRI 

CY4 

For 

Hph 
(ex 

pCB1 004) 

t 
Rev 

234 
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A ppendix 5.2.6 pl l99 

Xhol  : Hind l l l  : Pstl :Sal l :Xbal :BamH I  :Xhol 

p 1 199-3 

pUC1 1 8  

B91 1 1  :EcoRV :Clal :EcoRI 

NPTI I  

Gen R 



ApPENDIX 5.3 

SEQUENCE DATA 

All sequence data is supplied on the attached CD in sequencher format. 

5 . 3 . 1  'ggs1 ' ggs1 sequences, containing Nlggs1 , Efggs1 a n d  Etggs1 
5 . 3 . 2  'CAG' The  CAG repeat contained with in ggs 1 
5 . 3 . 3  'Cluster l '  The N. lolii and  E. festucae It m cluster 1 
5 . 3 .4 'Retro' Sequences of lambda clones isolated with the Rua probe 
5 . 3 . 5  'C luster 2 and 3'  The N. lolii It m cluster 2 and 3 
5 . 3 . 6  ' PRG tub '  Perennia l  ryegrass tubu l in  genes 
5 . 3 .7 'C luster l '  MacVector file 
5 . 3 . 8  'C luster 2 and 3'  MacVector fi le 

236 



ApPENDIX 5.4 
HPLC ANALYSIS 

5.5 . 1 HPLC analysis to confirm the TLC data in Fig 3 .30 
5 .5 .2  H PLC analysis to confirm the TLC data in  F ig 3 . 50 
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A endix 5.4. 1 HPLC anal  sis to su ort Fi ure 3.30 

RP-HPLC Analysis of paxM Complementations 

Run by Sanjay Saikia 
Sol vent: 85 : 1 5  Methanol-Water ( l O min run) 
I njection vol ume: l O  f!l 
UV detect ion:  230 nm 

500 

400 

300 

200 

1 00 

0 .0  2 .0  

Trace I :  Wi ld type 
Trace 2: LMM 1 00 

4 . 0  

Trace 3 :  LMM200- 1 (p I J99) 
Trace 4: LMM300- 1 (pCY 40) 
Trace 5 :  LMM300-2 (pCY 40) 
Trace 6: LMM300-3 (pCY 40) 
Trace 7 :  LMM300-4 (pCY 40) 

16 .0  8 . 0  
paxi l l ine 

1 0.0  1 2 . 0  

Trace 8 :  LMM400-3 (pCY4 1 )  
Trace 9: LMM400-4 (pCY 4 1 )  
Trace 1 0: LMM500-7 (p1 l99+pCY54) 
Trace 1 1 : LM M500-8 (p 1 l99+pCY54) 
Trace 1 2: LMM600-2 (p I l 99+pCY55) 
Trace 1 3 : LMM600-6 (p I I99+pCY 55) 

Traces 1 , 8 , 9, 1 1 , 1 2  and 1 3  are posit ive for pax i l l i ne (�5.6 min). In Traces 1 0  and 1 3  a 
clear eak for xi l l i ne was not observed. 
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A endix 5.4.2 HPLC anal s is to s u  ort F i  ure 3.50 

RP-HPLC Analysis of paxC Complementations 

Run by Sanjay Saikia 
Solvent: 85:  1 5  Methanol -Water ( 1 0 min run) 
I njection vol ume: 1 0  f.!1 

UV detect ion:  230 nm 

300 

200 

1 00 

-204-��������������������������� 
0.0 1 .3 

Trace I :  Wi l d  type 
Trace 2: ABC83 

2 . 5  

Trace 3 :  ABC283- 1 (pU99) 
Trace 4: ABC383-2 (pIJ99+pCY66) 
Trace 5: ABC383-5 (pI I99+pCY66) 

3 . 8  5 .0  6 . 3  7 .5  

Trace 6: ABC483- 1 (pJAS)  
Trace 7: ABC483-2 (pJAS)  

8 . 8  

Trace 8 :  ABC583-2 (pI I99+pCY34) 
Trace 9: ABC583-7 (pI I99+pCY34) 

Traces 1 and 6 to 8 are posit ive for paxi I l ine  (�5.6 min) .  
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ApP ENDIX 5.5 
MELTI NG CURVE DATA 

5 . 5 . 1 Melting curve analysis of the plant gene amplicon shown in  Fig . 3 .25 
5 . 5 . 2  Melting curve analysis of the endophyte gene ampl icon shown in  Fig . 
3 .25 
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A ppendix 5.5. 1 Melt ing curves for the samples presented i n  Fig.  3 .25A 
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These samples have been amplified with primers prg 1 2  and prg 1 3  designed to 
the perennial ryegrass �-tubulin gene. The amplification of a product in the water 
sample is due to primer dimers. The G 1 1 1 8 sample was of low concentration 
and DNA quality. 



A ppendix  5.5.2 Melting cu rves for the sam ples presented i n  Fig . 3.258 
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These samples have been ampl ified with primers end01 and end02 designed 
to the endophyte 995 1 gene. The amplification of a product in the water sample 
is due to primer dimers. The samples G 1 1 1 5, G 1 1 21  and G 1 1 38 are 
endophyte free and ampl ification products in these samples are due to primer 
dimers. 
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A bstract Lol itrems are potent tremorgenic mycotoxins that are synthesised by c1avicip itaceous 

fungal endophytes of the EpichloelNeotyphodillll1 group in assoc iation with grasses. These 

indole-diterpenes confer major ecological benefits on the grass-endophyte symbiotum. A molecular 

s ignature for diterpene biosynthes is is the presence of tv,tQ gerany lgeranyl d iphosphate (GGPP) 

synthases. Us ing degenerate primers for conserved domains offungal GG PP synthases, we c loned 

two such genes, IlmG and ggsA , from Neolyphodium lolii. Adjacent to IlmG are two genes, IlmM 

and IlmK, that are predicted to encode an FA D-dependent monooxygenase and a cytochrome P450 

monooxygenase. respectively. The c luster of 11111 genes is flanked by AT-rich retrotransposon DNA 

that appears to have undergone extensive repeat induced point ( R I P) mutat ion.  Epichloefestucae, 

the sexual ancestor of N. lolii, contains an identical It m gene c luster, but lacks the retrotransposon 

"platform " on the right flank. Associations estab l i shed between perennial ryegrass and an £. 



festucae m utant deleted for l(mM lack detectable levels of lo l itrems.  A w i ld-type copy of l(mM 

complemented this phenotype, as d id paxM from Penicillium paxilli. Northern hybridization and 

RT-PCR analysis showed that al l three genes are weakly expressed in cu l ture but strongly induced 

in p lanta. The relative endophyte b iomass in  these associations was estimated by real-time PCR 

to be between 0.3 and 1 .9%. Taking this d ifference into acCOunt. the steady-state levels of the 1(111 

transcripts are about l OO-fold greater than the levels of the endogenous ryegrass {3 -tubu l in ( {3  

- Tub])  and actin (A ctI) RNAs. B ased on these results w e  propose that ItmG, ltmM and ltmK are 

members of a set of genes required for lo litrem b iosynthesis in E. festllcae and N. lolii. 

E lectronic S u p plementary Material Supplementary m aterial is avai lab le for this art ic le at 

http://dx.doi .org/ 1 0 . 1 007/s00438-00 5- 1 1 30-0 
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I ntrodu cti o n  

Lol itrems are mycotox ins that are potent tremorgens i n  m ammals, and are synthesised by 

clavicipitaceous fungal endophytes of the genera Epichloe/ NeOf)!phodium in association with their 

grass hosts ( F letcher and Harvey 1 98 1 ; Gal lagher et al .  1 98 1 ,  1 984;  Munday-Finch et al .  1 995) .  

The most abundant of this group of metabolites is  lo l itrem B (F ig. I ) . Lol itrems are members of 

a large, structural ly d iverse group of secondary metabolites known as i ndole-diterpenes that 

includes paspal ine (Co le et al. 1 977) and pax i l l i ne (Springer et al. 1 975) .  These metabol ites have 

a common structural core comprised of a cycl ic d iterpene skeleton derived from geranylgerany l  

d iphosphate (GGPP) and an indole moiety derived from anthrani l ic acid. D ifferent patterns of 

preny lat ion, hydroxylation, epoxidation and acetylation, and d ifferences in r ing stereochemistry 

around the basic indole-diterpene ring structure, are responsible for th is  structural d iversity ( Parker 

and Scott 2004). 
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Pax i l l i nc 

Lol itrem B 

Fig. I Structures orpax i l l ine and lo l itrem B 

These metabol ites are proposed to confer major ecological benefits On the grass-endophyte 

symbiotum by protecting it from mammalian and insect herb ivory (C lay 1 990;  Clay and Schardl 

2002). These benefits result in a strong selective pressure for maintenance of the fungal biosynthetic 

genes (Schard I 1 996). Lol itrems are relatively abundant in leaf sheath tissue and seeds of perennial 

ryegrass (Lolium perenne) and some fescue grasses (Fesluca spp.) containing £pichloe/eslucae, 

its asexual derivative, Neolyphodium lolii, or inter-specific hybrids of these and other £pichloe/ 

Neotyphodillm species (S iegel et al .  1 990; Christensen et al. 1 993 ; Bush et a l .  1 997) .  There are 

two reports of indole-diterpene bio ynthesis in axen ic cu ltures of Neotyphodillm spp. ,  which 

confirm that these compounds are fungal m etabolites (Penn et a l .  1 993;  Reinholz and Paul 200 I ) . 

The preferent ial  synthesis of these metabol ites in planta, however, suggests that the genes for 

lol itrem biosynthesis (designated It m genes) are symbiotica l ly regulated. 

From an agricultural perspective, fungal synthes is  of indole-diterpenes in forage grasses poses 

a s ignificant health problem for grazing l ivestock ( F letcher and Harvey 1 98 1 ) . Lol itrem B is 

proposed to be the causative agent of "rye grass staggers syndrome" (Gal lagher et al. 1 982, 1 984). 

