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Abstract

Dothistroma septosporum causes pine needle blight, a foliar disease currently causing
epidemics in the Northern hemisphere. D. septosporum synthesizes dothistromin, a
mycotoxin similar in structure to the aflatoxin (AF) precursor versicolorin B. Orthologs
of AF genes, required for the biosynthesis of dothistromin, have been identified along
with others that are speculated to be involved in the same pathway. The dothistromin
genes are located on a mini-chromosome in Dothistroma septosporum but, in contrast to
AF genes, not in a continuous cluster.

The am of this study was to increase knowledge of the biologica role of
dothistromin, which was previoudly a suspected pathogenicity factor. To identify putative
roles of dothistromin, the dothistromin gene expression was investigated and green
fluorescence protein (GFP) reporter gene strains of D. septosporum were devel oped.

Expression analyses of dothistromin genes revealed co-regulation. More
surprisingly, dothistromin is produced at an early stage of growth and gene expression is
highest during exponential growth. This is fundamentally different to the late
exponential/stationary phase expression usually seen with secondary metabolites such as
AF. Strains with a dothistromin gene (dotA) promoter-regulated GFP confirmed early
expression of the toxin genes, even in spores and germtubes. Parale studies with
transformants containing a GFP-DotA fusion protein suggest spatial organization of
dothistromin biosynthesis in intracellular vesicles. The early expression of dothistromin
genes led to the hypotheses that dothistromin is either required in the early stage of the
plant/fungi interaction, or for inhibiting the growth of competing fungi.

Constitutive GFP strains helped to determine that dothistromin is not a
pathogenicity factor. However, a putative role of dothistromin in competition with other
fungi, including pine-colonizing species, was detected, supporting the second hypothesis.
It was shown that dothistromin-producing strains appear to have a competitive advantage
which is lacking in dothistromin-deficient strains. However, some competitors were not
affected and have potential as biocontrol agents.

In summary, this work has led to the discovery of an unusual pattern of regulation
of asecondary metabolite, has made substantia progressin identifying the biological role

of dothistromin, and has indicated potential for biocontrol of Dothistroma needle blight.
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Chapter 1: Introduction

1.1 Dothistroma needle blight

Dothistroma needle blight is one of the most serious diseases of pine trees worldwide. Over
the last decade incidences of the disease have become more frequent and severe, and this trend
has been connected to global climate change. This section gives an overview of the causal

fungi, infection conditions and epidemiology regarding Dothistroma needle blight.

1.1.1 Dothistroma species

The causal agents of Dothistroma needle blight are two closely related Ascomycetes in the
order Dothideales, Dothistroma septosporum and D. pini. Like many fungi, Dothistroma spp.
have a tortuous taxonomic history littered with synonyms of both teleomorphic and
anamorphic names (Evans 1984; Roux 1984; Sutton 1980). The anamorphic form was first
known as Cytosporina septospora Dorog. and independently as D. pini (Hulbary 1941).
Morelet (1968) realized these fungi were the same and made a new combination D.
septospora (Dorog.) Morelet. The anamorphic state has subsequently been divided into
varieties based on the differences in length of conidiospores (reviewed in Bradshaw 2004).
However, recent DNA analyses do not support the division of Dothistroma into different
varieties based on morphological features. Instead the Dothistroma varieties are now divided
into two separate species, D. septosporum and D. pini (Barnes et al. 2004). Dothistroma
septosporum has a worldwide distribution and is the causal agent of disease in exotic pine
plantations in the Southern hemisphere. In contrast, the D. pini distribution appeared to be
restricted to the North Central United States (Barnes et al. 2004), but it has recently been
isolated in the Ukraine (Groenewald et al. 2007).

The teleomorphic form of D. septosporum was first described as Scirrhia pini Funk
and Parker, then subsequently renamed Mycosphaerella pini E. Rostrup apud Monk, although

both names are still used (Bradshaw 2004). The sexual form of D. pini has so far not been



identified, although a recent study showed that both D. pini and D. septosporum have two
different mating types (Groenewald et al. 2007). There are no reports of the sexual form of D.
septosporum in the Southern hemisphere, and, with the exception of South Africa, only one of
the mating types has been isolated there (Groenewald et al. 2007).

The origin of D. septosporum and D. pini is not known (Bradshaw 2004). The majority
of isolates subject to research are classified as D. septosporum (Bradshaw & Zhang 2006b),
and this species is the subject of this study.

1.1.2 The disease: infection process, symptoms and
environmental conditions

Dothistroma needle blight is often characterized by distinct brick-red bands (1-3 mm wide)
around the needle. These can appear within weeks of infection and sometimes still be seen
after the needle has died, therefore the altermative term “red-band disease” is also used. The
red colour of the band is due to the fungus producing the mycotoxin dothistromin (Shain &
Franich 1981). The early symptoms including yellow bands and tan spots on the live needles.
These signs are usually short-lived and the bands rapidly turn red. At later stages small black
fruiting bodies form within the red bands on the needle (Figure 1.1A). Adjacent to the red
band are areas of yellow necrotic tissue and flanking this region are sometimes areas of dark
green tissue containing highly lignified cells (Franich et al. 1986). The end of the needle
beyond the band dies and eventually the whole needle may develop extensive necrosis

(browning) and drop prematurely, leaving a brush-like branch (Figure 1.1B).

Figure 1.1: Dothistroma infection symptoms.
(A) Infected needles often show characteristic
red bands, caused by the mycotoxin
dothistromin, in which black fruiting bodies
develop. Picture from MacLaren (1993) (B)
Infected needles drop off prematurely leaving
brush like structures at the end of branches.
Picture by R.E. Bradshaw.




The main source of inoculum is the asexual conidiospores from #lc& bliting bodies
(stromata). The first conidiospores are generally releasexppring from attached needles
infected in the previous year. Conidiospore production can continue in ohfgereds for up
to 7 months of the year, with the main infection period from springutomer (Gilmour
1981). However, spore production is dependent on sufficient temperature amc:tieess.
The resilience of conidiospores to temperature extremes mieaynsdn remain viable for
months until they encounter favorable environmental conditions allowemgnination
(Gibson 1972). Once established, the fungus forms an appressoriustdliciire over the
stomatal cavity, with an infection peg penetrating the stonfatanichet al. 1983; Peterson
& Walla 1978). The stomata of young needles are open pores compogeardfcells that
are covered in a microtubular wax that appears to signal appuesdormation. This is in
contrast to mature needles where the stomatal opening is occlittied r@sinous material
that may present a mechanical barrier (Framtcdl. 1983). Stomatal penetration can occur
within two days of germination, with the infection peg branchinpiwithe pine needle sub-
stomatal chamber. From this, hyphae branch into intra- and ithidaceregions of the
mesophyll tissue.

Hyphal growth is restricted to within the necrotic tissue, betextension of necrosis
beyond the region directly infected with the fungus suggestshtsitcells are killed by a
toxin or by the host defense response. The host cells collaps@2ftEl4 days (depending
on environmental conditions) and needle symptoms and stromata apypaayr 1072;
Peterson 1973). The stromata generally mature and produce conigeathafter infection
(Butin & Kowalski 1989; Peterson 1982), but in some regions it canaakedditional year
for the fungus to complete its life cycle (Peterson 1982; ora§ Schwandt 1998). In
diseased needles, the asexual fruiting bodies are the most paiblef the fungus, reaching
diameters of 300-60@m. Initially white and subepidermal, they become brown-black,
acervular and erumpent as they develop. Eventually the host emdardhcuticle are broken,
leaving torn flaps around the fruiting bodies. The spores arevpbssiansported in water
droplets on to fresh needles where they germinate and infect cygantor 1-year-old
needles. Dispersal of conidiospores from infected foliage is ggneestricted to short
distances through water droplets (lvory 1972). Research conductedniya Kewever
showed that conidia were taken up into clouds from infected faaestigh altitude, which
could lead to dispersal of conidiospores over longer distances (Gibson 1972).



There are conflicting reports about whether the direction of gebe growth is
random or targeted towards stomata. In artificial laboratory tondi germ tube growth
appears to be random and in some cases penetration occurs divemiightthe cuticle
(reviewed in Bradshaw 2004; Muir & Cobb 2005). In outdoor conditions Muir and Cobb
(2005) observed conidial germ tube growth directed towards and entbengearest
epistomatal opening oRinus radiata needles (Figurel.2), but this was not found on bishop
pine plantation trees. The authors suspect that penetration and infechbrpini is highly
variable, depending on tree species and age and the environmenforEherperimental
studies on factors affecting penetration and infection by folipgthogens must be
substantiated by analyses of pathogen behavior under outdoor environméortssts or
plantations. Relying exclusively on results obtained under “controlediditions could
result in misleading or incorrect epidemiological concepts. gdtirknowledge of infection
and epidemiology might be based on artefactual or abnormal infectiovidreh® a result of
experimentation conducted in a controlled environment (Muir & Cobb 2005).

Figure 1.2: Stomatal invasion biyl.pini.
Needle ofP. radiata plantation tree with
M. pini germ tube (G) that grew directly
from conidium (C) and entered an
epistomatal opening (S) (scanning

electron micrograph taken from Muir &
Cobb (2005)

In the 1970-80’s a large amount of research was conducted on the environmentainsonditi
required for Dothistroma infection to occur, using laboratory baséwgean assays (Franich
et al. 1986; Gadgil 1967; Gadgil 1974; Gadgil & Holden 1976; Ivory 197XePdr972;
Shain & Franich 1981). Results were inconsistent with respecetoptimal light intensity,



duration of needle wetness and temperature, which enabled germinatmonidia and
subsequent infection of needle tissue. However, it is clear thagharhoisture level is
favourable for the disease (Bradshaw 2004; Gadgil 1974; Gadgil 1977; Moob& 2005).
In addition, a recent study showed a correlation between increasehstrdona disease and
increased precipitation and temperatures abo%€ 6 British Columbia (Woodst al.2005).
Therefore it appears that in both an artificial and natural envirohmemperature and
moisture are two key variables required for successful infection and diseasspdersl

1.1.3 Distribution and impact of Dothistroma needle blight

The fungud. septosporuns able to infect both native and exotic pine species throughout the
world. The infection results in premature defoliation and incremerdad loss in proportion
to disease severity, and in extreme cases infection leadsdedtieof the tree. Although pine
species appear to be the favorable hostOorseptosporuminfections ofLarix decidua
(Basset 1969ouglas fir(Gadgil 1968), anéicea abiegLang 1987) have been observed.
While Dothistroma needle blight has been a major problem in exokcglantations
in the Southern hemisphere for decades (Bassett 1972; @i 969; Edwards & Walker
1976; Gibson 1974) there has been a dramatic increase in disease enanddrec Northern
hemisphere since the 1990s (Figure 1.3). In the Northern hemisphere ths fangow
colonizing pines in their native environment as well as in plantafiMu®dset al. 2005). In
Southern Germany, Dothistroma infection prior to 1990 was only observedailh |lscal
areas and mainly in parks and gardens (Pehl & Butin 1992). At présedisease is more
widespread and has been found in the Alpine ecosystem infecting Rativegoat altitudes
between 1200 and 1600 m (Maschning & Pehl 1994). In Austria the diseag®dwsfsom
local infections ofP. mugo(known since the 1950s) to other native species suéh aigra,
P. sylvestrisP. uncinataandP. cembgKirsitis & Cech 2006). This disturbing trend has been
observed in several Northern hemisphere countries and is summarized in Table 1.1.



Figure 1.3: Damage caused by Dothistroma in British Columbia, Canada.

(A) Extensive Dothistroma damage (Bell Irving, BC) and (B) Mortality (Sediesh Creek, BC) in lodgepole pine

(Pinus contorta var. latifolia). Pictures are courtesy of Alex Woods.

Consequently, Dothistroma needle blight is now classed as one of the most important diseases
of pine, and is of major economic concern to the forest industry in countries such as New
Zealand, Australia, Canada, Chile, Europe, Kenya, and the United States of America (Woods
et al. 2005). D. septosporum is also classified as an organism which could be used as a
biological weapon or in bioterrorism (Beck 2003). This classification is probably due to the
possible ecological and economic consequences of a Dothistroma needle blight outbreak. Of
greater concern is the increase of Dothistroma needle blight in the Northern hemisphere being
correlated to global climate change, as shown for the recent epidemic in British Columbia,
Canada (Woods ef al. 2005). Different climatic conditions are also suspected to play a role in
the spread of the disease in Austria (Kirsitis & Cech 2006). Therefore, global climate change
may lead to even more frequent and severe epidemics of Dothistroma needle blight in the

future.



Table 1.1: New outbreaks/increased incidence of Dothistroma needle blight recorded in teemort
hemisphere since 1994. Table altered from Bradshaw (2004).

Country/ Region

Pinusspecies

Distribution notes

References

Poland
Germany

Portugal

Hungary
France

Slovakia
United Kingdom

Austria

British Columbia, Canada

Montana, USA

Vermont, USA

P. nigra

P. mugo

P. pinaster
P. pinea

P. radiata

P. nigra

P. nigra var. laricio

Pinus nigra

P. nigra var. laricio

mugo
. nigra
. sylvestris

. uncinata

U U U U T

. cemba

P. contortavar. latifolia

P. flexilis

P. albicaulis

P. nigra
P. mugo
P. pomderosa

First report in Poland

First outbreak in native ranges

First report of teleomorph

Nationwide epidemics

Considerable foliage damage

First report in 1996

Increased incidence in England
First report in Scotland

Increased incidence

High incidence and mortality

First report in native ranges

First report in New England

Kowalski and Jankowiak (1998)

Maschning & Pehl (1994)

Fonseca (1998)

Koltay (2001)

Landmann (2000)

Zubrickt al (2006)

Evans & Webber (2003)
Brown (2005)
Kirsitis & Cech (2006)

Woods (2003, 2005)

Taylor & Walla (1999)

Pfistet al (2000)

In New ZealandD. septosporumwvas first identified irPinus radiatapine plantations in 1962,
with positive confirmation in 1964 (Gibson 1972). The sexual form of the fungus,
Mycosphaerella pinihas not yet been identified and it appears that there is only dmgma
type present in New Zealand (Groenewaldal. 2007). This supports the results of Hirst
(1999) which suggested that the current asexual form found in N@dnallgl derived from a
single isolate ofD. septosporumintroduced into this country. As a consequence, the
Dothistroma resistar®. radiata developed for increased resistance to the New Zealand strain
(Jayawickrama & Carson 2000) may not be resistant to other strains around the world.

In 2006 the value of New Zealand forestry export products was estimatNZ$ 3.1
billion (MAF 2006). The forest sector accounted for 11.2% of the Newaddadxport market
in 2005 (MAF 2007) andPinus radiataplantations account for approximately 90% of the



commercial forest in New Zealand. This makes Dothistroma né&dld an important factor
in the New Zealand economy, being responsible for an estimated ecdosmiaf NZ$ 24
million per year (MAF 2003). With an increasing trend towards monoegfuand of
genetically identical trees of selected genotype (clonaltigjeshe introduction of potentially
more virulent overseas strains@f septosporunmto the country should therefore be a major
concern for the forest industry and the New Zealand economy. Thipastiaular concern
since the distribution of fungal forest pathogens is facilitatedhbyworldwide increased
movement of people, wood and wood products (Wing#elal.2001).

1.1.4 Control of Dothistroma needle blight

There are three main methods used to control Dothistroma needleibligtithmercial pine
forests in the Southern hemisphere. These control methods are: asistaint pine seedlings,
silvicultural practices such as pruning and thinning of infected branahdsaerial application
of copper fungicide (Bradshaw 2004). A Dothistroma resistant cultivd?. ofidiata was
developed in 1983 and is available in New Zealand for planting in high moad&eas where
needle blight is a problem (Jayawickrama & Carson 2000). Theamstltivar has been
estimated to reduce incidence of infection by 15% (Dick 1989). In addionradiata
becomes more resistant with age, usually around eight years imatedgleliseased stands, or
around 15 years in heavily diseased stands. However, older pine kedsniger to recover
from severe infection, and unfortunately little is known about the mateee resistance
mechanism (Gibson 1972). The most prominent form of control is stiluskeeof copper
fungicides. As it has proven particularly difficult to establisheBable pathogenicity test
(Barron 2006; Deveyet al. 2004; West 2004), exploring other control options, such as
breeding of better Dothistroma resistant pine cultivars, is progressing slowly

Fungicides were first used in Kenya (1964), when field trials stidwvat copper
fungicides applied from the air were effective in controlling neddight. In New Zealand,
aerial application of copper oxychloride and cuprous oxide have beenwveffiectontrolling
dothistroma since the early 1970’s (Bradshaw 2004). Copper fungicid&eis tg byD.

septosporunconidia within 60-90 minutes of contact. It prevents germ-tube growthstwhil



also inhibiting the production of secondary conidiie copper spray persists on needles for
several months (Franich 1988) protecting existolgfie from new infection.

As D. septosporuns usually not spread over long distances, theestaand probably
most effective form of control would be plantingmsusceptible hosts in certain areas in

addition to avoiding dense planting (Engelbrect@&®0

1.1 The dothistromin toxin

D. septosporunproduces the toxin dothistromin which is visibletire red bands of infected
needles. The toxin is similar in structure to acpreor of the potent carcinogen aflatoxin. It

has therefore been subject to both plant pathaogynon-plant related research.

1.1.1 The toxin

Dothistromin is a toxic metabolite produced by sel/@lant pathogenic fungi. It has been
isolated fromD. septosporun{Bassettet al. 1970) and from several species@drcospora
(Assanteet al.1977; Bradshaw 2004; Stoess| & Stothers 1985).

D. septosporumproduces and secretes the polyketide dothistramtulture as
well asin planta The brick red bands frequently seen in infecteddhes are caused by the
accumulation of dothistromin in the needle tissBeain & Franich 1981). The secretion of
the toxin in culture facilitated purification antlemical characterization (Bassettal. 1970).
Purified extracts of “dothistromin” usually consist dothistromin (80-90%) and the closely
related deoxydothistromin (Gallagher & Hodges 19Byth of them show close structural
similarities to versicolorin B, an aflatoxin presor, produced byspergillus parasiticusnd
A. flavus This implied a possible similar biosynthetic pa#ly for dothistromin and aflatoxin.
Subsequently a8*C-NMR study of dothistromin biosynthesis By septosporunshowed a
labeling pattern consistent with a bistetrahydraifiar side chain, similar to those found in the
biosynthesis of aflatoxin (AF) and sterigmatocyqt8T) (Shawet al. 1978). Furthermore,



both dothistromin and versicolorin B share a satddifuran ring although the arrangement

of the hydroxyl groups of the anthraquinone ringifferent (Figure 1.4).
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OH OH O OH
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| HO" ©O° ©
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aflatoxin B1
OH OH O OH
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o} OH

versicolorin A © dothistromin

Figure 1.4: Structural similarity of dothistromin and aflatoxpnecursors versicolorin A +.B

Based on the chemical evidence of the AF intermesliand dothistromin it was predicted
that D. septosporuntontains genes orthologous to some of those iedbln aflatoxin and
sterigmatocystin synthesis, which were indeed sylesstly identified (see Section 1.4.2,
Bradshaw & Zhang 2006b).

1.1.2 Occurrence and mode of action of dothistromin

As disease symptoms can be induced through ingeciithistromin into pine needles (Shain
& Franich 1981) it is feasible that the dothistrantbxin is either required for pathogenicity
(essential for the disease to occur) or virulermmnifibutes to the severity of the disease).
Further early studies of the infection process aéaa necrotic needle tissue damage occurring
beyond the growth margin of the pathogen, sugggstost tissue death due to a diffusible
toxin (Gadgil & Holden 1976). However, Kimuet al (2001) mention, in a review, that those
are only circumstantial observations and are famfbeing accepted as persuasive evidence
for a causal role of toxins in pathogenesis. Indéethe case of the Dutch elm disease toxin
cerato-ulmin, injection of the toxin reproducededise symptoms on elm seedlings (Takai

1974) but toxin-deficient mutants @fphiostoma ulmivere still as virulent as the wild type
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(Bowdenet al.1996). In a different pathosystem, treatment gbsan tissue with the purified
toxin cercosporin resulted in development of diseagmptoms normally caused by the
pathogenC. kikuchii Cercosporin-deficient mutants of this fungus wemn-pathogenic,
confirming that cercosporin is a pathogenicity éa¢tUpchurchet al. 1991).

There are some indications that dothistromin mighttbe a pathogenicity factor.
Although the red bands are a characteristic of Btttma needle blight, they are not always
seen inDothistromainfected needles (A. Woods, M. Dick personal comioation) and
dothistromin content of needle lesions is not datesl with the length of the lesion
(Unpublished Project Record 4225, New Zealand Edresearch, Bradshaw & Zhang 2006b).
Indeed, 80-90% of the dothistromin is degradedite meedles to oxalic acid and £®ithin
24h (Franichet al. 1986). Furthermore, isolates bBf septosporunandD. pini from the same
or different countries appear to vary greatly iaithability to produce dothistromin in culture
(Bradshawet al. 2000). Whether the production levels seen in calare correlated with the
toxin productionin planta or indeed virulence, is not known. In additiordefence response
of P. radiata cell suspension cultures can be induced in theraigs of dothistromin when
challenged with @&. septosporunecell wall fraction (Hotter 1997). Therefore it apype that
the host response may contribute to the symptonteeoflisease. Injection of dothistromin
into pine needles is accompanied by a strong hestonse, such as the accumulation of
benzoic acid in the needle. This accumulation ccatithigh enough concentrations to inhibit
D. septosporungrowth, but is also toxic to the plant cells (Fcéret al. 1986).

Plants often use the hypersensitive response a®tacpon mechanism but some
necrotrophic or facultative saprophytic fungi us$estdefense system to their advantage.
Fungal toxins can trigger the programmed cell déR@D) of their host-plants (Howlett 2006;
Markham & Hille 2001). Reactive oxygen species iak®@lved in the signaling pathways of
PCD and the ability of dothistromin to activate geyn has been shown (Youngman & Elstner
1984). Dothistromin requires light and oxygen far toxicity (Franichet al. 1986; Shain &
Franich 1981). This might suggest that a photodyoamechanism of © activation is
involved in the phytotoxic response. Dothistronsralso able to act as a reductant, reduced in

NADPH-dependent reactions and formingdd and Q" upon autoxidation. It is feasible that

dothistromin might be reductively activatéd vivo via photosynthetic electron transport,

which also would explain the requirement of lightthe disease process (Heis¢ral. 2002;
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Youngman & Elstner 1984). However, Shain and Ftanit981) detected an ethylene
response in needles injected with dothistromin lotlight and dark conditions, albeit with a
smaller response in darkness. This suggests theidiaapable of a response regardless of
light conditions.

Possible toxic effects for dothistromin on a deltdevel have been seen. Using pine
embryo and meristematic leaf callus it was deteechithat their growth was completely
inhibited by 13 nmol dothistromin/g of tissue. Fgtmore, an immunoassay confirmed the
uptake of dothistromin by the pine embryos. Usindpthistromin-mouse albumin conjugate
and dothistromin-specific antibodies, it was idkedi that dothistromin binds to a 40-kDa
binding peptide in small vesicles in pine embrydsngset al. 1995). Whether this is the
cellular target of dothistromin in the natural gystis not known.

Further research has been conducted on dothistrtoricity due to the structural
similarities to aflatoxin. Dothistromin has beeroaim to be toxic to a broad range of cell
types including plant, bacterial, animal and huroalts (Elliott et al. 1989; Fergusort al.
1986; Harveyet al. 1976; Skinnideet al. 1989; Stoesstt al. 1990). Aflatoxin B is the most
potent naturally occurring carcinogen known in &éddito being teratogenic and toxic. There
is also evidence for dothistromin being a weak memaand clastogen, which led to concerns

about the risk of forestry workers exposed to dstthmin (reviewed in Bradshaw 2004).
1.3 Fungal secondary metabolites

Secondary metabolites are metabolites that areesséntial for growth and reproductive
metabolism, unlike intermediates and co-factorhsag those that take part in cell-structure
synthesis and energy transduction of the organ@&uondary metabolite production in fungi
is a complex process coupled with morphological ettggment (Calvoet al. 2002). The

functions of secondary metabolites for the prodgcorganism are often speculative or
unknown but the metabolites are often of tremendoymrtance to humankind in that they
display a broad range of useful antibiotic and pteeutical activities as well as less
desirable toxic activities (Pelaez 2005; Seo & Y00%). Examples of important

pharmaceuticals are penicillin, cyclosporin andirssawhile aflatoxins and trichothecenes are
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potent toxins. Mycotoxins secreted by fungi as thegw in various commodities have great
implications for humankind (reviewed in Bennett 8idk 2003; Seo & Yu 2005).

Despite their enormous chemical complexity and iy all fungal secondary
metabolites arise from a limited number of prectgsabtained from primary metabolism. The
main classes of fungal secondary metabolites alykgtides (e.g. aflatoxins, dothistromin),
non-ribosomal peptides (e.g. penicillin, gliotoximkaloids (e.g. lysergic acid diethylamide
(LSD)) and terpenes (e.g. tricothecenes, gibbajglKeller et al. 2005). Examples are shown
in Figure 1.5. The biosynthesis of secondary mditaisoof filamentous fungi have been
recently summarized by Hoffmeister and Keller (20@Vmodel which explains the evolution,

and reasons for chemical diversity, of secondartabwdites has been described by Firn and

Jones (2000; 2003).
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In some cases it has been shown that secondarpatitta play a beneficial role for the fungi.
The melanins, which give color to spores, appréssaclerotia, sexual bodies, and other
developmental structures, can act as plant andaniinulence factors or can be required for
general survival, presumably as UV protectants @SRscavengers (Hensat al. 1999;
Jacobson 2000). Grass endophytesEgschloé and Neotyphodiumproduce a range of
bioactive secondary metabolites, e.g. ergot aldlalaind indole diterpenes, which are known
to have anti-insect and anti-mammalian properfiéss way the protection of the host assures
protection of the environment of the fungi. Intemegly, Epichloétyphinaalso produces the
secondary metabolite chokol K, an antifungal v@@atiwhich is also responsible for the
attraction of the femalBotanophilafly that transfers fungal gametes (Schiesthl. 2006).

Some fungal phytotoxins are proven pathogenicityioulence factors that cause
significant disease on agricultural crops (reviewedlhineset al. 2006; Upchurchet al.
1991). Alternaria alternata pathotypes produce different host-specific toxarsd cause
disease on different hosts. Three of these clasfsexin (ACT, AF-toxin and AK-toxin) are
produced by a core set of three biosynthetic genkih are located in multiple copies on a
conditionally dispensable chromosome. Isolates kaek this dispensable chromosome are
non-pathogenic on all hosts (Ha#aal. 2002). Conidia ofcochliobolus carbonumsecrete a
toxin (HC-toxin) during appressorium formation oaize leaves. On resistant plants the toxin
gets inactivated and the fungus fails to the calenihe host (Weiergangt al. 2004).
Trichothecenes were also shown to be involved rolemce ofFusariumspp. (reviewed in
Kimuraet al.2001).

The biological role of AF/ST is less clear. Bu'Lodk965) postulated that AF
production was a mechanism for the organism toaseleexcess carbon when the fungus is
growing in a carbon-rich environment, but littleigance exists to support or defend this
hypothesis and atoxigenic fungi can compete witigenic fungi on the same medium (Cotty
1989). A putative benefit for ST production hasrbebown inA. nidulans ST appears to be
important for sporulation, as more conidia accuteulaith each progressive conversion of
intermediates in the ST biosynthesis pathway (Wgkhet al. 2004). Wether ST production
does indeed provide a fitness advantage in naturet known. AF deficient strains @f.

parasiticusandA. flavusare successfully used as biocontrol agents to etempith toxigenic
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strains, but they need to outnumber the toxigepmres ten- to fifty-fold (Pitt & Hocking
2006). Narasaiaht al. (2006) showed that the production of AFAnparasiticuss related to
oxidative stress. Their results suggest that faonaif AF and its precursors 8y, parasiticus

may occur as a compensatory response to reactjggenspecies accumulation.
1.4 Fungal gene clusters

Although the biological function of many secondangtabolites is still unknown, there is a
considerable amount of knowledge about the orgaoisaand regulation of secondary
metabolite genes. One remarkable property of sergndetabolites produced by fungi is the
frequent clustering of genes involved in their pidkesis and regulation (for recent reviews
see Boket al.2006; Hoffmeister & Keller 2007; Kelleat al. 2005; Miller & Linz 2006; Yu &
Keller 2005; Zhanget al. 2005). Furthermore, they also frequently appedretdocated near
telomeres (Kelleet al. 2005). A gene cluster is considered to be thealjekof two or more
genes that participate in a common metabolic orldg@mental pathway (Keller & Hohn
1997). While the clustering of genes was well kndamprokaryotic organisms in the form of
operons (where genes of related functions are uwedetrol of a single promoter and
transcribed as a single mRNA), the clustering afgll genes was not predicted as it had
became a dogma that eukaryotic genes involved matifonally related pathways are not
linked (Keller et al. 2005). However, since the 1990s gene clusters baea frequently
identified in fungi. Secondary metabolite gene ®us often include regulatory genes in
addition to genes involved in the biosynthesis ltd secondary metabolites. Examples of
secondary metabolite clusters in fungi include ¢hfogs AK-toxin (Tanakaet al. 1999), ergot
alkaloids (Haarmanet al.2005), gibberellins (Tudzynski & Holter 1998), famsin (Proctor
et al. 2003), p-lactam antibiotics (Liras & Martin 2006), sterigtoaystin and aflatoxins
(Brown et al. 1996; Keller & Hohn 1997), trichothecenes (Hadtral.,1993), aflatrem (Zhang
et al. 2004), sirodesmin (Gardinet al. 2004), gliotoxin (Gardiner & Howlett 2005), lokm
(Younget al.2005), cercosporin (Chest al.2007) and ergovaline (Fleetwoetal.2007).

The evolution of fungal gene clusters remains warcl®ost fungal genes for other
biosynthetic pathways follow the normal eukaryotiodel of dispersal throughout the

genome. There is probably some selective pres$atedrives and maintains clustering of
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secondary metabolite genes, although there arenawrk internal genomic mechanisms that
promote or maintain clustering. In contrast, thame known mechanisms that act to disperse
genes, e.g., translocation, inversion, and unegpeaking over. Several hypotheses have been
put forward to rationalize clustering of fungal gedary metabolite genes (reviewed in Zhang
et al. 2005). One is that clustering optimises co-reguadf the constituent genes either by
cis regulatory elements or by having them all in a Emthromatin environment. In contrast,
Walton (2000) argued that genes for “housekeepipgthways in fungi and secondary
metabolite pathways in other eukaryotes are disgeasd that chromatin context is not, in
general, important for correct co-regulation. lastehe proposed a model of selfish-gene
clusters, which might have been acquired by fuhgbugh horizontal gene transfer (HGT).
Because of the discontinuous distribution of seaoydnetabolite production in fungal taxa,
HGT from other species might be the origin of sometabolite gene clusters in fungi
(Rosewich & Kistler 2000; Walton 2000). The amintidaidentity between some proteins
required for the biosynthesis gflactams, the low G/C content and the lack of mgron f—
lactam gene clusters in fungi supports the thedriA@T from bacteria to fungi (Liras &
Martin 2006; Rosewich & Kistler 2000).

In the case of the AF/ST gene clusters there isamvincing evidence for HGT. The
AF gene cluster rather appears to have originated fjene duplication. Arguments against
HGT of AF/ST pathway genes include the presencetodns, a similar G/C content inside
and outside the cluster (Browat al. 1996) as well as the observation that the gendken
cluster quite closely follow the expected evoluéipnlineage of other non-clustered, essential
genes in the same species, isolated from widelgrdent geographical locations (Ehrliehal.
2003). In addition, many of the cluster genes hawaous similarities to eukaryotic primary
metabolic activities (e.g., fatty acid synthases) aould have been obtained from a primary
metabolism gene through duplication followed by atioihs (Brownet al. 1996). The
availability of a sexual stage, which facilitatesembination, irA. nidulansmay account for
the differences in organization of the ST and ARegelusters (Bhatnagat al.2003).

Cary & Ehrlich (2006) outlined a model for the evidbn of AF/ST gene clusters
which suggests that blocks of biosynthetic geneseveequired sequentially. The ability to
make AF, ST or their precursors is not confineddmeAspergillusspecies but is also found

in others such as species Rénicillium and Chaetomium(Barneset al. 1994; Cole & Cox
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1981) orD. septosporum(Table 1.2, Bradshaw & Zhang 2006b). HGT is onesjbs
explanation for the presence of genes similar tse¢hof the AF/ST gene cluster in these
species (Bhatnagaet al. 2003). But phylogenomic analysis of the highly semved
ketosynthase domain of fungal polyketide synthaseeg revealed that the origin and
diversity of most polyketide genes could be exmdiby gene duplication, loss or divergence
rather than by HGT. There are a few exceptions,evew where polyketide synthases may
have been acquired by HGT (Krokehal.2003).

1.4.1 Aflatoxin and sterigmatocystin gene clusters

Due to the prevalence of the potent toxin AF indstaffs an enormous amount of research
has been carried out with the aim of understandiawgg ultimately controlling, the
biosynthesis of AF. In consideration of the struatsimilarity of dothistromin to AF/ST and
the identification of dothistromin genes with higimilarities to AF/ST the clustering of the
AF/ST genes is of special interest.

TheA. parasiticusAF gene cluster is approximately 70 kb long andtaims 25 genes,
including regulatory as well as structural genespamed aafl genes to reflect their common
purpose and genomic location (ét al. 2004). The involvement of thefl gene products in
AF biosynthesis has been shown for most of the g€Bbrlich et al. 2005a; Sakunet al.
2005; Wenet al. 2005; Yabe & Nakajima 2004). The flavusAF gene cluster is similar to
that of A. parasiticus with the positions and orientations of the gebesg conserved
between the two species (Mt al. 1995). InA. nidulansa 60 kb gene cluster was shown to
contain 25 ST genes (Brovet al. 1996; McDonalcket al.2005). As well as the different order
and different orientations of homologous geneshim AF and ST gene clusters (Keller &
Hohn 1997), some genes are missing from one ofcthsters but present in the other
(McDonaldet al.2005). For example, the MFS transpog®T is found only in the AF cluster

andstcC(oxidase) only in the ST cluster.
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1.4.2 The dothistromin genes

On the basis of the chemical evidence it was ptredithatD. septosporunwould contain
genes orthologous to some of those involved in Wiwsynthesis of AF and ST, and
orthologous genes to the AF/ST genes were indesdiftbd inD. septosporuniBradshaw &
Zhang 2006b). Their high similarities to the aflatoand sterigmatocystin genes led also to
the expectation that the identified dothistromimeg are part of a big cluster, as seen for the
AF/ST genes and many other fungal secondary metabgénes (Zhanget al. 2005).
However, recent results show that this is not gedor the dothistromin genes (Bradshaw &
Zhang 2006a; Zhanet al. 2007). Instead three mini-clusters of eleven pegadothistromin
genes have been identified. Other genes that appdsve no connection with dothistromin
biosynthesis are located adjacent to, or betwéenddothistromin genes in each mini-cluster.

ThedotA gene was the first identified gene shown to belwved in the biosynthesis of
dothistromin. It encodes for a putative versicalaeductase with 80% amino acid identity to
AfIM (previously called Ver-1) and was identified a clone of &D. septosporungenomic
library by hybridisation with am\. parasiticusaflM probe (Bradshavet al. 2002). Targeted
gene replacement afotAin D. septosporuntesulted in a dothistromin negative phenotype,
thus implying a requirement for DotA in dothistrambiosynthesis. ThedotA mutant
accumulated versicolorin A (Figure 1.4) but, beeadgthistromin is structurally more similar
to versicolorin B than versicolorin A, it is not éwn whether versicolorin A is a true
precursor or an accumulated side-product in theckigid mutant. However, Henry and
Townsend (2005) published a possible biosynthetibyeay for the last stages of dothistromin
biosynthesis that suggested how versicolorin Adde a precursor.

Clustered alongside thdotA gene aredotB, dotC and dotD that show similarity to
AF/ST genes (Table 1.2). Despite this similaritisinot clear if any of these three genes have
a functional role in dothistromin biosynthesis. Tgredicted product of th&éotB gene contains
a peroxidase domain and a putative heme-bindireg 8ithough it shows similarity to the
product of the ST genstcC no equivalent is seen in the AF gene clusterthieamore, the
role of StcC inA. nidulansis unknown since the disruption sticC appears to have no effect
on ST production (mention in Zharey al. 2005). ThedotC gene is predicted to encode a

major facilitator superfamily (MFS) transporter.eThomologous gene in the AF gene cluster,
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aflT, is not required for AF production or secretiorhf@get al. 2004). However, in some
plant pathogenic fungi, MFS proteins have an imgdrtrole in toxin secretion and can
therefore affect virulence as well as providingf-pebtection against endogenous toxins
(reviewed in Martinet al. 2005). ThedotA-D genes are located on a 32.5 kb contig (mini-
cluster 1) which contains no further genes with blmgies to genes of the AF/ST cluster
(Figure 1.6, Table 1.2).

Screening th®. septosporungenomic library with a hybridization probe of ta8C
(previously calledpksA AF gene fromA. parasiticusled to the identification of a second
clone including genes with high similarities to SH/ genes. This clone contaipksA a gene
encoding a polyketide synthase with 55% amino &gatity to AfIC. The predicted PksA
protein contains the same set of domains foundlatoain and sterigmatocystin PKS proteins,
including domains foi3-ketoacyl synthase, acyltransferase, acyl carrretepn (ACP) or
phosphopantotheine attachment site and thioestel@isen cyclase, except it has three
tandem ACP domains compared to the single ACP fandd parasiticusAflC and the two
ACPs found in thé\. nidulanssterigmatocystin StcA. AdksAgene replacement mutant Of
septosporunwas shown not to produce dothistromin or any knad\viimprecursors. Further
feeding studies with norsolorinic acid and versicol A showed that this mutant is able to
convert those intermediates into dothistromin (Bledvet al. 2006). This result showed the
involvement of thepksA gene in the biosynthesis of dothistromin and aspports the
suggested biosynthetic pathway of Henry and Towhg2005) that proposes versicolorin A
is a true dothistromin precursor.