Th is  is a cond ition in which an imals grazing on endophyte-infected pastures develop atax ia, tremors 

and sensit ivity to external stimu l i .  The reaction to lo l itrem is long- lasting, but is completely 

revers ible (Sm ith et al. 1 997;  McLeay et al. 1 999). The mechan ism by wh ich lol itrem B and related 

indole-diterpenes cause tremors in mammals is not wel l  defined, but biochem ical and c l in ical 

stud ies ind icate that these effects are due in part to actions on receptors and interference with 

neurotransmitter release in the central and peripheral nervous systems (Selala et al. 1 99 1 ). 
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Whi le  the derivation of these compounds from GGPP and indole h as been c learly establ ished, 

very l ittle i s  known about the pathways for their biosynthesis (Ackl in et al. 1 977;  de Jesus et a l .  

1 983;  Byrne et  a l .  2002). B iosynthetic schemes based on the chemical ident ification of l ikely 

intermediates have been proposed, but unti l  recently none of the proposed steps had been val idated 

by b iochem ical or genetic studies ( Mantle and Weed on 1 994; M unday-F inch et a l .  1 996). 

Recently, a c luster of genes for pax i l l ine ( Fig. I )  b iosynthesis was c loned from Penicillium 

paxilli ( Young et a l .  200 1 ). Key genes in this c luster inc lude those for a GGPP synthase (paxG), 

an FAD-dependent monooxygenase (PCLtM). a prenyl transferase (paxC) and two cytochrome P450 

monooxygenases (paxP and paxQ) . Deletion of paxG, paxM or paxC res u lts in  mutants that are 

defective in pax i l l ine biosynthesis (Young et a t .  200 1 ;  B .  Scott, L .K .  M c M i l lan, J .W.  Astin. S .  

Saik ia, C .A.  Young, A .  Bryant and EJ .  Parker, unpubl ished results). PaxG is proposed to  catalyse 

the determi nant step in pax i l l ine b iosynthesis. PaxM and PaxC are proposed to catalyse the addition 

of indole-3-glycerol phosphate to GGPP and subsequent cycl isation to form the first stab le 

indole-d iterpene, possibly paspal ine ( Parker and Scott 2004).  The 6paxP and 6paxQ m utants 

accumulate paspal ine and 1 3 -desoxypax i l l i ne, respectively, suggesting that these compounds are 

the substrates for the correspond ing enzymes (McMi l lan et al. 2003). Thus, at least fi ve genes are 

requ i red for pax i l l ine b iosynthesis in P. paxilli. 

Three other fungal gene clusters for cyc l ic  d iterpene biosynthesis have been reported, one for 

gibberel l i n  b iosynthesis in Fusarium/ujikuroi (teleomorph Gibberellafiljikuroi) (Tudzynski and 

Ho lter \ 998),  one for aph idicol in b iosynthesis in  Phoma betae (Toyomasu et at. 2004) and one 

for aflatrem b iosynthesis in A spergillusflavus (Zhang et al. 2004). L ike the pax i l l i ne  b iosyntheti c  

c luster i n  P .  pCLtilli, the gibbere l l in, aphid ico l in  and aflatrem gene clusters conta in  a gene for a 

GGPP synthase (Tudzynski and Holter 1 998;  Toyomasu et a l .  2004; Zhang et a l .  2004). 

Furthermore, P. paxilli, F. jiljikuroi and A. flavus each contain a second GGPP synthase gene, 

suggesting that the presence of two GGPP synthase genes may be a mo lecular s ignature for 

diterpene biosynthesis. Given that genes for secondary metabol ite biosynthesis i n  fungi are genera l ly 

organ ised in clusters (Kel ler and Hohn 1 997), molecular c lon ing ofGGPP synthase genes. i n  

combination w ith chromosome walking, provides a rapid strategy for clon i ng new indole-diterpene 

gene c lusters. 

The objectives of this present study were: ( 1 )  to isol ate GG PP synthase genes from N. lolii and 

E. /esfucae by degenerate PCR, (2) to determine if any of the GGPP synthase genes is closely 

l inked to homologues ofthe P. paxilli pCLt genes by chromosome walking, (3) to determine whether 

these genes are preferential ly expressed in  p lanta, and (4) to confirm that at least one of the genes 
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is necessary for lo l itrem b iosynthesis by deletion and complementation analysis. Our work ing 

hypothesis was that N. !olii and E. festucae contain two GGPP synthase genes, one of which is  

associated with a cluster of genes for lol itrem b iosynthesis  that are preferential ly expressed in  

p lanta. 

M ateria l s  and methods 

Bacterial stra i ns and plasmids 

The Escherichia coli strains X L  I -B l ue  (Bu l lock e t  a ! .  1 987) and K W25 1 (Promega) were grown 

on LB agar plates and, where necessary, the medium was supplemented with ampici l l i n  ( 1 00 lLg/ml) .  

Fu ngal strains and g rowth cond itions 

Cultures of  N. !olii strain Lp 1 9  (Christensen et a ! .  1 993), E.feslucae strain FI I (ex cu ltivar S R3000) 

and derivatives (this study), E. typhina strain E8 (Schardl et a!. 1 994), and the P pa.:'(i/li strains 

PN20 1 3  and L M662 (Young et a! .  200 I )  were grown and maintained as previously described 

(Moon et a!. 1 999, 2000; Young et a!. 200 I ;  McMi l lan et a!. 2003 ). Cu ltures of Lp 1 9  and FI I used 

for RT-PCR analysis were grown either on potato dextrose (PO)  med ium or first on PO, then 

washed and transferred to a defined medium contain ing CD (Czapek-Dox) salts p lus a nitrogen 

and/or carbon source as described below. CD salts comprised 4.4 mM K"H P04, 2 mM MgS04'7H20, 

6 .7  mM KCI and 36 J..lM FeS04. 

Plant g rowth cond it ions and i nocu lations 

I noculation of endophyte-free seed l ings o f  perennial ryegrass (cv.  N u i )  was carried out b y  the 

method of Latch and Christensen ( 1 985 )  using mycel ium from a 7-day-old culture. Plants were 

tested for endophyte infection by t issue-print immunob lott ing (Gwinn et al. 1 99 1 )  using po lyc lonal 

rabbit antibodies raised against homogen ised myce l i um of N. !olii strain Lp5 (Christensen et a l .  

1 993),  in conj unction with a goat anti-rabbit secondary antibody l i nked to  an alkal ine phosphatase 

conjugate (S igma). Confirmation that plants were infected with endophtye was obtained by l ight 

m icroscopic examination of epidermal strips from the outermost leaf sheath after staining w ith 

an i l ine blue. 
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Molecular  biological techn i q ues 

Genomic DNA from N. lolii, E .  festucae, E .  l}phina and P.  paxi//i was iso lated from freeze-dried 

mycel i um us ing previously described methods (Yoder 1 988 ;  Byrd et a l .  1 990; Ma l ler et a l .  1 992). 

P lasmid DNA was isolated and purified us ing either a B io Rad Quantum Prep plasmid m in iprep 

kit ( B ioRad Laboratories) or a Qiagen p lasm id m i n i  kit .  PCR products ampl i fied w ith Taq DNA 

polymerase (Roche Diagnostics) were routinely cloned into pGEM-T, pGEM-T easy ( Promega) 

or pUC 1 1 8,  and transformed into E. coli XL I -B lue. Genomic digests were transferred to positively 

charged nylon mem branes ( Roche) by cap i l l ary transfer (Southern 1 975) and fixed by U V  

crossl ink ing ( 1 20,000 Il-llcmC) i n  a U ltraviolet cross l inker Cex-800 ( U ltra-Lum I nc . ) .  F i lters were 

probed w ith [ex_12 P]dCTP (3,000 Ci/mmol ;  Amersham) label led probes. Templates were purified 

using a PCR purification kit (Qiagen).  DNA was label led by randomly primed synthesi s  us ing a 

H igh-Prime kit ( Roche). Label led probes were purified using ProbeQuant columns ( Pharmac i a) .  

Hybridisations were carried out as described b y  Young e t  a l .  ( 1 998) .  

Construction and scree n i n g  of a Lp1 9 genomic l i b ra ry 

Genomic DNA isolated from N. lolii strain Lp 1 9  was partially digested with Mho! using the method 

described by Frischauf et al. ( 1 983)  to generate the m aximum yield of fragments in the s ize range 

of 9-23 kb. This DNA was part ial ly end-fi l led with dATP and dGTP using the K lenow fragment 

of DNA polymerase I ( Roche) to generate 5 '-GA protruding termin i .  A l iquots of this DNA were 

l igated in  a 1 :2 molar ratio of vector to insert wi th I /-Lg ofAGE M- 1 2  Xhol half-site arms (Promega). 

The l igated m ixture was packaged using the Packagene system ( Promega) according to the 

manufacturer's instructions. The resulting phages were transfected i nto E. coli strain K W25 1 and 

2.2x 1 0' p laques were obtained. These were washed off the p lates and stored in  7% DMSO at 

-20°e. The l i brary was screened by plaque hybridisation using standard methods (Sambrook et 

al. 1 989) .  

Polyme rase chai n reaction 

Standard PCR ampl ifications of genomic, p lasmid and bacteriophage DNA templates were carried 

out in 25-/-L1 reactions containing 1 0  mM Tris-HCI, 1 .5 mM MgC,", and 50 m M  K C I  (pH 8 .3 ) ,  

each dNTP at  5 0  /-LM and each primer at 200 n M ,  0 .5  U of Taq DNA polymerase ( Roche) and 

5 ng of genomic DNA.  The thermocycle conditions used were: one cycle at 94°C for 2 min ;  30 

cycles at 94°C for 1 5 5, 60°C for 30  s, and noc for 1 m i n  (per kb), fol lowed by a final step at 
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72°C for 5 m in .  Reaction and cyc le condit ions for PCRs using degenerate primers were the same 

as described above, except that the final primer concentrat ion in the reaction mixture was 800 nM 

and the cycle annealing temperature was reduced to 45°C. The nuc leotide sequences o f  the 

degenerate primers ggpps27, ggpps28 and ggpps29 (Tab le S I )  were based on conserved domains 

identified from an al ignment offungal GGPP synthase polypeptide sequences (Zhang et at .  2004). 

I nverse PCR was carried out under standard reaction and cycle cond itions using 50 ng of 

self- l igated genomic DNA as template, w ith primers CYLp 1 9- 1 8  and CYLp 1 9- 1 6  (Table S I ) . For 

the analys is of the ggsA sequences in £. typhina and E. /estucae an Sst l  digest was used with the 

ampl ified product of inverse PCR as probe. 

RNA isolation,  cDNA synthesis and expression analysis 

RNA was iso lated from frozen fungal mycel ium o r  pseudostem tissue of perennial ryegrass, using 

the TRl zol reagent ( I nvitrogen) .  DNA was removed by incubating -30 �g a l iquots of total RNA 

with 30 U of Dnase I ( Roche) for 30 min at 37°C, fol lowed by 1 0  min at 75°C. mRNA was isolated 

by ol igo(dT) affinity-chromatography using a Sigma Gen Elute m R N A  min iprep k it. Samples of 

denatured m RN A  (-50 ng) were reverse-transcribed at 42°C for 45 m in in a react ion volume of 

20 �I contain ing I x reaction buffer ( Roche), 1 0  m M  OTT, each dNTP at 50 �M, 1 .8 nmol  of 

random primers ( Roche), 8 U ofR ase inh ibitor ( Roche) and 5 0  U of Expand Reverse Transcriptase 

( Roche). Gene-specific amp l ification of cDNA d i lutions ( 1 / 1 0, 1 / 1 00 and 1 / 1 ,000) was carried 

out in a 25-f.!1  volume containing I x Taq polymerase buffer ( Roche), each dNTP at 50 �M, each 

primer at 200 nM and 0.5 U of Taq po lymerase ( Roche). The thermocycle conditions used were: 

one cyc le at 94°C for 2 min ,  fo l lowed by 35 cycles at 94°C for 1 5  s, 60°C for 30 s and 72°C for 

45 s; fol lowed by a final incubation at 72°C for 1 0  m in.  for intron analysis the cONA was amplified 

with the fol lowing primer pairs (Table S I ) : for IlmC, 10 179 and lo l l ( i ntrons I and 2); for IlmM, 

1017 and 10 135 ( intron I ), and 10 1 1 4  and 10128 ( introns 2 and 3 ); for IlmK, 10129 and 10 1 1 5  ( introns 

1 -5 ), and 10143 and 10163 ( introns 6 and 7). For express ion analysis the cONA was amp l ified with 

the fo l lowing primer pairs: for IlmC, 1013 and lol l ;  for ItmM, 101 1 4  and 10128 ;  for IlinK, 10132 and 

101 1 5 ; for the endophyte tubB gene, T 1 . 1  and T 1 .2 ;  and for the (3- Tub I gene of perennial ryegrass, 

PRG3 and PRG4. 

To analyse ggsA transcripts from Lp 1 9  and F I I ,  one-step reverse transcriptase-PCR was carried 

out using Superscript 1 1  with Platinum Taq ( I nvitrogen) and total mycel ium RNA ( I  �g) under 

the reaction conditions recommended by the manu facturer. The cycle cond itions used were: one 

cycle at 50°C for 20 min ;  one cycle at 94°C for 2 m in ;  35 cyc les at 94°C for 1 5  s, 55°C for 30  s, 
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and 72°C for 1 m in ;  w ith a final  incubation at noc for 1 0  m in .  The primer pairs used were 

CYLp 1 9-22 and CYLp 1 9- 1 8, and CYLp 1 9- 1 6  and CYLp 1 9- 1  (Tab le S I ) . 

For Northern analysis  total RNA was fractionated by electrophoresis for 4-5 h at 1 20 V on a 

formaldehyde (6 .2%)-agarose ( 1 .2%) gel conta in ing 1 x MOPS buffer. The denatured R N A  was 

transferred to a posi t ive ly charged nylon membrane (Roche) by cap i l lary transfer and the RNA 

was fixed by UV crossl inking. F i lters were hybr id ised with cDNA probes labe l led with 

[1X-32PldCTP ( 3 ,000 Ci/mmol ;  Amersham). Hybrid i sations were carried out  at  65°C overn ight in  

5 x SSPE conta in ing 5 '  Denhardf s solution and 0 .5% (w/v) SDS.  F i lters were washed once in  

I x SSC-O. I % (w/v) SDS at  68°C for 20 m in, then three t imes  in 0 .2xSSC-0. 1 % (w/v) SDS at 

68°C. The primer combinations (Table S I )  used to generate the cDNA (ltmG, /tmM and /tmK) and 

genomic (tubB and Act 1) probes were ampl ified with the fol lowing primer pairs: for ItmG, 10179 

and lol l ;  for ltmM, 1017 and 10128 ;  for /tmK, 10132 and 1018 ; for Lp 1 9  tubB, T I . I  and T I .2 ;  and for 

perennial ryegrass A ct I, act inF and act inR.  

Preparation of deletion and com plementation constructs 

P lasmid pPN 1 688  was constructed by l igating a I A-kb BamHI fragment contain ing PtrpChph into 

pUC 1 1 8 .  The BamH I fragment was prepared by d igesting a PCR product ampl ified w ith the primer 

set CY4 and CY5 (Table S I )  from p lasmid pCB I 004 (Carro l l  et a l .  1 994). 

P lasm id pCY39 (the /tmM gene replacement vector) was constructed by sequentia l ly  l igat ing 

into pPN 1 688  a 2 .7-kb Pstl fragment 3 '  of /tmM, and a 2 .7-kb Kpnl fragment 5 '  of f!mM. The two 

fragments were prepared by digesting PCR products amp l ified from FI I genomic DNA w ith primer 

set 101 1 7  and 101 1 8  (3 . 1 45 bp), and primer set 10148 and 10149 (2,746 bp), respectively. The primer 

sets contained m ismatches rel at ive to the p lasmid or genomic DNA in order to introduce the 

appropriate enzyme recogn ition s ite (Table S I ) . 

PCR ampl ifications of the 2 .7-kb Ps!1 and 2 .7-kb Kpnl fragments used to construct pCY39 were 

carried out in a 25-fll reaction volume containing l O ng ofFl 1 genomic DNA, 2 .5  fll of I Ox reaction 

buffer (Roche), each primer at 200 nM, each dNTP at 1 2 5  flM, and 0.875 U of Expand H i  F ide l ity 

polymerase ( Roche). The thermocycle conditions used were: one cycle at 94°C for 2 m in ;  30 cycles 

at 94°C for 1 5  s,  50°C for 30 S, and 68°C for 3 . 5  m in (with a 1 0-s incremental increase per cycle 

after cycle 1 0), fol lowed by incubation at 68°C for 7 m in.  

The I A-kb BamH I  fragment was amp l ified wi th Expand Hi Fidel ity polymerase ( Roche) as 

described above, except that each dNTP was present at a concentration of 50 flM in  the reaction 
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m ixture and the thermocycle cond itions were: one cycle at 94°C for 2 min ;  3 0  cycles at 94°C for 

1 5  s, 56°C for 30 s and noc for 1 . 75 min ;  then noc for 5 m in .  

The l inear product ofpCY39 used for transformation was ampl ified using Expand Long Template 

polymerase ( Roche) and approximately I ng of pCY39 as temp late as described above, except 

that each dNTP was added at 350 I-lM and each primer (M 1 3 F and M 1 3 R) at 1 50 nM, and the 

thermocycle conditions were: one cyc le at 93°C for 2 m in ;  30 cycles at 93°C for l O s, 5 5°C for 

30 s, 68°C for 6 m in (with a 20-s i ncremental increase per cycle after cyc le 1 2) ;  then 68°C for 

1 0 m in .  

P lasmid  pCY40 was prepared by l igating a 7-kb Xhol fragment of  "CY2 1 8  (see below) into 

Xho l  digested p l 1 99 (Namik i  et al. 200 I ) . Plasmid pCY4 1 was prepared by l igat ing a 3 . 7  kb Bgll I 

fragment from "CY 46 (Young et a l .  200 I )  into the Bg/l I s ite of p 1 l99. 

Transformation of E. festucae and molecular  analysis of 

tra nsformants 

Protoplasts of E. Jestucae were prepared as previously described (Young et al. 1 998), except that 

1 0  mg/m l G lucanex (Chemcolour) was used to d igest the ce l l  wal ls. Protoplasts were transformed 

with 5 I-lg of either l i near PCR products ( pCY39) or c ircu lar plasmids (pCY 40 and pCY 4 1 )  us ing 

the method ofYol lmer and Yanofsky ( 1 986) as mod ified by I toh et al .  ( 1 994). Transformants were 

selected on RG medium containing either hygromyc in ( 1 50 I-lg/m l ) for replacement constructs, or 

genet ic in (200 I-lg/m l ) for complementation constructs. To obtain clonal isolates the resu lt ing 

transformants were purified by sub-culturing a 2-mm2 fragment of mycel ium from the edge of a 

colony onto PD med ium containing either hygromycin ( 1 50 I-lg/ml)  or genet ic in (200 I-lg/m l) .  This 

process was repeated three times. Th is method was used as E. Jestucae do not produce abundant 

con idia and it was prev ious ly shown that this endophyte spec ies contains a s ingle nuc leus per 

ap ical compartment (Schmid et al. 2000). Even though mycel ia  of such monokaryotic fungi can 

sti l l  form heterokaryons, each nucleus type wi l l  g ive rise to a homokaryotic sector with in the 

myce l ium (Trinci 1 978) .  