Clustered alongsidpksAin D. septosporunare genes namea/fA cypAand moxA,
on the basis of their similarity to AF genes that dikely to have functional roles in
dothistromin biosynthesis. Tre/fA gene is predicted to encode an oxidase correspgrdi
A. parasiticusAfll (AvfA) and A. nidulansStcO. Theafll gene was able to complement an
atoxigenic mutant of\. parasiticushat accumulates averufin (AVR), and thereforth@ight
to be required for the conversion of AVR to versiabhemiacetal acetate (VHA). Since the
dothistromin biosynthetic pathway is probably vemilar to that of aflatoxin at this stage, a
similar role for D. septosporumAvfA is possible. The conversion of AVR to VHA was
subsequently shown to involve a complex metabaiit gith several steps. IA. parasiticus
an AVR monooxygenase AflV (CypX) and a hydroxyveodbrone monooxygenase AflW
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(MoxY) have been confirmed to be involved in thigge of aflatoxin biosynthesis (Wemal.
2005). In D. septosporum possible orthologs of the genes encoding thessness lie
alongsideavfA cypA andmoxA The D. septosporuntypA gene is predicted to encode an
AflV ortholog and themoxAgene to encode the AflW ortholog (Table 1.2). Auigalent role

of these gene products in dothistromin biosynthegisild seem likely. Those genes are
located in a 53 kb contig (mini-cluster 3) contamil5 additional genes, with only one, DS31,
showing similarities to a AF/ST gengt¢T) (Table 1.2, Zhangt al.2007).

S. Zhang (Massey University) identified/BsAgene using degenerate PCR (Schwelm
et al. 2007). The predictedosAprotein showed high amino acid identities to tkesicolorin
B synthases AfIK and StcN (froA. parasiticusand A. nidulansrespectively). The recent
construction of &. septosporungene replacement strain @bsAshowed its involvement in
the biosynthesis of dothistromin (Zhaagal.2007). ThevbsAgene is located on a contig of
14 kb (mini-cluster 2) which includes non-dothistia genes as well as the partial sequence
of a gene designatdtexA The predicted amino acid sequence of the pdréaRsuggests it
to be an AflA and StcJ ortholog from the AF and @isters and to encode a dothistromin
fatty acid synthase (Table 1.2, Zhagtgal.2007).

The identified dothistromin genes and the adjacentdothistromin genes in the three
mini-clusters are summarized in Table 1.2 and thdesly comparison of the dothistromin
genes and the AF/ST gene clusters is shown in &

In the evolutionary model of these clusters proddseCary and Ehrlich (2006) it was
speculated that the dothistromin cluster divergatier than the AF/ST divergence. The basal
cluster they proposed as being ancestral to diexe clusters includes homologgp&sAand
hexA which are now shown to be located in two sepamate-clusters inD. septosporum
However the relative positions of these genes ¢ esher in thd. septosporungenome are
not known and homologs of the other genes specltatée in the basal clustdrgxB, aflR,
aflJ and nor-) have not yet been identified. The hypothesisherrtsuggests that genes
encoding modifying enzymes such as the dehydrogsnidsrA and AvfA were recruited to
the basal cluster (Cary & Ehrlich 2006). It is pbksthat inD. septosporumthe recruited
genes were never formed into a close cluster. Adtarely, tight clustering may have been an

ancestral feature that degenerated over tini2 septosporum
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Figure 1.6: Synteny comparison of gene clusters.

The three dothistromin (DOT) mini-clusters are compared with the 4. nidulans sterigmatocystin (ST, accession number ENU34740) and A. parasiticus
aflatoxin (AF, accession number AY371490) gene clusters. Genes predicted to have similar functions in the three fungi are displayed using the same
colour. Putative AfIR binding sites in promoter regions of the genes are indicated with stemmed balls: those above the genes indicate the sequence
TCGN;CGR and those beneath the genes indicate the sequence TCGN;;CGR. The number of binding sites in the individual promoter regions is not shown.

D. septosporum genes labelled DS X do not show any similarity to AF/ST genes. Figure is taken from Zhang (2007).



Table 1.2: Genes identified in the three dothistromin gene mini-clusters. Table altered from Zhang et al. (2007). Different background colours indicate _, minicluster 2 and minicluster 3.

A. parasiticus AF cluster

A. nidulans ST cluster

Gene Size' Putative function (domain)* Highest Genbapk Species Indicative ° °
(aa) BLAST match®  accession no. P E-value Probable4 Vo aa Probable4 Vo aa
homolog identity  homolog identity
DS1 271 unknown UG AACS01000171 Coprinopsis cinerea 9e-08 = = = =
DS2 646 chitin synthase UG AE017346 Cigtasaces 8e-10 - - = -
neoformans
DS3° 157 unknown UG XM_001227301 Chaetomium globosum 1.6 - - - -
DS4 ddhA’ 469 'UDP-N-acetyl-D-mannosaminuronate dehydrogenase UG AP007161 A. oryzae le-110 - - - -
dotA 263 ketoreductase stcU EAA61594 A. nidulans 2e-112 aflM (M91369) 80.2 stcU (L27825) 79.1
dotB 414 oxidase UG XM_743185 A. fumigatus 5e-59 - - stcC (U34740) 24.0
dotC 602 toxin pump uG XM_749669 A. fumigatus 8e-141 aflT (AF268071) 31.2 - -
dotD 322 thioesterase pksP XM_001261234 Neosartorya fischeri 4e-67 aflC (L42766) 34.8 stcA (U34740) 37.9
DS9° 71 cytoskeleton assembly protein SLA2 AJ884600 Xanthoria parietina 8e-16 - - - -
hexA® 113 fatty acid synthase hexA AYS510454 A. nomius Te-20 afl4 (AF391094) 383 steJ (AN7812) 36.0
DS11 304 unknown UG AP007174 A. oryzae 3e-33 - - - -
DS12 262 unknown (DUF1772) UG AP007159 A. oryzae le-30 . . . .
vbsA 643 versicolorin B synthase vbs AYS510454 A.nomius 0.0 aflK (AF169016) 72.0 stcN (AN7812) 69.1
DS14 702 potassium channel toka AJ510245 N. crassa 2e-116 - - - -
DS15° 228 unknown UG XM_001217330 A. terreus 9e-26 - - - -
DS16 482 unknown AocAR AB240531 A. oryzae 9e-46 - - - -
DS17 274 unknown UG XM_387929 Gibberella zeae le-20 - - - -
DS18 498 unknown (PCI) UG AP007167 A. oryzae 4e-176 - - - -
DS19 356 unknown (SURF1) UG XM_959428 N. crassa 2e-98 - - - -
pksA 2399 polyketide synthase pksA AYS510452 A. flavus 0.0 aflC (AAS66004) 54.8 stcA (EAA61613) 57.0
cypA 511 averufin monooxygenase stcB XM_676001 A. nidulans 0.0 aflV (AAS66022) 59.3 stcB (EAA61612) 59.8
avfA 301 oxidase afll AY371490 A. parasiticus 3e-73 afll (AAS66010) 47.8 stcO (EAA61613) 43.7
epoA 420 epoxide hydrolase EPH2 DQ443738 A. niger 4e-93 - - - -
moxA 626 hydroxyversicolorone monooxygenase moxY AYS510454 A. nomius 0.0 aflW (AAS66023) 55.1 stcW (EAA61592) 59.0
DS25 575 amino acid permease Agp2 XM_001267393 Neosartorya fischeri 9e-139 - - - -
DS26 345 unknown (Yqcl YcgG) UG XM_391678 G. zeae le-97 - - - -
DS27 196 unknown UG XM_391679 G. zeae Se-84 - - - -
DS28 523 MFS multidrug transporter UG XM_391680 G. zeae le-169 - - - -
DS29 300 unknown UG XM_741940 A. fumigatus 0.75 - - - -
DS30 348 unknown (NmrA) UG XM_387985 G. zeae 2e-30 - - - -
DS31 231 translation elongation factor steT XM_675984 A. nidulans le-47 - - stcT (ENU34740) 41.1
DS32 529 methionine permease UG XM_001267118 Neosartorya fischeri 0.0 - - - -
DS33 458 unknown UG XM_677390 A. nidulans Te-75 - - - -
DS34° 889 unknown (DUF1785, Piwi, PAZ) UG AACS01000213 Coprinopsis cinerea 2¢-88 - - - -

! The size of the peptide was predicted from the putative genes.
? Putative function was based on BLAST search at NCBI (restricted to fungal data) and the putative domains were from the Pfam database. The putative domains or Pfam family IDs are in brackets.
? Best match from BLAST search at NCBI (restricted to fungal data) (UG: unnamed gene).
* Genbank acession numbers are in brackets.

5

® partial genes.

Pseudogenes with stop codons within open reading frames.
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The arrangement of dothistromin genes described here is not the only example of a
fragmented secondary metabolite gene cluster in fungi. A fragmented secondary metabolite
gene cluster is also known for cephalosporin biosynthesis in Acremonium chrysogenum,
where two genes are located on chromosome Il and four genes on chromosome IV (Liras &
Martin 2006). The complete lolitrem gene cluster of the grass endophyte Neotyphodium lolii
consists of three clusters containing lolitrem genes but no lolitrem-unrelated genes were
reported within the cluster (Young et al. 2005; Young et al. 2006). Instead, AT-rich regions,
direct repeats and retrotransposon relics were identified between or adjacent to the mini
clusters (Young et al. 2006). AT-rich regions containing remnants of retrotransposon
sequence were also found in the gliotoxin gene cluster in A. fumigatus (Gardiner & Howlett
2005) and in the ergovaline gene cluster of N. lolii (Fleetwood et al. 2007). The presence of
those AT rich regions and retrotransposon relics allows speculation about their role in

clustering or dispersing secondary metabolite genes.

A model for the putative biosynthesis pathway for dothistromin is shown in Figure 1.7.
The proposed biosynthesis pathway is based on the similarity of the dothistromin genesto AF
toxin genes. ldentified dothistromin genes are alocated to biosynthetic steps in which the
gene products of their AF homologues have been shown to be involved. Included are aso the
D. septosporum genes norA, avnA and ver-B which were recently isolated by degenerate PCR
by Z. Feng and J. Baker in this lab. Their partial sequences suggest that the genes code for
homol ogues of the AF genes aflE, afl G and aflL respectively.
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1.5 Regulation of secondary metabolite genes

One theory why secondary metabolite gene clustestved suggests that there is a
selective benefit if functionally related genes adoeated in a similar chromatin
environment (Zhangt al. 2005). In some cases the clustering appears jogpitale in
the regulation of the secondary metabolite genesirstances the AF ge@dD (nor-1)
is differently transcribed when it is located odtsias opposed to within, the gene cluster
(Chiou et al. 2002). InAspergillus spp. the nuclear protein Lae#as identified and
disruption oflaeA resulted in strains oA. nidulans (Bok & Keller 2004) andA.
fumigatus (Bok et al. 2005) with reduced secondary metabolite producti@eA was
shown to specifically regulate the expression abselary metabolite gene clusters and
its similarity to methyltransferases involved irstoine modification suggests a possible
regulation through chromatin modification (Betkal. 2006; Zhanggt al. 2005).

Secondary metabolite gene clusters often inclusegéor their own regulation.
An example of such pathway specific regulators ifRAa ZnCyss domain regulator
protein in the AF/ST gene cluster. AfIR binds tpadindromic sequence 5’-TCGRGR-
3’ and positively regulates the transcription of /8F genes. It regulates its own
biosynthesis and also influences transcriptionoofies genes outside the cluster (Peate
al. 2006). AfIR interacts with a second regulatorytpio in the AF gene cluster, AflJ
which appears to be a co-regulator (Chang 2003xtM& and ST genes contain AfiR
binding sites (Figure 1.6, Cary & Ehrlich 2006).€rdothistromin mini clusters also
contain putative AfIR binding sites for most gen&sgure 1.6, Bradshaw & Zhang
2006b). A sequence motif (5-TCGMCGR-3’) that is similar to the AfIR sequence is
also present in most dothistromin genes (Figurg bu it is not known if either of these
seqguences function in gene regulation, andfithomologue has been identified yet in
D. septosporum.

Environmental influences such as light, pH, carlam nitrogen source and
temperature also affect the production of secondwatabolites. The three Gy, zinc
finger proteins CreA (carbon source), AreA (nitrogsource) and PacC (pH) have all

been shown to regulate clustered metabolite genies: (Keller 2005).
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In A. nidulans, PacC activates alkaline-expressed genes and repressd-
expressed genes and is under pH regulation itSetiéon 2000; Penalva & Arst 2002;
Penalva & Arst 2004). The synthesis of penicilknpiositively regulated by PacC A
nidulans, while AF, ST and ochratoxin ispergillus spp. and fumonisin irf.
verticillioides appear to be negatively regulated (reviewed irfrHeiter & Keller 2007).
Although AF and ST biosynthesis is partly reguldbgdhe pH regulator PacC (Kelletr
al. 1997), the role of pH regulation in AF productios not resolved and often
contradictory (Calvoet al. 2002), even for differenf. flavus strains (Ehrlichet al.
2005b). Homologues gdacC and other genes of the transcriptional regulaggsgem in
fungi have been identified in other fungi and the @gulatory system appears to be
universally present in all major groups of ascongsereviewed in Penalva & Arst
2002; Penalva & Arst 2004). Indeed, upstream of ddlithe dothistromin genes
characterized iD. septosporum so far are putative binding sites for the pH ragury
protein PacC (5-GCCARG-3’) (Bradshaw & Zhang 2006b

Seven of the dothistromin genes also contain atipatdinding motif for the
nitrogen metabolism regulator AreA (5-HGATAR-3'Bfadshaw & Zhang 2006Db),
which is postulated to mediate nitrate repressiaflatoxin production irA. parasiticus
(Ehrlich & Cotty 2002). Influences of different magen sources on the production of
dothistromin byD. septosporum have been observed (Bradshaial. 2002; Ganley
2001).

The production of secondary metabolites is alskelthwith asexual sporulation.
In Aspergillus and Fusarium, sporulation and mycotoxin production are linked ®
protein signaling pathways (Brodhagen & Keller 2D@F6G-protein-mediated signaling
pathway negatively regulates both sporulation aedabolite biosynthesis such that, in
general, derepression of both systems occurs witavily signals are down (Cahebal.
2002; Hickset al. 1997). There is no evidence yet to determine wdredlsimilar pattern
of regulation is seen with dothistromin biosyntisasiD. septosporum. However, seven
of the dothistromin genes also have potential Imgdi sites for the
conidiation/developmental regulator AbaA (5-CATTE) (Bradshaw & Zhang
2006b).
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1.6 Reporter genes in plant pathogen studies

One way to investigate regulation of genes of ggders the use of reporter genes that encode
easily-assayed proteins. They are used to repkhaes coding regions whose protein products
are difficult to assay and can be introduced imoogganism to study temporal and spatial
patterns of expression. Alternatively they can beduas marker genes to label whole cells or
organisms. Some reporter genes, sucfi-ggucuronidasep—galactosidase, chloramphenicol
acetyltransferease or luciferase, require exogersolistrates, co-factors or antibiotics for
detection. More recently the green fluorescent ggf® has become the gene of choice for
labelling fungal cells or for gene expression stedas the GFP protein only relies on oxygen
and UV/blue light for its activity (Lorang al. 2001). The GFP is a spontaneously fluorescent
polypeptide of 27 kDa, derived from the jellyfigfequorea victoria, which absorbs UV or
blue light and emits green light (Tsien 1998)wés isolated in 1992, and has since been used
as a reporter and marker in both prokaryotes akdrgates (Larrainzagt al. 2005; Loranget

al. 2001).

1.6.1Green fluorescence protein in fungi

The wild type GFP protein has a low turnover ratesome applications, taking up to two
hours for auto-activation of the chromophore resgua for fluorescence. It is also subject to
incorrect folding at temperatures above 37°C. Aapfiotential problem is the requirement of
oxygen for fluorescence, which may not be presergub-cellular locations or various cell
types at equal concentration within the organisaortHermore, in most filamentous fungi the
wild type gfp gene is not efficiently translated (Loraetgal. 2001). For example, the wild type
GFP was not expressed An nidulans, Acremonium chrysogenum or Sordaria macrospora,
even though the DNA was successfully integratethén genome (Fernandez-Abalesal.
1998; Poggeleet al. 2003). Some plant species recognize a splicarsttee coding sequence
of the wild typedfp gene, resulting in a partial gene product whichn@m-fluorescent
(Haseloffet al. 1997).
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Modified forms ofgfp with optimized codon usage for yeast, plant andnmalian
cells, whose protein products show increased feamece and solubility compared to the
native GFP, have been developed (Larrairetaal. 2005; Loranget al. 2001). Most of the
GFP variants include a serine-to-threonine suligituat amino acid 65 (S65T). This
substitution causes a red shift in excitation maxim488 nm, with light emittance detected at
508 nm, making it ideal for use with fluorescentrascopy. Fernandez-Abalos et al. (1998)
showed that thesgfp gene, which contains a plant optimised codon usag® a S65T
substitution in the protein, was the most effectifgegene inA. nidulans. The SGFP was also
the first GFP version which was successfully exgedsnCochliobolus heterostrophus (Maor
et al. 1998) and the most commagfp gene used for transformation up until 2001 (Loreing
al. 2001). Interestingly, Chungt al. (2002) reported that the SGFP does not produce
sufficient GFP fluorescence @ercospora nicotianae in contrast to the native GFP version.
Another GFP variant is the EGFP. Tlegfp gene contains 190 silent base mutations,
optimizing the gene to mammalian codon usage aR&4l. substitution in addition to the
S65T substitution in the protein (Yamgal. 1996). EGFP has been used successfully with
many fungal species to monitor fungal growth onmithin plant hosts. While thegfp and
egfp genes have been expressed in many Ascomycetgsaphbear to require introns in order
to obtain GFP expression in most Basidiomycetesrn(8at al. 2005).

Besides the choice of the most applicable versfd@kP, the use of GFP as a marker
requires a strong constitutive promoter, which Uguasults in a cytoplasmically located
protein that occurs in all fungal tissues (Lorahgl. 2001).

A gene encoding the red fluorescent protein, DsRed been obtained from a reef
coral Discosoma sp.. This protein resembles GFP, although it teaderm tetramers, and the
gene may be used as a reporter in a similar watheagfp gene (Larrainzaet al. 2005).
Mikkelsen et al. (2003) showed expression of thdR&k protein inPenicillium paxilli,
Trichoderma harzianum and Trichoderma virens. Co-expressed DsRed and GFP in dually
marked Trichoderma transformants, and mixed cultures of two differeAt paxilli
transformants expressing either DsRed or GFP, wi&gtnguishable using conventional

fluorescence microscopy. This allows easy detectbmmixed cultures or differences in
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expression if DsRed or GFP are used as reportegsgenthe same strain (Mikkelsehal.
2003).

1.6.2 The use of GFP in plant-fungi interactions

There are numerous examples of the use of GFRegeer gene in plant fungal interactions,
either withgfp genes under control of promoters (constitutiveegufated) or as fusion genes,
with the GFP fused to the protein of interest téedwine their cellular localisation. Some
examples of using GFP transformants, and the numegrossibilities of using GFP strains, are
described in the following.

The colonization of host plants by fungi has beemdently investigated using GFP
transformants and six examples are outlined hdre.GFP expressing. heterostrophus
colonizing the mesophyll zone under the point afciation on maize was observed using
epifluorescent microscopy (Maat al. 1998). (2) The endophytieotyphodium lolii was
transformed with GFP, and visualized in the leadaths of perennial ryegrass. Observations
showed the presence of GFP throughout the cytdstiving hyphae, and the lengthwise
orientation of hyphae, with infrequent branchinghwi leaf sheath cells (Mikkelsegt al.
2001). (3) Tanakat al. (2006) showed that fungal ROS production is@altin maintaining a
mutualistic fungus—plant interaction betwdenfestucae, and its grass hodtolium perenne.
Plants infected with ak. festucae NADPH oxidase mutant die. Using GFP strains ofantt
and wild type it was shown that this antagonigtieiaction with the host is accompanied by a
dramatic increase in endophyte biomass within taatpcompared with that in the wild type.
(4) GFP-transgenic isolates &f acutatum were used to characterize differences between
pathogen development on the susceptible host (s&ay) and resistant asymptomic plants
(pepper, eggplant and tomato). While extensivedirizxg and penetration through appressoria
was observed on strawberries, cell penetratiorsymatomatic plants only occurred through
invasion of stomatal cells (Horowig al. 2002). (5) A GFP expressing strain Fdisarium
verticillioides allowed colonization to be observed at differeeve@lopment stages of maize,
when grown inF. verticillioides-infested soil (Orenet al. 2003). (6) The use of GFP
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expressing strains has elucidated the mechanismhiigh Mycosphaerella pathogens cause
Sigatoka disease of banana. The study also suppgteposed involvement of a diffusible
phytotoxin that severdWlycosphaerella banana pathogens are thought to produce, as the en
of the necrotic area is often in advance of furigglhae (Balint-Kurtiet al. 2001). Further
examples where host-pathogen interactions werewelll using GFP transformed fungi are
Fusarium graminearum and barley (Skadsen & Hohn 2004l graminicola and wheat
(Rohelet al. 2001a) Alternaria citri and citrus tissue (Isshikt al. 2003).

GFP genes fused to promoters of genes of interestlso used in fungi to study gene
expressionn vivo. GFP fused to thé. maculans promoter for cyanide hydratase gesi,
which encodes a fungal enzyme that catalyses ttoxiétmtion of cyanide, was used to study
the expression of theht gene during the infection &rassica napus andBrassica juncea by
L. maculans (Sexton & Howlett 2001). Similarly avycosphaerella graminicola strain
transformed with GFP control by a carbon sourceessed promoter was used to study
carbohydrate uptake during penetration of the fgngu wheat leaves and showed that
repression occurs directly after penetration astethuntil sporulation (Rohet al. 2001b).

GFP technology has also facilitated the study o€dintrol agents of pathogenic fungi.
Lu et al. (2004) used regulated and constitutive expres§ié strains ofTrichoderma
atroviride during mycoparasitism dPythium ultimum and Rhizoctonia solani on cucumber
seed.T. atroviride with the gfp gene under control of either a constitutive pyraviinase
promoter (induced by cell wall oligosaccharidesdmested colloidal chitin) or an inducible
promoter (induced by cell wall oligosaccharidesNsacetylglucosamine) were used in this
study. They observed induction of the regulatearep genes by the presence of the host and
chitin within 24 hours ofT. atroviride colonization. Furthermore, they showed that
mycoparasitism takes place on the seed surfack, Twatroviride hyphal branches growing
towards the host and coiling around the host hyghaeet al. 2004). Nevelet al. (2007)
transformed the biocontrol ageseudozyma flocculosa with GFP to study the tripathogenic
interaction between pathogenic powdery mildew, Iptett andP. flocculosa. Transformation
of Clonostachys rosea with GFP also facilitated study of possible uséshe organism as a
biocontrol agent (Lubecé al. 2002). The effects of a fungicide, azoxystrobimnmpairingM.

graminicola infection of wheat leaves has been assessed ushfgParansformed strain of the
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fungus. The growth df1. graminicola inside wheat leaves was monitored following treatime
with azoxystrobin at various stages of incubati@stpnoculation to study the fungistatic
effect of azoxystrobin oM. graminicola (Rohelet al. 2001a).

In most instances where GFP has been used todram$fingi, the protein does not
seem to interfere with any major physiological palis (Isshikiet al. 2003), and further
suggests that the transformation process doesfieat &ungal morphology, pathogenicity or
virulence (Balint-Kurtiet al. 2001; Horowitzet al. 2002; Lubeclet al. 2002).

1.6.3 The use of GFP fusion proteins in filamentous fungi

In addition to their use as marker proteins ordimdying gene expression, GFP genes can be
translationally fused. GFP fusion proteins havenbmeccessfully used in filamentous fungi to
localize proteins of interest. For example, Fermanbaloset al. (1998) could visualize the
dynamics of nuclear division ispergillus using a GAL4::GFP fusion protein. Another
example involves théspergillus nidulans UapC protein, which is a high-affinity uric acid—
xanthine transporter. Using a functional UapC-GEBioin protein it was shown that the
protein is removed from the plasma membrane andoiscentrated into the vacuolar
compartment after addition of ammonium (Valdez-Taadbal. 2004).

Chung et al. (2002) showed that the PDX1 proteinCancospora nicotianae is
localized to circular vesicles within the cytoplasim using a PDX1::GFP fusion protein.
PDX1 is involved in the synthesis of the pyridoxiamtioxidants and PDX1 is required for
growth in the presence of cercosporin and otfergenerating photosensitizing compounds.
The authors speculated that the vesicles contaitiiegPDX1 protein might present an
unknown organelle which is involved in the protentiof the fungus from reactive oxygen
species, In respect to the synthesis of dothistrdins is interesting as dothistromin can also
activate oxygen (Youngman & Elstner 1984) and dpced by severdlercospora species
(Bradshaw 2004).
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1.7 Aims of this study

At the beginning of this study the dothistromin itoxvas suspected to be a pathogenicity

factor in Dothistroma needle blight. While this @eption seemed reasonable, evidence for

this was limited and attempts to test the pathaggnof Dothistroma septosporum wild type

and toxin deficient mutants met technical difficegt Parallel studies carried out by Masterate

students in this laboratory aimed to overcome thdifeculties and develop a workable

pathogenicity testing system. The study descrilpethis thesis was intended to broaden the

knowledge about the role of dothistromin for septosporum. Therefore several approaches

were used:

Aim 1: To study expression of the dothistromin genes in culture.

This should reveal if genes are co-regulated as eesecondary metabolite gene clusters
in other fungi. This is of particular interest &g tothistromin genes are more fragmented
and not organised in a continuous cluster as seeAF/ST genes. Therefore it is not
necessarily expected that a high degree of co-atigal will be seen. Furthermore, the
expression study in culture might give an indicatiaf possible expression pattenm

planta and allow hypotheses to be developed about tleeofallothistrominn planta.

Aim 2: To create GFP reporter gene strains of D. septosporum, which can be used

32

as tools in the study of the fungal plant interactions.

As no reliable pathogenicity test was available,dbvelopment of GFP expressing strains
was expected to facilitate the optimisation of fethogenicity system, as the GFP
transformants are easier to obseiv@lanta. Once a pathogenicity system is established,
both D. septosporum wild type and mutants defective in dothistromimdyinthesis will
enable monitoring of fungal development, and deiteation of whether the mutated genes

are crucial for infection.



GFP reporter strains @. septosporum, with the GFP expressed under the control of a
dothistromin regulatory region, will allow studie$ the toxin gene expression planta.
The onset of dothistromin gene expressionglanta should reveal important information
about the role of the toxin in the plant host iation.

A fusion protein construct, with the GFP fused tdaghistromin biosynthesis protein,
may allow the localization of dothistromin biosyesis within the cell. The localization of
the dothistromin synthesis might also reveal clalesut a biological role of the toxin or
allow the identification of possible control target

During this study, it was speculated that dothisiromight play a role in the interaction with

other fungi. To test this, the effect of dothistionproducing and dothistromin deficiebt

septosporum strains in competition with other fungi was alstetmined.
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Chapter 2: Material and Methods

2.1 Biological Material

2.1.1 Fungal isolates

Dothistroma septosporum isolates and other fungal strains used in this study are listed i
Table 2.1.

2.1.2 Bacterial strains

Bacterial strains used in this study wetscherichia coli XL1-Blue (SupE44hsdR17
recAl endAl gyrA46thi redAl lac F[proAB* Alacl® A(lacZ) M15 Tnl0 tet%)])
(Bullock et al. 1987) and Top10 (AncrA A(mrr-hsd RMS-mcr-BC) 80 (lacZ)AM15
AlacX74 recAl deoR araD139A(ara-leu)7697 (Invitrogen).

E. coli strains were used to propagate or maintain plasmids used and dedsinuitis

study.

2.1.3 Plant material

Pinus radiata seedlings and cuttings used in this study were obtained from ENSIS
(Rotorua, NZ). Seedlings were raised from seeds, and rooted cutengtaken from 5-
year- to 7-year-old pine trees. All plant material was pottedtandard potting mix in
small polythene bags and kept in the shade house at Massey Uniuvetdityquired.
Potted seedlings/cuttings used were aged 6-12 months at the time of inoculation.
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Table 2.1: Fungal strains used in this study

Dothistroma septosporum

Fungal strain

Transformed plasmid cparacteristics Source/Reference

/transformant (Reference)

NZE 5 - Wild type; Single spore isolate from (Bradshawet al. 2002;
infected pine needles; needles collected Hirst et al. 1999)
by P. Hirst from Kinleith, New Zealand

NZE 7 - Wild type; Single spore isolate from (West 2004)
infected pine needles; needles collected
by Margaret Dick (ENSIS) from Bay of
Plenty, New Zealand

NZE10 - Wild type; Single spore isolate from (Barron 2006)
infected pine needles; needles collected
by Ben Doherty from West Coast of the
South Island, New Zealand

FJT2 pR209 NZES/AdotA:: hph; HygR (Bradshawet al. 2002;

(Seconi 2001) Seconi 2001)
FJT3 pPR226, NZE7/ApksA::hph; Hyd® (Bradshavet al. 2006; Jin
(Jin 2005) 2005)

FJT20 pCT74 NZE7/ RoxA::sgfp; hph, Hydt This Study
(Loranget al. 2001)

FJT21 pPN82 NZE7/RgpdA::egfp:: TtrpC,hph; Hyg? This Study
(Tanakaet al. 2006)

FJT22 pPN82 NZE7/RgpdA::egfp:: TtrpC,hph; Hyg® This Study
(Tanaka et al. 2006)

FJT24 pR242 NZE7/ RdotA:: egfp, hph; Hyg® This Study
(this study, Section 4.2.2)

FJT26 pR242 NZE7/ RlotA:: egfp, hph; Hydg® This Study
(this study, Section 4.2.2)

FJT29 pPN82 FJT2/ RypdA::egfp::TtrpC,hph; Hyd®; This Study
(Tanaka et al. 2005) Phle®
pBC-Phleo
(Silar 1995)

FJT30 pPN82 FJT3/ RypdA::egfp::TtrpC,hph; Hyg® This Study
(Tanaka et al. 2005) Phle®
pBC-Phleo
(Silar 1995)

FJT31 pR261 FJT2/ RiotA-dotA::egfp:: TtrpC,hph; This Study
(This study; Section 4.2)3 Hng , Phle&
pBC-Phleo
(Silar 1995)

FJT32 pR261 FJT2/ RiotA-dotA::egfp:: TtrpC,hph; This Study
(This study; Section 4.2)3 Hyg®, Phle§
pBC-Phleo
(Silar 1995)

FJT34 E’Tzrﬁfjet al. 2006 NZE7/RgpdA::egfp::TtrpC,hph; Hyg® This Study

FJT35 ?ngffet . 2006 NZE7/RgpdA::egfp:: TtrpC,hph; Hyg? This Study

FJT36 E’Tzrﬁfjet al. 2006 NZE7/RgpdA::egfp::TtrpC,hph; Hyg® This Study

FIT37 ?Tzr’]\;ffet . 2006 NZE7/RgpdA::egfp::TtrpC,hph; HygR This Study

FIT39 pR237 NZE7/RgpdA::dsred:: TtrpC,hph; Hyg® This Study

(This study; Section 2.4.1)

Hyg" = resistance to hygromycin
Phled = resistance to phleomycin
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Other fungi used in this study

Fungal species

Source number, place of origin, collection date rSeu

Trichoderma atroviride
Trichoderma viride

Lophoder mium conigenum
Lophodermium pinastri
Cyclaneusma minus
Srasseria geniculata
Aspergillus nidulans

Glomerella cingulata

Eutypa lata

Alternia alternata
Fusarium graminearum

Phoma glomerata

LU132; Pukekohe, Auckland, NZ; 1991 Allison Stewart
LU761; Lincoln University Arable and Forage (Lincoln University, NZ)
Cropping Farm, NZ; 2002

9262/C; NZ Margaret Dick

NZFS804, NZ (ENSIS, Rotorua, NZ)

NZ

NZFS1023; Rotorua, NZ

Wild type NRRL 194 "glasgow" Lab strain

ICMP 11061 Peter Farley
(Massey University, Palmerston
North, NZ)

E10-10, wild type from grapevines at Hawkes BayPeter Long

Nz, 2003 (Massey University, Palmerston
NZ, 2003 North, NZ)
Nz, 2002

Black ‘contaminating' fungus isolated from pine  Naydene Barron
seedlings irD. septosporum pathogenicity trials; ~ (Massey University, Palmerston
identity determined by ITS sequence North, NZ)

2.2 Growth and maintenance of microorganisms

All media used in this study are listed in Appendix Al.

2.2.1 Growth and maintenance of E. coli cultures

E. coli cultures were grown overnight at°8€7 on LB agar plates or in LB broth with

shaking at 220 rpm. For selection i©f coli transformants ampicillin, IPTG and X-gal

were added. Plate cultures were stored°@t 4or long term storage, overnight cultures

in LB broth were mixed with glycerol to a final concentration of 286 stored at —

80°C.
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2.2.2 Growth and maintenance of fungal cultures

2.2.2.1 General growth of D. septosporum

GenerallyD. septosporum was grown and sub-cultured on a malt based dothistroma
media agar (DM) or potato dextrose agar (PDA) &C22To obtain spores an area of
about 0.5 x 0.5 cm was cut from the margin of a growing colony and ground witfiea ste
pestle in a sterile microcentrifuge tube. The ground myceli@ Wemn diluted in water,
spread on dothistroma sporulation media agar (DSM) plates and gr@zfiCefor 10-14
days before spores were harvested. For long-term storage, spomesguspe mycelium
fragments ofD. septosporum strains were stored in 17-30% sterile glycerol in water at
-8C°C.

2.2.2.2 Growth in liquid cultures

In growth experiments conidia were collected from 10-12 days cultofe®.
septosporum grown on DSM. Approximately 1 x 2@onidia/ml were inoculated into 25
ml of dothistroma broth (DB) medium or potato dextrose broth (PDB) imilZ&nical
flasks and incubated at 22°C on an orbital shaker at 180 rpm. At apprdpriate
mycelium was harvested by vacuum filtration, weighed and divided iragasts. One
part was weighed, freeze-dried and re-weighed to calculatedigtateight (DW), while
the other was frozen in liquid nitrogen and used for RNA extraction.

Fungal biomass for genomic DNA extraction was obtained by inocglao ml
of DB or PDB media with ground mycelia. About 0.5 x 0.5 cm mycetimfthe edge of
a fungal colony were finely ground with a sterile pestle in Eteriile milli Q water. Each
flask was inoculated with 200l of the suspension and incubated at 22°C on an orbital

shaker at 180 rpm for 5-6 days.
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2.2.2.3 Growth of other fungi

Fungal species other th&n septosporum were grown and maintained on PDA media at

22°C and stored at°€ unless otherwise stated.

2.3 DNA isolation, purification and quantification

2.3.1 Isolation of D. septosporum genomic DNA

DNA from D. septosporum was obtained either directly from plate cultures in a small
scale extraction (2.3.1.1) or from a larger volume of mycelium growiguid cultures
(Section 2.2.2.2) using the CTAB (hexadecyltrimethylammonium bromidehoahe

(2.3.1.2) when required for Southern analyses.
2.3.1.1 Small scale genomic DNA isolation

Jin (2005) developed this method to isolate DNA directly from coloniedD.of
septosporum. The method is based on the method of Al-Sammarrai & and Schmid (2000)
but using fresh mycelia instead of freeze-dried mycelia. Ao€asycelia were cut from a
plate culture (approximately 0.5 x 0.5 cm) and ground with a steréglepen a
microcentrifuge tube. Freshly prepared lysis buffer (f)Owas added and vigorously
mixed by pipetting, followed by addition of @ of RNaseA (Sigma) (10mg/ml) and
incubation at 37C for 5 min. 165ul 5 M NaCl were added, mixed by inversion and
microcentrifuged for 10 min at 4°C and maximum speed to precipitdiidar debris.
The supernatant was transferred into a new tube and one volume of chioxedsr
added and mixed by inversion. After another centrifugation as above theuaqulease
was transferred to a new tube. DNA was precipitated as dea$arib8ection 2.3.5 or
2.3.6.
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2.3.1.2 Large scale genomic DNA isolation (CTAB method)

DNA was extracted fronD. septosporum using the CTAB method (Doyle & Doyle
1987). Mycelium was harvested by filtering, washed with sterieemand subsequently
snap frozen in liquid nitrogen. After freeze-drying for 24 h, the niyeelvas ground in
liquid nitrogen to a fine powder using a mortar and pestle. Approxiynatét0.2 g
ground mycelium was transferred into a sterile microcentrifuge and re-suspended in
600 ul of CTAB buffer (Appendix A2.2) including il of RNase (Sigma) (10 mg/ml).
The suspension was mixed thoroughly and incubated at 37°C for 5-10 min. Tplessam
were incubated at 65°C for 30- 60 min with occasional inversion and cooledtdown
60°C before adding 600l chloroform (Merck). The contents of the tube were mixed
gently and centrifuged at 13000 rpm in microcentrifuge for 5 min. Afetrifugation
the upper aqueous phase was transferred into a new microcentrifuganthbeixed
again with 600pl chloroform, centrifuged at 13.000 rpm and the aqueous phase
transferred to a new tube. DNA was precipitated as describegttins 2.3.6 and stored

at-20C.

2.3.2 Plasmid DNA isolation

Plasmid DNA was isolated frork. coli overnight cultures using either a QIAGEN
plasmid minikit (Qiagen, Hilden, Germany) or a Bio-Rad Quantum “Prpsmid
miniprep kit (Bio-Rad Laboratories) commercial kits accordinght® manufacturers’

instructions.