Real-time q u antitative peR determ i n ation of e ndophyte 

biomass 

DNA isolated from perennial ryegrass (Mal ler et al .  1 992) and E. Jestucae F I I  ( Byrd et a l .  1 990) 

was resuspended to a concentrat ion of300 I-lg/I-lI, boi led for 5 m in, quantified using a DyN A Quant 
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200 fluorometer ( Hoefer) and d i l uted to 5 ng/�1 .  To establ ish a standard curve for endophyte-free 

perenn ial ryegrass, samples were prepared by d i lut ing boi led G 1 1 38 DNA to a concentration range 

of 0.0 1 - 1  0 ng/�1 .  Samp les for the endophyte standard curve were prepared by d i l uting boi l ed F I  1 

DNA to a concentration range of 0 .00 1 5- 1 .5 ng/fll i n  a s  ng/fll sol ution of G 1 1 3 8  DNA .  

Amplification o f  the endophyte and p lant amp I icons was performed o n  a L ightcycIer ( Roche) 

using a LightcycIer FastStart DNA M asterPLUS S Y B R  green I system ( Roche) with the primer 

pairs en do 1 and end02 (206 bp) and PRG 1 2  and PRG 1 3  ( 1 68 bp), designed to amplify F l 1  ggsA 

and perenn ial ryegrass f.>- TlIb J sequences, respectively. Amp l ifications were carried out in  1 0- fl l  

reactions contain ing 2 �I o f  LightcycIer FastStart DNA Master!
'1l S S Y B R  green I system ( Roche), 

each primer at 62.5 n M, and 2 fll of sample DNA.  The thermocycle  conditions used were: one 

cycle at 95°C for 1 0  min; 3 5  cycles at 95°C for l O s, 60°C for 5 s and noc for 9 or 1 0  s for 

perennial ryegrass or endophyte amp l ifications, respectively, using a single fluorescence acquis ition. 

The melting curve was generated by holding the samp le  at 65°C for 30 s, fol l owed by ramping up  

to  95°C at a rate ofO.2°C/s using continuous fluorescence acquisit ion. Each sample was analysed 

i n  dupl icate for each primer combination. Quanti fication was performed using the "fit points" 

option with the noise bands set to 0 .505 .  The melting curves were used to determ ine whether there 

was specific ampl ification of each product and this was confirmed by electrophoresis of the reaction 

products on an agarose (2%) gel .  The endophyte biomass was determ ined as a percentage of that 

of the perennial ryegrass sample using the formula (El Rx 1 00), where E and R are the quantities 

(pg) of endophyte and perennial  ryegrass DNAs in the sample .  

DNA sequencing 

DNA fragm ents were sequenced by the d ideoxynucleotide chain-termination method (Sanger et 

al. 1 977) us ing B ig-Dye (Version 3) chem istry with o l igonucleotide primers (S igma Genosys) 

specific for pUC 1 1 8, pGEM-T or pGEM-T easy, and genomic  sequences from N. lolii, E.festucae 

and E. typhina. Products were separated on an AB!  Prism 377  sequencer (Perkin-Elmer). 

Bioinfo rmatic analyses 

Sequence data were assembled into contigs using SEQ U ENCHER version 4. 1 (Gene Codes) and 

analysed using the W isconsin Package version 9. 1 (Genetics Computer Group). Sequence 

comparisons were performed through Internet Explorer version 6.0 at the National Center for 

B iotechnology I nformation (NCBI )  s ite (http ://www.ncbi .n lm .n ih .gov/) using the Brookhaven 

(PDB), SWI SSPROT and GenBank (COS trans lation), P I R  and P R F  databases and employ ing 
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algorithms for both local ( B L ASTX and BLASTP) and global ( FASTA) al ignments ( Pearson and 

L ipman 1 988 ;  A ltschul et a l .  1 990, 1 997).  

The nomenclature used for £. festucae and L. perenne genes fol lows the A. nidulans ( Bennett 

and Lasure 1 98 5 )  and O,yza saliva (Wu et a l .  1 99 1 )  conventions, respect ively. 

The fol lowing sequences have been subm itted to the DDB1/E M B LlGenBank databases: NlggsA 

(accession no. A Y742904), EfggsA (A Y742906), ElggsA (A Y742907), N. lalii It m c luster 

(A Y742903), £. festucaeltm cluster (A Y742905) ,  L. perenne [3- Tub I (A Y742902), L. perenne 

[3 -Tub2 (A Y 74290 I ) . 

Alkaloid analyses 

Lol itrem B was analysed by a modification ( Panacc ione et al .  2 003) of the method o f Gal lagher 

et al. ( 1 985 ) .  The amount of lol i trem B was estimated by comparison of the integrated peak areas 

(Class-LC I 0 softw'are; Shimadzu) of the analyte with a sample of authentic lol itrem B as an external 

standard. 

Ergova l ine and peram ine were analysed by previously descri bed methods (Spiering et al. 2002; 

Panaccione et al. 2003). Amounts of ergoval ine, together with its natural isomer ergoval in ine, 

were est imated by comparison of the integrated peak areas (C lass-LC I 0 software) w ith the sum 

ofthe peaks for ergotamine and its natural isomer ergotamin ine, adj usted for relative fluorescences 

and extraction efficiency. 

Chromatography of per amine was carried out by a column-switch ing procedure with an in itial 

step to remove interfering UY absorbing compounds (Cox and Stout 1 987;  Spiering et al. 2002). 

The amount of peram ine was estimated by comparison of the integrated peak area (C lass-LC I 0 

software) of the analyte with homoperam ine as the internal standard. 

Resu lts 

N. lolii and E. festucae contai n two GGPP synthase genes 

PCR ampl ification of genomic DNA from N. lalii ( strain Lp 1 9 ), E. festucae (strain F I I )  and E. 

Iyphina (strain E8)  using d ifferent sets of degenerate primers based on conserved regions of domains 

I I I  and Y of fungal GGPP synthases resulted in s i ngle products of 209 bp (F ig. 2a) and 272 bp 

( F ig. 2b), respectively. The products obtained from wi ld-type P. paxilli ( F ig. 2b, lane 5 )  correspond 

to sequences of the GGPP synthase genes ggs I (the smal ler fragment) and paxG (the larger 
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fragment) (Young et a l .  200 I ). The difference i n  size is due to the presence of an intron in paxG. 

Only the smal ler band is present in LM662, a paxG deletion m utant (F ig. 2b, lane 6) .  

272 

c d 1 2 J 4 5 6 7 � 9 
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Fig. 2 a-d iV. lolii and E fes/lIeae contain two GGPP synthase genes. a PCR products amplified with 

degenerate primer set ggpps27 and ggpps28 from genomic DNAs 0[."'. lalii strain Lp 1 9  ( lane 2). E festlleae 

strain F l l ( lane 3). E 0phina strain E8 ( lane -I). \\ i ld-type P. paxilli (lane 5) and P pa'(i//i strain LM662 

( lane 6). Lane 7 shows a water control and lane I contains the I kb+ ladder (Invitrogen).  b PCR products 

amplitied with degenerate primer set ggpps27 and ggpps29 using the same genom ic samples described in 

(a) .  c Autoradiograph of a Southern blot of EeaRI ( lanes 1 -3). Hind l I I  ( lanes -1 -6) and Ss/I ( lanes 7-9) 
digests of genomic DNAs of l{ lalii strain Lp I 9 ( lanes I.  -I and 7). E fes/lleae strain F l l ( lanes 2, 5 and 8) 
and E /yphina strain E8 ( lanes 3, 6 and 9) probed with the " P-Iabel led 272-bp i nsert from pCY29 (ggsA ).  

AHindI I I  size standards ( kb) arc shown on the right. d Autoradiograph ofa Southern blot  of the same genomic  

samples and d igests as  shown in  C probed with the  3 2  P-Iabel led 209-bp insert from pCY28 ( I/mG) 

The 209- and 2 72-bp fragments from Lp 1 9  were cloned i nto pGEM-T easy, and one c lone, 

pCY29. contain ing the latter was sequenced and shown by BLASTX analysis to be most s imi lar 

(£ value of 7e-4 1 )  to the N crassa GGPP synthase sequence (Accession No.  AAC I 3 867) .  An 

RFLP screen of the remaining c lones identified a second un ique c lone, pCY28, whose sequence 

best matched (£ value of 5e- 1 9) that of the P. paxilli ggs I gene (Accession No. A A K  1 1 52 5) .  The 

two DNA sequences are 6 1 . 7% identical .  
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To determine which clone contained a partial sequence of the GGPP synthase spec ific for 

lol itrem biosynthesis, the p lasmid  inserts were amplified and used to probe a Southern blot bearing 

genomic d igests from two lol itrem-produc ing strains, Lp 1 9  and FI I ,  and one non-producing strain, 

E8 ( F ig. 2c, d). The insert from pCY29 hybridised to the DNAs of all three strains ( F ig. 2c), 

whereas the insert from pCY28 hybrid ised strongly to the DNAs of the lol itrem-producing strains 

on ly ( F ig.  2d). The fainter hybridisat ion bands observed with E. typhina ( F ig. 2d) are identical in 

size to bands that hybridise in  F ig. 2c, suggesting cross hybrid isation to common sequences. These 

results ind icate that the pCY29 insert is most l ikely to represent the gene for the "house-keeping" 

GGPP synthase (ggsA ), whi le the insert in pCY28 is derived from the gene for the GGPP synthase 

( flinG) that is spec ific for indole-diterpene ( Io l itrem) biosynthesis (F ig. 2) .  

Using the insert from pCY29 as a probe, a c lone conta in ing the fu l l - length ggsA, (ACY I 00) 

was isolated from an Lp 1 9  AG EM- 1 2  genomic l ibrary and the complete nuc leotide sequence of 

the gene was determined. Sequence analysis pred icts that the N. lalii ggsA lacks introns (F ig. 3 ) .  

Th is  was confirmed by sequenc ing the  cDN A  product, ampl ified in  a one-step RT-PCR, using as 

the template RNA from mycel ium grown in l iqu id culture.  To fac i l i tate the further analysis of this 

gene, a comparative genom ics approach was used. Orthologues of N. lalii ggsA were isolated from 

E. /estueae FI I and E. typhina E8 using both standard and inverse PCR with primers based on the 

Lp 1 9  sequence. The nuc leotide sequences of E. /estueae ggsA and E typhina ggsA share 99.6 and 

92% identity with N. lalii ggsA . Sequence analysis of E/estueae ggsA and E typhina ggsA predicts 

that these genes also lack introns ( Fig. 3 ) . The 5' translational start site of ggsA is d ifficult to define 

as the sequence contains three repet itive DNA elements, CAR(II), GCYATCAA R(6) and CAG(II) 

( F ig. 3 ) .  The latter is h ighly polymorphic with in the £piehlae/ Neatyphadium group. There is no 

evidence for consistent intron spl ice s ites flanking these repetit ive sequences, strongly suggesting 

that they are cod ing. There are five possib le in-frame start codons at the 5' ends of the three ggsA 

genes, w ith the second methion ine triplet having a Kozak sequence identical to the N. erassa 

consensus (CN3CAMV ATGGC; Bruchez et a l .  1 993). A polypeptide motif ( I  PPRXSS) common 

to the N-term inal regions of the products of the N. erassa, P. paxil/i, F fi4ikurai, A. nidulans and 

Magnaparlhe grisea ggs I genes is also encoded by the three ggsA sequences, 64 bp downstream 

of the second methionine codon. The deduced polypeptide lengths and calcu lated molecular masses 

of N IGgsA, EfGgsA and EtGgsA, tak ing the second M as the start codon, are l isted in Table I .  
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Fig. 3 Comparison ofthe structures of the ggsA and IlmG genes from Epic/doe and Xeot;phodium endophytes. 

The ggsA and IlmG gene structures from N. lolii. E. /estllcae and E. typhina are represented schematical ly.  

The grey boxes and lines show proposed exons and introns. respectively. in these genes. The five possible 

translational start s ites in ggsA are each marked \vith an "M". The posit ions of the repeated sequences 

( il1verted Irial1gles ) and primers ( arrowheads). and the probes C Y28 and CY29 ( m'erlines ). are also shown 

I Ta ble 1 will a ppea r here. See e n d  of document. 1  

To clone the fu l l- length N. lolii ItmG gene the insert of pCY28 was  used as  a probe to  isolate 

sequences from an Lp 1 9  AGEM- 1 2  genom ic l ibrary. Th i s  region was found to be under-represented 

in the l ibrary: only five clones were isolated from �80.000 p lated. A 1 5 .6-kb lambda c lone, ACY2 1 8  

( F ig. 4), was completely sequenced and shown to contain a complete copy of the IlmG gene. 

Sequence analys is  of N. lolii lOnG predicts the presence of two introns, which were confirmed by 

analysis of a cDNA constructed using RN A i so lated from Lp 1 9-infected perennial ryegrass. B oth 

introns are conserved in position relative of the three introns found i n  P. paxilli paxG ( Young et 

a ! .  200 I )  and two of the four introns found in  F. fi.ljikuroi ggs2 (Tudzynski and Holter 1 998) ,  

F AST A analysis showed that LtmG shares 54. 1 and 52 .6% identity with N. lolii GgsA and P. 

paxilli PaxG, respectively. The deduced po lypeptide length and calcu lated molecular mass of 

LtmG is given in Table I .  LtmG contains the five conserved domains found in  al l  prenyl diphosphate 

synthases (Chen et a ! .  1 994), including the h ighly conserved aspartate-rich motifs (DDXXD and 
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DDXXNfD) in domains 11 and V that are proposed to serve as binding sites for the isopentenyl 

diphosphate (IPP) and the allyl isoprenoid substrates. 

a 4K 
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Fig. 4 a-e Physical and genetic maps of the N. lolii and E.festucae It m loci, and construction and verification 

of an ItmM disruptant. a, b Physical and genetic maps of the Lp 1 9  (a) and Fl l (b)  It m loci showing the 

overlapping A clones used to construct them. The position of the CY28 PCR fragment used as a probe to 

isolate the A clones is highlighted by the vertical green box. The exons of each gene are shown as rectangular 

black boxes and the arrows indicate the direction of transcription. The region highl ighted in yellow harbours 

a m icrosatellite with the core sequence TAATG. The regions highl ighted in red and blue correspond to the 

fragments used to make the ItmM replacement construct. The retrotransposons, Tahi and Rua, are shown as 

red and blue arrowed lines with the L TR sequences indicated by the arrowheads. The pks pseudogene is 

stippled to indicate it is non-functional. Fragments used as probes in Southern hybridisations are shown as 

green ovals; the primer pairs used to amplify them are also indicated. Primer sets used to screen for targeted 

replacement of ItmM are identified by bars above the map in b. c Physical map of the ItmM replacement 

construct, pCY39. Primer sets used to screen for targeted replacement of ItmM are shown. d PCR screen 

for targeted replacement of ItmM in FI I .  PCR products were amplified from genomic DNA of wild-type 
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and m utants with the primer set indicated to the right of the gel.  Lane 1 I kb+ ladder. lane 2 PN2303. lane 

3 PN2296. lane .f- PN230 I .  lane 5 PN2294. lane 6 FI I .  lane 7 pCY39. lane 8 H20 control. e PCR screen for 

targeted replacement of ItmM in fl l .  Samples are identical to those shown in ( d )  but PCRs was performed 

\\ ith the primer sets indicated 

N. IoU; and E. festucae both contai n  a cl uster of genes for 

i ndole-diterpene biosynthesis 

Bioinformatic analysis of the remaining It m genes are flanked by AT 

rich DNA 

Bioinformatic analysis of the remaining ilCY2 1 S  sequence ident ified two additional genes w ith 

significant sequence s imi larity to genes from P. paxilfi known to be required for pax i l l ine 

biosynthesis (Table I ) . N. lolii /tmM and N. lolii /tmK are homologues of pax M (E  value 5e-96), 

a FAD-dependent monooxygenase. and paxP (E  value of 6e-63). a cytochrome P450 

monooxygenase. respectively. The corresponding genome region was sequenced from E festllcae 

strai n  F t l and shown to share 99 .9% identity. from the start of /{mG to the stop codon of f/lnK, 

with the Lp 1 9  nuc leotide sequence (Fig.  4 ) .  The po lypeptide sequence of N. folii IlunG i s  identical 

to that of E festueae lunG . 

Sequence analysis of cDNA products ampl ified from RNA isolated from Lp 1 9-infected perenn ial 

ryegrass confirmed that /{mM has three introns. The positions and phase of the first two introns 

are conserved with those found in P. paxilli paxM. A comparison of the Lp 1 9  and F I I sequences 

identified just two nucleotide d ifferences. Both were transitions: an A to G at position 9 1  and a T  

to C at position 249 (position I being the A of the ATG start codon).  Only the first results in an 

amino acid residue change with a conservative replacement of meth ion ine ( i n  Lp 1 9) to val ine  ( i n  

F I I ) .  The promoter region of  E festllcae /tmM has two d ifferences to  that of NlltmM: the first, a 

T to C transition at position -356 results in the loss of a HindI I l  s ite, and the second an insertion 

of GA at position - I  03S .  The deduced polypeptide length and unmodified molecu lar mass of 

LtmM i s  shown in  Table I .  The overall sequence identity of N. lofii LtmM to PaxM i s  4 1 .0%. 

ClustalW al ignment of LtmM w ith PaxM and other closely related polypeptide sequences. identifies 

the presence o f four h ighly conserved m ot ifs :  the dinucleotide binding domain (Wierenga et a!. 

1 996), the A TG motif (Vallon 2000). a GO motif ( Eggink et a l . 1 990) and a G-he l ix .  These motifs 

are good indicators of a modified Rossman fold. used by many tlavoproteins  to b ind FAD. 
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Seq uence analysis of LtmK ind icates it is more sim i lar to PaxP than PaxQ sharing 3 1 .3% and 

23 .4% ident ity, respect ively. Despite the relatively high identity ( E  value of6e-63)  between Ltm K 

and PaxP at least three cytochrome P4S 0  enzymes are predicted to be required for lol itrem B 

biosynthesis (see Discussion). Indeed, two additional cytochrome P4S0 genes with greater homology 

to paxP and paxQ have been identified in a suppression substractive hybrid ization screen ( R  

10hnson, personal commun ication). For this reason the gene has been named ILmK rather than 

lImP. Characterisation of the ItmK sequence by cDNA analysis ident ified seven introns, four 

( i ntrons 1 , 2, 4  and 7) of which are conserved in position with paxP and three ( introns 2, 3 and 8) 

conserved in position with paxQ. N. lalii Ltm K  contains the class ical signature m otifs of cytochrome 

P4S0 enzymes, including a haem-binding domain ( FG YGTWACPG R F LA) (Graham-Lorence 

1 996).  The deduced po lypeptide length and unmodified molecu lar mass of Ltm K is shown in 

Table  I .  The amino ac id sequence of E. /es/lIcae Ltm K  is  identical to that of N. lalii Ltm K .  

llm genes are flanked by A T  rich DNA that has undergone extensive repeat- induced point 

m utat ion ( R I  P) 

To obtai n  further sequence to the left of IlInG, the Lp 1 9  AGEM- 1 2  l ibrary was screened with a 

probe ampl ified with primer set 1013 and lol l .  Analysis of the hybrid ising clones identified one 

c lone, ACY2 1 9, which contained add it ional flanking sequence ( Fig. 4). However, this clone was 

severely rearranged and only I ,OS I bp corresponded to the correct genom ic sequence. G i ven the 

instab i l ity of l ibrary clones in this region, further sequence ( 1 .9 kb) on th is s ide was obtained by 

i nverse PCR.  Analys is of th is Lp 1 9  sequence identified a large m icrosate l l ite, with a (TAATG) lo l  

consensus sequence. The same m icrosate l l i te is present in FI I ,  but here it is interrupted by a 1 6 1 -bp 

insertion, resu lting in separate blocks of(T AA TGh7 and (T AA TGb (F ig. 4 ) . The genome sequence 

to the left of the microsatel l ite has an AT content of 82.S%. 