2.3.3 Isolation of DNA from agarose gel

DNA products from restriction digest or PCRs were isolated uair@IAEX Il Gel

extraction kit (Qiagen) according to the manufacturer’s instruction.
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2.3.4 Purification of PCR products

PCR products were purified either by gel purification (Section 2.3.8%iag a QlAquick

PCR purification Kit (Qiagen) according to the manufacturer’s instructions.
2.3.5 Precipitation of DNA using n-butanol

For electroporation oE. coli with DNA ligations, DNA was precicipated with n-butanol

to eliminate salt from ligation buffer so as to eliminatetieal arcing in cuvettes. This
method was modified from Tillett and Neilan (1999). Generally, &téA ligation, 1 ml
n-butanol was added to the ligation reaction {)p mixed on a vortexer for 30 seconds
and then centrifuged for 1-2 min at 13,000 rpm using an Eppendorf centrifuge 5415R.
The liquid was discarded by decantation and liquid traces removed byingpédthe

DNA pellet was dried either at room temperature for 5-10 mim @ 837C room for 2

min before resolved in sterile water.
2.3.6 Precipitation of DNA using isopropanol

To precipitate DNA by isopropanol, the DNA solution was mixed with wolame of
cold isopropanol (BDH), mixed by inversion and left to stand on ice for Bih0O The
sample was centrifuged at maximum speed for 2 min in a micrdagetand the liquid
decanted off. The pellet was washed three times with 1 ml of T0&ha (BDH). The
ethanol was decanted off and the sample left to air dry. Oncehéngaimple was re-

suspended in an appropriate volume of TE buffer or sterile water.
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2.4 Agarose gel electrophoresis of DNA

SeaKem LE Agarose (Cambrex Bio Science, Rockland, ME), at a concemtragst
suited for the desired separation, was melted in TBE buffer (App&&iiy and set in a

gel chamber. Mini or overnight horizontal gels were used to sedaiNefragments by
electrophoresis in TBE buffer at 80-100 V or at 20 V for overnight @A samples

were mixed with ¥ volume of gel loading dye (Appendix A2.1) before loaditagthe

wells. The gels were stained in ethidium bromide solutiqug(inl in milli-Q water) on a
shaking platform for 10-20 min and rinsed in milli-Q water. Bands wisgalized on a

UV transilluminator and documented using a Gel Doc (BioRad) and thetiQu@ne

4.4.0 basic software (BioRad). The DNA fragment sizes or condensatvere
determined in comparison to known size markers such as the 1 kb plus ladder

(Invitrogen),Hindlll digested\ DNA or the Low Mass Ladder (Invitrogen).

2.5 DNA guantification

DNA-samples were quantified using a comparison to the stainingsityeof the Low
Mass Ladder (Invitrogen) bands on an agarose gel (Section 2.4) fgpaoxienate

estimation of DNA quantity.

Accurate quantification of DNA was accomplished by fluorometric dfication of

DNA using a ‘Hoefer DyNA Quant 200’ (Amersham Biosciences) Buweter according

to the manufacturer’s instruction. Alternatively DNA was quartifising a Nanodrdp
ND-1000 spectrophotometer and software V 3.1.0 (Nano Drop Technologies Inc.,

Wilmington), as recommended by the manufacturer.
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2.6 Ligations

Standard ligations of PCR products were performed using the pGEMyTaad pGEM-
T vectors (Promega, Appendix A3), according to the supplier's manual.
Ligations into other plasmids were performed in guk@eaction containing |2
of 10x ligation buffer (Roche), 0.541 T4 DNA ligase (Roche), 20 ng vector and a 2-3
fold molar excess of insert DNA. Ligation mixtures were incubated at 4°C overnight
PCR products were purified prior to ligation by either PCR coluBett{on
2.3.3) or gel extraction (Section 2.3.4). Restriction fragments usedatioh reactions
were purified using gel extraction. Ligation reactions were iggriby either isopropanol
or n-butanol precipitation and transformed into suit&bleoli strains (Section 2.1.2) for

plasmid propagation.

2.7 Restriction endonuclease digestion of DNA

Restriction endonuclease digestion was carried out in the commeraiéer
recommended by the manufacturer. A typical digestion reaction ohjpld3NA or PCR
products contained an excess of enzyme (1-2 units of restriction ehzgrdNA) and
was performed in a water bath set to the recommended tempdaatdr& h. A small
aliquot of the digested DNA was checked by agarose gel electrophoresis.

For Southern analyses restriction endonuclease digestion of genorAi¢dDNIA) was
performed overnight. Each reaction contained 8&DNA and 10 units of enzyme. The
digestion was performed overnight at the temperature recommenddtk bgnzyme

manufacturer.
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2.8 DNA sequencing

Sequence data were generated from purified PCR fragments oeguldismids. DNA
sequencing was carried out by the DNA analysis Service at ltha Wilson Centre,
IMBS, Massey University using an ABI Prism BigD{eTerminator cycle sequencing
ready reaction kit and an ABI3730 Prism Genetic Analyzer (AppliedyBtems, Foster
City, CA) and analysed using the Vector NTI software.

2.9 Transformation of E. coli

CompetentE. coli cells were transformed either by electroporation or by a clamic
transformation. Competeri. coli were prepared by Jin (2005) or S. Zhang from
overnight cultures oE. coli strains Top10 or XL-1 blue.

For transformation by electroporation, an aliquot (4D of competentE. coli
cells was mixed with il ligated DNA and the mixture was transferred into an ice cold
0.2 cm cuvette and pulsed at 25 pF, 2.5 kV and2@@lsed using a Gene Pulser (Bio-
Rad). The cells were immediately suspended 1 ml of non-sele®iedth, incubated at
37°C for 1 hour and then plated at suitable dilutions onto selective LB Agar plates.

Chemical transformation was achieved by mixing 20®f competentE. coli
cells with 2l ligated DNA. The mixture was left on ice for 40 min, subsequdmdit
shocked at 42°C for 2 min, placed on ice for 2 min and 1 ml non-selectizedtB was
added. Following incubation at 37°C for 1H,coli cells were plated onto appropriate
selective LB agar plates and incubated overnight at 37°C.

For standard ligations (pGEM-T easy, pGEM-T) a blue/white 8etegvas used
for initial screening of transformants and positive transformaetge wonfirmed by PCR
(Section 2.10), DNA digestion (Section 2.7) or, where appropriate, by seggenci
(Section 2.8).
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2.10.1 Polymerase chain reaction (PCR) analyses

All PCRs were carried out in an Eppendorf Gradient Masterdycker(Eppendorf,

Hamburg, Germany). Oligonucleotide primers used in this studysteel in Table 2.2.

Primers were synthesized by Invitrogen or Sigma Genosys. Stockntmatmns of 200

UM were made and working stocks for PCR use were further dilutdd oM. All

primer stocks were stored at £

2.10.1

PCR primers

Table 2.2: Primers used in this study

Primer sequence (5'-3) Reference use an;lzlrl]féed
dotA-egfp connect GACGGTGGTGCTTTCCGAATGGTGAGCAAGGGCGAG This Study construction of fusion vector pR260  PdotA:dotA:egfp
egfp-dotA connect CTCGCCCTTGCTCACCATTCGGAAAGCACCACCGTC This Study construction of fusion vector pPR260  PdotA:dotA:egip
pdotA fusion GAACAGCCCGGGAGATTTGG This Study construction of fusion vector pR260  PdotA:dotA:egip
TtrpC fusion ATACCCGGGTTACTTGTACAGC This Study construction of fusion vector pR260  PdotA:dotA:egfp
TUB2 CGAAGGTAGACGACATCTTGAGAC (Bidlake 1996) control PCRs gDNA tubl
TUB3 TCCAGGTCAGCTCAACAGTGATC (Bidlake 1996) control PCRs gDNA tubl
pdotA-fw ACGGTCATGATGGGAGATGAGGTGGTGT this study pR242 construction, southern probe PdotA
pdotA-rev GTCTCTTAAGAATCTTCGTCGCTCAGCT this study pR242 construction, southern probe PdotA
rt Cyp fwd | CGATGCTGCGGACGTTGA This Study real time RT-PCR CYpA
rtCyprev | CGTGTGGTCGAATGTCTG This Study real time RT-PCR CYpA
rt ddhA fw | AGTCTTCCAAACTCTCGTCC This Study real time RT-PCR ddhA
rtddhArev | ATCCCGCATCCGCTC This Study real time RT-PCR ddhA
rt DotA fw | CTGGTGATGAATTCGACCG This Study real time RT-PCR dotA cDNA
rt DotA rev | AAGCACCACCGTCAATAC This Study real time RT-PCR dotA
rt DotB fw | CCCAGGCTTGAACAGCA This Study real time RT-PCR dotB
rt DotB rev | GATTGTTCGCCACGGAGT This Study real time RT-PCR dotB cDNA
rt DotC fw | GCTTCTTCATCATCGGCG This Study real time RT-PCR dotC cDNA
rt DotC rev | TGGTCCGTTGCCGATAC This Study real time RT-PCR dotC
rt DotD fw | AGCCCTCAACATGGACA This Study real time RT-PCR dotD
rt DotD rev | GTGGAGTAGCCGCCTAT This Study real time RT-PCR dotD
rt EpoA Fw | GCCGGCGAACATGAAAG This Study real time RT-PCR epoA
rt EpoA rev | GACCTCCACTCTCATGTCT This Study real time RT-PCR epoA
rt MoxA fw | AGGATGTTGGTGGAACG This Study real time RT-PCR moxA cDNA
rt MoxA rev | ACCAGAGTTTCCGGCTA This Study real time RT-PCR MoxA
rt OrdA fw | ACTACAGCCATCTCGACAT This Study real time RT-PCR avfA
rt OrdA rev | GCCAAACTCACCATAACGC This Study real time RT-PCR avfA
rt pksA fw | CATTATGTCGICCGAGCAC This Study real time RT-PCR pksA cDNA
rt pksA rev | CGAACAGAACTACCGACC This Study real time RT-PCR pksA
rnt TUB fw | CCGGCGIGTACAATGG This Study real time RT-PCR tubl cDNA
rt TUB rev | CATGCGGTCTGGGAAC This Study real time RT-PCR tubl
SZDP-6 AAGCCGTAGAACGCGAGTAG (Zhang et al. 2007) real time RT-PCR DS2

45



SZDP-124
SZDP-125
SZDP-114
SZDP-117
SZDP-118

rt VBS fw |
rntVBSrev |
151R1300comp
151Rconep
152f844comp
152fep
MF4151p4
PMF4152ep2
RTCexon

RT DotA fw

RT DotC fw

RT DotC rev
RT DotD rev
RTFexon

rt mox dot fw
OT R162 A rev4
rt epo dot fw
mox dot 3’ end
cyp dot fwd

cyp dot rev

pks CB2

dmo F2
JSdkr1C

egfp fwd

egfp rev

pPN81 2003 fw
pPN81 2978 rev
SP6

T7

rt eGFP fwd |

rt eGFP rev |
153Fep
152Fconep2

3" dotB7670fwd
dotC8888fwd
OT R162 Arevl
OT R162 A fwdl
8forwd4
3'dotD12476fwd
SZDP-60
SZDP-91
SZDP-65
SZDP-14
SZDP-45
SZDP-23

ACCTGACGAACCAGATCTTG
TTGTCTGCTGCCATCCCATC
TGGCAGAGGCGCTGAAGG
GCCATATGTCATTGCTATGCGT
TCTTGCGGTCGACACCTTGG
CCGAGCCACAAGAGGG
CGGGTGAATGGGCTGA
CGTCTATGGCCTGAACTGTC
CGAACGTCGAAGACATTCAAC
AGCATGGCCAACCATGGATAC
GTCACGCTGTAGAAGGACTTG
AGACCAGCAGGCAGATGACAG
CTATCATTGTCGCTTCGTAACG
GATGCAAGGAAGCAGACCAC
ATCGGTGATGAATTCGACCG
GTGTGACCTGGAGATGGTGC
TGTGCCGGTTGCGATATCGC
GCATAGATGATGTGGGTGCG
AACAAAGTCGTCGAGACCATC
GTTTGCTTTGAACCCTGACTG
GCCTTGGATTGGATGGGTACA
GACCTCCACCATCTCTGC
ACTACCAGAGTTTCCGGCTATCA
GCTGATGAACGCCATCATTGACG
CTCGAAGAAGTGAGCAACGGC
TGAAGAAGTATGTCGCCG
GTCTTCGATGACGCGGAGG
TCCTGCCCATGGTGCGA
AGGAGCGCACCATCTTCT
AGAAGATGGTGCGCTCCT
GTCTGGACCGATGGCTG
TGTCAACTCCGGAGCTGA
TTTAGGTGACACTATAGAATAC
TAATACGACTCACTATAGGGCGA
GCCATGCCCGAAGGCTA
CATGCCGAGAGTGATCCC
GTCGACGGACATTATGGGAGATG
TCTTGTCGACGACGGACTTG
CCGACATGGTGACAGTATACTCCAA
GTATCCTGCTCGTCAGCAAGACTGA
TTCTCGACAACAATCGTCCATA
GTCGCCGACAATGCCTCCAA
GATTGTCGACGATGGATGTG
CGAAGCCAACACGACCAATCTCCAA
CAACCAGATCGTGTAGACAG
ATCGCTGTGGCAATTGGCAT
GTGTGAGTTACAGGCTGAGT
GTGTCGGCCAGAACATGCAA
GATTGTCGACGATGGATGTG
GGCAGCTTCGTTCTATCCTA

(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)
This Study
This Study
(Monahan 1998)
(Monahan 1998)
(Monahan 1998)
(Monahan 1998)
(Monahan 1998)
(Monahan 1998)
(Monahan 1998)
This Study
This Study
This Study
This Study
(Monahan 1998)
This Study
(Teddy 2004)
This Study
(Teddy 2004)
This Study
This Study
(Seconi 2001)
(Seconi 2001)
(Seconi 2001)
This Study
This Study
This Study
This Study
Promega
Promega
This Study
This Study
(Monahan 1998)
(Monahan 1998)
(Jin 2005)
This lab
(Teddy 2004)
(Teddy 2004)
(Teddy 2004)
This lab
(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)
(Zhang et al. 2007)

real time RT-PCR
real time RT-PCR
real time RT-PCR
real time RT-PCR
real time RT-PCR
real time RT-PCR, Northern probe
real time RT-PCR, Northern probe
RT-PCR, Northern probe
RT-PCR
RT-PCR, Northern probe
RT-PCR, Northern probe
RT-PCR
RT-PCR
RT-PCR, Northern probe
RT-PCR; Northern probe
RT-PCR
RT-PCR
RT-PCR, Northern probe
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
Northern probe
Northern probe
sequencing
sequencing screening
sequencing screening
sequencing screening
sequencing screening
sequencing screening
sequencing screening
Southern probe
Southern probe
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring
gDNA sectoring

DS2
DS14
DS14
DS25
DS25
VbsA

vbsA cDNA
dotD
dotD
dotB
dotB
dotC
dotC
dotA
dotA cDNA
dotC
dotC cDNA
dotD
dotA
moxA cDNA
epoA
epoA cDNA
mMOoxA

CypA
cypA
pksA
pksA
PdotA

egfp

egfp
plasmid
plasmid
plasmid
plasmid
egfp
egfp
dotA-dotB
dotA-dotB
dotC-dotB
dotC-dotB
avfA-epoA
avfA-epoA
pksA-DS19
dotD-DS9
dotD-DS9
hexA-DS9
hexA-DS9
vbsA-DS14
pksA-DS19
vbsA-DS14

Positions where primers connect two exons are underlined
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2.10.2 Standard PCR

A standard PCR contained 5 ng genomic DNA, 0.5 U Taqg polymerase dgeni;, and
final concentrations of 1 x Taq polymerase buffer (Invitrogen)u@0each dNTP, and
0.2 mM each primer in a volume of 2b The PCR cycling conditions were 94°C for 2
min followed by 30-35 cycles of 94°C for 30 s, annealing temperaturedaugao
primer for 30 s, 72°C for 1 min/kb of the expected product, followed by hdfiep of
72°C for 4 min.

Proof reading Taq polymerase was used in the PCR’s to construot p&241 and
pR261. The PCR reactions (%0) contained 1 unit KOD HotStart DNA polymerase
(Novagen, Toyobo), 1 x PCR buffer provided by the manufacturer, 1.5 mM M@SD
mM of each primer, and 5¢@M of each dNTP. Thermocycle conditions were as
described above, but 1U recombinant Tag polymerase was added afteakistep of
72°C for 4 min and incubated for 2 min at 72°C in order to create A-overli@angs

subsequent ligations.
2.10.3  Colony PCR

For screening ofE. coli transformants, colonies were picked-up from selective plates and
resuspended in a 38 PCR reaction and the PCR cycling conditions were as for the
standard PCRs but the first step of 94°C was extended to 4 min.

2.10.4 Real time PCR analyses

Analysis of gene transcription was assessed by relative qaiaetiRT-PCR using the
Faststart DNA Mast8“® SYBR Green | system (Roche Applied Science). Real time
PCR reactions were carried out using a LightCycl2i0 and software version 3.5.
Analyses were performed using the RelQuant software (RochefDNw& templates for
the PCR reactions were generated as described in Section 2.10.6.
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Each reaction was performed in aldlGvzolume, containing 21 template and 8l
proprietary PCR mix. The PCR mixed containefll Faststart DNA Mastét”> SYBR
Green | system and 500 nM each reverse and forward primers in PCR grade water.

Where possible primers were designed to connect two exons (Tabte 2w&)id
any amplification of possible contaminating gDNA.

The PCR program used for all reactions had an initial step°@ &% 10 min to
activate the Faststart Tag DNA Polymerase. Reactionssubsequently subjected to 45
cycles of PCR (10 s of 96, 10 s of 59C, 16 s of 72C and 5 s at 8€). The amplified
products were detected every cycle during tH&C8tep to negate effects of primer dimer
accumulation on fluorescence levels.

A melting curve program followed the PCR as follows: the PCR pteduere
heated to 98C then immediately decreased td65or 15 s and then gradually increased

up to 98C at a rate of 0°Z/s with constitutive fluorescence acquisition.

2.10.4.1 Creation of standard curves and coefficient files

For real-time RT-PCR analyses a coefficiency correctdidrator-normalized relative
quantification analysis was used as described in the Roche Appliegc&drechnical
Note No. LC 13 (Sagner & Goldstein 2001). Therefore standard curveadomene of
interested were generated. The gene specific cDNA was sigatiess described in
Section 2.10.6 using primer pairs which were used in the successiventeaPCR
reaction for each gene. The PCR product was purified as descriedtion 2.3.3 and
diluted in a tenfold dilution series over 5 orders of magnitude. Dilutddrtte cDNA
were used in the light cycler reaction to generate standardsctoveeach gene and
primer pair, with triplicate reactions for each dilution. The dgtaerated by the real time
PCR were saved and processed in the RelQuant 1.1.1 software (Rocteingcto the
manual, to generate coefficient files.

The standard curves were used to create fit coefficients usngdlQuant 1.1.1
software. The software compares the efficiency of the PCiioaaof the target (gene of
interest) and reference (control gene, which is constant foraalples) at different
concentrations of the template. The coefficient files were usdle subsequent gene
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expression analyses to correct for differences in the effigiehthe target and reference
reaction. The only classical housekeeping gene knovin sdptosporum is thef3—tubulin
genetubl. Initial trials suggested that the expressiotubl is not constant as needed for
a reference gene. Therefore the 18S rDNA was used as an endogdemrge gene in
this study. Although the concentration of 18S rRNA is higher than thaRMNA in the
cells it appeared to be an appropriate reference gehepanasiticus (Changet al. 2004).
As the gene expression studies were performed with pure cultuBessgidtosporum, it
was decided to use the universal fungal rRNA primers NS7 and NBi8e(®/al. 1990).
All real time PCR products of target genes were designedvim daimilar amplification
size as the NS7/NS8 product (~400bp). Primers were designed usiRgoties Design
Software 2.0 (Roche). Example data are shown in Appendix A5.

2.10.4.2 Gene expression analyses

Expression of the dothistromin genes relative to the 18S rDNA wismieed in
duplicate for each of three biological replicates. Expressidnbdfwas included in the
expression experiments to show that the calculated expressios dédelot result from
variations in the level of 18S rDNA. Samples were analysedghcate from a 10-fold
or 100-fold dilution of the original cDNA. Two technical replicateshoke independent
samples (biological replicates) were used for calibrator-nazethtelative quantification
analysis. Levels of gene expression in each sample were tatcudaainst the
endogenous 18S rRNA gene, as a reference.

In each light cycler run a calibrator for the 18S rDNA and fortéinget gene were
included in duplicate. The calibrators for target and reference padethe same
concentration for each reaction of one experiment. The differencegsdrethe target and
reference calibrators were used to normalize each reactioart®cting for differences

between reactions (as shown below).

Mormalized cong. farget {sample) . cons. target {calihrator)
Batio - conc. reference (eamplal : conc. refarence (callbrator)
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2.11Southern blotting and hybridisation

Southern blotting and hybridisation were performed with standard methaxbi(&oket
al. 1989), using both radioactive and DIG-dUTP labelling.

2.11.1  Probe labelling

2.11.1.1 Probe labelling with Digoxygenin (DIG)-11-dUTP

DNA probes were labelled with Digoxygenin (DIG)-11-dUTP using l&-Eandom
priming labelling kit (Roche) according to the manufacturer’s ucsions. Alternatively
DIG labelling of probes was achieved by PCR, performing a standRd But with 200
UM of each dATP, dCTP, and dGTP, 188! dTTP and 67uM (DIG)-11-dUTP in the

PCR reaction.
2.11.1.2 Radioactive labelling

Radioactive probes were labelled using the high prime kit (Roche)cafftP]dCTP
(3,000 Ci/mmol, Amersham) according to the manufacturers’ instructiéifier
labelling, the unincorporated isotope was removed using a Quant G50 MitimiC
(Amersham). The labelled probe was denatured in boiled to denaturdthé&ore it

was added to the pre-hybridised blot.

2.11.2  Southern blotting

The DNA blotting method used was based on that of Southern (1975). DNA was
prepared using the CTAB method (Section 2.3.1.2) and digested as destrdzdion
2.6. Separation of gDNA was achieved by gel electrophoresis through aTBRAb
agarose gel overnight af@. The was been stained as described in Section 2.4 and

photographed alongside a ruler. The gel was depurinated in 250 mM HI{3 fom to
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2.11.4  Signal detection

After washing the radioactive signals were detected by autoragiog on X-ray films
(Kodak, Japan) with the required exposure time. X-ray films weveloged using a
100PIus™ automatic X-ray processor (All-Pro Imaging Corporation). Altévedy, the
membrane was exposed to a BAS Imaging Plate (Fujifilm) aadngd in a FLA-500
Phosphoimager to detect the signal. Resulting images were exhalysg the software
Image Gauge ver4.4 (Fuijifilm).

For chemiluminescent detection of DIG-labelled blots the membunesefirst
washed in buffer | (Appendix A2.4) for 2 min and then incubated in buffépibendix
A2.4) for 30 min, before incubating in the antibody solution (Appendix A2.4) fori80 m
Membranes were then washed twice in buffer | for 15 min and eqtétbma buffer 11I
(Appendix A.2.4) for approximately 5 min. The wet membrane was placedasetate
paper with the DNA side facing up. CSPD ready-to-use lumigen (Rede dispensed
over the surface of the membrane and a second acetate sheeaaegsgvler top. The
CSPD lumigen was spread evenly and gently over the surface amor [Bfmin at 15-
25°C. The excess liquid was squeezed out, the edge sealed and the meeimtubated
at 37C for 15 min. Detection of the luminescence signals was then pedoas
described above.

2.11.5 Removal of signals

Membranes that were radioactively probed and hybridised severalwsre stripped of
their signals by washes in boiling 0.1% SDS.

DIG labelled blots were washed thoroughly in double distilled wdten washed
twice for 15 min at 3%C in 0.2M NaOH + 0.1% SDS. Membranes were rinsed in 2 x
SSC.
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facilitate capillary transfer of high molecular weight D¥Ato the membrane. The DNA
in the gel was denatured in denaturing solution for 30 min before bestgedawice for
20 min each time in neutralisation solution. The gel was then wash2d $SC and
placed on the blotting apparatus as described in Sambrook et al. (198®)NAheas
transferred to a Hybond"Nmembrane (Amersham) overnight. After blotting, the DNA
was fixed on the membrane by UV irradiation of 120,p06ules/crfi using a Cex-800

UV-crosslinker (Ultra-Lum Inc.)

2.11.3  Southern hybridisation

2.11.3.1 Radioactive hybridisation

When using radioactive labelled probes, hybridisation was performed gtass
hybridisation tube in a Bachofer hybridisation oven. Membranes were picibgdrfor
two hours at 68C with 20-30 ml hybridisation solution (Appendix A2.4). After pre-
hybridisation about half of the volume was decanted and the radioadislee¢hprobe
added, followed by overnight hybridisation. Subsequently, membranes weredvigaghe
in 2 X SSC + 0.1% SDS for 20 min each time, until only weak ovedibactivity on the

membrane was detected using a Geiger counter.
2.11.3.2  Hybridisation with DIG-labelled probes

If a DIG-dUTP labelled probe was used, hybridisation was performed iglass
hybridisation tube in a Bachofer hybridisation oven overnight &C4Zhe probe was
denatured by boiling for 5 min and immediately plunged into ice watex.pfobe was
added to the blot which was pre-hybridised with hybridisation buffer (Appéekild) at

42°C. After hybridisation, excess probe was washed off the blot witls8& + 0.1%
SDS at room temperature for 10 min, followed by two washes in 0.2-0Cx+50.1%

SDS at 68C for 15 min.
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2.12 RNA manipulations

2.12.1 RNA extraction

Mycelia for RNA extraction were snap frozen in liduitrogen and stored at -8D until
required. RNA was extracted using the PureLink bhtm-Midi Total RNA Purification
System (Invitrogen) with a single modification teetmanufacturer’s protocol for plant
RNA extraction. After addition of the lysis solutiothe lysate was passed through a 1 mi
syringe with an 18-gauge needle six times. Theaet¢d RNA was quantified using a
Nanodrop and subjected to DNase treatment usintiRBO DNA-free™ kit (Ambion)
following manufacturers instructions.

RNA was purified after DNase treatment either ggime Turbo DNase free kit
or by precipitation. In the latter case two volunaéshloroform were added, mixed and
centrifuged for 10 min. The RNA in the aqueous phass precipitated by adding 1/10
volume of 3 M sodium acetate (RNase free) and @mek of 100% ethanol, being stored
at —80C for 10 min and centrifuged at 13,000 rpm for 1@.nThe pellet was washed
twice with 70 % ethanol, air-dried and re-suspenddgNase free water.

The purity and concentration of RNA were deterrdimsing a Nanodrop and
the quality of RNA was determined by SDS gel elgatioresis (Section 2.12.2).

To determine whether all contaminating DNA was oged by the DNase
treatment, the RNA was used as a template in a fe@&ion with fungal primers TUB2
and TUB3. For the GFP expressing strains FIT24/3in@6 primers rt-egfp-fwdl and rt-
egfp-revl were used. A non-template control anglagtion containing gDNA as positive
control, were set up to ensure the reaction wascaotaminated with other DNA, and
that the PCR worked under the conditions used. RP@RIucts were visualized as
described in Section 2.4. If the RNA template neast did not show a product it was
used to generate cDNA (Section 2.12.6).
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2.12.2 SDS/Agarose gel electrophoresis of RNA

An aliquot of the RNA was mixed with SDS loadingedgnd separated through a 1.5%
agarose gel containing 0.3% SDS in TBE buffer &t lts/cm. After electrophoresis,
the agarose gel was stained in ethidium bromidd®20 min and visualized under UV
light. The RNA quality was estimated by the pregeand sharpness of the 28s and 18s
RNA bands. This method was used as a quality cfcRNA used in cDNA synthesis
and RT-PCRs.

2.12.3 Formaldehyde gel electrophoresis and Northern

blotting

For Northern analyses total RNA (248 per sample, with equal amount for each sample
of the same blot) was separated in a 1.2 % forrhgtike gel. A 150 ml formaldehyde gel
was prepared by melting 1.8 g agarose in 110 mI@®&®Pated HO and adding 15 ml of
10 x MOPS buffer (Appendix A2.5) and 25 ml 37% faldehyde after cooling down to
60°C. RNA sample (4.71) was mixed with a master mix containingu10 x MOPS
buffer, 10pl formamide, 3.2ul formaldehyde (37%) and 0.(¢8 ethidium bromide, then
incubated at 6%C for 15 min to denature the RNA. Loading dye wddeal and samples
loaded into the wells. The RNA was separated inMOPS buffer with a voltage of 1-2
volts/cm. The gel was visualized with a ruler alsidg the gel. The blotting apparatus
was constructed as for Southern blotting (Secti@il®, except that the 20 x SSC buffer
was treated with DEPC. After blotting overnighte tlpparatus was disassembled and the
Hybond-N" membrane (Amersham) was exposed to shortwave ght for 3 min to

crosslink the RNA to the membrane, then air-driethie dark.
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2.12.4  Northern hybridisation

Hybridisations were performed using radioactivelpdlled probes (Section 2.9.1.2)
amplified from cDNA. Northern blots were prehybsadd in hybridisation buffer
(Appendix A2.5) for two hours at 88 and hybridised with the labelled probes overnight
at 68C. The membranes were washed at room temperatudfmin in 1 x SSC + 0.1
% SDS, followed by three washes at’@8in 0.1 x SSC + 0.1 % SDS. Signals were

detected as described in Section 2.9.4.

2.12.5  One-step RT-PCR

Gene expression was determined by RT-PCR using geeeific primers and the
SuperScript! One-step RT-PCR with Platinurfiaq (Invitrogen) according to the
manufacturer’s instructions using 100 ng of totAlARper reaction. If possible at least
one primer per pair was designed to connect twa®xo avoid amplification of any
contaminatingD. septosporum gDNA. Reactions were performed in a @bvolume.

cDNA synthesis was carried out at 50°C for 30minl airectly followed by PCR.

Cycling conditions for PCR were 94°C for 2 min ¢olled by 25 cycles of 94°C for 30s,
60°C for 30s, 72°C for 1 min/kb of the expecteddpit, and a final step of 72°C for 4

min.

2.12.6  cDNA synthesis

cDNA was prepared from total RNA (Section 2.4.lijpggandom hexamer primers from
the Roche Transcriptor First Strand cDNA Synthddis following the manufacturers
instructions. The cDNA was subsequently diluted100- fold and stored at 4°C until

required for real-time PCR analysis (Section 2.8.3)
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2.13 Quantification of dothistromin

The production of dothistromin was assessed usingompetitive enzyme-linked

immunosorbent assay (ELISA).

2.13.1  Competitive enzyme-linked immunosorbent assay
(ELISA)

The concentration of the mycotoxin dothistromin dquwoed and secreted bp.
septosporum in liquid culture (Section 2.2.2.2) was determinaging a modified
competitive enzyme-linked immunosorbent assay (Bll8escribed by Jonest al.
(1993). Solutions used in the ELISA are listed ippAdnix A2.6). The principle of the
assay is as follows: The solution to be testedkmosed to an antibody of dothistromin
conjugated to a peroxidase (10C12). The antibody gfathe conjugate binds the free
dothistromin in the solution. The samples are themsferred to a microtitre plate
covered with a dothistromin-MSA conjugate. All frelthistromin antibodies in the
sample solution then bind on the dothistromin @f diothistromin-MSA coat of the plates.
This way the peroxidase of the antibody conjugatéxed on the wells. The plates are
washed and leaving only the fixed peroxidase bekhde the dothistromin-antibody-
peroxidase conjugate that bound to the dothistramthe sample solution is washed off.
The less dothistromin the original sample contaitiezl more peroxidase is left in the
well. The peroxidase can then be detected and ifjednin an enzyme reaction using a
colour substrate of the peroxidase. This way thecenotration of dothistromin in culture
can be determined by comparison to standards afkrmoncentration.

In all instances, mycelium fragments were remofvech the liquid culture by

filtration before the ELISA protocol proceeded.
2.13.1.1 Preparation of DOTH-MSA conjugate ELISA plates

Microtitre plates (96 wells, Maxisorp (Nunc, Denikigrwere coated with 10@l of
Doth-MSA conjugate (diluted 1/3000) in 1% phospHatéfered saline (PBS, Appendix
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A2.6), covered with plastic wrap and incubated &C3for 3 hours. The microtitre plates
were washed five times with 1% PBS including 1% thiomersal TBB&en the wells
were each filled with 40Ql of 1% skim milk powder (SMP) (Pam’s Products LtD,
Auckland, NZ) in PBST. To block the remaining protein-binding sites omibeo-well
surface the plates were incubated for another 3 hours @t 8lowed by one wash with
PBST (400ul/well). The plates were then stored &C4maximum storage 4 weeks) until

required.

2.13.1.2  Preparation of ELISA standards

Standard solutions were prepared by diluting stock dothistromin solution in
DMSO. Working standards were then prepared by diluting 1 ul of thdasth solutions
in 1 ml of modified dilution buffer. To equilibrate the working standacdghe sample
solutions, the modified dilution buffer contained equal volumes of 2x PBXiE g%o

SMP) and the medium in which the particular fungal cultures were grown.

2.13.1.3 Preparation of samples and pre-incubation

Ten working standards were prepared by addipd) df the dothistromin stock standard
to 1 ml of dilution buffer plus broth (equal volume of dilution buffer (2% Safid 2x
PBST) and media the samples were originally cultured in), tgopro@mate 1000-fold
dilution. The dothistromin concentration of the standards was as foll®@§;, 500, 250,
125, 62.5, 31.6, 15.6, 7.8 and 31§/ml in DMSO as well a zero standard containing
DSMO only. These standards were made from a 2-fold serial dilotiar?2 mg/ml stock
using DMSO. The working standards were stored in the fridge until required.

For the test samples, 2@Q0 sample solution was added to 2@0of working
buffer (dilution buffer with 0.2% DMSO added to compensate for the addifi@MSO
in the standards), resulting in a 2-fold dilution. If test samplggimed diluting, this was
done using a diluent consisting of an equal volume of dilution buffer anginepaiate
medium, plus 0.2% DMSO.
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Pre-incubation was performed in another set of non- DOTH-MSA Hiiceo
plates. 10Qul of labelled peroxidase (initial 100-fold dilution of 10C12 in dilution byffer
followed by a 300-fold dilution; to a final 1/30000 dilution) was placed irn eeell. To
this 100ul of the test samples or standard mentioned above were added to theiaggropr
wells. Usually three replicates of each dilution of the testpéas were loaded per plate.

The plates were then covered with glad wrap and incubated for 1 hod€Cat 37

2.13.1.4 Incubation of samples on DOTH-MSA plates

After the 1-hour pre-incubation 1Q0 sample of each well were transferred to a DOTH-
MSA plate (Section 2.13.1.1) using a multi-pipette. Prior to this incufatine DOTH-
MSA plates previously prepared were washed once in PBST by falingells then
inverting the plate to dispose of the PBST. The DOTH-MSA platasaered with glad
wrap and incubated at 3Z for 3 hours, followed by 6 times washing with 400PBST

per well.

2.13.1.5 Detection of the peroxidase labelled antibody

For detection of the peroxidase labelled monoclonal antibody, |206f substrate
solution was added to each well. The substrate solution consists of|16f00r@ M
NaHPO, (Merck) including 40 mg of substrate o-phenylene diamine (Sigma), 0.51 g
citric acid (BDH) and 4Qul of 30% HO,. The plate was covered with tin foil (as the
substrate is sensitive to light) and shaken gently for 30 min ta gelour reaction. The
reaction was stopped by adding|@®f 4 M H,SO, to each well.

The absorbance of the plate was read using an Anthos Labtec HE&HnvVer
1.21E ELISA plate reader. The measurement filter was set to 4%ndrthe reference

filter set to 595 nm.

Comment on the ELISA
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During this study it became obvious that the ELISA assay developedbthistromin
was not completely accurate. Intermediate feeding opkbk& replacement mutant FJT3
revealed some possible cross-reaction with dothistromin precursorselated
metabolites. Also duplicates of samples showed a high level varidtherefore it was
considered that an HPLC assay would be a more sensitive way d@onohet the
dothistromin concentrations in the future. Primarily experiment® wlene during this
PhD but due to technical difficulties the HPLC assay was not tgatthfor routine use.
However the trends observed in the preliminary HPLC assays edriarthe ELISA

assay results. Results of the HPLC experiments are shown in Appendix A4.

2.14 Transformation of D. septosporum

Transformation oD. septosporum was achieved using a protoplast based transformation
developed by Bidlake (1996), as described by Bradshaw et al. (1997; 2006).

2.14.1  Preparation of D. septosporum protoplasts

A mycelial plug from approximately 0.25 érwas ground in 1 ml sterile milli-Q water
and about 15@I was used to inoculate 25 ml DB medium in 125 ml conical flasks. The
flasks were incubated at 22 with shaking in an orbital shaker at 160-180 rpm until
sufficient growth was achieved (5-7 days). Mycelia were harmddsteentrifugation in a
sterile centrifugation tube at 5860 x g for 5 min in a GSA rotorcélg were washed 3
times with sterile water followed by two washes in OM buffer (Appendix A2.3).

Fungal cell walls of the harvested mycelia were digesteld filier sterilized Glucanék
200G (10 mg/ml) (Novozymes, Dittingen, Switzerland) in OM bufferlfarl6h at 30C
and shaking at 80-100 rpm. Protoplasts were harvested by filtering theostgrile
miracloth into a sterile flask. The mixture was divided into sE#v80 ml Corex tubes
(approximately 10 ml each) and overlaid with 4 ml ST buffer (AppeA@ix8). Samples
were centrifuged at 5860 x g (Rotor SS34) for 5 min°&l. 4he protoplasts formed a

white layer at the interface of both solutions. The upper and interplasetransferred
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to a new sterile tube and washed 4 times by re-suspending in SGiy8fer (Appendix
A2.3) followed by 5 min centrifugation at@. The protoplasts were finally re-suspended
in 100ul STC buffer.

Concentration of the protoplasts was determined using a haemocytofrteter
protoplast solution was then diluted to a concentration of 1.5 prbfoplasts/ml in STC
buffer. For long-term storage protoplasts were stored &CG-B0Daliquots of 8Qul of 1.5
x 10° protoplasts/ml mixed with 20l 40% PEG 6000 in STC.

2.14.2  Transformation of D. septosporum protoplasts

For protoplast transformation 80 of 1.5 x 10 protoplasts/ ml were mixed with 20
40% PEG 6000 in STC (Appendix A2.3) and abowtgSDNA and incubated on ice for
30 min. A further 90Qul of 40% PEG 6000 in STC were added, carefully mixed by
pipetting and incubated for further 20 min at room temperature. Aliqudt8Qil were
mixed with 5 ml DM top agar (Appendix Al1.3) at®&Dand spread onto a 10 ml DMSuc
agar (Appendix Al.3) plate. After incubation overnight at@2he plates were overlaid
with another 5 ml DMtop agar including the appropriate selection antibiotic.

The selection antibiotics hygromycin B (Roche) or phleomycin (Apdiersific
Ltd., Stockport, UK) were used at final concentrations of igdml and Tg/ml
respectively as previously determined to be efficient for selection (Bidlake.1996)

A negative control for transformation (no DNA) was performed withtqplasts
only. This was to determine the viability of the protoplasts on urtseemedium (by
plating 10" — 10* fold dilutions). To confirm the efficiency of the antibiotic selection 100

pl undiluted protoplast suspension were plated on selective medium.

2.14.3  Single plasmid transformation

D. septosporum wild type strain NZE7 was transformed using plasmids contaitieg t
hph gene as a selection marker. Plasmids used for wild typedraratfon were thegfp
containing pPN82 (Tanakat al. 2006) and HotA::egfp vector pR242, the sGFP
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containing plasmid pCT-74 (Lorargjal. 2001), and the DsRggresscontaining plasmid
pR237. For each transformationug plasmid pAN7-1 (Punt & van den Hondel 1992)
was used as a transformation positive control and to determine ath&fonmation
frequency.

Fungal colonies that grew up first were transferred to a ndectse plate
containing 70 g/ml of hygromycin B. The successful transformation gmegsion of the
GFP or DsRed was checked by fluorescence microscopy (Section 21d@e Spore
transformants were purified by plating ground mycelia from the coloaygin of
selected transformants onto DSM agar plates containinggfidl hygromycin B for
selection. After 12 days at 22°C spores were scratched from tediangnd streaked out
on DM-Hyg plates. After 10-12 days’ growth colonies were checkefiumrescence and
single colony was transferred onto a fresh DM-Hyg plate, grovencdony of about 2-3
cm diameter and the whole process was repeated with mycekeam fiam the margin

of this colony.

2.14.4 Co-transformation

For the transformation dD. septosporum strains FJT2 (Bradshaet al. 2002; Seconi
2001) and FJT3 (Bradshaet al. 2006; Jin 2005) a different approach was used.
Selection with hygromycin was not possible as FJT3 and FJT2 veated by replacing
the pksA gene ordotA gene (respectively) with thigph gene. A co-transformation was
used to introduce pPN82 into FJT3 and pPN82 and pR261 into FJT2. The plasmid pBC-
Phleo (Silar 1995) which contained thileo® gene was co-transformed as a resistance
marker (Appendix A3). For transformation 345 pBC-phleo and 3.5ig GFP vector
pPN82 or pR261 were used. As a transformation controlp8.5BC-phleo were
transformed into FJT3 and FJT2.

Selection was performed as described in Section 2.12.3 but using phleaingcin
final concentration ug/ml as previously determined to be efficient for selection éRigll
1996).
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2.15 Phenotype characterisation of D. septosporum
transformants

2.15.1 Radial growth rates

Radial growth was measures following transfer of agar pluds if#n) from the growing
edge of colonies on fresh PDA or DM media plates. Agar plugscim @gperiment were
taken from colonies of the same age and from the same medigefaplonies which
were compared to each other. The plates were incubated at 22°C todbiplays. The
diameter were measured regularly along two axes at righesanthe average of these

two measurements were taken as the diameter of the colony.

2.15.2 Germination rate

D. septosporum conidia were standardized to a 2.0 X &6nidia/ml concentration. Two
ml of the standardized suspension was dispensed on 0.5% water agarplss)
overlain with cellophane, and the plates were incubated at 22°C. At Gl (iairvesting
time) and every 12 h thereafter, ajgample of the suspension was taken from the WA
plate, and dropped onto a microscope side. The sample was viewed usimy©BX51
microscope, and Magnafire 2.1.C digital camera software with 100 aosubred.
Conidia were scored as germinating if a visible germ tubese@s protruding from any

of the conidial cells.

2.15.3 Sporulation rate

Two mycelial plugs taken from the margins of a fungal colony (oppssies), using a 3
mm cork borer were placed in 150 of 0.1% Tween-20, and vortexed for 1 min. The
concentration of conidia was quantified using a haemocytometer. laresexpressed
as number of conidia per mMirnolony surface.
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2.16 Competition assays

Petri dishes[{] 9 cm) containing approximately 20 ml PDA were each inoculated wit
one agar plug (approximately 2 mm in diameter) o$eptosporum mycelium taken from
the growing margin of a colony of boh septosporum wild types NZE7/NZE10 and the
dothistromin deficient mutant FJT3. After 7-10 days of growth aC22plug U 2 mm)

of a competitor species was placed 1.5 cm fronDthgeptosporum growing edge. Two
radial growth measurements were made for each colony: fromdbelation point to the
growing margin nearedd. septosporum and from the inoculation point to the growing
margin furthest fronD. septosporum. Measurements were made at various time points

which differed according to the growth rate of the competitor species.

petri dish

D. septosporum

Competitor
colony

colony

Figure2.1: Outline of measurements taken for plate competitissays.
Measured were the radii of the competitor colomyrfithe inoculation point (i) towards tBe septosporum
colony (G) and away frorD. septosporum (C). X was measured to define the diameter ofctirapetitor

colony.

The relative inhibition of growth of each species was calculatedrding to Wardle and
Parkinson (1992), as
| = (C-G)/C x 100
where
| = % inhibition of competitor colony by. septosporum colony
C = growth of competitor colony away from growth zon®oseptosporum

G = growth of competitor colony towards growth zon®o$eptosporum.
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2.17 Toxin induction assays

To determine whether competitors induced dothistromin production and/or
dothistromin gene expression [ septosporum two approaches were used. Firstly GFP
expressed by. septosporum strains FJT24 and FJT26 containing thuetR::gfp gene
were analysed in the plate competition assays described imsexti6 and GFP
expression was monitored by microscopy as described in 2.18. Secondlyethigapédr
dothistromin induction by metabolites secreted by competitors wasssass using
“elicitor broths” as described and shown in Appendix A.6

2.18 Microscopy

Colonies on agar media were documented using an Olympus SZX12-RHld3cojoe,
with images captured using an Olympus DP70 digital camera arahégSIS software
package (Soft Imaging System GmbH). GFP expression was maohitoitt the
excitation and barrier filters set at EX460-90 nm, and EM510-550 nm respectively.

GFP expression of spores and geminating spores was documented using an
Olympus IX71 microscope, a Hamamatsu ORCA-AG digital cammalavéetamorph 6.3
(Molecular Devices Corp., Downingtown, PA) software. GFP expressasnmwonitored
with an EX460-90 nm/EM>510 nm filter set.

2.18.1  Vacuole staining

The red fluorescence stain FM4-64 (Molecular Probes; Invitrogenusexs to stain the
vacuoles oD. septosporum.

Approximately 0.5 x 0.5 cm mycelial plug from the edge of a growaigny was
ground with a sterile pestle in a microcentrifuge tube in @®DB and incubated on a
benchtop shaker for 4 h at 5 before 5ul FM4-64 stain (1.64 mM in DMSO) was
added. After addition of the stain the mixture was kept in the darknandated for
another 5 h. Aliquots of 1l were put on a microscope slide and FM4-64 fluorescence

was detected using the FITC filter settings using an Olympid Imicroscope, a
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Hamamatsu ORCA-AG digital camera and Metamorph 6.3 (Molecular Devices Corp.,
Downingtown, PA) software.

2.19 Statistical analyses

2.19.1  Single-factor ANOVA

Single factor ANOVA was performed for the growth rate data of D. septosporum wild
type and transformants, based on the null hypothesis of no difference between growth of
al strains, using the Microsoft Excel program. Significant ANOVA data (P<0.05) were
further analysed by a Tukeys HSD wusing an online dtatistic calculator
(http://graphpad.com/quickcal csg/posttestl.cfm) to determine pairwise significant
differences of each transformant and wild type of D. septosporum (P<0.05).

2.19.2 Pearson Correlation

Pearson correlation was used to analyze rea time PCR data using the online calculator on
http://department.obg.cuhk.edu.hk/researchsupport/PearsonCorrelation.asp. The data set
analyzed consisted of the means of the gene expression for each time point of each
investigated gene. Every single data set was compared to all other data sets and

correl ation coefficients determined.
2.19.3 T-test

T-tests were used to analyse the data of growth inhibition of competitor species by D.
septosporum. T-test values were calculated using the unpaired T-test online calculator on
www.graphpad/quickcalcs, testing the null hypothesis of no difference in inhibition

between competitor challenged with dothistromin producing or dothistromin non-
producing strains of D. septosporum (P<0.05).
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Chapter 3: Co-regulation and expression of

dothistromin genes in culture

3.1 Introduction

At the beginning of this study two groups of gettest were thought to be involved in
dothistromin biosynthesis were known. Those gene®wdentified on the basis of their
similarity to aflatoxin (AF) and sterigmatocysti®T) genes, from a clone library
(Bradshawet al. 2002; Bradshawet al. 2006). Using a degenerate PCR approach a
further dothistromin genepsA, was isolated (Bradshaw & Zhang 2006b; Schwetlad.
2007). One isolated clone contains the ketoreductase gdoté, an ortholog of the AF
pathway genaflM (ver-1) which is adjacent to three other putative dotbrsin genes:
dotB, dotC anddotD (Table 1.2, Bradshawt al. 2002). The othek-clone contains the
polyketide synthase gerpksA, an ortholog of the AF pathway gea#C (pksA) that is
clustered with the three putative dothistromin gerypA, avfA and moxA, orthologs of
AF/ST genes. This clone contained also the putapexide hydrolasepoA, with no
homologies to any AF or ST genes (Table 1.2, Bradstt al. 2006). ThevbsA gene
encodes a homolog of the versicolorin B synthas#is AF) and StcN (ST) fromA.
parasiticus andA. nidulans respectively. Recent results showed thawtiga is located in

a mini-cluster which also contains the AF/ST horgolexA (Figure 1.6, Table 1.2).
While dotA, pksA and vbsA have been confirmed to be involved in dothistromin
biosynthesis by gene replacement (BradsHaal. 2002; Bradshawet al. 2006; Zhangt

al. 2007) the functions of the other genes are predidiased on their amino acid
sequences.

In contrast to genes of primary metabolism, secondeetabolite genes tend to be
clustered in fungal genomes (Zhaai@l. 2005). Because of the high similarities between
dothistromin genes and the AF/ST genes, it was aggdethat the identified groups of
dothistromin genes form part of a bigger clustersesen for AF and ST (Zhargg al.
2005), but recent results show that this is not ¢hee for the dothistromin genes
(Bradshaw & Zhang 2006a; Zhaegal. 2007). Instead the identified dothistromin genes
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are dispersed with other genes and are groupdulaa mini-clusters (Figure 1.6).

In this work three aspects of the dothistromin gemere investigated:

* Although dothistromin genes are not organised single non-dispersed cluster it is
not known how the genes are distributed in Eheseptosporum genome. Therefore

the chromosomal location was determined by CHEFdialyses.

* One feature of secondary metabolite gene clusters-regulation either by specific
or general regulators (Bhatnagual. 2003; Bok & Keller 2004; Zhang al. 2005).
It is of interest to determine if the dothistrongenes are co-regulated despite not

being organised in a single non-dispersed cluster.

» As the role of dothistromin in the disease is wwn the study of dothistromin gene

expression could also reveal clues to function.
Therefore the co-expression of the putative dathisin genes and their relation to

dothistromin production was determined for two eliéint isolates oD. septosporum,
NZE5 and NZE7, using RT-PCRs, Northern analysesaaldtime RT-PCR.
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3.2 Results

3.2.1.1 CHEF blot analyses

A CHEF blot was hybridised with probes from eachirsiuster containing dothistromin
genes. The CHEF blots, made by C. A. Young (Maddeiversity) as described in
Bradshawet al. (2006).

Probes of thelotA andpksA gene hybridised with a 1.3 Mb mini-chromosome on
a mid-range separation CHEF blot as shown prewqisihdshawet al. 2006, Figure 3.1
A). For a better resolution a low-range separa@biEF blot was hybridised with probes
of thedotA, pksA andvbsA gene, each representing one of the three minteskisProbes
were generated by PCR (Section 2.10.2) and radweaetbelled (Section 2.11.1.2). Each
hybridised with the 1.3 Mb chromosome (Figure 3)1 Southern analyses of tlietA
(Bradshawet al. 2002), pksA (Jin 2005) and/bsA (Zhanget al. 2007) imply all three
genes have only a single copy in tBe septosporum genome. Therefore the results

suggest that all identified dothistromin geneslacated on this mini-chromosome.
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Figure 3.1: CHEF blot analyses.

The CHEF blot membranes, made by C. A. Young, vistwidised with probes for thebsA, dotA and
pksA genes.Separation of chromosomes (left) and hybridizatjoght). (A) The dotA and pksA gene
hybridise with the 1.3 Mb chromosome (XI) frdbn septosporum. A non-dothistromin gene (X) is shown
as comparisonSchizosaccharomyces pombe (Sp) and Saccharomyces cerevisiae (Sc) chromosomes were
used as size markers, with sizes shown in Mb atldfieside of the gel pictures (Figure taken from
Bradshawet al. 2006) (B) CHEF blot with increased resolution of smallerrachosomes ofD.
septosporum wild type Os (WT)) anddotA mutant Ds (dotA)). For this low range separation 1% Fastlane
agarose (FMC) in 0.5 x TBE buffer (89 mM Tris, 8®nboric acid and 2.5 mM N&DTA, pH 8.2) were
used at 150 volts with a switch time of 70 s fotR@ollowed by 80 volts with a switch time of 30fas 48
hours at 12C. The blot was hybridized witiiP-labeled PCR fragments amplified using primengog-fw1
and rt-vbs-revl for thebsA, primers RTCexon and RTdotA-fw faiotA and primers pksCB2 and dmoF2
for the pksA gene (this work). All probes hybridised with th& Mb chromosome (XI). The top band is
probably due to non-specific binding to the accuated Chromosomes I-X, as no specific hybridisation

was seen on other chromosomesAi (
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3.2.2 Co-expression of dothistromin genes in culture

The expression of the dothistromin genes was détednin liquid culture to assess if
they are co-expressed. SporesDofseptosporum NZE5 were used to inoculate liquid
media and the dothistromin production and geneesgion were determined over a time
course (as described in Section 2.2.2.2). RNA vidgined from mycelium pooled from
three flasks per time point. Gene expression w#sriaéned by one step RT-PCR with,
wherever possible, one primer specific for cDNA mecting two exons to prevent
amplification of gDNA (Section 2.12.5). This assess performed for all putative
dothistromin genes of the two previously publislsediuences of mini-clusters 1 and 2
(Figure 1.6, Bradshaet al. 2002; Bradshawet al. 2006). To validate the results obtained
by RT-PCR, Northern hybridisation was performedgome of the dothistromin genes.
The dothistromin production occurred early in tgowth phase. The highest
production of dothistrominug DOTH/mg DW) was seen between days 3 and 4, ajtihou
the amount of dothistromin showed a huge variabetween samples from the same day
(Figure 3.2). No samples were taken prior to déag&ause the biomass was not sufficient
for dry weight and RNA extraction. At day 6, whdretgrowth was still in the early
exponential phase, the production of dothistrongordased significantly and stayed at a
lower level for the rest of the growth experimefihe highest concentration of
dothistromin in the mediaufg DOTH/mI media) was seen at day 9 which is in the
mid-exponential growth phase. The concentratiodathistromin in the media decreased
thereafter. The expression of the dothistromin geedow at this growth stage and no
new biosynthesis of dothistromin appears to ocdime expression patterns of the
dothistromin genes obtained by RT-PCR and Nortlaealyses mirrored high production
of dothistromin at day 3 and day 4 (Figure 3.3jhalgh a delay is seen in the peak of
gene expression and peak of toxin concentratidhadmmedia. An exception was ttetC
gene from which bands of similar intensity for eaeay were obtained by both RT-PCR
and Northern analyses, and therefore appeared torstitutively expressed under these
conditions. The results suggest that the dothidtragenes are indeed co-regulated and

that their expression is correlated with dothistirobiosynthesis.
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Figure 3.2: Growth and dothistromin production ©f.
septosporum NZE5 in liquid media.

Flasks containing 25 ml DB media were inoculateth
approximately 10 conidia/ml. Growth @-)is shown il
mg dry weight (mg DW), toxin productionx)in pg
dothistromin per mg DW ug DOTH/mg DW) an
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Figure 3.3: RT-PCR and Northern analyses of dothistromin geqeession.

(A) RT-PCR results from mycelium obtained in the experit of Figure 3.2 are shown. Except fimtC

andtubl all genes show stronger bands at day 3 and 4 aechpa later time point§B) Northern analyses

confirmed the expression pattern for the selectedegdotA, dotB, dotC and pksA. The tubl gene is

included as a constitutive control. The rRNA baads shown as loading and quality control for theARN

Primer pairs used for RT-PCR and Northern probe® s follows:

dotA: RTC exon RT dotA fw
dotC: RT dotC fw RT dotC rev
pksA: pks CB2 dmoF2

mMOXA: RT mox dot fw mox dot 3’ end
cypA: cyp dot fw cyp dot rev

For sequences see Table 2.2.
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dotB: 152f844comp 152 fep

dotD: RT dotD rev 151R1300comp
avfA: OTR162 fwd1 OTR162 rev6
€poA: RT epo dot fwd OTR 162Arev 4
tubl: Tub2 Tub3



The co-regulation seen in the RT-PCR and Northesults and the unexpected early
expression of the dothistromin genes led to thdsaet to investigate the degree of
co-regulation in more detail. RT-PCR and Northaralgses have limitations as statistical
analyses are limited and differences in the expyessre only detectable if the RT-PCR
or Northern hybridisation are not saturated. Thaeethe pattern of gene expression for
all putative dothistromin genes was analysed bistneee RT-PCR, except fogpoA. The
expression oEpoA was not determined as melting curve analyseshiedoA standards
and samples always showed more than one PCR prathsgite trying several batches
of primers. Southern analyses showed thaDthaeptosporum genome contains only one
copy of theepoA gene (Jin 2005) and therefore the different mgltaorves were most
likely due to sub-optimal PCR conditions. The tifneme of this study did not allow
further attempts to optimise tlepoA real-time PCR assay.

The expression of all other genes was quantifieshguselative calibrator
normalized quantification compared to the levelsl85 rDNA (Section 2.10.4). The
expression of th@—tubulin geneubl relative to the 18S rDNA, that was included as a
constitutive control, showed no significant changéhe level of expression over the time
course (ANOVA). Data for each sample were obtaifredn a duplicated real time
RT-PCR with cDNA obtained from RNA from mycelium thfree pooled flasks per time
point. The results confirmed the highest expresstmels of the putative dothistromin
genes at day 3 and day 4 and the constitutive sgime ofdotC (Figure 3.4) as seen
before by RT-PCR and Northern analyses (Figure 3.3)

Although the dothistromin genes showed highestesgon at days 3-4 there was
some variation in the expression trends over theleviime course. Therefore the degree
of co-regulation of dothistromin gene expressios @waalysed by pairwise comparison of
relative expression levels over time using Pearsamelation, as shown in Table 3.1.
Most of the putative dothistromin genes showed Hgirelations (>0.7) in their pattern
of expression levels over time, except fdisA, dotB and dotC (Table 3.1). The
expression oflotC showed no significant correlation to the exprassibany other genes
investigated in this assay. ThetB gene only showed significant correlation to #wéA
gene (p<0.05). ThebsA gene showed a significant correlation (p<0.1) wstrof the
dothistromin genes except ttA andavfA, with the p-value for a significant positive

correlation of dotA and vbsA just exceeding 0.1. Interestingly, in this studlye

73



expression patterns of genes in mini-cluster 3 lmweher correlation to those of other
putative dothistromin genes compared to the gemetusters 1 and 2; high correlations
were seen to five other dothistromin genes. In foinster 1 thedotD gene expression
was highly correlated to five other putative ddittsin genes. SimiladotA gene
expression showed high correlation coefficientstite other dothistromin genes. The
exception was the gene expressiondofA and vbsA expression, which were less
correlated in this experiment. The expression efusA gene in mini-cluster 2 had a
lower number of correlated genes. In addition tostmwing a strong correlation to the
expression of thelotA gene, its expression was also not highly corrdlateavfA of
mini-cluster 3 (Table 3.1).

The same cDNA samples were used to determine tpeession patterns of
recently isolated genes, which are suspected nobeoinvolved in dothistromin
biosynthesis but which are neighbouring the pugatiethistromin genes (Figure 1.6).
Those genes ar®X2 from mini-cluster 1 which encodes a putative chiynthaseDS14
in mini-cluster 2, a putative potassium channel] B&25 of mini-cluster 3, a putative
amino acid permease. The expression leveB3f DS14 andDS25 and their correlation
to the expression of the putative dothistromin wedetermined to check if
non-dothistromin genes in the mini-clusters wereregulated with the dothistromin
genes.DS14 did not show the same early expression patterthe@slothistromin genes
and no correlation to any of the other genes. Likewthe expression @S2 did not
show the same expression pattern as the dothistrgemnes but showed significant
correlation to the expression bl (Table 3.1). InterestinglipS25 showed significant
positive correlation with all co-regulated dothastin genes except f@a/fA (Table 3.1).
The tubl gene, which was included as a constitutive expressontrol, did not show
correlation to any of the dothistromin genes.

The expression patterns of the putative dothistnog@nes suggest that they are
co-regulated. Involved in co-regulation in the Aéng cluster is the regulatory geafR,
which encodes a positive regulator protein for Ategenes (Liu 1998). Putative AfIR
binding motifs are seen for most of the dothistrogenes (Bradshaw & Zhang 2006Db;
Zhanget al. 2007), as shown in Figure 3.5.
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Figure 3.4: Real-time RT-PCR analysis of 12 genes from three mini-clusters of
D. septosporum.
Shown are the expression patterns of the putative dothistromin genes (black
letters) and the putative non-dothistromin genes (grey letters) from D.
septosporum in DB media of growth experiments shown in Figures 3.2 and 3.3.
Shown are days after inoculation (X-axis) and gene expression level relative to
ribosomal 18S rDNA (Y-axis). The putative dothistromin genes, with the
exception of the dofC gene, showed highest expression at an early stage of
growth. Early gene expression was also detected for the putative permease gene
DS25. DS2 and DSI14 did not show the same expression pattern. The real time
RT-PCR reactions for DS2, DS14 and DS25 were carried out by S. Zhang
(Massey University). The B-tubulin gene expression (fubl) was included as a
constitutive control. Each data point is the mean + standard deviation of two
replicate PCR reactions. The error bars do not show equal lengths because of the
logarithmic scale of the Y-axis.
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In mini-cluster 1 dot4 and dotB, as well as dotC and dotD, are divergently transcribed. But
putative AfIR binding sites are located closer towards dot4 and dotD than to dotB and dotC.
The 11 AfIR binding sites between the dot4 and dotB coding regions are all within 1489
nucleotides upstream of dot4 with the first eight within the 642 nucleotides upstream of the
dotA coding region. The other three binding sites are at least 815 nucleotides upstream of
the dotB gene. Similarly, all 5 putative AfIR binding sites in the intergenic region of dotC
and dotD are within 276 nucleotides upstream of the dotD coding region and there is no

AfIR binding site in the first 1175 nucleotides upstream of dotC.
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Figure 3.5: Schematic overview of AfIR-binding sites in the dothistromin mini clusters.

Shown are the regions of mini-clusters 1-3 (Figure 1.6) which include the putative dothistromin genes.
Horizontal arrows show the direction of transcription of identified genes with colored arrows indicating
putative dothistromin genes. Vertical lines show putative AfIR-binding sites (5’-TCGNsCGR-3"). Positions
of the putative AfIR-binding sites are approximately to scale.

The vbsA gene contains putative AfIR binding sites in both its ORF and upstream
region. The vbsA gene shows co-regulation with the other dothistromin genes although
the upstream AfIR binding sites are in the ORF of the neighbouring DS12 gene. In
mini-cluster 3, the pks4 and cypA genes show also high correlation in their expression
pattern compared with the other putative dothistromin genes. The pks4 and cypA gene
share 6 putative AfIR binding sites in their intergenic region. Expression of the avf4
showed high correlation to 5 dothistromin genes, but not to vbsA4, as seen for the other
dothistromin genes. It also was the only gene with a significant correlation to the

expression of dotB and no significant correlation to the expression of DS25. Interestingly
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Table 3.1: Pair-wise comparisons of correlation coefficiefiRearson correlation) of gene expression patterns.
The putative dothistromin genes are compared asasdhe otheD. septosporum genes DS2, DS14, DS25 and fiubulin genetubl. Shown are tt
Pearsons product moment correlation coefficienttistically significant positive correlations (1) are shown with a grey background. Values id
have a p-value of < 0.05. CorrelationdatA andvbsA is shown in light grey as the p-value just excee@d. The expression patternsdofA and DS
were significantly negatively correlated (p<0.0hgaherefore indicated in white bold letters. Arsaly were @rformed using an online statistics prog

gene | DS2 | dotA | dotB | dotC | dotD | vbsA | DS14 || pksA | cypA | avfA | moxA [ DS25
AﬂRsﬁg;ding - 11 - - 5 4_5_03R L - 6 6 4 (ORF) - -
tubl || 0.892 | -0.754 | -0.132 | 0.033 | -0.278 | -0.246 | 0.139 || -0.29 | -0.293 | -0.276 | -0.230| -0.260
» |DS25| -0579 | 0.760| 0.098 | 0.247 | 0.942 | 0.978 | -0.343 | 0.899 | 0.879 [ 0.602 [ 0.797 6
& |moxAl|l 0629 | 0.784 | 0675 | 0.35 | 0.923 | 0.786 | -0.343|| 0.976 | 0.978 [ 0.956 6
% avfA || -0.647 | 0.731 | 0.843 | 0.259 | 0.810| 0.615 | -0.537 | 0.890| 0.906
€ | cypA | -0.686 | 0.818 | 0545 | 0.221 | 0.981 | 0.888 | -0.536 | 0.998 6
= pksA | -0.68 | 0.825 | 0.515 | 0.263 | 0.983 | 0.899 | -0.496 [N¢
£&  |DS14 | 0358 | -0.349 | -0.472 | 0.387 | -0.518 | -0.412
=3 |vbsA || 0587 | 0716 | 0.103 | 0.066 | 0.960
—, | dotD | 0662 | 0792 | 0377 | 0.142 6
& | dotC | -0.033| 0.308 | 0.248
% dotB | -0.381 | 0.408
£ | dotA
= |bs2

(http://department.obg.cuhk.edu.hk/researchsupmatddnCorrelation.aspThe number in the black box shows the numbesignificantly correlate
dothistromin (p< 0.1) genes for each correspondirge. DS2, DS14, DS25 addtB were assumed to be ndothistromin genes. The first line shows

number of putative AfIR binding sites (5'-TCGBIGR-3’) upstream of the gene. The AfIR binding site the intergenic region afotA/dotB anc
dotC/dotD are designated wotA anddotD respectively (see Section 3.3 and Figure 3.5).




the avfA gene does not contain putative AfIR binding siigstream of its ORF. The
moxA and D25 genes were co-regulated with other dothistrominegedespite no

putative AfIR binding sites in their upstream raggo

In summary, it was shown that the dothistromin gesne co-regulated. The genes in
mini-cluster 3 show a higher degree of correlatbexpression than the genes in clusters
1 and 2. In addition the highest expression ofgéees was seen at early growth stages
(Figure 3.3 and 3.4). This was an unexpected fopndis secondary metabolites are
usually synthesized during late exponential ori@tary growth in culture. Therefore

further investigations of the onset of the dotloistin gene expression were performed.

3.2.3 Confirmation of early dothistromin gene expression

To confirm the unexpected early onset of expresefotine dothistromin genes the gene
expression study was repeated with the isdlatseptosporum isolate NZE7. All isolates
from New Zealand appear to be clonal (Hetsal. 1999) but the NZE5 isolate used in the
growth experiments described in Section 3.2.2 heghbin culture for over 3 years and
therefore it was possible the expression pattesemed could be an adjustment to this.
Moreover, NZE5 showed poor sporulation and dotbistn production were low at the
time of the experiment. Therefore the newer isdNZ&7 was used instead. Furthermore,
in this experiment the RNA samples for each cultlag were not pooled prior to cDNA
production. The data given here are the mean amdiatd deviation of three independent
samples (biological replicates), with the real tilR&-PCR data from each sample
obtained from a duplicated PCR (technical repliat@dditionally the expression level
of the genes was determined for the inoculum (emw). Expression relative to the 18S
rDNA of the dothistromin genedotA, dotC, pksA and vbsA, as well as fortubl was
determined for the initial inoculum and during gtbvin liquid culture. The genedotA,
pksA andvbsA were chosen as representatives for each minieslastddotC because of
its putative role in toxin secretion. Expressiontafl was included to show that the
calculated expression levels were not the resuladhtions in the level of 18S rDNA.

In this experiment, data obtained showed in gerfeghl standard deviations. This
indicates high variability between the biologicaeplicates. The synthesis of dothistromin
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by D. septosporum NZE7 occurred at an early stage of growth andidedlwhen growth
reached the end of the exponential phase, as sferelor isolate NZE5 (Figure 3.6A).
Therefore the expression pattern observed eadieNZES does not appear to be an
artefact due to culturing. In DB media the maximpiraduction of dothistromin (per mg
DW) occurred at the onset of exponential growtiwieen days 4-6 and the concentration
of dothistromin in the media (per ml) peaked at @dfen slightly declined after (Figure
3.6 A).

Expression levels of the dothistromin gemesA, pksA andvbsA in DB media
mirror the toxin production. The highest levelsesfression of these genes occurred in
the early growth stage, with maximum expressionlats 3-4, before their expression
levels declined (Figure 3.7A). Determination ofnsaript levels before day three was not
possible due to insufficient biomass, but they wastermined for the inoculum (day 0),
where expression for all investigated genes wa®cted. The similar patterns of
expression of the dothistromin biosynthesis ged@#, pksA and vbsA again suggest
co-regulation. Pair-wise comparisons yielded catreh coefficients greater than 0.95
(p<0.01) for each pair. Unlike in the experimentSeaction 3.2.2 the expressiondaftA
and vbsA was also highly correlated. This supports a pugatunction forvbsA in the
synthesis of dothistromin. The expression levelda€ andtubl showed no significant
correlation withdotA, pksA or vbsA, or with each other, supporting the results regbite
Section 3.2.2. ThdotC expression did not significantly decline after d&agnd appeared
to be constitutive in these conditions as seenrbefo

The production of secondary metabolites by fungtufture is dependent on the
growth media (Buchanaet al. 1987; Maggio-Hallet al. 2005; Skoryet al. 1993). To
determine whether early production of dothistronsira media effect, gene expression
and toxin biosynthesis were also investigated iBPi2dium. PDB is a less rich medium
than DB, containing only potato dextrose as nutsiemvhile DB contains malt and
nutrient broth (which consists of meat extract,syestract, peptone and NaCl). As seen
for the DB media the expression ddtA, pksA andvbsA in PDB occurred at an early
stage of growth, but the effect of early gene esqicn was less pronounced than in DB
(Figure 3.7B). However, although the growth was mueduced (Figure 3.6),
dothistromin gene expression was at its highesvdxt days 3 and 9 after inoculation

(Figure 3.7B). The decline of the gene expressias slower, but levels of dothistromin
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synthesis and dothistromin gene expression wegemeral at a lower level in PDB than
DB. Compared to DB the maximum toxin levelgg(dothistromin/mg DW) were
approximately 30-fold less in PDB. Furthermore thariation in toxin production
between replicates was large and toxin producti@wéeen days did not differ
significantly (Figure 3.6B). The expression of ghethistromin genes was likewise at a
lower level in PDB than in DB media. To exclude amy-to-run variation, a direct
comparison ofpksA gene expression using real time RT-PCR was peddrior the
samples of maximum expression from PDB and DB meflie maximum level of
expression in PDB (day 4) was approximately 25 sinh@wer than the maximum
expression in DB (day 3) (Figure 3.8).
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Figure 3.6: Growth and dothistromin production Bf septosporum NZE7 in liquid media.

Flasks containing 25 ml of either DBY or PDB @) medium were inoculated with 16onidia/ml. Growth
(-M-) is shown in mg dry weight (mg DW), toxin prodiact (%) in pug dothistromin per mg DWug@
DOTH/mg DW) and dothistromin concentration per média €)ug dothistromin per ml mediaug
DOTH/mI) for days after inoculation (dpi). The dease in DW inA) at day 15 and 18 is most likely due
to autolysis of the cells or due to the high vaitighof the growth which might have resulted in imflated
value for the DW at day 12. Values shown are meansstandard deviations of three independent sample
Note the different scales #andB.
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Figure 3.7: Relative gene expression of dothistromin genes over time.

Expression of the dothistromin genes dotA, pksA, vbsA and dotC from D. septosporum NZE7 in DB (A) and PDB (B) media of growth experiments
shown in Figure 3.6. Shown are days after inoculation (X-axis) and gene expression level relative to ribosomal 18S rDNA (Y-axis). The B-tubulin
(tubl) was included as a constitutive control. The dot4, pksA and vbsA genes showed high expression at an early growth stage and a similar pattern of
expression during culture in DB and PDB. The dotC gene appears not to be co-regulated with the other genes. Each data point is the mean and standard
deviation of three biological replicates.
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The maximum gene expression of thksA
gene in DB media and PDB media
assessed by real-time RT-PCR. To b&db
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same PCR experiment. The expression ir
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The synthesis of AF/ST is known to be affected by ambient pHigket al. 1997).

Furthermore, the needles of the pine hosB.akptosporum are acidic. As the DB media

changed from slightly acidic (pH 6) to slightly alkaline (pH &8gr the growth period

(Figure 3.9 A), the expression pitsA anddotA was determined in buffered media to test

if the dothistromin gene expression is dependent on the ambient gifféred DB

media, there was no significant effect of pH dotA and pksA expression or on toxin

production at 3 days after transfer of mycelium from a seask f(Figure 3.9 B).

Although some variation is seen between the expression at tleediffpH values

ANOVA analyses showed the differences were not significar®.@). The pH 8 could

not be tested as the media did not stay buffered at this pH.
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Figure 3.9: Influence of pH on dothistromin gene expression.

(A) The pH of the DB media (solid line) in th&2yrowth experimel
(Section 3.2.3) changed from slightlgidic to slightly alkaline, while tf
pH of the PDB media did not exceed an pH of 6 @ibtine) B8) The
influence of pH was tested in DB media. Gene exgoasof dotA, pksA
andtubl was determined 3 days after transferring mycelia Mclllvaine
buffered DB media (pH3). Unbuffered DB media was used as cor
Data represent mean and standard deviation of chipti biologic:

samples with each sample analysed in a duplica@dime RT-PCR.
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3.3 Discussion

The three mini-clusters containing the eleven ifiedt putative dothistromin genes are
located on a 1.3 Mb chromosome (Figure 3.1). Asirmd previously, the dothistromin
genes are not organised in a continuous clustguk&il.6, Zhanegt al. 2007), in contrast
to the big clusters of AF/ST (Bhatnagial. 2003; Brownret al. 1996).

In the model proposed by Cary and Ehrlich (2008)tfe evolution of the AF/ST
clusters, the authors speculated that the dothmstracluster diverged earlier from a
common ancestral cluster than the AF/ST clustengiriproposed basal cluster includes
homologs ofpksA andhexA as well as the regulatory geradiR andaflJ. Subsequently it
is now shown that thB. septosporum pksA andhexA genes are located in two separate
mini-clusters (Zhang et al. 2007) althougftR or aflJ genes have not been identified. In
addition the mini-cluster 3 containing tpksA gene also contains tlogpA gene, whose
homolog in the AF cluster is proposed to be reedutt a late stage of the evolution of
the AF cluster (Cary & Ehrlich 2006). Therefore tharrent knowledge about the
dothistromin genes does not support the model. Meweéhe relative positions qiksA
andhexA to each other in thB. septosporum genome are not known, and thypA gene
position could have changed over time. Further ppears to be likely thaD.
septosporum contains araflR-like gene as putative AfIR binding sites are pnese all
three mini-clusters.

It is possible that, ifD. septosporum, the recruited genes were never formed into a
close cluster as in AF/ST. Alternatively, tight sfering may have been an ancestral
feature that degenerated over timeinseptosporum. However, the location of all so far
identified dothistromin genes on a mini-chromosodees suggest that some level of
clustering has occurred. Fragmented gene clustersalso known for trichothecene
(Kimura et al. 2001) and cephalosporin biosynthesis. The ceppalos genes in
Acremonium chrysogenum are located on two different chromosomes (Liragvi&rtin
2006). The linkage of the known dothistromin geisdsigher as they are all located on a
1.3 Mb mini-chromosome.

The location of the dothistromin genes on a minbaimsome is interesting by itself.

Mini-chromosomes are often dispensable and containlence factors, such as
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mini-chromosomes o€ochliobolus carbonum and Nectria haematococca (reviewed in
Covert 1998)C. carbonum contains genes necessary for HC-toxin productiorither a
2.2 Mb or 3.5 Mb mini-chromosome and loss of th@irnohromosome leads to loss of
virulence.N. haematococca contains a gene on a 1.6 Mb mini-chromosome nacg$§sr
detoxification of the phytoalexin pisatin of gardeeas, which has been shown to be a
virulence factor. Similarly irAlternaria alternata chromosomes of 1.9 Mb or less contain
genes necessary for toxin production and pathoterfidattaet al. 2002; Johnsost al.
2001). It would be interesting to identify if theSBIMb chromosome is always present in
D. septosporum isolates and if a lack of this would have an iaeflue on virulence or
pathogenicity.

Although the dothistromin genes are not as firmlystered as the AF/ST, a high
degree of co-regulation was seen for most of thatime dothistromin genes (Table 3.1).
Co-regulation is an important defining feature bfstered secondary metabolite genes
and there are many examples of this (Bbkl. 2006; Gardineget al. 2004; Gardiner &
Howlett 2005). Co-expression of dothistromin gefreen all three mini-clusters was
observed. This suggests the dothistromin genesi@desto function as one unit despite
being physically separated. ThksA, moxA andcypA genes of mini-cluster 3 as well as
the dotD gene from mini-cluster 1 showed the highest cadagn, with each
expression pattern showing significant correlationthe pattern of 6 other putative
dothistromin genes. The expressiondotA and avfA showed high correlation with 5
other dothistromin genes not includivigsA. In the experiment described in Section 3.2.2
the expression afiotA andvbsA was positively correlated but not significant. Howe
their expression was highly correlated in the sqbeat experiment in Section 3.2.3. The
statistical analyses in Section 3.2.2 might notsbereliable as each data point was
obtained from duplicated PCRs of one pooled cDN#Aa, while data in Section 3.2.3
were obtained from 3 independent samples. The ¢ogtelations oftbsA expression and
the other dothistromin genes suggest that theA gene is indeed a dothistromin
biosynthesis gene. During this study further evadefor an involvement ofbsA in
dothistromin biosynthesis was obtained by creatiba vbsA replacement strain, which
was dothistromin deficient (Zhamgal. 2007).