The D A sequence flanking the right-hand end of the Ilm gene,c luster is also very AT-rich 

( 7 1 .2%) compared to the composit ion of the I/m (S9 .3%) and ggsA (40.9%) genes. BLASTX 

analys is of this region indicates that this sequence is of retrotransposon origin but is highly 

corrupted, with no evidence of intact O R Fs. Southern analysis of genom ic d igests of Lp 1 9, F I I 

and E 8  w ith a probe generated with primer set 1014 and 10123 ( F ig.  4 )  revealed that these AT-rich 

sequences are an abundant and h ighly d ispersed component of the N. lalii and E. /eslucae genomes, 

but are absent from the genome of E. typhina ( F ig. Sb) .  
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Fig. 5 a-c Retrotransposon sequences are abundant and d ispersed components of the ,'1/. lo/ii and L fes/lIcae 

genomes. a Southern analysis ofY lolii strain Lp 1 9  ( lanes I . .f and 7). L fes/lleae strain FI I (lanes 2. 5 and 

8) and F.. typhina strain E8 (lanes 3. 6 and 9). Genomic digests were probed with a " P-Iabelled Tah i fragment 

generated with primer set 101 1 6  and 10 195.  Lanes 1-3 £coRI digest. lanes -1-6 Hind'" and lanes 7-9 SstL 

The sizes of standards are in kb. b Autoradiograph of the same blot as shown in (a). probed with a )2 P-Iabelled 

Rua fragment generated using primer set 1014 and 10123.  c Autoradiograph of the same blot as in (a). probed 

with a 
'2 P-Iabelled 787-bp fragment generated using primer set 101 1 86 and 101226 

To obtain additional sequence to the right of ItmK, two approaches were used. The first involved 

screening the Lp l 9  AGEM - 1 2  l ibrary wi th an ItmK probe that was generated with primers 10 133 

and 10 137  ( F ig. 4) .  This  led to the isolat ion of a c lone, ACY255,  which overlaps w ith ACY2 1 8  

( Fig.  4 ) . The second approach was to use inverse PCR to " hop" to the other side of the 

"'retro-platfoml'·. using F I I .  a strain shown by Southern analysis to lack this particular retro-platform. 

Using a probe generated with primer set 10 1 1 03 and 101 / 09. the Lp 1 9  c lones ACY275, ACY278 

and ACY274 were isolated from a AGE M - 1 2  l ibrary. Clone ACY275 was found to overlap with 

ACY255 ( Fig. 4). Southern analysis. us ing genomic DNAs digested with Sstl and Sall, recognition 

sites for which are absent in the Lp 1 9  retro-platform. confirmed that the only d ifference in  genome 

organ isat ion between Lp 1 9  and F I I  i s  the presence of the retro-platfonn in Lp 1 9  (data not shown). 

Bioinformatic analysis of the Lp l 9  retro-platform revealed it is comprised of two independent 

retro-elements: one. wh ich we have named Tahi (Maori for "one")  contains an insertion of the 

other. which we have named Rua ( Maori for " two ' " )  ( Fig. 4). Domains of the retrotransposon pol 

gene, including protease, reverse transcriptase, RNaseH and integrase, were recogn isable in both 

elements. However, the AT bias of th is  sequence introduces many stop codons. No recognisable 

gag motifs were found in either element. The identification of long term inal repeats (L TRs) of 

approximately 1 04 and 272 bp, and target-site duplications of 5 bp fl anking both elements, suggests 

that Rua inserted into Tahi .  A second partial copy of Rua (Rua-2) is located upstream of the 
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m icrosatel l ite adjacent to IlmG ( Fig.  4) .  Rua-2 contains one identifiable  L TR and a partial pal 

sequence, but lacks any gag sequence. 

The genom ic abundance of the Tah i element was determ ined by Southern analysis ( F ig. 5 a).  

This retrotransposon is  present in fewer copies in the genomes of N. lolii and £. jesrueae than is 

the Rua element (see above) and i absent from the £. typhina genome. 

The AT content of the Tahi and Rua elements is 72.2 and 70 .0%, respectively. Sequence 

a l ignment of the three Rua and two Tah i L TR sequences, together with other retrotransposon 

sequences obtained from a I ibrary screen with a probe generated from primers 10 14 and 10123, 

revealed a strong bias for GC-to-AT mutations. This mutational bias is  usual ly associated with 

repetitive sequences that have undergone a R I  P event (Selker et al. 1 987 ;  Cambareri et a l .  1 989). 

B io informatic analys is ofACY278 and ;\CY274 sequence data identified a polyketide synthase 

( PKS) pseudogene adjacent to the retro-platform, flanked on the right by an add it ional AT-rich 

( 78%) sequence. PCR analysis of the correspond ing FI I sequence confirmed the presence of a 

P KS pseudogene, contain ing many frame-sh ift mutations, immediately adjacent to IlmK. Southern 

analysis using a probe for the AT-rich region flanking the PKS pseudogene confirmed that this 

sequence is also present in mult iple copies in the genomes of L p  1 9  and F I I ( F ig. 5c) .  

ItmM is essential  fo r lo l itrem B biosynthesis 

T o  confirm that IlmM is essential for lol itrem biosynthesis, a replacement construct, pCY39, was 

prepared and a PCR-generated l inear component of this p lasmi d  was recombined into the genome 

of £. jes/Ueae strain F I I .  Potential llmM replacements were identified by PCR screen ing of 1 59 

nuclear-purified Hyg/l transformants using a primer pair ( 10 1 1 48 and 101 1 35 )  that flanks the IImM 

region to be deleted ( F ig. 4) .  I n  this first screen 9/ 1 59 (5 .7%) of the transformants yie lded a s ingle 

I A-kb PCR product ( F ig.  4d, l anes 2-4), which i consistent w ith a targeted rep lacement event. 

By contrast, ectopic transformants g ive two PCR products ( F ig.  4d, lane 5 ), a 1 .6-kb wi ld-type 

fragment ( F ig. 4d, lane 6) and a I A-kb hph fragment (F ig .  4d, lane 7 ) .  The ni ne replacement 

m utants were subjected to a second PCR screen us ing primer sets that ampl ify upstream ( 1012 and 

10134:  5 74 bp), internal ( 10 17 and 10135 :  448 bp) and downstream ( 10 1 1 47 and 101 1 5 : 3 1 7  bp) regions 

of IlmM ( F ig. 4e). All nine mutants were confirmed to be IlmM replacements (F ig. 4e, lanes 2 and 

3 )  but in strain P 230 1 the deletion extended to the left to an u ndefined point beyond lunG and 

the flanking retro-platform ( Fig .  4e, lane 4). Southern analysis of BamH I and £eoRI d igests of 

these mutant DNAs probed with IlmM ( 10 17/10 135)  and hph (pUChph31 pUChph4) probes, 

respectively, revealed that five (3 . 1  % of tota l )  of the nine mutants were true rep lacements. The 
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other four m utants had, in addition to the i nternal deletion, single or m Ultiple copies of the construct 

integrated either in the j unction sequences or in ectopic sites (data not shown) .  

To determ ine the chemical and  symbiot ic phenotype of  these m utants, perenn ia l  ryegrass 

seedl ings were infected with two /tmM deletion m utants ( PN2303 and PN2296) an extended /tmMG 

deletion m utant ( PN230 I ), an ectopic transformant ( PN2294), and wi ld-type F I I .  Two months 

after infection, seed l ings were examined for the presence of the endophyte by immunob lotting. 

There were no d ifferences i n  infection rates or in hyphal morphology and growth between mutant 

and wi ld-type stra ins (results not shown). Us ing real-time peR to quantitate fungal ggsA 

(endo l /end02) and p lant 0-Tub l ( PRG I 2/PRG I 3) DNA, the relative endophyte biomass, as 

est imated from the relative DNA content of each partner, was with in  the range of 0.3- 1 .9% of the 

total b iomass for both wi ld-type and m utant assoc iations (Table 2). Examination of alkaloid levels 

in the p lant m aterial showed that plants conta in ing endophyte strains deleted for /tmM (PN2303,  

PN2296, PN230 I )  were unable to produce lol itrem B ( F ig.  6) .  Two m inor peaks, w ith e lution 

profiles consistent with lol itrems A and E ( M i les et al. 1 994; Munday-F inch et al. 1 995 ), were 

also absent i n  extracts of plants infected w ith these three m utants. By contrast, extracts of plant  

material infected w ith PN2294, an ectopic transformant, had levels of al l  three lo l itrems comparable 

to wi ld-type ( Fig. 6). The levels of ergoval ine and peramine, the other major alkaloids known to 

be produced by these endophyte strains, were not sign ificantly d ifferent between w ild-type and 

mutants (Tab le 2) .  

ITable 2 w i l l  a ppea r here. See end of doc u m en t . ,  
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Fig. 6 a-d I l PLC analysis of lol itrem alkaloids in leaf extracts of endophyte infected perennial ryegrass. 

Pseudostem t issue was harvested 2 months post-infection and anal) sed for lo l itrems hy normal phase HPLC. 

a Lol itrem B standard ( 8...1 ).lg). b W i ld-type strain f l l (p lant G 1 1 3 7) .  c flmM mutant PN2303 (plant G 1 1 1 4 ). 

d Ectopic  transform ant PN2294 (plant G 1 1 30). The y-axis shows lluoresccnce units in mi l l ivolts ( em ission 

\v avelength 440 nm) and the x-axis indicates retention time in min. The peak at 1 .9 min corresponds to the 

solv ent front 

To confirm that deletion of /(mM was responsible for the lo l itrem-negative phenotype, the 

construct pCY 40, conta in ing a wi ld-type copy of /tmM, was introduced into the m utants PN2303 

and PN230 I , deleted for /tmM. An arbitrary selection of these transform ants, together with controls 

contain ing the vector only, was used to infect perenn ial ryegrass seedlings, and the lol itrem 

phenotype of these assoc iations determined (Table 3). This analysis confirmed that pCY 40 was 
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ab le to complement PN2303 (Table 3) but was unable to complement PN230 I (results not shown). 