The expression patterns dgtC anddotB appear to be different from that of the other
dothistromin genes (Figures 3.2, 3.4, 3.6, Tablg.3ThedotC gene encodes a major
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facilitator superfamily (MFS) transporter with hology to theafl T gene in the AF gene
cluster of A. parasiticus (Bradshawet al. 2002). TheaflT gene is also regulated
differently to other genes in the AF cluster (Chagtgal. 2004). The constitutive
expression oflotC indicates a possible role in secretion of dotbisin. Howeverafl T is
not required for AF secretion (Chasigal. 2004). AlternativelydotC might play a role in
self-protection ofD. septosporum against dothistromin, as seen for sirodesmin in
Leptosphaeria maculans. The sirodesmin gene cluster In maculans contains the
ABC-transporter genairA which, although it has been shown not to be reglufior
sirodesmin secretion, is involved in self-protectiof the fungi against sirodesmin
(Gardineret al. 2005). To clarify the role oflotC, a dotC knock out mutant has been
recently constructed in this lab. Preliminary réssuggest thatotC is not necessary for
dothistromin secretion (Z. Feng, unpublished re3ult

The predicteddotB gene product contains a peroxidase domain and tatiyau
heme-binding site. Although it shows similarity ttte product of the ST gersicC, no
equivalent is seen in the AF gene cluster (Brads&afthang 2006b). Furthermore, the
role of StcC inA. nidulans is unknown as disruption afcC appears to have no effect on
production of ST (mentioned in Zhaegal. 2005). ThereforeotB might not be involved
in the biosynthesis of dothistromin although itgp®ssion is also highest at an early
growth stage (Figure 3.4). To clarify the role duftB, knock out mutants need to be
constructed.

The expression of the non-dothistromin geBD& and DS14 did not correlate with
the expression of the dothistromin genB2 showed high correlation ttubl and
appears therefore to be constitutively expressddchwwould be reasonable for its
proposed function as a chitin synthase. Interelstitige expression of the putative amino
acid permease gene DS25 appears to be correlatdd the expression of the
dothistromin genes (with the exceptionanfA).

The RT-PCR results of the expression of the putagpoxide hydrolase geremoA,
suggest also co-regulation with the other dothminogenes. As the real time RT-PCR
assay forepoA was not successful this could not be confirmeder&hare no epoxide
hydrolases in the AF or ST gene cluster and funcbd an epoxide hydrolase gene
product in the dothistromin synthesis is specuéatiVhe predicted gene product could

potentially have either a biosynthetic or a biotpative role in the fungus. ThB.
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septosporum epoxide hydrolase could detoxify epoxide derivedivof dothistromin that
could otherwise damage the fungal cells. Alterredyivit may be involved in the last
stages of dothistromin biosynthesis (Bradshaw &gh2006b). However, Jin (2005) has
shown thatepoA gene replacement mutants are able to synthesiteisttomin,
suggesting EpoA has no biosynthetic role. It i® alst known if theepoA gene product is
functional (Bradshaw & Zhang 2006b; Jin 2005).

The expression of AF and ST genes requires regylgene products, AfIR and AflJ,
encoded by genes within the clusters (Chang 200& & al. 2005). So far no homologs
of these have been identified Ih septosporum, although putative AfIR binding sites
(5’-TCGNsCGR-3’) are found upstream of many of the dothisirogenes, as well as a
modified form of the binding site (5-TCGRCGR-3’) (Bradshaw & Zhang 2006b).
Interestingly, theaflT gene in the AF cluster does not have the 5-TE@GBR-3’ AfIR
binding site in its regulatory region (Cary & Eletli 2006) and thaflT gene is also
differently expressed as the other AF genes (Cleaalj 2004). Theafl T homologdotC
in mini-cluster 1 also showed a different expressacmmpared to the other putative
dothistromin genes as it was constitutively expgdssnder the conditions examined. In
mini-cluster 1dotB also shows no co-regulation to other dothistrogenes. In contrast the
expression ofdotA and dotD, which are divergently transcribed tmwtB and dotC
respectively, haa high correlation with the other dothistromin gerEhis might be due to
the closer location of AfIR binding motifs to theding regions otlotA anddotD (Figure
3.5). In mini-cluster 3,avfA was the only gene with a significant correlation the
expression oflotB and no significant correlation to the expressibD&25. Interestingly
the avfA gene does not contain putative AfIR binding sitestteam of its ORF, which
might account for the slightly different expressioompared to the other dothistromin
genes. Likewise, the promoter region of #fi€ homologue ofVvfA in the AF cluster does
not contain AfIR binding sites (Cary & Ehrlich 2008 he presence @fflR binding sites
and the different regulation of the dothistrominnge which do not contain the
5-TCGNsCGR-3' putative aflR binding site suggest aaflR-like regulation. The
involvement of an AflIR homologue could explain tbe-regulation of the dispersed
dothistromin genes iD. septosporum. In A. parasiticus AfIR controls the expression of
several genes located outside the AF cluster acld @antain AfIR binding sites (Prict

al. 2006). But sincanoxA and D25 were co-regulated with other dothistromin genes
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despite no putative AfIR binding sites, it appethia also other regulator(s) influence the
synthesis of dothistromin iD. septosporum.

In A. nidulans the ST expression is also regulated by LaeA. Regul by LaeA
shows chromosome-location specificity: genes withie ST cluster were regulated but
those moved out of the cluster were not. LaeA igl@al regulator of secondary
metabolite gene expression, and LaeA homologs haga found in other fungal species
(Bok et al. 2006). An earlier study also showed the expressidhe AF gen&flD (nor-1)
to be position dependent (Chiati al. 2002). A position dependent regulation of the
dothistromin genes might explain the co-regulatb® 25 with the dothistromin genes.
The ORF ofDS25 is located only 1778 bp away fromoxA in mini-cluster 3. In contrast
DS andDS14 which are not co-regulated with the dothistromémes are further away
from the dothistromin genes in their clustelsX? is 4653 bp away from the closest
co-regulated dothistromin gedetA in mini-cluster 1, whildDSl4 is separated by a 5359
bp non-coding region frombsA in mini-cluster 2. Whether a LaeA ortholog existD.
septosporum or if it is involved in regulating expression diet dothistromin genes needs
to be clarified.

The production of AF and ST is partly regulatedthsy pH regulator PacC (Kellet
al. 1997) but the role of pH regulation in aflatoxiroguction is not resolved and often
contradictory (Calveoet al. 2002; Ehrlichet al. 2005). The synthesis of pathogenicity
factors inBotrytis cinerea appears to be influenced by ambient pH (Manttal. 2003).

In the case of dothistromin, as the pH of pine fe=ets acidic, it was anticipated that pH
could be an influencing factor for gene expressamd toxin production. InD.
septosporum putative binding sites for PacC are found upstreéall of the dothistromin
genes characterized so far (Bradshaw & Zhang 20G6ti)ough attempts to isolate a
pacC homologue inD. septosporum by degenerate PCR have been unsuccessful
(Bradshaw and Barron, unpublished results). In ghigly no significant effect of the
ambient pH between pH 3 and pH 7 on the expredsiogls of dotA and pksA was
detected (Figure 3.8). This indicates that if tvart is involved in the disease process its
production is most likely not triggered by the acigH of the pine needles. However, the
gene expression at the different pH levels showddgh variation. Furthermore the
results were only obtained from duplicated biolagieplicates. Therefore it should not

be excluded that the ambient pH might influencesyrehesis of dothistromin.
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In DB media the highest expression of the dothminogenes coincided with the
beginning of exponential growth. The expressionided in mid-exponential phase and
this was reflected by the toxin production whichswalso highest at the onset of
exponential growth. Similarly the expression of thenes and production of toxin
occurred at an early growth stage in PDB medidoalgjh no strong decline in gene
expression was observed. AF synthesi&.iparasiticus in liquid cultures is dependent on
the media source, with a higher level of productiorich media (Skoryet al. 1993).
Approximately six times more dothistromin (mg/mé) produced in DB media than in
PDB (Figure 3.5) angbksA expression is about 25 times higher in DB tharPDB
(Figure 3.7). However, in both media toxin prodactand dothistromin gene expression
are observed at an early stage of growth (Figke 3.

Dothistromin biosynthesis is clearly regulated efiéntly to AF and ST which have
maximum levels of production during late expondrdiationary phase (Tragt al. 1995).

In A. parasiticus the transcript of the ABHotA homologueaflM (ver-1) was not detected
until near the end of the exponential phase and stdls highly expressed during
stationary phase in batch fermentation (Skeirgl. 1993). Likewise the aflatoxin gene
nor-1 in A. flavus was induced during the later stage of exponegtiahth, reaching its
maximum at the beginning of the stationary phasenmjrown on wheat (Mayest al.
2003). In general secondary metabolites like ST ARdaccumulate at later stages after
primary growth has slowed (Cleveland & Bhatnaged ayne & Brown 1998; Trag

al. 1995). In this study the expression of the dotbiein genes and production of
dothistromin were clearly different from this patteConsidering the similarities between
dothistromin and AF/ST in respect of their struegjrgenes and biosynthetic pathways,
the difference in timing of biosynthesis demonsitabere is intriguing.

Secondary metabolism and sporulation are ofteretink filamentous fungi, sharing
some (but not all) regulatory elements (Cabtaal. 2002). Mycotoxin production and
sporulation are connected by G-protein signalintpways (Brodhagen & Keller 2006).
In A. nidulans ST appears to be important for sporulation, witloren conidia
accumulating with each progressive conversion ger@es of mutants blocked at points
along the ST pathway (Wilkinsoet al. 2004). Decreased sporulation was also seen in
one experiment of pksA mutant ofD. septosporum (Bradshawet al. 2006; Jin 2005), but

sporulation rates are very inconsistenbinseptosporum cultures. However, AF proteins

88



including the DotA homologue AfIM (Ver-1) and Vbdfomologue AfIK (VBS) were
detected in both vegetative hyphae and conidiospar&. parasiticus (Chiouet al. 2004;
Leeet al. 2004; Leeet al. 2002). Furthermore, while sporulation is usuallg@npanied
by AF/ST biosynthesis, the converse is not always fas ST/AF can be produced in
growth conditions where sporulation is inhibitec (isubmerged culture) (Yu & Adams
1998). The high level of dothistromin gene expmssat an early stage of growth,
however, suggests that the regulation of dothigtmoimosynthesis is not directly
connected with that of sporulation. It would beeneisting to see if a G-protein-mediated
signalling pathway regulates dothistromin biosysihe negatively, as in
aflatoxin/sterigmatocystin, or positively, as innpallin biosynthesis that occurs IA.
nidulans at a slightly earlier stage of growth (Tetgal. 2000).

In summary the results of this chapter showed tiratdothistromin genes are not
organised in a continuous gene cluster, but theyalirlocated on a mini-chromosome.
Co-regulation of the putative dothistromin genesuns even though the genes are not
tighly clustered. An early onset of the dothistrongene expression was seen and this
lead to the question of whether this pattern ofresgion is relevant to the biological
function of dothistromin.

A direct biological function of dothistromin is Btunknown and isolates ob.
septosporum show remarkable variations in levels of toxin protibn in culture
(Bradshaw et al. 2000). Whether these differences are relevant Vioulence or
pathogenicity oD. septosporum is not known. It has proven to be particularhyfidiflt to
obtain a reliable pathogenicity test in the glassieo(Barron 2006; Devest al. 2004;
West 2004), which is required to test toxin-defitienutants. However, the unusual
expression pattern of dothistromin genes in cultig@ds to two hypotheses about
possible biological functions of dothistromin.

The first hypothesis is that dothistromin has acfiomal role in an early stage of
plant host infection. Pure dothistromin inducesdge symptoms (Shain & Franich 1981)
and this suggests that early production of toxirttenneedle surface could kill the plant
tissue or induce a hypersensitive response, therefacilitating invasion and
establishment of the pathogen within the host.radieffect of a toxin from the pathogen
on the host is seen in many pathosystems (How@d6R In otherMycosphaerella

species necrotic areas were observed in advante @blonizing hyphae d¥l. fijiensis,
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M. eumusae and M. musicola in bananas, which led the authors to the conatusioa
diffusible toxin secreted from the fungi (Balint-Kuet al. 2001). Similarly, dothistromin
could be secreted from young mycelium, which appgahave a high expression of the
toxin genes. LikeD. septosporum, several plant pathogens in the gem@ohliobolus
produce toxins at an early growth stage, or evér pp germination in the conidia. For
example C. carbonum produces and releases HC-toxin as one of thealiniti
morphogenetic events in the infection process dmd its thought to aid in the
colonization of host tissue (Weiergaagal. 1996). Dothistromin could similarly play a
role in the early plant-microbe interaction althbugdiffers in being a non-host-specific
toxin (Stoessét al. 1990).

A second hypothesis is that the production of ddtbmin at an early growth stage
could provide a competitive advantage against atieroorganisms in the environment.
D. septosporum itself is very slow-growing and dothistromin is kmo to be toxic
towards a broad range of other organisms (Stoesdl. 1990). Many secondary
metabolites have antimicrobial activity (Pelaez208uggesting roles in defence. Eor
septosporum the early production of dothistromin could, be@ws its broad toxicity,
provide a crucial competitive advantage in the mmment. Interestingly the DB medium,
which contains yeast extract in the nutrient broidd much higher gene expression and
toxin production than observed for PDB. SimilamyA. ochraceus, higher ochratoxin A
production was observed in PDB media supplementiéd yeast extract than in PDB
alone or supplemented with casein (O'Callagdtaal. 2006). This might be due to the
fungal origin of the yeast extract and thereforesponse towards a competing organism
instead of being a pure nutritional effect.

Both hypotheses were subsequently tested and pmaliynresults are shown in the
following chapters. The results will shed light thre biological role of dothistromin. The
dramatic difference in timing of production of dwtinomin compared to AF/ST has
implications for our understanding of the evolutm@frsecondary metabolite gene clusters,
the biological roles of these metabolites and thledémental processes involved in

regulation of their biosynthesis.
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Chapter 4.

Transformation of D. septosporum with
reporter genes and expression of GFP and
DsRed

4.1 Introduction

The unexpected finding of the early expression of the dothistromin genagture
(Section 3) led to further questions about the role of the toxin in Heagk process. Is
the early expression also seen in the natural host-fungus iraefa¢iiow early are the
genes expressed? Reporter gene strair3. agptosporum would help to answer these
guestions. The GFP is particularly useful as a reporter asstradeequire substrates or
further treatment of the tissue but can instead be visualizedimg liissue under UV
light (see Section 1.6). The use of GFP as a reporter gene in tunigir the control of
either a constitutive or inducible promoter, has enabled researohetotw toxin gene
expression patterns and development of fungal pathogens on and in thei{Bhabsts
Kurti et al. 2001; Kaufmaret al. 2004; Loranget al. 2001; Sexton & Howlett 2001). This
chapter describes the generation of GFP reporter transformddisaptosporum for the
purpose of investigating the role of the dothistromin toxin.

The optimal choice of which GFP to use as a reporter appearsigpbedent on
the host (reviewed by Lorarg al. 2001, Section 1.6). Two different versions of GFP,
the SGFP and EGFP, have been predominantly used as reporters @mtidlasnfungi.
Similar to GFP, a optimised version of the red fluorescent protsiReD, DsRegress
has been successfully expressed in filamentous fungi (Mikke&eml. 2003).
Consequently, the SGFP, EGFP and DsRkgrd genes were transformed intD.
septosporum in order to create reporter gene strains.

There were several reasons wibyseptosporum reporter strains were made. The
establishment of a reliable pathogenicity test was impeded diyital difficulties
(Barron 2006; West 2004); constitutive GFP expres§ingeptosporum strains would

facilitate observation of the fungal pathogen and optimisation of thegenicity test.
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Furthermore the infection process would be seen more clearly Withl&belled strains,
clarifying conflicting reports about the mode of infection nf septosporum (Section
1.1.2, Muir & Cobb 2005).

At the beginning of this study it was thought that the dothistromim tisxmost
likely involved in the infection process as a pathogenicity factoad&awet al. 2000).
GFP expressing, dothistromin-deficient strains Dof septosporum would allow the
observation of the infection progress and assist in the identificafiaothistromin
deficient strains on the host and hence determine if dothistromipathagenicity factor.
Therefore GFP genes under control of constitutive promoters wesddnaed intoD.
septosporum wild-type and dothistromin-deficient strains.

For analysis of dothistromin gene expressibn,septosporum was transformed
with the egfp gene under control of a dothistromin regulated promoter region. A
dothistromin regulated GFP transformant strain would allow invegtigaf toxin gene
expressionn planta, which will be particularly useful for investigating the roletbé
toxin in the disease process. At the begin of the study ontjotAegene had been proven
to be involved in dothistromin biosynthesis by gene replacement (Bragslaaw2002).
Therefore a GFP reporter vector was constructed which contagfpdyane fused to the
regulatory region of thdotA gene (lEotA).

GFP fusion proteins for evaluating gene expression and protein |dicalizeave
been successfully used in other filamentous fungi to localize protéingerest (i.e.
Akao et al. 2006; Chunget al. 2002; Fernandez-Abalaa al. 1998). The intracellular
localization of proteins involved in the biosynthesis of dothistromin maylexsv clues
about the function of dothistromin and auto-protection of the fungi again&ixime For
this study a vector was created which contained toeARregion and alotA::egfp fusion
gene with the EGFP gene translationally fused to the C-terrnointiee dotA gene. The
DotA-EGFP fusion protein should allow the intracellular localizatbthe native DotA
protein. This vector was also transformed intodb&\ replacement strain FJT2 in order
to complement thdotA” phenotype.
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4.2 Construction of reporter gene vectors

Constitutive GFP expressirigy septosporum strains were created by transformation with
the available plasmids pPN82 (Tanakal. 2006) and pCT74 (Lorang al. 2001). The
plasmid pPN82 contains tlegfp gene under control of the constitutive promotgpdA

of A. nidulans and plasmigCT74 contains thsgfp gene under control of thed®A gene
promoter fromPyrenophora tritici-repentis. In addition a constitutive DsRed reporter
vector (pR237), derived from Pgpd-DsRed express (Mikketsesl. 2003) with the
DsRed gene under control ofgBelA, was constructed by introducing a hygromycin
selection marker into the reporter vector.

Regulated GFP vectors in this study includediadA regulatedegfp vector
(pR242) derived from pPN82. This vector was constructed to observealotide
expressionn vivo. Another vector, pR261, was made containing the EGFP fused to the
C-terminal end of the DotA protein with its expression under the aoafrthe dotA
promoter region (&tA). This was constructed to identify the possible localization of the

native DotA protein.
4.2.1 Construction of the DsRed vector pR237

The hph gene was cloned into the existing DsRed vector pPgpd-DsRed (Mikletlal.
2003) as a selection marker for fungal transformation. The DsReal w237 (7.8 kb)
was constructed by ligation of a 1.4 Kondlll fragment of pPN82 containing theh
gene into the singlédindlll restriction site of plasmid pPgpd-DsRed (Figure 4.1).
Plasmid pPgpd-DsRed (6.4 kb, Appendix A3) contains the DsRkaghene, a variant of
DsRed fromDiscosoma sp. placed under the control of the constituthvenidulans
glyceraldehyde 3-phosphate promoteg@®) and theA. nidulans trpC transcriptional
terminator (TrpC), which has been successfully expressed in filamentous fungi
(Mikkelsenet al. 2003).
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Figure 4.1: Outline of plasmid pR237.

Plasmid pR237A) was obtained by cloning the 1.4 kph Hindlll fragment of pPN82 (Figure 4.2) into
pPgpd-DsRed (Mikkelseret al. 2003). B) Hindlll digestion of the newly created plasmid pR237
confirmed the insertion. The original 6.4kb pPgpsRed and the 1.4kblindlll insert were recovered.
Lane 1 shows the undigested plasmid pR237 and Raslkeows pR237 aftadindlll digestion. Lane L
shows the 1kbladder.

4.2.2 Construction of the dotA regulated GFP reporter vector pR242

The constitutive promoter region of an existiegip vector was replaced with thostA
gene regulatory regiondBtA.

The dotA regulatory region @tA was amplified by PCR from gDNA using
primers pdotA-rev and pdotA-fw (Table 2.2). The pdotA-rev primer contained a
mismatch relative to the genomic sequence to introduce a downdReshmrestriction
site encompassing the ATG start site. The pdotA-fw primer amdamismatches
relative to the genomic sequence to removeRaal restriction site of the original
sequence to facilitate the subsequent ligations. ToeAHPCR product was cloned into
pGEMTeasy (Promega) to generate pR241 (Figure 4.2) and sequencestradseden
Section 2.7. Compared to the original published sequence the product wiag miGsat
position 4729 in three independent PCRs, suggesting an error in the osiggjuance.
The dotA regulatedegfp plasmid pR242 (6.6 kb, Figure 4.2) was prepared by replacing
the 2.3-kbEcoRI/Ncol PgpdA fragment of pPN82 with a 971 IizoRI/Rcal fragment of
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plasmid pR241. The EcoRl/Rcal fragment includes the 958 bp dot4 regulatory region
PdotA (nucleotides 4479-5436 of the previously published sequence AF448056
(Bradshaw et al. 2002)).

Box 4.1: Sequence alteration through PCR amplification for construction of pR242

Original sequence of PdotA4

5437 <4479
getgagegacgaagattcatgataga ............ acaccacctcatctcccataargtcegt
Rcal

Sequence after amplification with pdotA-rev and pdotA-fw

gctgagcgacgaagattcttaagaga ............ acaccacctcatctcccatcargaccgt
Rcal

Changes to the original sequence due to mismatch primers are bold. The Rcal restriction sites are
underlined. The translation start for the dot4 in the original sequence and egfp in the altered
sequence are in italics. Shown is the coding strand. Numbers are equivalent to the nucleotide
numbers of the original published sequence AF448056 (Bradshaw ef al. 2002).

Figure 4.2: Construction of PdotA4::egfp reporter vector pR242.

(A) For construction of pR242 the EcoRI/Ncol fragment of pPN82 (Tanaka et al. 2006) containing the
PgpdA promoter region was cut out and replaced by a EcoRI/Rcal fragment of pR241, which contained the
dotA regulatory region PdotA amplified from genomic DNA. The Rcal and Ncol restriction sites are
compatible, but ligation results in removal of the recognition sequences for either of them. (B) An
EcoRI/Notl digest of pR242 resulting in the expected fragments of 4.9kb and 1.68kb. EcoRI/NotI digest of
pPNS2 is shown as comparison resulting in the expected fragments of 4.9kb and 3kb. Digestion of pPN§2
was not complete resulting in a third band of 7.9kb that represents the linearised vector. Lane L shows the
1kb" ladder. (C) The sequence chromatogram of vector pR242. Shown is the fusion site of the Pdot4 region
and the egfp gene of pPN8&2. The box marks the ATG start codon of the egfp.
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4.2.3 Construction of the fusion protein vector pR261

A vector containing the egfp gene fused to the complete genomic dot4 gene under the
control of the dot4 promoter region was also created. The egfp gene was amplified from
vector pPN81 (Tanaka, A.; Appendix A3) which is identical to pPN82 (Figure 4.2) but
without the 2.3 kb PgpdA promoter region. The translation of the PdotA4::dotA::egfp gene
provides a DotA protein with EGFP joined at the C-terminus. This fusion protein was
constructed to gain information about the intracellular location of the native DotA
protein. The PdotA promoter was used in order to use the fusion protein strains also as
regulated reporter gene strain.

The PdotA::dotA::egfp gene was created in a three step PCR as outlined in Figure
4.3. In PCR1, the PdotA::dotA region was amplified from gDNA using primers PdotA-
fusion (P1) and egfp-dotA-connect (P2). This PCR amplified an 1130 bp region of Pdot4
and the ORF of the dot4 gene, resulting in a 2061 bp PCR product. The primers dotA-
egfp-connect (P3) and TrpCfusion (P4) were used to amplify the egfp from pPNS81 in
PCR2, resulting in a 736 bp product. P2 and P3 are exactly complementary and each
contain a 18 bp region of both the egfp and dotA gene, resulting in overlapping ends of
the PCR1 and PCR2 products, but with the stop codon of the dot4 gene replaced by the
start codon of the egfp. PCR products were gel-purified (Section 2.3.3). In PCR3 aliquots
of PCR1 and PCR2 products were used as template with primer P1 and P4, resulting in
the 2797 bp PdotA::dotA::egfp product. The PdotA::dotA::egfp product was purified, A-
tailed and ligated into pPGEMTeasy to form vector pR260.

The vector pR260 was sequenced as outlined in Figure 4.3.C. There were no errors in
the sequence compared to either the egfp gene or the PdotA::dotA region, apart from
missing a G at position 4729 of the original published Pdot4 sequence (AF448056
(Bradshaw et al. 2002)) as seen previously in the construction of pR242 (Section 4.2.2).
The 1.4kb Hindlll fragment of pPN82 containing the Aph gene was ligated into the single
HindIl restriction site of pR260 as a selection marker. This resulted in plasmid pR261,
which can be used for the transformation of the wild type in the future. The ligation of the

hph fragment from pPN82 reduces the PdotA4 region from 1130 bp to 1079 bp.
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Figure 4.3: Construction and analysis of vector pR260.

(A) The PdotA::dotA::egfp gene was constructed in a three step PCR as described in the text. The PCR
products of PCRs 1-3 are shown separated on a 1% TBE agarose gel on the left. L shows the 1 kb+ ladder,
NT labelled lanes show non-template controls. (B) The constructed PdotA::dotA::egfp gene was cloned into
pGEMTeasy to obtain plasmid pR260. Integration was tested with an EcoRI and PsfI digest of pR260
resulting in the expected bands. (C) The PdotA::dotA::egfp insert of pR260 was checked by overlapping
sequencing using primers T7 (1), RTCexon3 (2), JArKC1 (3) and SP6 (4). Shown is a diagram of the
linearised plasmid pR260 starting on the left with nucleotide 1 of the annotation of the circular vector
shown in (B). An arrowhead indicates the position of the missing G in comparison to the original published

sequence.
4.3 Transformation of D. septosporum

To obtain GFP expressing D. septosporum strains a protoplast based transformation was
performed (Section 2.14). Vectors pPN82 (Figure 4.2) and pCT74 (Appendix A3) were
transformed into D. septosporum NZE7 to obtain constitutive GFP expressing reporter
strains.

D. septosporum NZE7T was also successfully transformed with plasmid pR242,
containing the egfp gene under control of the dot4 regulatory region PdotA. Two PdotA
regulated GFP expressing transformants were obtained, FJT24 and FJT26

Dothistromin deficient GFP expressing strains were obtained by co-
transformation. The dothistromin deficient mutants FJT2 (dot4") (Bradshaw et al. 2002;
Seconi 2001) and FJT3 (pks4’) (Bradshaw et al. 2006; Jin 2005) already contain a
hygromycin resistance marker as these strains were constructed by gene replacement with
the Aph gene. Therefore plasmid pBC-phleo (Silar 1995), containing a phleomycin
resistant marker, was co-transformed with pPN82 to introduce the egfp gene into FJT3
and FJT2. Co-transformation lead to the GFP expressing dotA™ strain FIT29 and the GFP
expressing pksA’strain FJT30.

FJT2 was also successfully co-transformed with pBC-phleo and the plasmid pR261
containing the dotA::egfp fusion gene under control of the PdotA4 regulatory region. The
strains FJIT31 and FJT32 showed successful expression of the dotA::egfp fusion gene. It
was hoped to complement the dothistromin deficiency due to the replacement of the dot4

gene in FJT2.
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Although all transformants described here were obtained by PEG protoplast
transformation, transformation of D. septosporum was not successful in every assay. The
transformation efficiency ranged from 0-80 transformants per pg transformed DNA. Two
rounds of single spore isolation were performed as described in Section 2.14.3 to purify

successful transformants.

4.4 Characterization of D. septosporum reporter

gene transformants

All transformants were tested for integration of the reporter gene into the genome by
Southern hybridisation. Growth rates, sporulation and germination rates of representative
transformants were tested to see if there was an effect on the general fitness of the GFP
strains compared to the wild type. An overview of the GFP reporter strains obtained in

this study is shown in Table 4.2.
4.4 1Southern analysis of GFP transformants

Southern hybridisations (Section 2.11) were carried out to test the integration of the
transformed sgfp, egfp, PdotA::egfp and dotA::egfp genes transformed into D.
septosporum NZE'7.

Preliminary Southern analyses that were performed to check the integration of the
gfp genes into the genome are shown in Appendix A8. FJT20 was the only successful
pCT74 (PtoxA::sgfp) transformant and contained a single copy of plasmid pCT74
(Appendix AS).

Successful D. septosporum pPN82 transformants all contained more than one
copy of pPN82 (Appendix A8). For further experiments the pPN82 transformants FJT21
and FJT22 were chosen. FIT21 was chosen because of its very bright fluorescence, which
is most likely due to the high copy number of the plasmid inserted. FJT22 was chosen as

it only has 2 copies of the plasmid inserted but showed reasonable fluorescence. Both
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strains showed pigment production on media plates indicating dothistromin production.
Strains FJT34-FJT37 were also successful EGFP-expressing transformants containing
pPN82, but not used in further experiments. Stocks of all strains were made.

FJT29 was the only successful pPN8§2 transformant derived from the dotA4
replacement strain FJT2 (Bradshaw et al. 2002). It also had several copies of the egfp
inserted into the genome and showed bright fluorescence. Out of eight successful
transformants of FJIT2 with pR260, containing the PdotA4::dotA::egfp fusion gene, FIT31
and FJT32 were chosen as they showed the darkest pigmentation on DM plates and were
therefore thought to be possible dot4™ complementation strains.

Out of eight pPN82 transformants of the pksA4 replacement strain FJT3 (Bradshaw
et al. 2006), FIT30 was chosen for further use as it had the brightest fluorescence and
would therefore be most easily detected in pathogenicity trials.

Southern hybridisations for the regulated PdotA4::egfp strains FIT24 and FJT26 are
shown in Figure 4.4 B. The genomic DNA of NZE7 and the transformants were digested
with BamHI and Pstl, which have only one restriction site in the pR242 vector (Figure
4.4 A) and should result in one hybridisation band per integration. The Southern blots
were hybridised with two probes: a part of the egfp gene and the Pdot4 promoter region
(Figure 4.4 A). The egfp probe was not expected to show a hybridisation band with the
NZE7 wild type DNA (Figure 4.4 B). Both the BamHI and Ps?I digested gDNA of FIT24
and FJT26 showed one hybridisation band for FJT24 and two bands for FJT26. The
PdotA probe was seen to hybridise to a native 3.8 kb EcoRl fragment in NZE7 as
expected. The pR242 transformants FJT24 and FJT26 showed additional bands
confirming the integration of 1 and 2 copies of the PdotAd::egfp gene into the gDNA
respectively (Figure 4.4 C).

Southern analyses using the egfp for the constitutive GFP transformants used in
further experiments are shown in Figure 4.4 D. An egfp hybridisation band was expected
in the GFP transformants but, as seen, not for the dot4 mutant FIT2 and the pks4 mutant
FJT3. All strains transformed with the constitutive egfp vector pPN82 (FJT21, FIT22,
FJT29, and FJT30) contained several copies of the vector.
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Figure 4.4: Southern analyses of the subsequent used GFReeptrains.

(A) Shown is a linear outline of thegfp vectors used for transformation and the positiohthe DIG
labelledegfp and RIotA probes used for hybridisation. The letters E, B Bnindicates th&coRI, BamH]I
and Pstl restriction sides respectively. DNA size ladders assigned with. (1 kb' ladder) andEH
(EcoRI/Hindlll digested\—DNA).

(B-D) Shown are separations of the digested gDNAs 018 &0 TBE-agarose gel and hybridisation bands
of the RiotA probe andegfp probe of the corresponding Southern blots. Thepglres (left) are grouped
with their corresponding Southern analyses (rigBtpts were hybridised with DIG-dUTP labelled PCR
products derived from pPN82dfp probe) and pR242 (BtA probe). Ladders are indicated by(1 kb'
Ladder) andEH (EcoRI/HindIll digested\—DNA)

(B) Genomic DNA ofD. septosporum wild type NZE7 and the pR242 transformants FJT@d BJT26
were digested witlBBamHI and Pstl and hybridised with thegfp probe. One hybridisation band was seen
for FIT24 in both digestions, while FJT26 DNA shdwwo hybridisation bands. As expected the NZE7
wild type had no hybridisation band with tégfp probe.

(C) Hybridisation bands with thedBtA probe of theEcoRI digested DNA is shown on the right panel. The
wild type DNA shows the expected 3.8 kb hybridisatiragment. FJT24 has one additional band, while
FJT26 has two additional bands (where one is oatylypseen due to an air bubble between Southdrn ge
and membrane). Both FJT24 and FJT26 show also &ewdwand at approximately 6.5 kb which could
represent the pR242 vector (6.6 kb) or might be tdua tandem integration of the vector. Howeveg, th
egfp probed Southern blots did not show a band at thatipe vector size. Therefore it is assumed that t
vector is completely integrated into the genomeXF24 and FJT26.

(D) Southern analyses of the constitutive GFP strains

Genomic DNA of FJT22 (pPN82) and FJT21 (pPN82); F{dotA’) and its derived transformant FIT29
(pPN82) were digested witPstl and hybridised with thegfp probe (left panel). Thegfp probe hybridised
with two fragments of FJT22, while it hybridisedtiwseveral fragments of FJIT21 and FJT29. As exgdecte
FJT2 DNA did not show any hybridisation with tegfp probe. The left panel sho&EoRI digested DNA

of FJT22, FJT21, FJT2 and FJT29 as well as FPk8A)) and its derived transformant FJIT30 (pPN82).
EcoRI hybridisation bands with thegfp probe are shown on the right side. FIT30 showeerak
hybridisation bands with thegfp probe, as seen for FJT21 and FJT29. As expecteBIh2 and FJT3 did
not show hybridisation bands wiggfp.
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4.4.2 Growth, sporulation and germination of GFP strains

To assess if the introduction of the GFP reporter genedinseptosporum reduces the
fitness of the transformants the growth rates on DM and PDA mesha determined.
The growth was determined in mm increase of colony diameter gefiodéhe growth
periods 3-25 d and 25-47 d. Colony growthsDof septosporum transformants were
compared to that of the wild type and statistical analyses {ANQvere carried out
using Excel (Microsoft Office, 2003). Significant ANOVA data edurther analysed
with HSD
(http://graphpad.com/quickcalcs/posttestl Jcfito
differences. On DM media the transformants FJT 20, 34, 35 and 37 hadcarghyif
higher growth than the wild type NZE7 between day 3 and 25 (n=5, P<0.03¢ @ a).
But none of the transformants seemed to be inhibited in growth byath&fdrmation

Tukeys using an online statistics calculator

determine pairwise significant

with thegfp vectors (Table 4.1).

Table 4.1: Radial growth of wild type and transformants

Strain PDA (mm/day) DM (mm/day)
3-25d | 25-46d 3-25d | 25-46 d
constitutive GFP strains
0.50+ 0.20* 0.23+ 0.04*
NZE 7 0.50+ 0.02 0.08t 0.03 0.80+ 0.03° 0.20+ 0.06°
FJT 20 0.48+ 0.04 0.09+ 0.04 *0.70+ 0.08* 0.26+ 0.18"
(PtoxA::sgfp)
FJT 21 0.54+ 0.01 0.09+ 0.04 0.81+ 0.02° 0.30+ 0.03°
(PgpdA::egfp)
FJT 22 0.49+ 0.04 0.12+0.04 0.71+ 0.03® 0.26+ 0.06°
(PgpdA::egfp)
FJT 34 0.46+ 0.02 0.04+ 0.03 *0.82+ 0.05" 0.25+ 0.0
(PgpdA::egfp)
FJT 35 0.50+ 0.08 0.08+ 0.02 *0.80+ 0.04* 0.15+ 0.06'
(PgpdA::egfp)
FJT 36 0.49+ 0.04 0.09+ 0.02 0.83+ 0.04° 0.19+ 0.08°
(PgpdA::egfp)
FJT 37 0.50+ 0.07 0.08+ 0.02 *0.73+ 0.02* 0.26+ 0.05"
(PgpdA::egfp)
regulated GFP strains
NZE 7 0.48+ 0.04 0.19 0.05 0.70+ 0.03 0.31+ 0.02
FJT 24 0.53+ 0.02 0.13:0.02 0.65+ 0.04 0.28+ 0.04
(PdotA::egfp)
FJT 26 0.48+ 0.08 0.24+ 0.05 0.70+ 0.10 0.26+ 0.08
(PdotA::egfp)

Values given are meaasSD (n=5)
AB different DM media batch

* statistically significant difference to NZE7 (n=B<0.05) on the same media batch
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The main growth period of the fungi is between days 3-25, while between days
25-46 only marginal growth is seen. In some cases, as seen for NZE7 the growth of D.
septosporum can be very variable, showing differences both between media batches and
within the same media batch (see NZE7 on DM). This is a frequent phenomen observed
in this lab. Therefore the growth rates can only provide an indication of the general
fitness of the transformants. However, on both PDA and DM media plates the GFP
transformants did not appear to be impaired in growth relative to the wild type.

The germination rate was also similar for the transformants FJT21, FIT22, FIT24,
FJT26 and the wild type. This was seen before for FIT21 and FJT22 (Barron 2006) with
over 70% spores germinated after 72h on water-agar cellophane plates. Further, Barron
(2006) showed that spores of the D. septosporum transformants FJT21 and FJT22
germinate on the P. radiata needle surface. In this study the germination of FJT24 and
FJT26 spores was assessed with spores of NZE7, FIT21 and FJT22 as controls. In this
trial the germination rate for all strains was much lower with only 15-25% germinating
after 48h. After 120h 38% of FJT24 and FJT26 were germinated and 33% of FJT22, but
only 15 % of FIT21 and 24% of the wild type NZE7. In a third trial over 72% of FJT24,
FJT21 and NZE7 spores were germinated after 48h, while FJT22 had 65% spores
germinated. The high variation between different germination trials precluded further
analysis of the results, but germination of the regulated GFP strains was in general not
lower than for the wild type. Therefore it was suggested that the germination of the
reporter strains is not inhibited by the transformation.