The latter result confirms that at least one other gene besides ItmM i s  required for lo l itrem 

biosynthes is. A complementation test was also carried out using pCY 4 1 ,  a construct contain ing 

paxM, the P. paxilli orthologue of ItmM. Of three arb itrari ly selected transformants tested. one 

strain. PN2352,  was complemented by pCY4 1 .  Southern analysis of th is and the two other 

transform ants tested showed that PN2352 has a large number of copies of pCY 4 1  i ntegrated into 

the genome of PN2303.  whereas the strains that were not complemented had on ly a few cop ies o f  

pCY 4 1  (results n ot shown). This h igh copy number i s  proposed to be the reason why thi s  

transformant was able t o  synthesise lo l itrem B in  p lanta. 

ITa ble 3 will a p pear here. See end of doc u m ent.1  

It m genes a re prefere ntial ly a n d  h ig h ly expressed i n  p la nta 

N orthern analysi s  of N. lolii and E. festucae It m gene expression demonstrated that ItlnG, ItmM 

and ltmK are very weakly expressed in cu lture but strongly i nduced i n  p lanta ( F ig. 7 ) .  Taking into 

account the fact that endophyte b iomass represents about I % of the p lant b iomass (see previous 

section) the steady-state levels of ItlnG, ItmM and ItmK transcripts are about l OO-fold greater than 

the levels of the perennial  ryegrass Act! transcript. In  contrast. the endophyte tubB transcript is 

not detectable in  either Lp 1 9- or F I I - infected perennial  ryegrass, but is detectable i n  mycel ium 

grown in  culture. To improve the sens it ivity of the analysis. the expression of N. lolii It m genes 

was examined using reverse transcriptase-PCR ( F ig. 8). In RNA isolated from mycel i um grown 

under a range of physiological condit ions, transcripts of lunG and ItmM cou l d  be detected in 

amp l ifications starting fi'om a l I I  0 d i lution ofthe c DNA ( Fig. Sa). By contrast. ltmK was detectable 

in  amp l ifications of a 1 / 1 00 d i lution of the cDN A .  which was comparable to the steady-state level 

of tubB. Using RNA isolated from Lp 1 9- infected perennial  ryegrass, levels  of ItmC, ItmM and 

ItmK transcripts were s imi lar to those of the perenn ia l  ryegrass �- Tub ! RNA (F ig.  8b), a resul t  

which is consistent w ith the Northern analysis. Thi s  method showed that transcripts of the endophyte 

tubB gene were detectable in plant material, but only in amp l ifications of a I / ] O  d i l ut ion of the 

cDNA .  Taken together, these results indicate that the ItlnG. ltmM and ItmK genes of N. lolii and 

E. festucae are very h ighly expressed i n  p lanta, but only weakly expressed i n  cu lture. To determine 

whether the very weak expression of ltm genes in culture was due to e ither carbon or n itrogen 

repression. reverse transcriptase-PCR analysis was carried out using RNA isolated from cu ltures 

grown under conditions of carbon and n itrogen l im itat ion ( F ig .  8a: columns 2-4). Wh i l e  a trace 

of transcript could be detected in amp l i fications of some of these cDNA samples, there were no 
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noticeab le d ifferences in levels of transcripts between these cultures and c ultures grown under 

cond itions of carbon and n itrogen excess ( F ig. 8a: columns 5-7). 

a 

ItmG 
ItmM ' . 
ItmK 
tubB 
Act 7 

4 5 6 
• 

b 

-- --
- - "' -

Fig. 7 a, b Northern analysis of Y lalii and L jesllleae 11111 gene e:-;pression. a Northern analysis of RNAs 

isolated from mycelia of Lp 1 9  ( falles I 3) or F I I ( fall!'s ( 9). and pseudostcms of perennial ryegrass (Nu i )  

infected \\ ith Lp 1 9. not infected or infected \\ i th  FI I ( falles .f 6) .  probed w ith '2 P-Iabel led FI I IlInG. 11111.1/. 

11111K. 111178 cDNAs and perennial ryegrass Aell cDNA. b The cthidium brom ide stained 1 6S and 26S rRNA 

region of each gel is  shcmn for comparison. Lalle I 0. 1 5  �g Lp 1 9  RNA. lOll!' 2 1 .5 �g Lp l 9  RNA. Ion!' 3 

1 5  �g Lp l 9  RNA. lall!' .f 1 5  �g ofLp l 9  in fected Nui  RNA. lane 5 1 5  �g uninfected Nui RNA. lall!' 6 1 5 �g 

of F1 1 infected Nu i  RN A. Ion£' 7 1 5  �g FI I RNA. lalle' 8 1 . 5 flg FI I RNA and lal1e' 9 0. 1 5  flg FI I RNA 

a 1 2 3 4 5 6 7 
cDNA cDNA cDNA cDNA cDNA cDNA cDNA 1 � 5 1 r:t4 5 1 � 5  l h-4 5  1 � 5  1 'r3:i: 5 l r:ra 5  

ftmG _ _ _ _ _ _  _ 
ItmM _ _ __ _ _  _ 
ItmK __ 
tUb8 _ _  _ - -

endophyte plant 

Fig. 8 a, b RT-PCR analysis aI' S. lalii IIIIl gene e:-;pression. a Reverse transcriptase-PCR analy sis of 

steady-state levels of /lln and IlIbE transcripts in  Lp l 9 mycel ium.  As templates 1 1 1 0  ( fane's 2). 1 / 1 00 ( lanes 

3) and 1 / \ .000 ( /ml<'s .f) di lutions of the cDNA were used. Lan£' 5 shows the water only control. lane I the 

product obtained from genomic DNA. RNA \\ as isolated from mycelia grown i n  l iquid culture in PD ( I ). 
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CD salts (2) ,  CD salts p lus  1 %  glycerol ( 3 ). CD salts plus 1 %  glycerol and 1 00 m M  N H.CI (4) .  CD salts 

plus 1 00 m M  N H.CI ( 5). CD salts plus 1 0% glucose (6). CD salts plus \ 0% glucose and 1 00 mM N H.CI 

( 7).  b Reverse transcriptase-PeR analysis of Lp 1 9  It  III and tubS transcripts, and the perenn ial ryegrass j3 

- Tubi transcript. in Lp 1 9- infected perennial  ryegrass pseudostem tissue. As templates 1 / 1 0  ( lanes 3 ). 1 / 1 00 

( lanes -I). 1 1 1 .000 ( lanes 5) di lutions were used. i>ane 6 sho\\s the water only control .  The products ampl i fied 

from DNA obtained from percnnial ryegrass infected with Lp l 9  ( lane 1 )  or from Lp l 9  mycel ium ( lane 2) 
arc also sho\v n.  Lanes 7 alld 8 are controls containing no reverse transcriptase and no RN A. respectively 

Discussion 

W e  describe here the m olecu lar c loning and genetic analysis of a c luster o f  three symbiotical ly 

regulated genes from N lalii and E festucae that are required for synthesis of the p lant bioprotect ive 

metabol ite lo l itrem B. A l l  three genes are weakly expressed in  cu lture but strongly expressed in 

planta. Using quantitative real-time PCR, the endophyte b iomass in these associations was estim ated 

to be between 0.3 and 1 .9% of the total biomass. Taking i nto account this b iomass d ifference, the 

steady-state levels of ItlnG, IlmM and /tmK are about l OO-fold greater than the levels of the perennia l  

ryegrass (3- Tub ! and A ct !  transcripts. The fact that these genes are not  de-repressed in  culture in  

response to  low leve ls of  either n itrogen or  carbon suggests that their regulation is  p lant-specific 

rather than the resu l t  of a response to low carbon or n itrogen levels. There are now several reports 

of p lant-induced fungal genes, including the mig genes of Ustilago maydis (Basse et aL 2002) and 

the A CE !  and PLSl genes of Magnuporfhe grisea (Clergeot et aL 200 1 ;  Bohnert et aL 2004), but, 

to date, the signal l ing mechani sm has not been determined. 

Endophyte synthesis of lo l itrems is  proposed to confer m ajor fitness benefits on the grass host 

by protecting it  from herbivory by insects and other smal l  animals  (Clay 1 990; C lay and Schardl 

2002) .  The [fm cluster in Lp 1 9  is  atypical of most fungal gene c lusters for biosynthesis of secondary 

metabol ites reported to date (Brown et aL 200 I ;  Young et aL 200 I ; Bradshaw et aL 2002; Bhatnagar 

et aL 2003 ; Proctor et aL 2003) in that it is embedded in a retrotransposon-rich region of the 

genome, although a recent report (Gat'diner et aL 2004) suggests that the s i rodesm in b iosynthetic 

gene c luster in the p lant pathogeni c  fungus Lepfosphaeria macZllans is also associated w ith a 

retrotransposon-rich region of the genome. The right-hand side of the It m c luster in Lp 1 9  i s  flanked 

by a 1 7 .2-kb retrotransposon "platform "  comprised of one retro-element ( Rua) i nserted within 

another (Tahi) .  The presence of L TRs flanking both elements, 5-bp d irect repeats at  the target 

sites, and h ighly corrupted remnants of a pal gene encod ing a protease, reverse transcriptase, 
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RNaseH, and integrase, in that order: wou ld suggest that both elements are members of the Class 

I gypsy sub-fam i Iy of retrotransposons ( Kempken and KUck 1 998) .  Both elements are abundant 

and h ighly d i spersed components of the genomes of E. festucae and N. lolii. N either of these 

elements was present in the genome of E. typhina, a species that is able to form asexual inter-specific 

hybrids w ith E. festucae ( Schardl et al.  1 994). Adjacent to the right-hand retro-platform is an 

inactive polyketide synthase gene, wh ich is flanked by another region of AT-rich DN A .  On the 

left-hand side of the lun c l u ster is a r trotransposon comprised of at least one Rua e lement. The 

instab i l ity of genomic clones isolated from this  region and the h ighly repetitive nature of the DNA 

seq uence has made it  extremely difficult to rescue add itional sequence on this  s ide of the It m 

cluster. The h igh frequency of GC-to-AT m utations with in these elements suggests that these 

seq uences were previously subjected to R I P, a pre-meiotic  gene si lencing process first identified 

in N. crassa (Selker et al . 1 987; Cambareri et a l .  1 989). Whether R I P  is st i l l  act ive in E. festucae, 

as has recently been found in some other sexual species of fi lamentous fungi ( I dnurm and Howlett 

2003 ), remains to be determ ined. The abundance of both the Tahi and R ua c lasses of retro-elements 

in both N. lalii and E. feslucae indicates that acqu i sition of R I P  preceded the d ivergence of the 

asexual from the sexual species. The absence of these elements in E. typhina could ind icate that 

these e lements were acquired after the divergence of the Epichlae spec ies. 

The lo l itrems are c l osely related to pax i l l ine ( F ig. I ), an abundant metabol ite synthesised by 

cultures of P. paxilli. The isolation from P. paxilli of a c l uster of genes required for pax i l l ine 

biosynthesis has provided i mportant ins ights into the biochem istry of indole-diterpene biosynthesis 

( Young et a l .  200 I ;  McM i l lan et al. 2003 ;  Parker and Scott 2004).  A comparison w ith the pax i l l ine 

biosynthesis  c l uster suggests that IlInG and IlmM are functional orthologues of paxG and paxM. 

The th ird gene in the c luster, ItmK, does not appear to have an orthologue in the pax gene cluster, 

and is therefore proposed to be unique to lol itrem biosynthes is. 

The first of these genes, IlInG, is predicted to encode a GGPP synthase, which is  proposed to 

catalyse the determ inant step for lo l itrem b iosynthesis, i . e ., the synthesis of G G P P .  I nteresti ngly, 

the three fungal species in which d iterpene gene clusters have been extensively analysed each 

have two GG PP synthases, one for pri mary metabol ism and one that is  specifical ly recruited for 

secondary metabo l ism (Tudzynski and Ha lter 1 998;  Young et a l .  200 I ;  Zhang et a l .  2004). The 

N. lalii and E. fesLUcae strains analysed here also have two GGPP synthases, whereas the lol itrem 

negat ive strain of E. typhina that was analysed here, stra in  E8, had only a single gene for GGPP 

synthase. The 5 '  region of the GGPP synthase gene for primary metabol ism, ggsA , was found to 

be h ighly polymorphi c  in the three endophyte species analysed, lacked introns and was weakly 
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expressed both in culture and in p l anta. The G G P P  synthase gene for secondary metabol ism, ItmG, 

found in the lol i trem producing strains of N. lolii and E. Jestllcae, appears to be an orthologue of 

pcnG from P. paxilli ggs-2 from F. Jujikuroi, and atmG from A. flavus-genes that are required 

for the biosynthesis  ofthe diterpenes pax i l l ine, gibbere l l ins  and aflatrems, respectively (Tudzynski 

and Holter 1 998;  Young et al .  200 I ;  Zhang et al . 2004) .  Deletion and complementation analysis  

of ItmM establ ished that th is gene is  essential for lol itrem biosynthesis. Complementation of the 

ItmM mutant with a copy of the P. pcuilli paxM confirms that ItmM is a functional orthologue of 

paxM. By contrast, It m M under the control of its  native promoter is  unable to complement a paxM 

deletion mutant of P. paxilli (c. A .  Young and B .  Scott, unpublished resu lts). W h i le deletion of 

paxM in  P. pw:ifli results in a paxi l l ine-negative phenotype, to date, no identifiable indo le-diterpene 

intermediate has been identified in th is  m utant ( B .  Scot!, L. K. M c M i l lan, J .  W. Astin,  S. Sai k i a, 

C. A. Young, A. B ryant and E. J .  Parker, unpub l i shed results). Th is  would suggest that pa.\"M i s  

involved i n  a very early step i n  the  pathway. Our  working model is that PaxM is required to  catalyse 

the epoxidation o f GG PP, which is subsequently cyc l ised by PaxC to form the first stable 

i ndole-diterpene, possibly paspaline, after the addition of i ndole-3 -glycerol phosphate (Parker 

and Scott 2004). By analogy we propose [tmM catalyses the same early step in lol itrem b iosynthesis. 

An N. lolii or E. Jestllcae orthologue of paxC has yet to be identified but, based on genetic analysis 

of paxC i n  P. paxilli, i s  predicted to be essential for lo l i trem biosynthesis ( Parker and Scot! 2004). 

Other genes essential  for pax i l l ine b iosynthes is are paxP and paxQ; wh ich encode cytochrome 

P450 enzymes ( M c M i l lan et al. 2003) .  PaxP is proposed to be requ i red for demethylation of C- 1 2  

of paspal ine and possibly for hydroxylation of C-J  0, and PaxQ is req uired for hydroxylation of 

C- 1 3  using either PC-M 6  or 1 3-desoxypax i l l ine as substrates. Analysis of the structure of lol itrem 

B (Fig. I )  suggests that sim i lar modificat ions of paspal ine are required to form l o l itrem B. N. foli 

or E. Jestucae orthologues of pm'P and paxQ have yet to be identified.  One or two additional 

cytochrome P450 enzymes are requ i red to complete the oxidation and closure of r ing-A of lol itrem 

B. LtmK is  a recognisable cytochrome P450 mono oxygenase and may catalyse these or other 

oxidation steps u n ique to lol itrem b iosynthes is.  Addit ional oxidation and prenylation steps are 

required to fom1 r ing I of lol itrem B. In summary, we predict that at least ten genes are requ i red 

for the biosynthesis  of lolitrem B,  the three described here. plus additional genes to carry out the 

functions described above. 

The cloning of the ItmG- tmM- ltmK cluster of genes w i l l  now al low us to study how these 

genes are regulated in the p lant and whether thei r  expression alters in response to the i mposit ion 

of various biotic or abiotic stresses on the symbiotum . We wil l  also be able to i nvestigate how 
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these and the other It m genes are organised in the genome, and how th i s  cluster has evolved. 

I mportantly, by a combination of comparative genomics and genetic analysis in both E. festucae 

and P. paxilli, we w i l l  be able to elucidate the b iochem istry of lo l itrem biosynthes is .  
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Table 1 Sequence and bioinformatics anal) s i s  ofggsA and It III gm cs 

Gene" Proposed function of product Size (aa) MW (k Da) Intron number Homologue in pax gene Degree of product identity 
cluster (%) 

N lggsA GGPP synthase 466 5 1 .9 0 
Efggs!\ (jGPP synthase 465 5 1 .8 0 
EtggsA G G P P  synthase 464 5 1 .6 () 
N l ltmG GGPI'  synthase 334 37 .9 2 pax(; 52.6 
N l ltmM Monooxygcnase 472 52 .5  3 pax.lt 4 1  
N l ltmK 1 '450 1110nooxygcnase 533 60.9 7 paxf' Q 3 1 . 3 

" The analys is of the t;. jeslllcae tlmu, tlm .lt and /11IIf.: sequences is identical to X. /oti; w i th the exception of one alllino acid d ifti:rence in /c' . ./eslllcae LtIll M .  

w 
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Table 2 Fungal hiomass and alkaloid production 

Strain Genotypea Number ofpJants examined Endophyte biomass (%)" Lol (ppm)' Erg (ppm)' Per (ppm), 
PN2303 6JlmA/ 5 0.4- 1 . 5  0 0.4- 1 . 3  30-40 

PN2296 611mA/ 5 0.4- 1 . 5 0 0 1 -2 1 1 5-47 

I'N230 1 611mGM 4 0.4- 1 . 9 0 O. 7-3 J 24-4 1 

PN2294 Ectopic 5 0 . 7- 1 . 5 4.4- 1 6 . 7  0 . 5- \ . 2 2 1 -55 

I' l l  wt 4 1 0- \ 7  6.2- 1 2. 8  0 .8- 1 . 5 3 1 -66 

Endophyte frei;; N A  3 N A  0 0 0 

" 6/1I11M, I tmM insi;;rtional replaccment; ( 6 /ImGM, extended deletion mutant: wl, w ild-typc, NA, not applicablc. h Endophyte biomass was determined from the ratio ofcndophyte to plant DNA mcasured 

by rcal-time quantitative peR. ' There was no significant ( P<O.05 ) di fferences among samples as determincd by analysis of variancc. Lot. lol itrcm ;  Frg, ergovafinc; Per, peraminc. 
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Table 3 Complementation or the £. festucae {lmM deletion m utant 

StTain Complementation plasmid" Number of plants assayed Lolitrem ( ppm)' 
PN2338 pC Y40 2 2 . 6  

PN2339 pC Y40 3 2.9 

PN2340 pCY40 2 3.2  
PN234 1 pCY40 2 0.6 

PN2350 pCY4 1 2 0 

PN23 5 1 pCY4 1 2 0 

PN2352 pCY4 1 2 1 4  

PN2346 pl 199 2 0 

PN2347 p l l 99 2 0 

PN2303 N A  2 0 

F I I  N A  2 3.9 

Endophyte free IN A  2 0 

n Complementations were carried out in the PN2303 background. pC Y 40 contains the IIIIIA! gene on a 7-kb Xhol fragment. pC Y 4 1  contains the paxA! gene on a 3 . 7-kb BgII I fragment. h Average value. 