Attempts were made to test if the transformation of the reporter genes into D.
septosporum impairs the sporulation. However, as seen in Table 4.2 the differences in
sporulation for NZE7 or FJT35 in independent experiments were enormous. In view of
this variability the sporulation rate was not determined for other transformants as it
appeared to be an unreliable indicator. Furthermore it has been noticed in this lab that the
number of spores obtained from DSM sporulation plates was very inconsistent between
replicates and between trials. The level of inconsistency in sporulation was similar for
transformants and wild type, so the effect of GFP insertion on sporulation was considered

negligible.
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Table 4.2: Summary of characterization of D. septosporum transformants and strains.

orulation
D. septosporum Transtormed . Copy No. GFP > rate!
. with Characteristics of reporter : 2
strain/transformant (Reference) gene expression  (spores'mm)
n=5
A
NZE 7 - wild type, DOTH+ - - L
FJT2 i
. pR208 dotA replacement strain; )
(Seconi 2001) (Bradshaw et al. 2002)  DOTH- nd
FJT3 (P6) .
pR226 pksA replacement strain; )
(Bradshaw etal. 2006) (o Ciayea 200 DOTH- nd
oCT74 derived from NZE 7 congtitutive
FJT20 (Lorang et al. 2001)) gt(g)j:;g " 1 SFP 0.55+0.34
FIT21 pPN82 derived from NZE 7 constitutive
(Tanaka et al. 2006) DOTH+ 34 GFP 29514
PgpdA::egfp +++
EIT22 pPN82 derived from NZE 7 congtitutive
(Tanaka et al. 2006) DOTH+ 2 GFP 0.66 £ 0.47
PgpdA::egfp ++
pPN82 derived from NZE 7
FJT34 (Tanaka et al. 2006) DOTH+ 1.27 +0.65
PgpdA::egfp
pPN82 derived from NZE 7 A
FIT35 (Tenakaeta.2006)  DOTH+ (1)'2 ;0'07 23 .
PgpdA::egfp OT =
pPN82 derived from NZE 7
FJT36 (Tanakaet al. 2006) DOTH+ 0.63+0.42
PgpdA::egfp
pPN82 derived from NZE 7
FJT37 (Tanakaet al. 2006) DOTH+ 1.89+0.81
PgpdA::egfp
PR242 (Section derived from NZE 7 regulated
FJT24 4.2.2) DOTH+ 1 GFP nd
PdotA::egfp ++
PR242 (Section derived from NZE 7 regulated
FJT26 4.2.2) DOTH+ 2 GFP nd
PdotA::egfp ++
. derived from NZE 7 _—
FIT27 PR237 (Section 4.2.1) DOTH+ nd (I:Dosrsgéutlve nd
PgpdA::dsred
pPPNB2 derived from FJT2 -
(Tanaka et al. 2006) dotA replacement strain: congtitutive
FJT29 pBC-Phleo DOTH- 3 GFP nd
(Silar 1995) PgpdA::egfp ++
pPPNB2 derived from FIT3 -
(Tanaka et al. 2006) pksA replacement strain; congtitutive
FJT30 pBC-Phleo DOTH- 4 GFP nd
(Silar 1995) PgpdA::egfp +++
5’3%60 (Section derived from FJT2 regulated
FIT31 pBC-Phleo g%/_\“r_'e_placement strain; 4 ?Lgiﬁr;GFP nd
(Silar 1995) PgpdA.::dotA::egfp ++
PR260 (Section derived from FJT2 regulated
4.2.3) dotA replacement strain; DotA-GFP
FJT32 pBC-Phleo DOTH- nd fusion nd
(Silar 1995) PgpdA::dotA::egfp ++

Strains further used in this study are indicated in bold.
Determined as described in Chapter 2.15.3
+ - +++ gives an estimation about fluorescence intensity

A B indicate repetitive trials

nd = non determined
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4.5 Reporter gene expression

The GFP and DsRed reporter genes are successfully expressed in D. septosporum. GFP
expression was observed in all transformants containing pCT74 (PtoxA::sgfp), pPN82
(PgpdA::egfp), pR242 (PdotA::egfp) and pR261 (PdotA::dotA::egfp). Fluorescence of the
constitutive GFP and DsRed reporter gene transformants was clearly distinguishable from the
auto-fluorescence of the wild type NZE7 (Figure 4.5). Constitutive reporter gene expression

was seen on over whole colonies, for both GFP and DsRed transformants (Figure 4.6).

4.5.1 Constitutive GFP reporter strains

At a whole colony level, transformants with EGFP driven by the constitutive promoter
PgpdA, EGFP in the wildtype-derived FJT21 and FJT22 strains and the dothistromin-
deficient transformants FJT29 (dot4”) and FJT30 (pksA’) showed strong GFP expression
evenly distributed over the whole colony (Figure 4.6). The transformant strain FJT20 with the
SGFP driven by the constitutive promoter Prox4, showed also GFP expression over the whole
colony, although GFP fluorescence appeared to be less (Figure 4.6). The expression of the
GFP in the constitutive PgpdA::egfp strains was seen in all hyphae and in spores as shown in

Figure 4.7.
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FJT39 " | FIT20 FJT22-

(PgpdA::DsRed) (PtoxA::sgfp) (PgpdA::egfp)

—

Figure 4.5: Fluorescence of D. septosporum wild type and reporter gene strains.

Shown is fluorescence of wild type NZE7 and reporter gene strains FIT39, FIT20 and FIT22. Exposure time for
the NZE7 fluorescence was 5 times longer for the DsRed exposure and 9 times longer in case of the GFP
exposure.

FJT22 FJT20 FJT29 FJT30

(PgpdA::DsRed) (PtoxA::sgfp) (PgpdA::egfp) (PgpdA::egfp)
dotA - pksA -

Figure 4.6: Expression of DsRed and SGFP in D. sepfosporum wild type and EGFP in dothistromin deficient

mutants. Colonies are shown in visible light (upper part) and UV light for GFP expression (lower part). Bars

indicate 5 mm.
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Figure 4.7: GFP expression of the constitutive (PgpdA) EGFP expressing strain FJT22.

GFP expression is seen in all mycelia and spores. Regions of spores accumulations are indicated with arrows.
Myecelium is shown in visible light and UV light for GFP expression. Size bars in the visible light pictures
indicate 20 um.

4.5.2 Expression of PdotA regulated EGFP

The expression of the PdotA regulated EGFP expressing transformants was compared to the
expression of the constitutive EGFP transformants. On a colony level the constitutive GFP
expressing control strain FJT22 showed GFP fluorescence over the whole colony (Figure
4.8). In contrast the strongest fluorescence of EGFP was detected at the outer margin of
colonies in PdotA::egfp transformants FJT24 and FJT26 (Figure 4.8). The centre of colonies
grown on either DM media or PDA media was usually free of GFP expression or showed
only a marginal level of expression. The expression of EGFP was in general very even
around the edge of the colonies although some sectoring was observed where no EGFP
expression seemed to occur (Figure 4.8). Those sectors usually also showed a different

morphology and secreted less pigment into the media.
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NZE7 FJIT22 pgpisiieayy FIT24 @aota::egpp)

FJT26 vaos:eem)
1 _——

PDA

Figure 4.8:GFP expression of D. septosporum constitutive and PdotA4 regulated GFP transformants.

12 day old colonies of D. septosporum wild type isolate NZE7, constitutive GFP expressing transformant FJT22
(PgpdA::egfp) and dotA regulated GFP expressing transformants FJT24 and FIT26 (PdotA::egfp) on DM and
PDA. Colonies are shown in visible light (upper part) and UV light for GFP expression (lower part). Bars
indicate 5 mm. The sectoring seen in the regulated GFP strains FIT24 and FJT26 was also observed in wild type

strains and is discussed in Appendix A7.
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The GFP expression on the margin of the colonies is consistent with the early onset of
expression of the dothistromin genes observed in Chapter 3. Based on the early
expression of the dothistromin genes a higher GFP fluorescence at the margin of colonies
(Figure 4.8) could be expected, as the growing and therefore younger mycelia are at the
colony margin.

In an experiment in which FJT24 was used to inoculate liquid DB cultures, out
reaching hyphae of growing mycelium showed higher GFP fluorescence (Figure 4.9).
Although not all outreaching hyphae showed expression of GFP, the expression pattern

was similar to that observed in the colonies on plates.

Figure 4.9: GFP expression of D. septosporum FJT24 in liquid DB culture.

Shown is mycelium harvested from liquid culture 6 dpi in visible light (left) and UV light for GFP
detection (right). Highest GFP expression of the PdotA::egfp strain FIT24 is detected at outreaching hyphae
of mycelium, which formed “balls” due to the shaking. Note that not every outreaching hypha shows GFP

fluorescence.

113



More detailed observation of GFP expression in single hyphae of FJT24 and
FJT26 gave somewhat unexpected results when mycelium was grown on cellophane
water agar plates (Figure 4.10). On the basis of the results of Chapter 3 and the GFP
expression pattern of the FIT24 and FJT26 colonies (Figure 4.8) it was expected that a
higher fluorescence might occur on outreaching hyphae of growing colonies. However
the GFP expression appeared to be mosaic-like. In contrast to the ubiquitous EGFP
expression in spores and mycelium of the constitutive EGFP expressing strains (Figure
4.7) the PdotA-regulated strains showed high expression of EGFP in only a few spores
and parts of mycelium. However, whenever EGFP expression was clearly seen it
appeared to be restricted to germinating spores or young mycelium. Older mycelium was
usually low in expression of GFP. Even in younger tissue hyphae often showed a pattern
of GFP expression where sections of high fluorescence were interspersed with regions of

non-fluorescence (Figure 4.10 F).

Figure 4.10: GFP expression in hyphae and spores of FJT24 and FJT26.

Pictures show mycelium in visible light (left) and GFP fluorescence (right). Scale bars indicate 10 um.
(A-F)The expression of the GFP is (in contrast to the constitutive GFP expressing strains (Figure 4.7)) only
detectable in some parts of D. sepfosporum mycelium. A clear pattern of the GFP expression was not
detected. Instead GFP expression is seen in spores (E,F), germtubes (E) and conidiophores (D), but not
every spore, germtube or conidiophore shows GFP expression. (F) Hyphae also show GFP fluorescence

with interrupting parts showing no GFP expression.
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The early expression of the toxin genes (Chapter 3) also suggested that that the
dothistromin genes are not regulated as for AF and ST in Aspergillus where AF/ST
biosynthesis usually coincides with sporulation. Therefore it might have been expected that
the regulated PdotA::egfp D. septosporum strains show no GFP fluorescence in conidiophores
or conidiogenous cells. But when examining conidiophores from FJT24 and FJT26, high GFP
fluorescence was seen in some while others did not show fluorescence (Figure 4.11). GFP
fluorescence was mainly detected in the cytoplasma with vacuoles appear to be free of

fluorescence (Figure 4.11B).

Figure 4.11: GFP expression in conidiophores, condinogenous cells and spores of FJT24.

(A) Germinating spores of the regulated PdotA4::egfp strains appear often to have high fluorescence, although
this is not seen for every germinating spore. Older mycelium is free from, or low in, GFP fluorescence. (B)
Conidiophores and spores show a high degree of variation of fluorescence, some showed high GFP fluorescence
while other showed none. The EGFP appears to be in the cytoplasm and is absent from vacuoles. Bars indicate

10 pm.
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The work just described showed that although expression of the EGFP in the PdotA regulated
reporter strains gave a clear defined pattern with glowing edges of colonies on plates (Figure
4.8), the expression of EGFP appeared to be variable in individual hyphae and cells (Figure
4.9, 4.10 and 4.11). Therefore the expression of the PdotA4 regulated egfp gene and the dot4
gene in the transformant strains FJT24 and FJT26 was determined to confirm that the
expression of the EGFP is indeed correlated with expression of the native dot4 gene. A one-
step RT-PCR (Section 2.12.5) was performed using RNA obtained from FJT24 and FJT26 in
liquid culture (Section 2.2.2.2). Figure 4.12 shows co-expression patterns of the Pdot4
regulated GFP and the native dotA4 gene for both strains in liquid culture, confirming a similar
pattern of regulation. Furthermore the expression of both the dot4 and the egfp gene was
consistent with the expression observed in the wild type (Chapter 3) with maximum

expression detected at day 3-4 and declining thereafter.

FJT24 FJT26 Figure 4.12: Co-regulation of egfp and

dotA m m native dot4 expression in reporter gene
transformants FJT24 and FJT26.

PdotA-egfp _ = GFP transformants FJT24 and FJT26,

tubl m contain the egfp gene under regulation of

the dotA4 regulatory region Pdot4. Shown

3 4 6 9 3 4 6 9 are RT-PCR products from a equivalent

. . of 100 ng total RNA 3, 4, 6 and 9 days

dpi dpi after inoculation (dpi) on a 1 % TBE

agarose gel for the native dot4, egfp and

B-tubulin gene (fub1) genes
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453 DotA-EGFP fusion transformants

The transformants FJT31 and FJT32, derived from the dotA” strain FJT2, contain the DotA-
EGFP fusion protein. The pattern of GFP fluorescence at colony level was similar to the
pattern observed for FJT24 and FJT26, in that the main fluorescence was detected at the
colony margin (Figure 4.13). However, more fluorescence was detected in the colony centre

of FJT31 and FJT32 in comparison to FJT24 and FJT26 (Figure 4.8).

FJT29 FJT31 FJT32

(PgpdA::egfp) (PdotA::dotA::egfp) (PdotA::dotA::egfp)
dotA- dotA- » dotA-

Figure 4.13: GFP expression of transformants of the dot4 mutant FJT2.

Shown is the GFP fluorescence of the constitutive EGFP dot4 mutant FJT29 and of FJT31 and
FJT32, which were transformed with the pR262 containing the PdotA4::dotA::egfp gene. Colonies
were grown on DM media plates for 12 (upper part) and 32 days (lower part). Bars indicate 2mm.
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When hyphae were examined in more detail the GFP expression of the PdotA4
regulated DotA-EGFP fusion strains was different from that seen in FJT24 and FJT26.
GFP fluorescence appeared to be more uniform in the fusion strains, although the
intensity varied (shown in the example of FJT32 in Figure 4.14). GFP fluorescence was
also detected in hyphae closer to the colony centre in contrast to what was seen in FJT24
and FJT26. Furthermore the GFP signals in hyphae seemed to be different than in FJT24
and FJT26, where GFP fluorescence was seen in the cytoplasm and absent in the vacuole
like structures. In FJT31 and FJT32 GFP fluorescence is seen in a more defined pattern,

which suggested a different localisation of the DotA-EGFP in comparison to the EGFP.

Figure 4.14: GFP expression of the DotA-EGFP fusion strain FIT32 in single hyphae.
The left side shows mycelium in visible light and the right side GFP expression under UV light. Bar
indicates 10 um.

It was further tested if the transformation of the PdotA::dotA::egfp gene did
restore the ability of the dotA™ mutant strain FJT2 to produce dothistromin. ELISA
analyses showed no detectable dothistromin in media where FIT31 and FJT32 had been
grown. This result was supported by TLC analyses of FIT31 and FJT32 extract which
lacked the band related to dothistromin. (Figure 4.15). Therefore it is concluded that the
transformation did not complement the dothistromin deficiency of the original FJT2

strain.
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Figure 4.15: TLC plates of D. septosporum
wild type NZE10 and GFP fusion strains.
Shown is the separation of chloroform extract
of FJT31 and FJT32 in comparison to NZE10
wild type extracts. The dothistromin (DOTH)
band (indicated with an arrowhead) is missing
in the FJT32 and FJT31 lanes.

FJT32 NZE10 FJT31 NZE10

4.5.4Intracellular location of the GFP reporter proteins

GFP-fusion proteins can be used to determine the localisation of the protein in
cells. The EGFP in both constitutive and PdotA regulated D. septosporum transformants
was mainly located in the cytoplasm and did not seem to be incorporated into vacuoles.
In contrast the DotA-EGFP fusion protein appeared to be differently located in the
hyphae. Patches of GFP fluorescence were observed in distinct intracellular structures. In
Figure 4.16 vesicles are seen that harbour the GFP fluorescence, while the cytoplasm
appears to be devoid of GFP. An endocytosis-dependent vacuole staining of the FJT22
strain (PgpdA::egfp), FIT31 (PdotA::dotA::egfp) and FIT32 (PdotA::dotA::egfp) strains
was performed. The FM4-64 is a red fluorescent stain which is taken in by endocytosis
and accumulates in the vacuoles. The vacuole staining confirmed the absence of the
EGFP from vacuoles in FJT22, supporting the suggestion that it is located in the
cytoplasm. The intracellular localisation of the DotA-EGFP appears to be more
organised. Fluorescence of the DotA-EGFP in the FJT31 and FJT32 strains showed a
higher pattern match with the fluorescence of the stain. However, patches of GFP
fluorescence were observed in structures which were not stained by FM4-64 (Figure
4.16). This suggested that the DotA-EGFP protein might be located in organelles but not
necessarily vacuoles. But those results need to be confirmed and further investigation

about the kind of organelles need to be done.
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FJT22 FJT32

Figure 4. 16: Intracellular localization of the EGFP and DotA-EGFP fusion protein.

(A,B) The EGFP fluorescence of FJT22 is located in the cytoplasm. Vesicle-like structures appear to be
free from GFP expression. (C,D) The fluorescence of the DotA-EGFP fusion protein in FJT32 is clearly
seen in patches and vesicle like structures and is different from FJT22. Some vesicles free of fluorescence
are seen. (E,F,G) The red fluorescence of the vacuole stain does not overlap with the green fluorescence of
the EGFP in FJT22. (H,I,) The fluorescence of the vacuole stain does partly overlap with the fluorescence
of the DotA-EGFP fusion protein. However, EGFP expression is also seen in non-stained mycelium and
structures (arrows) in FIT32.
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A preliminary analysis to define the putative organelles to which the DotA protein
might be targeted was performed wusing the online pTARGET program
(http://bioinformatics.albany.edu/~ptarget/, Guda and Subramaniam 2005), a
computational method to predict the subcellular localization of proteins from animals,
fungi and metazoans. Predictions are carried out based on the occurrence of patterns of
protein functional domains and amino acid compositional differences in proteins from
different subcellular locations. This method is able to predict proteins targeted to nine
distinct subcellular locations, including cytoplasm, endoplasmic reticulum,
extracellular/secreted, Golgi, lysosomes, mitochondria, nucleus, peroxisomes and plasma
membrane. Predictions are based on Pfam database version 19.0 (Guda and Subramaniam
2005).

The intracellular localisations for the predicted protein sequences of the genes in
the dothistromin mini-clusters were predicted using pTARGET. The native DotA protein
was predicted to be a peroxisomal protein with 100 % confidence. Similarly the DotD
and PksA proteins are predicted to be localized in the peroxisomes, although with lower
confidence. All other putative dothistromin proteins are predicted to be localized in other
cell organelles, except for HexA for which only a partial sequence is known (Table 4.3).
The predictions are speculative and no putative peroxisomal targeting signals PTS1 and
PTS2 were identified in the predicted amino acid sequence of DotA using SignalP 3.0
analyses (Bendtsen et al. 2004).

Table 4.3: Prediction of dothistromin biosynthesis protein localizations.

Gene Putative protein function Predicte'd p'rotein Conﬁfiepce for
localization prediction %
dotA ketoreductase Peroxisomes 100
dotB oxidase ER 814
dotC toxin pump Plasma membrane 100
dotD thioesterase Peroxisomes 87.6
hexA' fatty acid synthase Cytoplasm 93.9
vbsA versicolorin B synthase Mitochondria 93.9
PpksA polyketide synthase Peroxisomes 93.9
cypA averufin monooxygenase ER 87.6
avfA oxidase Lysosomes 87.6
epoA epoxide hydrolase Golgi apparatus 62.6
moxA hydroxyversicolorone Lysosomes 87.6
monooxygenase
DS25 amino acid permease Plasma membrane 75.1
DS31 (stcT) translation elongation factor ~ Peroxisomes 75.1

gluthathione S-transferase

The pTARGET online program (Guda and Subramaniam 2005) was used to predict the localization of the
dothistromin biosynthesis gene products (bold). DS25 was included because of its similar gene expression
pattern to the dothistromin genes (Chapter 3). DotC and DS31 were included because of their similarities to
other AF/ST cluster genes. ER = endoplasmic reticulum.

" only partial sequence was available
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4.5.5 GFP expression of FJT24 in planta

Spores of the PdotA-regulated GFP transformant FJT24 were used to inoculate P. radiata
seedlings to assess GFP expression on needles. The inoculum was checked for GFP
expression on the needles for a time period of 2 weeks. In this experiment slight GFP
expression was observed on the needle. The GFP expression was not very strong and
most spores did not germinate. (Figure 4.17). However, the expression of the PdotA
regulated GFP on needles does suggest early expression of the dothistromin genes on
needles.

The experiment was conducted over 14 days. The pine seedlings died after 14
days but no Dothistroma needle blight symptoms were seen, suggesting that the death
was not caused by the inoculation with FJT24. A limited time frame for this study and

lack of suitable pine seedlings at the time required did not allow the experiment to be

repeated.

Figure 4.17: Spores of FIT24 (PdotA::egfp) on
pine needles.

GFP expression of FJT24 on pine needles could
be observed, although fluorescence was not
intense. Only a few spores germinated on the
needles (arrows). Bars indicate 50 pm.
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4.6 Discussion

D. septosporum expresses EGFP, SGFP and DSRegwhich makes them useful tools
as reporters in this organism. The transformants Wieh mammalian codon optimised
egfp under control of thé. nidulans promoter BpdA showed brighter fluorescence than
to the single transformant obtained with pCT74, whicmtaioed the plant codon
optimisedsgfp under the control of thet®xA promoter. In some fungi the SGFP does not
appear to be successfully expressed (Poggtled. 2003). In this study it was not
determined if the lower fluorescence was due to the StSER to the BoxA promoter or

to the single gene introduction in the only one tramsémt obtained. For the aim of
obtaining GFP reporter strains, the transformantsessprg the EGFP were satisfactory.

A parallel study (Barron 2006) highlighted the use of thesestdative GFP
reporter strains in th®. septosporumy/ pine system as it revealed important information
about the disease process and the role of dothistrosnm athogenicity factor. The
constitutive GFP reporter strain FJT21 strain facdiiathe observation of the early
infection process. Germ tubes Df septosporum enter the pine needle through stomatal
openings (Figure 4.18), but no directed growth towards stowasaobserved (Barron
2006) as suggested by Muir and Cobb (2005).

Further the constitutive GFP expressing, dothistromiricidat strain FJT30
(derived from thepksA mutant FJT3) and FJT29 (derived from d@A mutant FJT2)
were successfully used to infdet radiata seedlings (Figure 4.18, Barron unpublished).
GFP fluorescence was detected in fruiting bodies in né&wiyed lesions (Figure 4.18),
suggesting that the infection was caused by FJT30 and nsttdigs which might have
been on the host prior to inoculation with FJT30. Thhe, construction of FJT29 and
FJT30 led to the important conclusion that dothistrosingt a pathogenicity factor in
the disease.
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Figure 4.18: Use of GFP transformants, developed in this study, in pathogenicity trials.

(A, B) FIT21 (wild type; PgpdA::egfp) facilitates the observation of the infection process on needles.
Penetration of hyphae through stomata are marked by arrows. (C) Dothistromin deficient strain FIT30 (pksA4-;
PgpdA::egfp) was also easily observed on needles. Bars in A,B and C indicate 10 um. (D) Pine needles infected
with FJT30 showed disease symptoms. GFP fluorescence of the fruiting bodies identified that the FIT30 caused
the disease symptoms and identity of FIT30 in the lesion was subsequently confirmed by PCR. Results shown
here are from experiments conducted by Naydene Barron (2006, unpublished).

The successful expression of the egfp gene in D. septosporum allowed the
construction of the Pdot4 regulated egfp reporter strains FJT24 and FJT26. In those strains
the GFP was expressed and the gene expression patterns of the native dot4d and the
pdotA::egfp appeared to be co-regulated (Figure 4.12). The expression pattern for both dot4
and egfp is also consistent with the dothistromin gene expression observed for the wild type
strains in culture (Chapter 3, Figure 4.12). Therefore the expression of the EGFP in those
strains appears to be a reliable reporter for the expression of the dotA gene in FJT24 and

FJT26.
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The unusual early expression of dothistromin genes (Chapter 3) was also seen in
FJT24 and FJT26 colonies, which showed highest GFP fluorescence in younger mycelium.
While constitutive GFP expressing strain FJT22 showed ubiquitous GFP fluorescence over
the whole colony, dotd-regulated strains FJT24 and FJT26 showed GFP expression
predominantly at the growing margin of the colony (Figure 4.8). This is consistent with
elevated PdotA-driven gene expression in young hyphae and the early onset of dotA
expression seen in liquid culture (Chapter 3). The same pattern of GFP expression has been
observed on both PDA and DM media, suggesting that this is not a media effect, although the
expression in DB and PDB media was different in liquid cultures (Section 3.2.3). The
detection of GFP in spores and germinating spores of FJT24 and FJT26 (Figures 4.10, 4.11)
confirms the early onset of dothistromin gene expression observed in liquid culture as
reported in Chapter 3, where dothistromin gene expression was also detected in the spore
inocula.

The high level of dothistromin gene expression at an early stage of growth (Chapter 3)
also suggests that the regulation of dothistromin biosynthesis is not directly connected with
that of sporulation which usually occurs at a late stage of growth. High expression of EGFP
in FJT24 and FJT26 was seen in some but not all conidiophores (Figure 4.11). This indicates
that some dothistromin synthesis might occur parallel to the sporulation but is not necessarily
co-regulated. Interestingly the expression of secondary metabolite genes at an early
development stage (depending on the environmental conditions) has been observed in other
species and does not appear to be unique in D. septosporum. The pksP gene, encoding a
polyketide synthase is involved in both pigment biosynthesis and virulence of 4. fumigatus.
A GFP-PksP fusion protein was only found in phialides and conidia in vitro indicating a
developmentally controlled expression of the gene. But pksP-egfp expression was also
detected in hyphae of germinating conidia isolated from the lungs of immunocompromised
mice (Langfelder et al. 2001).

The high GFP expression at the margin of the colony supports the hypothesis that
dothistromin is involved in the early plant pathogen interaction, where a toxin is secreted in

advance of the growing mycelia (Gadgil & Holden 1976, Section 1.2.2). But as the

126



infection with the dothistromin deficient strains 29Tand FJT30 showed, the toxin does
not appear to be necessary for pathogenicity (Barron 26@8yever, GFP expression
was also detected in spores of FJT24 on pine needles (Biduie suggesting the genes
are expressed earip planta, even though this experiment was not repeated and GFP
fluorescence was weak. As the expression of dothistrgemes was also detected in the
spore inocula in Chapter 3, the different levels of @&®rescence in the conidiospores
might represent different metabolic states, with s@meres about to germinate while
others are not.

In single hyphae GFP expression in FJT24 and FJT26 wadeattte®utreaching
hyphae in DB cultures but not seen in colony centrggi(€ 4.9). However, when grown
on cellophane plates of the GFP fluorescence indth&-regulated GFP transformants
FJT24 and FJT26 was very inconsistent (Figure 4.10), inasinto the constitutive GFP
expressing strains FJT21 and FJT22 (Figure 4.7). While highe3pfession was often
seen in germinating spores or small mycelium fragmertter hyphae of similar size or
germination status did not show fluorescence. As seEigure 4.10F strong fluorescent
parts were dispersed between non-fluorescent parts esngle hyphae. This suggests
that the loss of GFP fluorescence is not due to adbsise RIotA::egfp gene. Further,
insertion of thePdotA::egfp gene into the FJT24 and FJT26 genome was shown by
Southern analyses (Figure 4.4) and two rounds of single spolegion purified the
transformants. This makes it unlikely that the obsgmesaic-like GFP expression in
FJT24 and FJT26 is caused by the loss of #aA2.egfp gene. A similar non-uniform
pattern of distribution for AF proteins has been seesreas of colonies iA. parasiticus
that are presumably the same age and in a similaroenwint (Leeet al. 2004). The
detection of AF proteins by immunoelectron microscoppwed intensely labelled,
weakly labelled, and unlabelled cells adjacent to edosérah the same thin layer section.
This suggests that the extent and timing of aflatoxmh®sis also varies from cell to
cell. Likewise a similar observation was made foreotipenes irAspergillus niger. Using
GFP reporter genes, it was shown that “exploration dgpldifferentiate, with some
strongly expressing the glucoamylase gefeA, while others hardly express it at all
(Vinck et al. 2005). Those findings indicate that a fungal mycelium is Iyigh
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differentiated, even though hyphae in the explorationezare exposed to the same
nutritional conditions (Vinclet al. 2005).

The GFP expression pattern of thdofA::dotA::egfp transformants FJT31 and
FJT32 showed high GFP fluorescence at the margin ofiesl@as well as in spores and
hyphae (Figures 4.13, 4.14). In contrast to FJT24 and FJT26RRer@s detected more
evenly over the colony as well as in older hyphaas $hggests that the protein might be
stable and active after translation. This would be ssipte explanation for the delayed
maximum of toxin production in comparison to the maximwin expression of
dothistromin genes seen in Section 3.

Transformants expressing the DotA-EGFP fusion protéso aevealed some
clues on the intracellular localization of dothistroniiosynthesis. While the EGFP in
the D. septosporum transformants appears to be located in the cytdselDotA-EGFP
fusion protein appeared to be in certain cellular comgantsnin the fusion strains FJT31
and FJT32. The dappled nature of the DotA-EGFP signal sugbesthis fusion protein
is localized within cytoplasmic vesicles. While va®iobktaining showed some
overlapping of GFP signals and vacuolar stain, GFP sigmale also observed in
unstained vesicles. However, those experiments nedg tepeated. On a side note it
should be said that the FM4-64 stain used in this study en@ncytosis dependent stain.
This is interesting as endocytosis by hyphae of fildowes fungi is still in debate (Fuchs
& Steinberg 2005; Read & Kalkman 2003). However, the uptake o#-6M and
incorporation into vacuoles (Figure 4.16) suggest that enodsisytoccurs inD.
septosporum.

Observations of the location of the DotA-EGFP fusmotein has been made
near the completion of this study and need to be fuitivesstigated. There are several
things to be considered. Firstly, the fusion proteinnag proven to be functional.
Different folding might cause non-functionality and ttiere the observed localisation of
the protein may be an artefact. Further, the fusioteprdias been transformed into the
dotA replacement strain FJT2 and not into the wild type, ttledDotA-EGFP fusion
protein did not complement th#otA™ strain FJT2. Since morphological changes have
been correlated with the production of secondary metabdhe lack of dothistromin, or
metabolites derived from it, might cause alteration§Jm2 compared to the wild type.
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Nevertheless, it would be very interesting to sedef synthesis of dothistromin indeed
occurs in certain cell organelles. This would imply ajuteted mechanism for
dothistromin secretion. The identification of such achanism might result in new
targets for the disease control, if spatial organisatid dothistromin biosynthesis is
correlated to auto-protection of the fungi against dathisin.

The DotA-EGFP fusion protein will facilitate the idéication of the organelles
of dothistromin sythesis. Although dothistromin antilesdare available (Jones 1993),
immunoelectron microscopy to detect the intracellulecuenulation of dothistromin is
difficult due to technical limitations in the preparati@f samples (Jones, personal
communication). In contrast, the determination of ihieacellular localisation of the
DotA-EGFP fusion protein should be more accessible usimgocal microscopy. This
should allow the identification of organelles required ftmthistromin biosynthesis in
future work.

The localization of the DotA protein in organellesigpported by the pTARGET
analysis, which predicted DotA localization in perorigs. Peroxisomes might represent
the organelles in which GFP expression is detectedbseree of the vacuole stain.
Interestingly most of the dothistromin gene products ifilethitso far are predicted to be
in cell organelles (Table 4.3). It can be speculateddbdtistromin biosynthesis is highly
spatially organized and this might play a role in autoqwtdn. In Cercospora
nicotianae, it was shown that the PDX1 protein is localized iflu@ vesicles of
unknown function. PDX1 is thought to have a role in autatgmtion against cercosporin,
as it is required for growth in the presence of cercas@omd other photosensitizers, and
the localization of PDX1 might be important for thiShiinget al. 2002). Because of
dothistromin’s toxic properties it might be favourahe D. septosporum if its synthesis
is localized in certain cell organelles to keep theat#llular concentration of toxin low.
Lee et al. (2002) observed a similar phenotype for th@rakein OmtA inA. parasiticus.
OmtA converts ST into o-methylsterigmatocystin and jsrotein of the late biosynthesis
steps of AF. Cells labeled with OmtA polyclonal antiles showed patches of
fluorescence within fungal cells, suggesting that OmtAcdfined to subcellular
compartments. In a further study (Leteal. 2004) the authors determined the localization
of OmtA mainly to basal vacuole organelles, while pnetein AfiM (Ver-1) and AfID

129



(Nor-1), which are involved in the earlier steps ofatakin synthesis are mainly
cytoplasmic. Interestingly the AflM protein is the hologue of the DotA protein. But
the DotA protein is involved in the late state of dsttlomin biosynthesis (Bradshast
al. 2002) after the dothistromin and AF pathway are proposediverge (Henry &
Townsend 2005, Figure 1.7).

The localization of proteins involved in fungal secogdanetabolism in
organelles has also been observed for penicillin sgrghin Penicillium chrysogenum
(Muller et al. 1991) and localization of prehelminthorospol in organetllas observed in
Bipolaris sorokina (Akessonet al. 1996). The intracellular organization might therefore
in general play an important role in the synthesiseacbndary metabolites.

The intracellular localisation of the DotA-EGFP pintenight also explain the
differences of GFP fluorescence between tlet&R:egfp reporter strains FJT24 and
FJT26 and the fluorescence of thdofA::.dotA:.egfp transformants FJT30 and FJT31.
Vinck et al. (2005) reported that differences in fluorescence usyigplasmic GFP
reporter proteins, and GFP fused to the native protemerest, were due to cytoplasmic
streaming of the GFP in the former case. Similanly distribution of the cytoplasmic
EGFP in FJT24 and FJT26 and the intracellular localizatfdbotA-EGFP in FJT31 and
FJT31 might be responsible for the differences in Gi#tdiscence.

In consideration of the similarities of the AF/STdadothistromin pathways it is
very interesting that the dothistromin proteins DoD¥gtD, PksA are predicted to be
located in peroxisomes. Peroxisonialoxidation appears to have an important role for
the synthesis of AF/ST, depending on the kind of fatigsaavailable, and the AF/ST
precursor norsolorinic acid was located in peroxisonidag@io-Hall et al. 2005).
Polyunsaturated fatty acids can be converted to oxyli@mglipins appear to interfere in
the perception, metabolism and signalling between hustnaicrobe of each other and
are necessary for secondary metabolite production &l s®onisation byAspergillus
species (Tsitsigiannis & Keller 2006; Tsitsigiannis & KelR007). If it can be confirmed
that the synthesis of dothistromin is located in psrores and therefore connected with
the fatty acid metabolism it is feasible that oxylpiplay a role as signals or external
regulatory molecules, which influence the production ohdttomin, as seen for the
AF/ST synthesis imAspergillus. Further experimental work about this aspect needs to be
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done. The identification of possible signalling ewlles for dothistromin production will

improve our understanding of the putative roledathistromin.

In summary, the construction Bt septosporum GFP reporter strains led to the following

results:

. D. septosporum invadesP. radiata needles through stomata. The toxin is not
necessary for pathogenicity, although the toxinegeappear to be expressed
planta.

. The dotA-regulated GFP reporter strains confirmed thatdbthistromin genes
are highly expressed at an early stage of grovétisean previously in submerged
culture (Section 3). The expression is differenéath cell, as also seen for other
genes inAspergillus (Lee et al. 2004; Vincket al. 2005) although the overall
expression of the dothistromin genes appears toedse with age (Section 3,
Figure 4.7).

. The DotA-EGFP protein appears to be at least cmealty located in organelles
and the same is predicted for other dothistrominege This suggests that the
synthesis of dothistromin is spatially organised,sgen for other mycotoxins
(Akessoret al. 1996; Leect al. 2004; Mulleret al. 1991).

The early toxin production was supported by Bheseptosporum GFP reporter
strains, but it was shown that dothistromin is agpathogenicity factor. Therefore no
support was seen for the first hypothesis, implyangple for dothistromin in the early
infection process, outlined at the end of Chapter 3

The second hypothesis, implying a role of dothisiroin competition, is tested in

the next chapter.
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Chapter 5:

A role for dothistromin in competition?

5.1 Introduction

Dothistromin has previously been assumed to betl@opganicity factor as dothistromin
can be isolated from the red bands in infected lese(Bassetet al. 1970) and the
injection of purified dothistromin reproduced disessymptoms (Shain & Franich 1981).
However, the high variation in dothistromin prodantlevels by different isolates &.
septosporum andD. pini (Bradshawet al. 2000) questions the role of dothistromin as a
pathogenicity factor. Furthermore, red bands atealweays seen iDothistroma-infected
needles and dothistromin content of lesions is cwtelated to the length of lesion
(Section 1.2). The infection d®. radiata seedlings with the dothistromin deficieDt
septosporum GFP mutant FJT30 (Chapter 4) suggests that daimst is not a
pathogenicity factor. The question remains: whi.iseptosporum producing the toximn
planta, if it is not necessary for the pathogenicity? sThhapter studies the hypothesis
that dothistromin inhibits the growth of other funghich may compete withD.
septosporum for the host.

Fungal secondary metabolites often have antifungafibiotic, insecticidal or
anti-mammalian properties (Pelaez 2005; Seo & Y0520 The broad toxicity of
dothistromin (Section 1.2) and the unusual earlpwgn stage expression of the
dothistromin genes (Chapters 3 + 4, Schwetnal. 2007) led to the hypothesis that
dothistromin might play a role in competition witlther microorganisms. BecauBe
septosporum is a slow growing fungus, the early productioradbxin which inhibits the
growth of other microorganisms in the same envireninwould be beneficial for the
fungus. It would allowD. septosporum to compete with other fungi in colonizing the
needle tissue. Similarly, it is proposed tt@teptomyces spp. evolved to secrete the
toxins FK506, ascomycin and rapamycin to inhibg growth of competing yeast and
fungi (Arndtet al. 1999; Challis & Hopwood 2003).
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The interaction of competing organisms is a compexe and the unreliability of
pathogenicity tests fdb. septosporum did not allow for testing the role of dothistromin
in competition on needles. Instead, dothistromiodpcing strains and dothistromin-
deficient strain FIJT3 ob. septosporum were challenged with competitor fungi in plate
tests to determine whether there is an advantagexai production. The competitor
fungi were selected on the basis of their frequesturrence in pine forests
(Lophodermium conigenum, L. pinastri, Cyclaneusma minus, Srasseria geniculata), as a
producer of sterigmatocystin (ST), a toxin simil@rdothistromin A. nidulans), because
they are aggressive plant pathogens in their ovght riEutypa lata, Fusarium
graminearum, Glomerella cingulata, Alternaria alternata) or because they are biocontrol
agents with proven antifungal qualitielrichoderma harzianum, T. viride). Competition
test were conducted on PDA plates as all compstitsed in the experiment were known
to grow on PDA media. Furthermore, expression efdbthistromin genes was more or
less constitutive in PDB media (Section 3) so induc of the GFP-expression in the
reporter strains would be easier to detect.

Since the expression of the dothistromin genes mvash higher in DB media,
which contained yeast extract in the nutrient brdtian in PDB (Section 3) it was
speculated that expression of the genes might Hmen induced by the fungal
components in the media. In a study on maize it sla@wn that co-inoculation of
Aspergillus spp andrusarium spp. can enhance the production of fumonisifrisarium,
which is thought to be a defence response (Matiral. 1998). In A. flavus the
microorganismdBacillus amylloliquefaciens and Hyphopichia burtonii can increase the
synthesis of AF (Cueret al. 1987). Further serendipitous observations destribehe
results section of this chapter also suggestedsilple induction effect. Therefore, it was
investigated if competing fungi induce dothistrontiiosynthesis. GFP fluorescence in
plate cultures of challenging fungi aBd septosporum FJT24,containing the BotA::egfp
gene, were used for a visual estimation of enhaotdistromin gene expression as a
response to competitors. Liquid cultures of wilgeyD. septosporum challenged with a
yeast “elicitor” broth or broth in which competitgpecies had previously been grown

were also used to determine if there is an effedathistromin production.
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5.2 Results

5.2.1 Plate competition with D. septosporum wild type and

dothistromin deficient mutant

The effect of dothistromin production on the growth of competitive fungi t®sted in
culture as described in Section 2.15.

In an initial trial (Trial 1) the growth rates fdr. conigenum, L. pinastri, S
geniculata, A. nidulans, E. lata and G. cingulata were assessed on plates containing
dothistromin-producing (d6t D. septosporum strains. These growth rates were
compared to those on plates containing the dothistromin-deficient gttain FJT3. The
differences between growth of each competitor towards and awayCir@aptosporum
were used to estimate the inhibition of growth causeD.lsgptosporum (as described in
Section 2.15). Table 5.1 summarizes the result of this competitibninrigach case the
growth inhibition of the competing fungus was higher on plates with dathist
producing fungi than on plates with the FJT3 dvain. The FJT3 dostrain was quickly
overgrown by each competitor during the time period investigated, wthist
dothistromin producing strain was not overgrown until a later stage if at all.

The effect of inhibition is highly dependent on the competitor species. F
example,L. pinastri andL. conigenum are highly affected by thB. septosporum wild
type, with over 70% inhibition of growth by the wild type 15 and 11 days afte
inoculation respectively. At the same time the FJT3 )Ydats overgrown by the
Lophodermium spp.. In contrast the growth 8f geniculata was only mildly affected by
the presence of th®. septosporum (dot) in comparison to the FJT3 (dotstrain;
although the growth db geniculata was initially slowed down by the presence of the
septosporum dot” wild type it started to overgrow th. septosporum dof™ colony after 4
days.

Figure 5.1 shows some typical results obtained in this competitan Ati the

time the pictures were taken the competitors had not made conthdhes wild type
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strain NZE7 whereas the competitor had overgrown the dothistromineaéfgtrain

FJT3 in each case.

Table 5.1: Growth inhibition of competitor species By septosporum (Triall).

% inhibition of competitor byl % inhibition of competitor|

Competitor Species dpi wildtype (dot) by FIT3 (do)
of competitor D. septosporum’ D. septosporum’
(meant SD; n=3) (meant SD, n=2)

Aspergillus nidulans 6 426+ 7.1 20.4+12.8

11 58.7+ 4.9 overgrown’

15 43.9+ 34.1(partly overgrowf) | overgrowri
Eutypa lata 3 No inhibitior? overgrown

11 67.2+7.2 overgrown

15 23.7+ 41.1(mostly overgrown

overgrown)

Glomerella cingulata 3 27.8+ 26.5 0.6+ 3.5

4 40.8+17.2 overgrown

6 30.0+ 33.1(mostly overgrown)| overgrown
Lophodermium pinastri 6 53.6+ 6.6 15.6+ 13.5

11 66.7+ 1.7 overgrown

15 74.0+ 5.8 overgrown
Lophoder mium conigenum 4 37.1+£10.5 No inhibition

6 54.4+ 7.1 overgrown

11 73.1+4.2 overgrown
Srasseria geniculata 3 18.2+10.9 overgrown

4 overgrown overgrown
Cyclaneusma minus 4 41.4+28.3 16.9+ 8.6

6 42.6+18.9 overgrown

15 46.7+ 34.1 overgrown

Shown is the inhibition of competitor growth I septosporum dothistromin producing wild type and
FJT3. Shown are the values for at least two timmtpovhich vary between competitors due to their
different growth rates. In general the last timénpfor each competitor was the last measuremefuree
all wild type colonies made contact with the conitpet

o4 inhibition of radial growth calculated as | = (@/C x 100 %as described in Section 2.15

2 Overgrown indicates thdd. septosporum colony made contact with the competitor, was ox@xg or
passed by the competitor

*No inhibition means the growth towarfs septosporum was identical to, or higher than the growth away
from D. septosporum.

Figure5.1: Plate competition assay wih septosporum wild type and dothistromin deficient strain FJT3.
Colonies of NZE7 and FJT3 were grown on PDA pldias 15 days and challenged with different
competitors which were inoculated 1.5 cm away fitti® colony margin oD. septosporum on the same
plate. The competitors are seen on the left sidddepictures. Corresponding pictures of NZE7 wyiple
and FJT3 were taken at the same time point for eantpetitor, when the NZE7 wild type colonies ahnel t
competitors’ colonies had not made contact. In remtt theD. septosporum FJT3 colonies were at least
partly overgrown in each case. Pigmentation inRBBA media plates (most obvious for the competition

plates withL. conigenum andC. minus) is seen for all NZE7 plates suggesting secratiastothistromin.
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A. nidulans

L. conigenum

C. minus

E. lata

L. pinastri
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To validate the inhibition of competitor growth Iy, septosporum wild type
strains a second trial (Trial 2) was carried out using conmstit. conigenum, C. minus,
S geniculata, A. nidulans, E. lata, F. graminearum, G. cingulata and the biocontrol fungi
T. harzanum and T. viride. The experiment was repeated with at least 5 replicates for
eachD. septosporum/competitor combination. In addition the overall growth diameters
were determined. This work was carried out with the assistaneesoinmer student
Justine Baker.

In Trial 2 (Table 5.2), a significant difference between inhibitioc@hpetitors
by dothistromin-producing and non-producingseptosporum was recorded for only two
speciesA. nidulans (6 dpi) andC. minus (8 dpi) (Table 5.2). However, for all competitor
species the mean percentage of inhibition was higher in competititn the
dothistromin producing strains than with the dgitain FJT3. The lack of significance
might be due to the high standard deviations obtained in this experinmetite @ast day
of measurements, no growth inhibition was detectedTfdrarzianum, T. viride or S.
geniculata, while growth inhibition ranged between 40 — 50%Aonidulans, C. minus,
E. lata, F. graminareum andL. conigenum in the presence of thB. septosporum dot’
wild type. In contrast, none of the competitors’ growth was inhibited by the datimit-
deficient strain FJT3, which had been grown over (or past) by the dtonpeT-tests
could not be performed as numerical data were only collected when wlaer a gap
between thd®. septosporum strains and competitors.

The overall growth rate was also measured by taking a diapergendicular to
the competition axis. The overall growth rate was lower on platiés the D.
septosporum (dot’) wild type in comparison to the plates with FIT3 {dot competitor
alone, except for the caseTfviride, A. nidulans andS geniculata (Table 5.3).

Representative photographs of the plate competition assay (Teet 8hown in
Figure 5.2. The inhibition of the growth can be seen by the gap betweealdhés of
D. septosporum NZE7 andA. nidulans, C. minus, E. lata, F. graminareum or L.
conigenum. In contrast the colonies @t harzianum, T. viride andS. geniculata started to
overgrow theD. septosporum colonies (Figure 5.2 A). It was also noted that, in most
cases, the pigmentation of the PDA media appeared in most cgbes bn the side
between NZE7 (d6} and competitor than on the opposite side of NZE7. The FJT3
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(dot) strain was overgrown or passed by all competitors investigiigdré 5.2 B). The
photographs also show the overall growth of the competitors on platésutvit
D. septosporum, to illustrate the inhibited overall growth Iy, septosporum wild type
(dot") (Figure 5.2 C).

Table 5.2: Inhibition of competitor species Y. septosporum (Trial 2).

% inhibition of competitor| % inhibition of competitor
Competitor Speciep dpi by wildtype (dot) by FJT3 (do) ;"i‘l’ga
of competitot D. septosporun? D. septosporum P valué
(mean+ SD) (meant+ SD)

Aspergillus nidulans 6 315+95 145+ 10.1 0.01

8 40.8+ 6.8 overgrown’
Eutypa lata 3 16.5+ 20.9 5.8+9.9 0.28

6 45.0+ 4.3 overgrown
Fusarium gramineraum | 2 29.3+11.9 10.3+£20.8 0.08

3 44.2+16.9 overgrown
Cyclaneusma minus 8 20.2+9.7 55+98 0.03

15 50.6+ 4.6 overgrown
Lophodermium 3 19.1+14.9 14.4+ 10.8 0.55
conigenum 6 477+ 4.4 overgrown
Strasseria geniculata 2 21.1+19.1 19.8+19.1 0.91

3 overgrown overgrown
Trichoderma 2 18.4+13.0 12.5+ 10.5 0.40
harzianum 3 overgrown overgrown
Trichoderma viride 2 11.6+6.5 6.1+ 8.4 0.24

3 overgrown overgrown

Shown is the inhibition of competitor growth By septosporum (dot") wild type and FJT3 (dot

Y dpi= day after inoculation; The second time-poartéach competitor represents the last day on which
measurements were taken

204 inhibition of radial growth calculated as | = (@/C x 100 %as described in Section 2.15

3 T-test values were calculated using the unpairéesTcalculator omww.graphpad.com/quickcalcs
testing the null hypothesis of no difference iniliniion between competitors challenged with*datd dot
D. septosporum

T-test values were not calculated wirseptosporum was overgrown by the competitor, as no
dependable numerical data were available.

Inhibition values in bold are significantly differebetween theksA mutant FJT3 and corresponding wild-
type (P value < 0.05)

“Overgrown indicates th&. septosporum colony made contact with the competitor, was or@sg or
passed by the competitor
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Table5.3: Final diameters of competitor colonies

Final diameter of compeftito Final diameter of competito
. . 1 dpiof (mm) withwildtype (dot) (mm) with FJT3 (dod) Two-tailed H
Competitor Species competitof D. septosporum D. septosporum valué
(meant+ SD) (mean+ SD)
A. nidulans 8 30.1+ 4.9 34.8:1.8 0.07
E. lata 6 37.8+14.1 83.3+35 <0.01
F. graminearum 3 524+12.1 85.0°+0 <0.01
C. minus 15 20.8+34 28+6.5 0.04
L. conigenum 6 41.3+25 50.7+2.6 <0.01
S geniculata 3 48.7+5.3 54.6+ 18.6 0.47
T. harzianum 2 655+ 6.0 85.0°+ 0 <0.01
T. viride 2 62.8+ 5.6 63.3t 1.2 0.81

Shown are the final diameters of competitor colsmie plates withD. septosporum (dot") wild type and FJT3 (dot

! dpi= day after inoculation; Final diameters werasured on the last day of measurements

2 A diameter of 85mm was given when the fungi hadwgrover the entire plate

3 For each competitor species, T-test values werilzded to compare differences between colony diersen plates
with D. septosporum (dot’) wild type and FJT3 (ddt using an unpaired T-tesinw.graphpad.com/quickcalcs
Values in bold indicate a significant differencevdue <0.05).

An inhibition of the growth oD. septosporum itself by the competitors was not
seen. However, an inhibition Bf. septosporum by the competitors cannot be ruled out as
the growth ofD. septosporum is very slow and therefore inhibition effects might not have

been evident during the time scale of this experiment.

Figure 5.2: Comparison of competitor growth challenged viithseptosporum (dof’) wild type and FJT3
(dot) and alone.

Shown are representative results of Trial 2 (showhable 5.2 and Table 5.3). Inhibition of the caatifor
growth byD. septosporum (dof’) wild type is higher than inhibition by FJT3 (goin all cases (compare
columns A + B), even though the inhibition was abways significant (Table 5.2). The overall growth
the competitors is also inhibited by the presentc® .oseptosporum (dof’) wild type (compare columns
A + C), while the overall growth is usually lessiipited by the presence of FJT3 (Jlatn the same plate
(compare columns B + C). Corresponding photos (B)JBAere taken at the same time point for each

competitor. Photos were taken by Justine Baker.
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A B C

Competitor NZE7/ competitor FJT3/ competitor )
species dot* dot ~ competitor only

A. nidulans

C. minus

F. graminareum

L. conigenum

S. geniculata

T. harzianum

T. viride
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5.2.2 Plate assay of toxin induction with reporter strain
FJT24

The GFP fluorescence of the Pdot4 regulated reporter strain FJT24 was used in a plate
competition assay to estimate if competing fungi induce the production of dothistromin.
Preliminary trials were also made to assess if the production of dothistromin by
D. septosporum could be elicited by exposure to media in which competitors had
previously been grown. For those results see Appendix A6.

During the study of the FJT24 strain a serendipitous observation was made that
suggested that dothistromin biosynthesis might be triggered by the presence of other
microorganisms. A contaminating fungus appeared to enhance the expression of the
PdotA regulated GFP and toxin accumulation was also seen in some other contaminated

plates (Figure 5.3).

Figure 5.3: Toxin gene expression induced by contaminants?

(A) The PdotA regulated GFP strain FIT24 showed higher GFP expression at the contact zone with a contaminant (upper
part). The GFP expression was seen over the entire FIT24 colony after the contaminant colony grew over the whole plate
(lower part) (B) High secretion of toxin around towards a contaminant on a D. sepfosporum sporulation plate. This

observation led to the hypothesis that other competitors might induce toxin production in D. septosporum.
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The induction of dothistromin gene expression was further investigated in a plate
competition assay using competitors and the PdotA::egfp reporter strain FIT24. GFP
fluorescence was observed as an indication of gene expression.

In an initia trial the GFP fluorescence of the FJT24 strain appeared to be higher
on the side towards some competitors, indicating a possible induction of the dot gene
production by the presence of the competitor (Figure 5.4 and 5.5). Furthermore, the
secretion of toxin often appeared to be directed towards a competitor. Also the margin of
colonies sometimes appeared to accumulate red crystals and had a more intense red
coloration on the colony side towards the competitors, suggesting a dothistromin
accumulation (Figures 5.4 - 5.7). Initia trials suggested increased fluorescence on the D.
septosporum FJT24 colonies towards E. lata, G. cingulata (Figure 5.4), F. graminearum,
A. alternata (Figure 5.5, 5.6) and C. minus (Figure 5.7). As observed before for the wild
type (Section 5.2.1), the presence of the dot™ D. septosporum strain FJT24 inhibited the
growth of the competitive species used in this trial. An example is shown in the
competition with C. minus and FJT24 in Figure 5.7. More detailed observations are noted
in the figure legends for figures 5.4-5.7.

In some cases red crystalline structures were observed in areas with increased
GFP expression and pigmentation (Figure 5.8). Crystals were seen in both media and
mycelium. Interestingly the crystals did not accumulate in al hyphae, and in some
hyphae red crystals appeared in a similar punctuated pattern as observed for the GFP
fluorescence of the DotA-GFP fusion protein (Section 4.5.4; compare Figure 4.16),
suggesting that those crystalline structures represent dothistromin and are located
punctuated similarly as seen for the vesicle like structures containing the DotA-GFP
protein.

However, the colonies of D. septosporum FJT24 frequently showed sectoring on plates.
Thislimits the interpretation of the results as different sectors showed different
morphologies and GFP expression, independent of whether sectors were directed towards
or away from the competitor colonies, or even without competitors on the plates (see aso
Appendix A7).
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GFP fluorescence
opposite GFP fluorescence

of competitor FJ T24 Competitior towards competitor

E. lata -
G. Cingulat-

Figure 5.4: Possible induction of dothistromin by competitive fungi 1.

Shown are D. septosporum FJT24 (PdotA::egfp) reporter strains colonies in competition with E. lata and G.
cingulata. In both cases a higher pigmentation and GFP expression is seen on the side of the FJT24 colony
closest to the competitor. The white light pictures (centre) show the FJT24 colony side closest and furthest from
the competitor. Pictures paired in a row are obtained from the same colony. UV pictures show the GFP
fluorescence of the colony margins taken with identical settings.

Figure 5.5: Possible induction of dothistromin by competitive fungi 2.

Shown are D. septosporum FJT24 (PdotA::egfp) reporter strain colonies in competition with (A)
E. lata (B) F. graminearum and (C) A. alternata. The competitors were located on the right side
as indicated with arrows in the GFP fluorescence pictures. The GFP expression appears to be
more intense (A,C) or increased (B) on the side closest to the competitor colonies. Pictures in
white light are shown in the left column with the according GFP expression pictures in the right
column.
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Figure 5.6: GFP plate induction assay with D. septosporum FJT24 and A. alternata.
(A) GFP fluorescence and colony margin of FJT24 furthest from the 4. alternata colony. (B) Colony of FIT24 and GFP
fluorescence at the contact zone with the 4. alternata colony. (A, B) The D. septosporum colony appears to secrete more
toxin on the side closest to the 4. alternata colony (B) than on the side furthest away. (A). A red pigmentation is also seen in
the edge of the colony itself at the side towards A. alternata (B). The GFP expression appears also to be more intense at the
colony edge of FJT24 towards A. alternata (B) than at the margin opposite the colony. (C) Close-up of the colony margin
framed in (A). (D) Close-up of the FJT24/A. alternata contact zone framed in (B). (C, D) Higher magnifications of the
colony margins reveal that the more intense GFP fluorescence observed in (B) compared to (A) might be caused by a more
dense mycelium of the FJT24 colony towards 4. alternata. However a more intense red pigmentation of the mycelium in (D)
compared to (C) suggests a higher dothistromin production in the contact zone with 4. alternata. Bars in C and D indicate
Imm.

Figure 5.7: GFP plate induction assay with FJT24 and C. minus.
(A) Shown is the inhibition effect of the dot” strain FIT24 on C. minus. The C. minus
colony grew away from the FJT24 colony. It appears that more red toxin is produced
towards the side of C. minus. Pigment accumulates at the margin of the C. minus colony
and is likely to cause the growth inhibition of C. minus. The morphology of the D.
septosporum colony also suggests a higher production of toxin towards C. minus as red
crystals accumulate at the side towards C. minus. However some sectoring of the FJT24
colony is seen. It is therefore not possible to determine if the different pigment
accumulation is caused by the sectoring or by the presence of competitors.

(B) The GFP fluorescence pattern also suggests an induction of GFP expression by C.
minus. GFP fluorescence is higher towards the side of C. minus, but the expression
pattern might be caused by the different metabolic states of the sectors of FIT24.
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Figure 5.8: Red crystalline structures in mycelium at FJT24 colony margin.
(A) Crystalline structures observed in colony margin mycelium of FIT24 on a competition plate closest to
L. conigenum. The visible light picture (left) shows the accumulation of a red pigment in some hyphae. The
GFP fluorescence of the according mycelium (right) is high suggesting dothistromin production in those
cells and the red crystals to be dothistromin. Further the crystals are mostly located in a punctuated pattern
the hyphae and appear to quench UV radiation. Bar indicates 200um. (B) FJT24 in competition with 4.
alternata. The red crystals appear to be secreted into the media and appear to be taken up by 4. alternata.
Again a punctuated localization of the crystals, high GFP fluorescence and UV absorbance is seen. Bar
indicates 250 pum. (C) Outgrowing mycelia on colony edge of FJT24 closest to the L. conigenum
competitor. Most hyphae show GFP expression indicating the synthesis of dothistromin in those hyphae.
However the hyphae appear to be metabolically different as red crystals have been accumulated in some

but not all hyphae. Bar indicates 100pm.
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Although some increased GFP fluorescence of FJT24 towards some competitors
was seen, an artefact was noticed due to the uneven distribution of the UV light over the
specimen in the fluorescence microscope used. The GFP fluorescence depended on the

orientation of the colony toward the light source as demonstrated in Figure 5.9.

Figure 5.9: Influence of the orientation of the
specimen on the GFP fluorescence.

GFP  fluorescence detected on colonies
depended on the orientation of the colonies
towards the light source (blue arrow). (A) The
GFP fluorescence appears to show a induction
by the competitor colony. (B) The same
specimen as in (A) but 180° rotated shows a
evenly fluorescence around the D. septosporum
colony.

To limit the influence of this artefact the experiment was repeated with smaller
colonies of FJT24 which were located in the centre of the UV exposure region. Increased
GFP expression of FJT24 towards the competitor was detected for some plates but that
was not always seen for all replicates (Figures 5.10-5.12). The biggest limitation in this
experiment was the morphological instability of D. septosporum. Sectoring was
frequently observed, and sectors of the colonies showed a very different level of GFP
expression. Therefore it was not possible to define if the level of GFP fluorescence was
due to induction or repression by the competitor or due to the sectoring of D.
septosporum. Furthermore the red crystalline pigment showed some quenching (Figure
5.8) so that GFP fluorescence would not be detectable if mycelium parts are covered by
it. Replicates are shown for all competitors studied so variability can be clearly seen.
More detailed observations are noted in the figure legends of Figures 5.10-5.12.

No strong evidence of consistent induction of GFP expression was seen when FJT24
competed with the species used in this trial under the conditions investigated. The
observations made with the GFP regulated dot4 reporter strain did not support the
hypothesis that dot4 expression and dothistromin production are induced by competitor

fungi.
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Figure 5.10 (previous page): Plate test for induction of dothistromin gene expression by competitors.

GFP expression of FJT24 (PdotA::egfp) was monitored to assess if dothistromin gene expression is induced
by competitors. Competitors shown here are C. minus (A), E. lata (B), A. nidulans (C), F. graminearum
(D), and L. conigenum (E). Shown are triplicate plates (1-3) for each competitor with the competitor
located just off to the left side in each picture. Adjoined pairs are visible light (left) and UV light (right).
(A) FJT24 in competition with C. minus showed no enhanced GFP expression at the side closest C. minus.
The expression towards the C. minus colony even appeared lower in all three replicates. (B) FIT24 in
competition with E. lata. Replicates 1 and 3 showed putative higher expression of GFP closest to E. /ata.
The GFP fluorescence of replicate 2 is lower on the side towards E. lafa, but instead has red crystals
accumulated in the mycelium. As the red crystals absorb UV light in the GFP channel, the GFP
fluorescence might not be detectable in this area. (C) FIT24 in competition with A. nidulans only showed
in replicate 3 a putative induction of GFP. GFP fluorescence in replicate 1 was lower at the side closest to
A. nidulans, but this area had also a higher accumulation of the red crystals. (D) In competition with
F. graminearum the FJT24 replicates 1 and 2 showed higher GFP fluorescence closer to the
F. graminearum colony. (E) Competition of FJT24 with L. conigenum. Shown are three replicates (1-3) at
4 days (upper pictures) and 6 days (lower picture). Replicates 2 and 3 show putative enhanced GFP
fluorescence towards the L. conigenum colony. However, some sectoring is seen with different GFP
expression. Replicate 1 did not show enhanced GFP expression.

Figure 5.11: GFP expression of FJT24
in competition with S. geniculata.
Shown are replicates of competition trial
with FJT24 and S. geniculata (4 + 7 days
after inoculation of S. geniculata (shown
before not to be greatly inhibited in
i AT growth by dot" strains of D. septosporum
N y (Table 5.2-5.3)).

Replicates 1 and 3 show accumulation of pigments towards the S. geniculata colony but no obvious
enhanced GFP fluorescence. In replicate 1 this might be an effect of the sectoring of FIT24. The
close-up of replicate 3 shows that areas of FJT24 overgrown by S. geniculata lose GFP fluorescence,
which might be caused through the accumulation of the red pigment or through death of the D.
septosporum. Replicate 2 showed a different morphology, no enhanced GFP fluorescence or
accumulation of pigment toward the S. geniculata colony.
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Figure 5.12: Plate competition assay with FIT24 and Trichoderma biocontrol species.

Trichoderma spp. were shown not to be inhibited in growth by D. septosporum dot™ strains (Table 5.2). The
pictures show the competition of (A) 7. harzianum and (B) T. viride with FJT24 2 and 3 days after inoculation with
Trichoderma. (A) The FIT24 colonies show even GFP fluorescence around the margins of the colonies 2d after
inoculation suggesting no induction of dothistromin synthesis by the presence of 7. harzianum. After 3d T.
harzianum grew over the FJT24 colonies without appearing to be inhibited. Areas of the FIT24 colonies grown
over by T. harzianum lost the GFP fluorescence at the colony margin while not overgrown areas still showed GFP
expression. This suggests that 7. harzianum kills the D. septosporum mycelium when it overgrows FJT24. (B)
Colonies of FIT24 also showed fluorescence at the colony margin 2d after inoculation with 7. viride. No strong
evidence for an induction of GFP is seen. However the FJT24 colonies showed an accumulation of red pigment in
the mycelium after 3d of competition with 7. viride, suggesting a putative increase of synthesis or secretion of
dothistromin. At 3d the 7. viride overgrew the FIT24 colonies and the overgrown mycelia showed a weaker GFP
expression, suggesting that 7. viride also kills the D. septosporum colonies but less effectively than seen for T.
harzianum.
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5.3 Discussion

The results obtained in this study suggest that the synthesis dftdwotiin does have an
advantage foD. septosporum, when challenged with other fungi. However, the results do
not imply that dothistromin production is increased in a defence-liggorse when
challenged with other fungi or elicitors of fungal origin in those preliminary @xpets.

In the plate competition assay, the growth of all competitor spéested in this
study was more inhibited in competition with the dothistromin produciranstithan
with thedot mutant FJT3 (Tables 5.1-5.3, Figures 5.1 and 5.2). The FJT3 mutant did not
significantly differ in radial growth compared to the wild tyde(2005), suggesting that
the intake of nutrients from the media by FJT3 and wild type stiaéisscomparable.
Therefore the inhibition of the growth of the competitors was mkstylian effect of
dothistromin or dothistromin intermediates secreted by the wild agpenot of a lower
availability of nutrients.

The plate inhibition assay has several limitations. The diffeiiamgal species
have different growth rates on the PDA media used in this studpngsas dothistromin
is not degraded, slow growing species are more likely to be expgosed higher
concentration of dothistromin as it accumulates in time. The rasigtst be different on
other media with optimal growth conditions for the competitor speldiesever, growth
conditions in nature are usually sub-optimal 8ndeptosporum grows sub-optimally on
PDA media (Ganley 2001). Another limitation of this assay is thatinhibition of
growth of the competitors caused by ieseptosporum dot” has only been investigated
in one environmental condition. Studies in other systems showed that tloeneudd
competition between different fungal species is highly dependent onoeméntal
factors (Marinet al. 1998a; Marinet al. 1998b; Ramakrishnet al. 1996a; Ramakrishna
et al. 1996¢; Vellutiet al. 2000). Therefore the inhibitions observed in this study might
not occur under different conditions, and investigations of the interaaotiganta might
lead to different results. Furthermore, in this study the eftéddise D. septosporum wild
type (dot) were compared to those of the FJIK3A (dof) mutant. Although FJT3 is
dothistromin deficient the replacement of thksA gene also resulted in a loss of all

intermediates in the dothistromin biosynthetic pathway. While iteas shown that the
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pksA gene is involved in the biosynthesis of dothistromin (Bradsdtaal. 2006; Jin
2005), it cannot be excluded that other biosynthetic pathways are influéycéne
disruption (Firn & Jones 1999) of thgksA gene in FJT3. Therefore the inhibition of
growth could be caused by other metabolites than dothistromin. Indeedharasi test
showed also growth inhibition of the competitors caused by the presertbe dtA
disruption mutant FJT2 (J. Baker, unpublished results). However, although i$JT2
dothistromin deficient, it synthesizes and secrets versicoloriBradhawet al. 2002),
which also has toxic properties (Mat al. 1985). To confirm that the inhibition of the
competitors are indeed caused by dothistromin, pure dothistromin shouldeoefoests
ability to inhibit the competitor growth.

Trichoderma speciesT. harzanum and T. viride, but also the forest speci&s
geniculata, appeared to be resistant to dothistromin. The preliminary resuits stgins
of D. septosporum marked with fluorescent reporter genes further suggest that thes
resistant competitor species began to inhibit or [Rill septosporum once they made
contact, as suggested by the loss of GFP fluorescence at thie wfanvergrown FJT24
mycelium (Figure 5.11, 5. 125 geniculata is a forest pathogen, which is able to infect
several pine species (Vujanovet al. 1997) and therefore might share the same
ecological niche ad. septosporum and D. pini. Therefore the limited effect of
dothistromin production is interesting and might be caused by an co-evolytiona
adaption towards dothistromin 8f geniculata. However, the knowledge and research on
S. geniculata is very limited. From a biocontrol point of view the fast overgrouttiD.
septosporum by T. viride and T. harzanium is very interestingTrichoderma spp, which
are mycoparasites and plant symbionts (Harman et al. 2004), qreeritly used as
biocontrol agents of fungal diseases (Ben#eal. 2004; Harman 2000) and might be
suitable for control of Dothistroma needle blight. However, the resdts obtained in
an artificial environment and the interactiom planta was not assessed. Since it was
shown that dothistromin is not a pathogenicity factor (Section 4.5,nbt a suitable
direct target for disease control. But if biocontrol agents ansidered as an option to
control D. septosporum outbreaks in future, those agents should be screened for

resistance against dothistromin.
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Although initial observations suggested that the production of dothistramdin a
dothistromin gene expression might be induced by the presence of conipetinghis
could not be concluded from the results of this study. On the plate indasgSagy using
the RlotA::egfp reporter strain FJT24, some colonies showed possible induction of GFP
expression through the presence of competitors, suggesting a inducedomcahfct
dothistromin genes. However several limitations in this assay daehto conclude an
induction. Firstly, a putative induction was not seen for all repbcetehe competition
trials. Secondly, the production of the red pigment absorbs the UV ifigtite GFP
channel, so that the GFP fluorescence would not be detected in myeetiera the
pigment is accumulated. The red crystalline pigment is mody ld@thistromin as the
red colour suggests. Dothistromin is also the main metabolite prodogeD.
septosporum in culture and needles (Bassettal. 1970). Frequently the pigmentation of
FJT24 colonies was directed towards the competitor colony. This would suppor
secretion or synthesis of dothistromin as a response to the preéegheecompetitors.
However, it was not tested that the red pigment is indeed dothistrdime third main
difficulty was the frequent sectoring seerDnseptosporum cultures. The FJT24 sectors
differ in pigment production, morphology and level of GFP fluorescenceefierit is
difficult to exclude that an increased expression of GFP is notodile sectoring of the
FJT24. A fourth limitation is that the induction the GFP fluoresceva® only observed
at certain time points. Therefore a short-term induction might Hmen missed.
Short-term induction could be detected in a long-term movie of the flaBfescence.
Finally, an induction of dothistromin gene expression was only tested amexfia. The
competitor species might produce different metabolites on diffenedia orin planta,
including possible elicitor(s) of dothistromin biosynthesis. As seeother studiesn
vitro studies on solidified media of competing fungi are not necessatiyto predict the
outcome of competitiom planta (Simpsoret al. 2004). Therefore fieldh planta studies
are compulsory to make solid conclusions about a role of dothistromin in competition.

To avoid some of the limitations of the plate induction assay thestiotimin
production anddot genes expression was determined in submerged culture before and
after adding “elicitor” broths. Those preliminary results did not supgorinduction of

dothistromin synthesis (Appendix AB).
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The results of this chapter suggest that even though the toxin prodigction
triggered in an elicitor kind of response, dothistromin producing strame&e an
advantage in competition with other fungi. This is not an unexpected outasme
dothistromin was previously shown to have a broad toxicity (Steeskl 1990), but in
view of the early growth-stage synthesis of dothistromin and disipiéitysafor
pathogenicity, these results support a biological role for dothistromin in competition.

It was previously shown that different isolates of a worldwideecttbn ofD.
septosporum andD. pini have high variations in the amount of dothistromin they produce
(Bradshawet al. 2000).Dothistroma strains which were isolated from the wild and kept
in culture for some time do lose the ability to produce dothistromirs iBha frequent
phenomenon for fungal producers of secondary metabolites and might bd telaging
(Kaleet al. 1994; Wangt al. 2005).

In nature the production of dothistromin might gidveseptosporum an advantage
against certain competitive fungi as it inhibits or slows dowrgtbeith of competitors.
The GFP expression of the FJT24 reporter strain does suggest odhectipn of
dothistromin occurs mainly at the colony margin, protecting the colenyrec by a ring
of toxin producing cells. The production of dothistromin might have also a pvetecle
for D. septosporum in and on the needle. Therefore strains which produce more
dothistromin are more likely to complete their lifecycle andefwraduce. However, since
dothistromin is not effective against all competitors, it is progposet, in certain
environments (with no competitors, as in culture, or with competitorshwvaire not
affected by dothistromin) the production of dothistromin would not be advantafggous
D. septosporum, so no selection for dothistromin occuffierefore the ability to produce
dothistromin could be lost without consequences for the strain. This exghdin the
high variation of dothistromin production in differebothistroma isolates (Bradshawt
al. 2000). However, whether the need to produce dothistromin in nature is yactuall
caused by competing organisms, or other environmental circumstanceskrown and
needs to be tested planta and field trials.

Pine needles contain a variety of different endophytes and many of areem
unknown (Ganlet al. 2004; Ganley & Newcombe 2006}. minus andL. pinastri can

occur as endophytes in symptomless needles on pines (Steller1999). WhileL.
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pinastri appears to be non-pathoger@, minus can also cause needle cast (Bulman &
Gadgil 2001). Field studies showed that 35-40%e#dhes are colonized by endophytes,
including C. minus and L. conigenum, in the European Alps (Siebet al. 1999).
Gourbiereet al. (2001) showed that the colonisationPofsylvestris by C. minus andL.
pinastri increased with altitude. Interestingly very higlvels of dothistromin production
have been seen for thB. septosporum high altitude isolates of the German Alps
(Bradshawet al. 2000). In the current study bo@ minus andL. pinastri were inhibited

by dothistromin-producing strains but not by thehikiromin deficient strain (Table 5.1-
5.3).Lophodermium spp. andC. minus are pine endophytes and therefore have a different
ecological niche thal. septosporum, but interaction of those species in the needle is
likely onceD. septosporum has invaded the host. Both minus andLophodermiun spp.
were shown to be able to overgrow and compete aothD. septosporum but not with
dot” D. septosporum (Section 5.2.1). Therefore, B. septosporum, C. minus and L.
pinastri compete for the same host at high altitudes itccbel speculated that it would be
beneficial forD. septosporum to produce dothistromin to compete with fungi like
pinastri or C. minus.

Field studies which correlate the occurrence of behds (or amount of
dothistromin produced) in infected needles withtbenber or kind of other fungi would
provide more information about a role of dothistnenm competition. The availability of
dothistromin producing and dothistromin deficierttams should also allow this
hypothesis to be tested in the laboratory, withnozulation trials including competitors.

There are several examples of the effects of cdiopespecies on toxic
metabolite production in fungi. Under certain cdimiis increased fumonisin production
by Fusarium spp. is seen when co-inoculated with different sseasAspergillus or
Penicillium (Marin et al. 1998b). Similarly AF production by. flavus, and toxin
production byPenicillium spp. are each affected (increased or decreasdtielpresence
of other fungi (Cuerat al. 1988; Ramakrishnat al. 1996a; Ramakrishnet al. 1996b;
Ramakrishnaet al. 1996c; Wicklowet al. 1980). The toxin production and outcome of
competition in all these studies was very dependent environmental factors

(temperature, incubation period, water accesgiilitherefore dothistromin production
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in D. septosporum might indeed be induced by the presence of comopgtibut the
conditions of the competition studies in this wdré not allow detection of an effect.

There are several other reasons why it would befimal for D. septosporum to
produce dothistromin in nature. Although dothistiorappears not to be a pathogenicity
factor in the disease it might be a virulence facitis appears likely as the dothistromin
toxin is clearly able to interact with, and causendge in, pine tissue (Jongsal. 1995;
Shain & Franich 1981). But forests that have a higtidence of disease often show
mature stromata on diseased needles without redsbgh Woods, M. Dick, personal
communication), which may suggest that dothistroisinot a virulence factor either.

Dothistromin fluorescences under UV light and tifiere it might be simply a UV
protectant for the fungi (see also Figure 5.8).Alnnidulans the production of ST is
connected with light through the regulator protéaA (Calvoet al. 2004; Stinnetet al.
2007). Therefore the levels of UV radiation miglavd an influence on dothistromin
production. This could also explain the much higlesels of dothistromin produced by
isolates obtained from the German Alps in comparisdh isolates from lower altitude
as determined by Bradshaival. (2000).

As pointed out by Vining (1990), the ultimate fuincs of secondary metabolites
appear to benefit the producer, but secondary rokted appear not to have a single
universal function. As stated by Challis and Hop@o@003), when “assuming a
selective advantaged for secondary metabolite ptaahy such an advantage for many of
the compounds is likely to be conditional, or spiza This probably applies to the
production of dothistromin byD. septosporum. This study showed that in certain
situations (plate competition) it is beneficial fie fungi to produce dothistromin as it
reduces competitor growth. Other research showed tproperties of dothistromin
towards a broader range of organisms, includingebb@ac(Harveyet al. 1976; Stoess#t
al. 1990), which might compete wifD. septosporum in nature. Shain and Franich (1981)
showed that dothistromin is able to kill pine neetissue and therefore could facilitate
the establishment of the fungus in the necrotguts While the extent of these effects of
dothistromin in nature are not known, the comboratdf these effects might be so
beneficial that evolutionary pressure ford@s septosporum to keep and express the

dothistromin genes in some environments, whiletieoenvironments the investment of
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energy to produce dothistromin is not beneficial Bndeptosporum which produce less
dothistromin outgrow high toxin producers.

But as discussed above to certify a competitive advantage of dmthistr
producing strains, or to determine any induction of toxin production in theahatur

environment, it is compulsory to test for batplanta.
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Chapter 6:
Summary and future directions

The mycotoxin dothistromin produced Bythistroma spp. is structurally similar to the
AF/ST precursor versicolorin B. Genes involved in the biosynthesis ofstiatiin have
been identified and show high similarities to genes involved in thaesistof AF/ST in
Aspergillus spp. (Bradshawet al. 2002; Bradshawet al. 2006; Zhanget al. 2007). While
the genes involved in AF/ST biosynthesis are organized in big contineoesctysters
(McDonald et al. 2005; Yuet al. 2004; Zhanget al. 2005), the genes involved in the
biosynthesis of dothistromin appear to be dispersed and are localizbdeén mini-
clusters interspersed with genes not thought to be involved in dothistbimsynthesis
(Zhanget al. 2007). Although the relative positions of those mini-clusters to eachisthe
not known, this study showed that the genes are localized on a 1.3 Mbhnoimesome
(Section 3.2). The finding that the dothistromin genes are located @ri-almomosome

is interesting. Mini-chromosomes in filamentous fungi are often dondity
dispensable, but contain many functional genes (Covert 1998) and the logseofrtini-
chromosomes in plant pathogenic fungi often results in non-pathogenits qirittaet

al. 2002; Johnsost al. 2001). Therefore it would be interesting to determine if this mini-
chromosome is always present Dothistroma spp. isolates and if loss of the mini-
chromosome results in non-pathogenic isolates. While we could show that dothistromin is
not a pathogenicity factor (this study, Barron 2006), other genes onrthehmomosome
might be involved in pathogenicity and the dothistromin production in infecteel pi
needles might be coincidental because of the location of the dothistromin genes.

The similarities of dothistromin genes to AF/ST gene&spergillus spp. imply a
common evolutionary history. Therefore the identification of further g@meolved in
the biosynthesis of dothistromin would be interesting in respect cévibleition of the
AF/ST gene cluster. The relative positions of the three salémtified mini-clusters of
dothistromin genes (Zhang al. 2007) should be determined. The detection of further
dothistromin genes might reveal important information to determitigifdothistromin

gene cluster is ancestral, as proposed by Cary & Ehrlich (2006) orsiead, the
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dothistromin genes might be originated from the ST/AF cluster arelaged from there
in a different direction. In each case this would help to resolveubi@tionary history of
the ST/AF cluster.

The gene expression study revealed that although the dothistrominagenmest
organized in a tight cluster they are co-regulated in cultwzetitth 3.3). The surprising
outcome of these studies was the early toxin production and dothistromin gesssexpr
(Section 3.3), which was seen in both submerged cultures ardbtiA Fregulated EGFP
reporter strains, which showed highest expression at the outenro&agilonies on plate
cultures (Chapter 4). Secondary metabolites are usually producedlatetlexponential
growth phase and this is certainly the case for ARgpergillus (Trail et al. 1995). In
contrast the dothistromin genes are highly expressed during egdyential growth
which is also the main toxin production period, although expression diending on
the growth media (Section 3.3). Analyses of the intergenic regibtise adothistromin
genes suggest the involvement of an AfIR like regulatory proteirseans for AF/ST
biosynthesis. However the absence of putative binding sites for AftfRel upstream
region of moxA which is also co-regulated with the other dothistromin genes, g8gges
that other regulatory proteins may be involved in co-regulationD.Irseptosporum
candidate dothistromin regulatory genes have not been identified yetddritdication
of regulatory genes for the biosynthesis of dothistromin should be ar&ayfor future
research. The early onset of gene expression and dothistromin producpbesia
different regulation of the biosynthesis compared to the very sifANRST genes.
Therefore it would be very interesting to define if the samealagégry elements known
for the AF/ST biosynthesis, includingflR and laeA, regulate the synthesis of
dothistromin inD. septosporum. The identification of the regulatory mechanismbn
septosporum might therefore give new information about the control of AF/SThegis
and contribute to a better control of AF food contaminatiorAfyergillus spp.. The
identification of regulatory factors for the biosynthesis of dothisin might also give
new clues about the biological function of dothistromin (and AF/ST).

The early expression of the dothistromin genes was speculatedetataeel to a
biological function of dothistromin. It was thought that the early prodoctof

dothistromin could facilitate the infection of the hostyseptosporum or that the early
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production of dothistromin might giv®. septosporum a competitive advantage against
other microorganisms in the same environment. Biological rolescohdary metabolites

are often unknown and discussed controversially (Challis & Hopwood 2003; Firn &
Jones 2000; Vining 1990). Dothistromin has been previously suspected to be a
pathogenicity factor in pine needle blight, but technical difficuldes not previously
allow this hypothesis to be tested in pathogenicity trials (\2@84). To overcome those
difficulties GFP reporter strains were constructed in this stlithis study is the first
report of reporter genes usedDn septosporum, with the SGFP and EGFP variation of
the GFP and the DsRed reporter successful expresBedaptosporum. The constitutive
GFP expressing strains facilitated the study of the infectioogssn planta carried out

by a Masterate student in a parallel study and helped to overcordéfitdties in the
pathogenicity trials (Barron 2006).

In this study the dothistromin-deficient GFP strain FJT30, derived fhampksA
mutant FJT3, which does not produce any known dothistromin intermediat@9Q&i
and the GFP reporter strain FJT29, derived from the versicolorircdmadatingdotA
mutant FJT2 (Bradshawt al. 2002), were constructed. The construction of FJT30
allowed the conclusion that dothistromin is not a pathogenicity faCtwater 4). Barron
(2006) showed that dothistromin is not required for infection and subsequensattmi
of P. radiata, as disease incidence of FJT30 was comparative to that of itheypd.
Further research is required to show if dothistromin is a virul&eter, as there may be
some role of dothistromin in the infection process. The availabilitiiedD. septosporum
reporter gene strains will be helpful in defining a role of dothisin in virulence.
Further, a DsRed wild type dothistromin producing strain is now aveildlile co-
inoculation of the dothistromin producing DsRed strain with one of the dotmist
deficient GFP straingn planta might help to determine a role of dothistromin as a
virulence factor. It should be easy to differentiate between iafectcaused by
dothistromin-deficient GFP strains and dothistromin producing DsRed strains.

As it was shown that dothistromin is not a pathogenicity factoag speculated
that the production of dothistromin might play a role in competition witier micro-
organisms. This appeared feasible as dothistromin was shown ier ewidies to be

toxic against a broad range of organisms (Harstegl. 1976; Skinnideret al. 1989;
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Stoesslet al. 1990). Plate competition assays showed an advantage of the dothistromin
producing strains NZE7 and NZE10 when compared to the dothistromin detigint

FJT3. Inhibition of growth was seen towards a range of other fungealespeacluding

other inhabitants of pine trees. Therefore the production of dothistrorght mdeed be
advantageous fobD. septosporum. However, the results were only obtained in culture,
where growth conditions do not represent the situation in nature. Underediff
conditions the growth rates and metabolic profile of all speces$ikaly to be different.
Therefore it is advised to investigate the competitiorbobeptosporum and different
speciesin planta. The detection and identification ob. septosporum in those
experiments should be facilitated by the GFP reporter strains obtained in this study

It was further investigated if the production of dothistromin and dotinmsir
gene expression is induced by the presence of competitors, but nsughpart was
obtained for an induction effect by the competitors used in this studye Mere
limitations in this study partly due to the morphological instabilitgluding sectoring,
of D. septosporum as discussed in Chapter 5. Induction assays in submerged culture
might overcome some of the technical limitations. Initial triedsxg submerged cultures
to check for induction of dothistromin production were performed (Appendix Aghbut
preliminary data provide no clear evidence of induction.

The sectoring of theD. septosporum colonies (see also Appendix A7) is
interesting as morphologically distinct sectors usually diffeirecpigmentation and
dothistromin gene @tA::egfp) expression. It would be interesting to determine if those
differences are caused by a loss of dothistromin biosynthetic gemeaybe regulatory
elements. Secondary metabolite gene clusters are often lotzedathe telomere ends
of chromosomes, which are rapidly evolving DNA regions (Zheng. 2005). If the
dothistromin genes are close to the telomeric ends of the 1.3 Mixlmorrosome this
could explain the frequent sectoring of the colonies observed in culture.

Reporter strains, including those with a dothistromin gene reguldBdré€porter
(PdotA::egfp) and containing a DotA-EGFP fusion protein were constructed. The
PdotA::egfp reporter strains FJT24 and FJT26 confirmed the early dothistromia ge
expression with colonies showing highest GFP fluorescence at theyaolargin. The

expression pattern in single hyphae was somewhat inconclusive irortlyaa few
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showed expression of GFP and also sometimes only in hyphal sectersugpests that
the expression differs in individual hyphae even in a constant environrsertbsarved
for AF genes and other genesAspergillus spp. (Leest al. 2004; Vincket al. 2005). The
PdotA-regulated GFP appears to be expressed the same as thedo®igene and the
expression of GFP was shown in germinating spores, germtubes amativedeyphae.
While these observations are interesting it should kept in mind lbatesults in this
thesis are mainly obtained in culture. Therefore it is not knowheifsame expression
would be seen in natural conditions. Although preliminary results showethéhRlotA-
egfp is early expresseth planta (Section 4.5.3), confirmation of this is a priority for
future work.

The DotA-EGFP fusion protein indicated a spatial localisationhef DotA
protein and therefore of the synthesis of dothistromin in vesicleseTifeslso some
evidence for intracellular spatial organisation of the AF syrghekAspergillus spp..
Confocal microscopy should be performed to investigate the intracdthgisation of
the DotA-EGFP protein in more detail and further experiments shoulthdme to
identify the organelles in which the DotA-EGFP is located. Thightidentify a
secretion system for dothistromin h septosporum. This could also have implications
for the control of AF contamination, as the candidate transporter gféhdor AF
secretion was shown not to play a major role as had previously beeittliGhgnget
al. 2004).

In summary this study revealed that dothistromin production and expregsion
dothistromin genes occur unusually early in culture. This is fundarhedii@érent from
AF and most other secondary metabolites, and might have implicatiooufoent
thinking about secondary metabolites.

One possible explanation for an early onset of dothistromin biosyntlsesis
required for an early stage of needle penetration or colonisation. dgwesing GFP
strains it was shown that dothistromin is not a pathogenicity fac@othistroma needle
blight.

The early onset of dothistromin biosynthesis also led to the sugyetbtat
dothistromin may have a role in competition with other fungi, and this hgpst was
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supported by studies in culture. This might have a possible practicanoaitas, in
contrast to most of the competitor fungi tested, biocontrol specibésasicichoderma
showed resistance against dothistromin producing strains. Therefibver fstudies might
lead to a new way of disease control, which might be of specgksitgiven the recent
epidemics in the Northern hemisphere and the current reliance oncehepriays for

control in the Southern hemisphere.
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Appendix 1: Media

All media were prepared with Milli-Q water and sterilizedawoclaving at 12C for 15

minutes. Media were cooled to approximatel{Gefore addition of antibiotics.

Al.1 E. coli media

Luria Broth (LB) (g/L): Tryptone (Becton, Dickison and companl0; NaCl, 5;
Yeast extract (Becton, Dickison and company), 5

LB solid media (g/L): Tryptone, 10; NaCl, 5; Yeast extractAgar, 15.

Selective LB media

Supplements were added at the following final cotragions.

(ng/mL): Ampicillin, 100; isopropylthigB-D-galactoside (IPTG), 30;

5-bromo 4-chloro 3-indolyp-D-galactoside (X-gal), 60

Al.2 Fungal growth media

D. septosporum media (DM)

(g/L): Malt extract (Oxoid), 50.0; Nutrient agarxX@id), 28.0.

D. septosporum Broth (DB)

(g/L) Nutrient broth (Oxoid), 23; Malt extract (Oxk), 23.

D. septosporum Sporulation Media (DSM)

(g/L) Malt extract (Oxoid), 15; Yeast extract (B3}, Agar, 20.

Potato dextrose broth(PDB)

Yeast extract for elicitor trial:

Dissolve 10 g yeast extract (BD) in 80 ml milli-qter. Add 320 ml of 95% EtOH and leave

overnight at 4°C. Pour off EtOH, allow to air dmydare-dissolve yeast in 50 ml of milli-q water.

Then freeze at -80°C before freeze drying.

Mcllvaine Buffer for pH trial

0.1 M Citric acid (BDH) 21.01 g/l and 0.2 M P O,.2H,0 (Merck) 35.59 g/l

The following volumes of buffer are combined toabt100 ml with the corresponding pH:
0.1 M Citric Acid 0.2 M Na,HPQO,2H,0

pH 3 79.45 20.55
pH 4 61.45 38.55
pH5 48.50 51.50
pH 6 36.85 63.15
pH7 17.65 82.35
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A1.3 D. septosporum transformation media

D. septosporum Top media (DM Top)

(g/L): Malt extract, 50.0; Nutrient Agar, 11.2: Sase, 273.9 (0.8 M).
Osmotically Stabilised DM (DM Suc)

(g/l): Malt extract, 50.0; Nutrient Agar, 28.0: Sase, 273.9 (0.8 M).
Selective DSM and DM

Media used to select for hygromycin resistanseptosporum transformants
contained 7Qug/ml. Hygromycin B (Sigma),

Media used to select for phleomycin resistanseptosporum transformants

contained fuwg/ml Phleomycin (Sigma).

Appendix 2: Buffers and solutions

All solutions were prepared with Milli-Q water and sterilizgdautoclaving at 12C for
15 minutes, unless otherwise stated.

A2.1 Common bhuffers and solutions

TE Buffer
10 mM Tris-HCl and 1mM N#&DTA (TE 10:1) prepared from 1 M Tris-HCI (pH 8.0)
and 250 mM NgEDTA (pH 8.0) stock solutions

1 x TBE Buffer
89 mM Tris-HCI, 2.5 mM NgEDTA and 89 mM Boric acid (pH 8.3).

Ethidium Bromide
Agarose gels were stained in ethidium bromide pepas follows: Lul of 10 mg/ml

stock per 10 ml of Milli-Q water to give a final moentration of Jug/ml.

RNAseA (DNAse free)

10 mg/mL RNAse was dissolved in 0.01M Sodium aeefpH 5.2) and placed in a
boiling water bath for 15 minutes. This was coat&mvly to room temperature and
0.1 volumes of Tris-HCI (pH 7.4) added and store@&’C.
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Gel Loading Dye
2 M Urea, 50% (v/v) glycerol, 50 mM Tris acetate}% (w/v) bromophenol blue and
0.4% (w/v) xylene cyanol.

1xTNE buffer
10 mM Tris-HCI, 1 mM NgEDTA and 100 mM NaCl, pH 7.4

Fluorometer DNA standard
100 ng(ul Calf thymus DNA (Amersham Biosciences) in 1X TNE

Hoechst dye stock solution
10 ml of milli-Q water was added to 10 mg of HoadH33258 (Amersham Biosciences). Stored
at 4°C for up to 6 months protected from the light.

Fluorometer working solution
Hoechst H 33258 stock solution i) 20X TNE 10 ml, milli-Q water 90 ml.

Acid and Base
10M HCI (BDH) 36.46 g/l and 10M NaOH (Scientific galies Ltd) 399.00 g/l.

A2.2 Genomic DNA isolation buffers

Lysis buffer

40 mM Tris-Acetate pH 7.8; 20 mM Sodium Acetateni¥l EDTA; 1% SDS
CTAB buffer

2% CTAB (wiv), 1% PVP40 (w/v), 5 M NaCl, 0.5 M EDTA M Tris-HCI

A2.3 Reagents for D. septosporum transformation

OM buffer: 1.4 M MgSQ#7H,0, with 10 mM NaHPQ,/100 mM NaHPQ, buffer, pH 5.8
ST buffer: 1.0 M Sorbitol, 200 mM Tris-HCI (pH 8.0).

STC Buffer: 1.0 M Sorbitol, 50 mM Tris-HCI (pH 8.0), 50 mM CaCl

40% PEG: 40 g PEG 6000 in 100 ml STC buffer

Glucanex: 10 mg/ml in OM buffer
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A2.4 Reagents for Southern blotting and hybridisation

Denaturing Solution: 500 mM NaOH, 500 mM NacCl
Neutralising Solution: 500 mM Tris (pH 7.4), 2 M NaCl

20 x SSC: 3 M NacCl, 0.2 M tri-sodium citrate, pH 7.0
Radioactive labelling:

100x Denhardts buffer: 1% Ficoll, 1% BSA, 1% PVP40
Prehybridisation buffer (made fresh)

6 x SSC, 2 x Denhardts buffer, 0.1% SDS, 0.1% piketh salmon sperm DNA (Sigma).

Wash Solution I 2 x SSC, 0.1% SDS

Wash Solution II: 0.5 x SSC, 0.1% SDS

DIG-labelling:

Buffer I 100 mM Tris, 150 mM NacCl, pH 7.5

Buffer Il : 1% blocking reagent (Roche Applied Science), ufif& |
Antibody solution: Anti-Digoxigenin AP diluted 1:10000 in Buffer Il
Buffer IlI: 100 mM Tris-HCI, 100 mM NacCl, 50 mM MgglpH 9.5

Hybridisation buffer: 5 x SSC, 50% formamide (Sigma), 0.02 % SDS, 2%MHhy reagent,
0.1%sodium lauroylsarcosine

Stripping buffer: 0.2 M NaOH, 0.1% (v/v) SDS

A2.5 Reagents for Northern blotting and hybridisation

DEPC-H,0: 0.01% DEPC in MilliQ HO, sterilise twice.

10 xMOPS buffer: 200 mM Na-MOPS, 50mM NaOAc, 10 mM EDTA

BPB Loading dye: 0.2% bromophenol blue dissolved in 1 x MOPS buffer

20 x SSC: M NacCl, 0.2 M tri-sodium citrate in 0.01% DEPC-ttech HO, pH 7.0.

100x Denhardts buffer: 1% Ficoll, 1% BSA, 1% PVP40

Prehybridisation buffer (made fresh)
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6 x SSC, 2 x Denhardts buffer, 0.1% SDS, 0.1% piketh salmon sperm DNA (Sigma).

A2.6 Reagents for ELISA

Phosphate-buffered saline (PBS 10X)

8% NaCl (BDH), 2.9% N#{PO, (BDH), 0.2% KHPO, (BDH), pH 7.4.
Phosphate-buffered saline plus 0.1% Tween 20 (PBST):

1 X PBS and 0.1% Tween 20 (Difco).

Skim milk powder:

1% skim milk powder (Pams), 1% PBS and 1% thiom&BaH)
Dilution buffer (per ELISA plate):

PBS (10x) 8 ml, RO water 32 ml, milk powder 0.8wekEn 20 8(l.
Dilution buffer and broth (per ELISA plate):

Dilution buffer/growth media 1:1

Working buffer (per ELISA plate):

Dilution buffer 10 ml, DMSO 1%l.

Working buffer and broth (per ELISA plate):

Dilution buffer 20 ml, growth media 20 ml, DMSO 40

labeled peroxidase (per ELISA plate):

Dilution buffer 198ul, 10C12 (dothistromin antibody) @ makes 1/100 dilution. Add 4l of
1/100 labeled peroxidase to dilution buffer 12 mhkes 1/300 dilution).
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Appendix 3: Plasmid maps

Maps of plasmids used in this thesis that werecoostructed or shown before in this study.
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Appendix 4.
High Pressure Liguid Chromatography
(HPLC) assay

As mentioned in Section 2.13, initial trials werrformed to establish an HPLC assay as an alteentdi
the quantification of dothistromin by ELISA. Thesay was based on previous work done by P. Debnam
(Forest Research, Rotorua, NZ).

Dothistromin was extracted from growth media withyk acetate including 1% formic acid. One
part media was mixed with the same volume of eflogtate + 1% formic acid in a microcentrifuge tube.
Samples were vortexed and mixed for additional 10 om a benchtop shaker. For phase separation the
mix was centrifuged for 5 min at maximum speed imiarocentrifuge and the ethyl acetate phase was
transferred into a new centrifugation tube. Thiswepeated 2 more times and the ethyl acetate phase
were combined. The ethyl acetate was evaporatedsipeedvac. Samples were resolved in an appropriate
volume of methanol prior to HPLC.

A reverse phase HPLC assay was performed usingpae®iSummit (Dionex Corporation, CA,
USA) HPLC system equipped with a Luna (Phenome@éx,USA) C18 column (um particle size, 4.6 x
250 mm). Peak detection was performed using a pttiote array detector reading absorbance at 483 nm
with a reference beam set at 550 nm. Running sblveed was acetonitrile (ACN) in dd@l, with 5 min
15% ACN, continuously increasing to 75% ACN for 13h, hold at 75% ACN for 5 min and continuous
decreasing down to 5% ACN with a flow rate of 1mifi.

Sample pictures of the peak analyses for the stdndlad media samples are shown in Figure
A4.1. The putative dothistromin peak has a broadulsler which complicated the analyses of low
concentrations (= small main peak). Further théhidbmin peak varied in its retention time (by0.2
min), which made a clear identification difficuft the dothistromin peak was low and “surrounded” by
peaks resulted from other substances. This, togetitle the long retention time of the dothistrongieak,
made it impractical to use the HPLC method for eéhgperiments in this study. Furthermore, results
obtained did not justify the amount of chemical i®a@CN) accumulated by the analysis of each sample
However, it would be recommended to develop an HRkSay with a shorter retention time and better
resolution which would facilitate the quantificaticof dothistromin. HPLC analyses should be more

accurate than values determined by the ELISA.
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However quantitative analyses of the dothistromimodpction using the peak area of the putative
dothistromin peaks, showed the same trend of @axiy production and similar values (Figure A4.8) a

observed in the experiments, where dothistromin quesntified using ELISA (Figure 3.6). The variatyili

of the values obtained by HPLC appears to be leas for ELISA (lower standard deviations at low

concentration (day3)).

60
Figure A4.2: Dothistromin quantificatic
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301 in Figure 3.2 (Section 3.1).
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Appendix 5: Real-time PCR data example

Typical datafor real time PCR and workflow analyses are shown using the example of the pksA gene.

The pksA cDNA was created in a RT-PCR (Section 2.15) using the same primer pair as used in subsequent
pksA real-time RT-PCR. A tenfold dilution series was made and amplified in a real-time PCR. Using the
Roche Light Cycler 3.0 software, melting curves and melting peaks (Figure A5.1) were analysed. Crossing
points were determined using the fit points method (Figure A5.2) and standard curves were created. The
same procedure was performed for the 18s DNA reference gene. The data obtained from the standard curve
runs were then imported to the Roche RelQuant 1.1.1 software to create a coefficient file, which compares
the standard curves of target gene (pksA) and reference gene (18s DNA). This coefficient file was saved
and used in the analyses of the sample runs.

Hjler CasareStandard 34 2k WSt et Pun By Lightycler
st uly 24,2007

Fluorescence (F1)

nnnnn

Fluorescence -d(F1)/dT

20 Fepl. 0°NS78-9
21 Fepi 0"NS78-9

. R
Temperature (‘C) Cyele Number

Joton ehod: Fayomial Bassline Afjudment: Arttmaio  Noise Band Curea:0.0032 Anshs Method: it Foins

Figure A5.1: Standard curve for pksA cDNA.

Left panel shows the melting peaks of the PCR products. The NT labelled lines resulted from the non template
rune included and fluorescence peak is most likely due to primer dimmers. The right panel shows the
distribution of the pksA cDNA dilution series which were used to create standard curve. each sampleisdonein
triplicate.

For each sample to be tested, amplification of the reference gene (18S rDNA) was carried out
simultaneously with amplification of the target gene. In addition each experimental run contained calibrator
for the target gene (pksA) gene and reference gene (18S rDNA) of known concentrations. Melting curve
analyses were performed to assure the absence of unwanted products. Data of each run were then imported
into the RelQuant 1.1.1 software to analyse the relative amount of pksA cDNA to the amount of 18s rDNA
in each sample. The coefficient file created out of the standard curves was used to correct for run to run

differences, as the software calculated those out of the data obtained from the calibrators included in each
run.
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Figure A5.2: Sample run for quantitative gene expression analyses for the pksA gene.

The left panel shows the amplification analyses. The 18s DNA samples are more concentrated and amplify earlier
than pksA. The equivalent pksA sample cDNA is amplified at a higher cycle number. Calibrator of both the 18S
rDNA and pksA cDNA were amplified in the same run. Data obtained were then analysed with the RelQuant 1.1.1
software. The right panel shows the melting curve analysis of the light cycler run. Lines labelled with NT show the
non-template controls for each the pksA and 18s DNA reactions.
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Appendix 6: Dothistromin induction by

e“Citor brOth in CUIture (preliminary results)

Parallel to the GFP plate induction assays it wasnmgpted to induce dothistromin production Of
septosporum using NZE7 and NZE10 wild type strains with extsarom competitors’ growth media. As
discussed in Chapter 3, it was speculated thathihkeer expression of thdot genes and the higher
dothistromin production in the DB media comparedP@B was caused by the presence of the components
of fungal origin in DB. Therefore it was tested atiding an elicitor made from yeast could induce
dothistromin production and dothistromin gene eggpi@ in PDB media. PDB media was chosen as the
dothistromin genes are expressed at a relativelydod constant level (Section 3.2.2) and therefore
induction should be detectable.

“Elicitor” broths were created using similar metBods described by Kimt al. (2001). The
elicitor broth created from yeast was obtained isgalving 10 g yeast extract (BD) in 80 my@® 320 ml
of 95% ethanol were subsequently added and thé@olwas left overnight at 4°C. The liquid was paair
off and the precipitate that formed was alloweditodry and dissolved in a minimal amount of distll
water. The mixture was lyophilized and re-dissolied0 ml distilled water. For each sample 5 mtlod
solution was filter sterilized before adding to tirewth media.

Flasks containing 20 ml PDB media were inoculateith i(® wild-type D. septosporum
spores/ml. After 6 days growth with shaking (18thymt 22C a 5 ml volume of “yeast elicitor” broth was
added to each flask. As controls 5 ml sterile wated 5 ml PDB were added to three replicated flasks
Mycelium was harvested after 48 h and growth, dtrtbimin production (Section 2.2.2.2) and dothisirom
gene expression (Section 2.13) were determined.ré&sdts were compared to control samples taken at
day 6 and shown in Figure A.6.1 and A6.2. The otled “elicitor” broths consisted of autoclaved and
filtered PDB media in which fungal competitor specihad been inoculated and grown for 5 days with
shaking (180 rpm) at 2. Three replicat®. septosporum flasks were harvested for each type of “elicitor”
broth 3 h after addition and a further three flasgsvested 24 hours after addition of the “elicitoroth.
Liquid broth from eacID. septosporum flask was assayed for dothistromin concentratisingian ELISA
assay as described previously (Section 2.13). Nlyrelvas harvested and divided to calculate the dry
weight and to extract RNA as previously describe&éction 2.2.2.2. Gene expressiomatf, dotC, pksA
andvbsA was assessed by real time RT-PCR as describezttios 2.10.4.
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Figure A6.1: Dothistromin synthesis in yei
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An additional experiment was performed, this tingng “yeast elicitor” and “ elicitor broth” consisg
out of autoclaved PDB media in whi¢h alternata and Phoma glomerata had been grown for 6 days.
P. glomerata was a contaminating fungus which frequently grewneedles of seedlings used in the
pathogenicity trials (Barron 2006). In this triahlp the toxin production was determined. Samplesewe
taken 3 h and 24 h after adding the elicitor braththe high toxin production in the “yeast elicitmedia

in the previous experiment (Figure A6.1) and thatieely low gene expression in those samples (feigu
A6.2) suggested that an induction might have oecliat an earlier time. Results are shown and discus
in Figure A6.3.

These preliminary results did not allow detectidrinaluction of dothistromin synthesis or gene
expression by the yeast extract used by Igiral. (2001) to induce secondary metabolites in ginsasig
cultures. This suggests that the higher dothistnogpnoduction in DB media (Chapter 3) is not dugh®e
presence of material of fungal origin. Further igndicant increase of dothistromin production wsesen
using an elicitor broth generated frdPglomerata. However, theA. alternata broth might have induced
the production of dothistromin (Figure A6.3)

The liquid culture assay also had several limitadioAs for the plate induction assay discussed in
Chapter 5, a temporary increase of gene expressiold have been missed as only a few time pointe we
tested. However, an increased dothistromin conagoir would reveal an earlier induction of dottostin
gene expression or secretion of the toxin. Furdlsediscussed in Section 5.3, the PDB media migiitice
the synthesis of some metabolites. Therefore tlo#ozl broths might not contain the substances tvhic
induce toxin production iD. septosporum. Furthermore the elicitor media were autoclaved eertain
substances might have been destroyed; volatile cangs, which have been shown to play a major role i
interactions of micro-organisms and their environtm@/NVheatley 2002), would have been lost in the
process.
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Figure A.6.3:
dothistromin  production
septosporum in elicitor media.
Shown are the values obtained fi
the control flasks (before add
elicitor broth or additioal PDE
media) C, and after addition of PD
elicitor broth of A. alternata, elicitor
broth of P. glomerata and yea:
elicitor.

The first column of each pi
represents values obtained 3h anc
second column values obtained
after addition of media.

Significant different values from tl
control flaskC are indicated with an
(n=3, p<0.05). Significant differenc
between each pair are indicated
an+¢ in the legend (n=3, p<0.05). ¢
a significant difference between
elicitor sample and the PD&ontrol is
indicated with an + (n=3, p<0.05).

Growth ani
of D.

(A) Biomass per flask in mg DW.
significant increase in grow
compared to the controC anc
between the 3h and 24h time p
is seen for all three tested elic
media.

(B) The concentration of dothistron
in the media is shown ing
DOTH/ml. Only the 24h vyes
elicitor sample showed significe
difference between the contr@
and its equivalent 24h PI
control. A significant increase
dothistromin  concentration
seen between the 3h and
samples of bdt the yeast elicitc
andA. alternata elicitor media.

(C) The dothistromin synthesis
shown inug DOTH/mg DW. £
significant increase for each
is only seen for the 3h and -
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The 24h A. alternata elicitor
sample shaed also significal
difference between the equival
24h PDB control. Further, thc
data suggest the significi
increase of dothistromr
concentration of the 24h ye
elicitor seen in (B) is solely due
the increase of biomass (comy
(A)) as no ginificant difference |

seen compared to the contrGl
and to the 3h yeast elicitor sample
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Appendix 7: Sectoring and morphological
iInstability of D. septosporum in culture

During this study the morphological instability of D. septosporum complicated the investigations.
D. septosporum frequently changed its morphology as well as its sporulation rate. Strains used in this study
demonstrated variable morphologies aso on the same media plates, different relative growth rates in liquid
and plate cultures and sectoring of colony morphologies on plates. Likewise attenuation of dothistromin
production has been noticed during seria cultivation (Shaw 1975) and Bradshaw et a. (2000) showed
inconsistent levels of dothistromin biosynthesis of the New Zealand D. septosporum NZE3 isolate.
Morphological variability was aso noted by Barnes et al. (2004). Colony sectoring, morphological
instability and chromosome rearrangements are all common phenomena in fungi, particularly asexual plant
pathogens. Moreover, taking a plant pathogen out of its natural environment and into axenic culture is
expected to lead to instability and morphological differences. These phenomena may be due in part to the
presence of mycoviruses and/or transposable elements in the genome or ageing (Daboussi 1997; Wang et
a. 2005). On one occasion where the sporulation rate of the isolate NZE5 was very low 5 different
morphologies were isolated and grown up from a single sporulation plate. Those 5 isolates showed
distinctively different colony morphologies on different and the same media plates (Figure A7.1). The
pigment production in the media was also very different.

In addition to the morphological variability of whole colonies D. septosporum showed freguent
sectoring in both wild type and transformants. In the PdotA:.egfp transformants the different sectors were
very distinguishable by both pigmentation of the colony and GFP expression. This supports the suggestion
that the pigment is dothistromin and that GFP expression is co-regulated with the production of
dothistromin. Further it suggests that the sectoring in the GFP expression pattern was not due to gene loss.
Further some non-pigmented/GFP-fluorescence sectors appeared to regain GFP expression. It is proposed
that the differences are due to epigenetic changes, such as alterations in gene regulation. Preliminary PCR
(Figure A7.3) tests also suggest that the sectoring is not due to a loss of the dothistromin genes (Figure
A7.4).
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Figure A7.1: Morphological variations of D. septosporum.
(A, B) Shown are 5 distinctive morphologies (1-5) isolated
from one media plate. Morphology does not appear to
depend on the environmental conditions as differences are
seen when grown together on one plate (A) or in different
plates (B). Each morphology type was confirmed to be D.
septosporum by its ITS sequence.

(C) Differences of pigment production on DM plates. Each
column represents one subcultured isolate with plates in each
row having the identical age (1* subculturing at the top and
5™ at the bottom). Missing plates were contaminated by other
/ microorganisms at the time the picture was taken.

Figure A7.2: Sectoring in the PdotA::egfp strain
FJT26.

Sectoring was frequently observed and was most
obvious in some colonies of FJT26, which had
intense pigmentation in some but none in other
sectors. The levels of GFP fluorescence mirrored
the differences in pigmentation.
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Figure A7.3: Sub-culturing of sectors with lack of and high pigmentation/GFP fluorescence.

Plates were inoculated with FJT24 and FJIT36 with mycelium taken from highly pigmented and non-pigmented
sectors of colonies similar to those shown in A7.2 inoculated on different plates. (A) The non-pigment/-GFP
fluorescence sectors showed less GFP expression and pigmentation which also appeared to occur in sections. (B)
The highly pigmented sectors showed a high variety in extent of pigmentation and GFP fluorescence.

A B
None pigmented/GFP fluorescence sectors High pigmented/GFP fluorescence sectors
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dot* sectors dot- sectors

L + ., FJT24 FJT26 , FJT24 FJT26 Figure A7.4: PCR amplification of FJT24
' and FJT 26 sectors.

Preliminary PCR test of 9 amplified regions
of the three dothistromin mini-clusters for
sectors of FJT24 and FJT26 which showed
high pigmentation and GFP expression
(dot+) and no pigmentation (dot)
Bands were seen in each strain and sectors
for al regions. The numbers 1-9 on the left
————— side of the gel pictures indicate the amplified
regions of the 3 mini-clusters as indicated
below. L indicates the 1 Kb+ ladder, NT isa
non-template control and + aNZE7 gDNA
positive control for the PCR reactions.
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Preliminary PCR tests of 9 amplified regions of the 3 dothistromin mini-clusters for sectors of FJT24 and
FJT26 which showed high pigmentation and GFP fluorescence expression, or no pigmentation were
performed. DNA was extracted directly from plate cultures as described in Section 2.3.1.1. PCR products
were seen in each strain in both high and non pigmented/GFP fluorescent sectors. However some samples
did not produce a PCR product which is most likely due to the low DNA of some of the samples and not
caused by the absence of the gene in the sector. Once high quality DNA from the different sectors is
obtained, further investigations should be made to define differences in the dothistromin gene clusters
between the sectors which might be responsible for the distinctive phenotypes of the sectors.
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Appendix 8: Additional Southern of GFP
transfomants

Figure A8.1: Additional GFf
Southerns.

Shown are additional Southt
analyses for the constituti
egfp strains (Table 4.
obtained in this study. Genor
DNA was digested with Hindl
(H) and EcoRI (E). Shown ¢
separations of the diges
gDNAs on a 0.8 % TBE-
agarose gel (top) anc
hybridisation bands of thegfp
probe of the correspondi
Southern blots (bottom)Blots
were hybridised with labelle
PCR products derived from
pPN82 égfp probe). Ladde
are indicated by L (1 Kb
Ladder) andA (EcoRI/Hindlll
digested A-DNA). Except fo
FJT20 all transformants sh

more than one insertion of NZE7 FJT29FJT31 FJT22 FJT21FJT32FJT29FJT20

GFP reporter gene. Wild ty EHEHE HEHE HE H__E__|:| EH

strains NZE does not show : X -1l
.

GFP hybridisation band a

= 7kb
= =6kb

=—3.7 kb

expected
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Appendix 9: Publications and conference
presentations

Main parts of this study have been published infdewing peer reviewed publication:

Schwelm A, Barron NJ, Zhang S and Bradshaw RE, 2007
Early expression of aflatoxin-like dothistromin gsrin the forest pathog®othistroma septosporum
Mycological Researchn press

Results of obtained in this study contributed ® fibllowing peer reviewed publicatians

Bradshaw RE, Jin H, Morgan B, Schwelm A, Teddy ©@uiYg C and Zhang S, 2006.
A polyketide synthase gene required for biosynthesf the aflatoxin-like toxin, dothistromin.
Mycopathologial6l: 283-294.

Zhang S, Schwelm A, Jin H, Collins LJ and Bradstriy 2007.

A fragmented aflatoxin-like gene cluster in thegfgirpathoge®othistroma septosporum
Fungal Genetics and Biologgccepted manuscript.

Further work was published in the IMC8 ConferenoacBedings as:
Schwelm A and Bradshaw RE, 2006. Early expressi@ilatoxin-like genes.

In 8th International Mycological Congregkds, Meyer W and Pearce C)
Medimond S.r.l., Cairns, Australia 20-25 August @0pp. 265-268

Oral presentation of this work have been madeetdliowing conferences/meetings

8" I nternational Mycological Congress 2006

A. Schwelmand R.E. Bradshaw

Early Toxin Biosynthesis in a Forest Pathogen
(August 20-25, 2006, Cairns, Australia)

This work was represented as poster presentatitbre &bllowing conferences/meetings:

7" European Conference on Fungal Genetics 2003
17-20" April, Copenhagen, Denmark

New Zealand Microbiology Society conference 2004
17" to 19" November 2004, Palmerston North, New Zealand

Queenstown Molecular Biology M eeting 2005
Queenstown, New Zealand
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