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Abstract

Rice blast disease is caused by the heterothallic ascomycete fungus Magnaporthe
oryzae and is one of the most severe diseases of cultivated rice throughout the world.
The PMK1 (Pathogenicity Mitogen-activated protein Kinase) gene in M. oryzae has
been identified to play diverse roles during pathogenesis-related development. PMK1
regulates appressorium formation and infectious hyphal growth. PMK1 is functionally
related to Saccharomyces cerevisiae FUS3 and KSS1 MAPK genes which regulate the
transcription factor Ste12. The STE12 homologue in M. oryzae, MST12, has also been
identified and is known to be essential for appressorium mediated penetration and
infectious growth. These observations imply that Pmk1 regulates a diverse set of targets
important in both the initiation of appressorium development and the subsequent stages
of invasive growth. In addition, the Mst12 transcription factor may function
downstream of Pmk1 to regulate genes involved in appressorial penetration and
infectious hyphal growth. We have used a comparative proteomic study between Guy11
(isogenic wild type), ∆mst12 and ∆pmk1 mutants to understand which genes are induced
during appressorium formation and may be regulated by Mst12 and Pmk1. We carried
out two-dimensional gel electrophoresis with proteins extracted from conidia that had
germinated on a hydrophobic surface after 6h, 12h, 16h and 24h of incubation. M.
oryzae underwent major changes in protein abundance and expression during the first 6
hours of spore germination in Guy11 which suggested that much of protein synthesis
associated with appressorium morphogenesis and virulence occurs precociously during
conidium germination on rice leaf surface. More than 394 differentially expressed
proteins during conidium germination and appressorium formation have been identified
by mass spectrometry. We confirmed many proteins already known as determinants of
pathogenicity in M. oryzae such as enzymes involved in melanin biosynthesis or fatty
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acid β-oxidation. However, we also identified proteins absent or lowly induced in the
Δpmk1 and Δmst12 mutants involved in cell wall reorganisation, secondary metabolism,
lipid metabolism, photomorphogenesis or found as proteins of unknown functions. We
generated 28 targeted gene deletion mutants to test the putative function of proteins
predicted by proteomics analysis to be associated with appressorium development. We
obtained 7 mutants showing a significant reduction in virulence and confirmed
importance of regulated proteolysis during appressorium development but also
elucidated new processes involved in infection such as the phosphoinositide pathway
and three proteins of unknown function.
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1. General Introduction
1.1 Why investigate the molecular basis of fungal pathogenicity
Feeding the 9 billion people expected to inhabit our planet by 2050 will be an
unprecedented challenge (Ash et al., 2010). We have little time to waste and recent
studies suggest we have around 40 years to radically transform agriculture, work out
how to grow more food without exacerbating environmental problems, and
simultaneously cope with climate change (Lobell et al., 2008; Semenov, 2009; Godfray
et al., 2010). In order to meet future food requirements and avoid a global crisis, the
world must produce 50 to 100% more food than at present under environmental
constraints that have not applied in the past (Oerke and Dehne, 2004; Baulcombe,
2010). Although raw statistics indicate that enough food can be produced with existing
technologies (Baulcombe, 2010), the number of under-nourished people today already
exceeds 1 billion and feeding these people requires more than incremental changes
(Strange, 2005; Barrett, 2010). Furthermore, the highest levels of food crop productivity
in many regions deplete stocks of non-renewable resources, damage ecosystem services,
and have a large carbon footprint (Kershen, 2010). There are few opportunities to
cultivate additional crops without causing environmental damage (Fitter, 2005;
Montgomery, 2007). In addition, in many places, land that has previously grown food is
being turned over to biofuels or is prohibited by protected area statutes (Baulcombe,
2010). Sustainable intensification of cultivated lands is therefore required which
involves both academic and private sector research to provide new strategies to farmers
who must balance the needs of livestock and crops (Herrero et al., 2010), by helping
them to get the most from fertilizers (Beckie, 2006; Tuinstra et al., 2009; de Groote et
al., 2010), water (Steduto et al., 2009; Boutrra, 2010; Vince, 2010), soil (Hvistendahl,
2010) and seeds (Tester and Langridge, 2010; Pennisi, 2010) while also supporting their
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livelihoods and rural populations around the world (Baulcombe, 2010). Achieving these
goals will require new research that integrates current practices in diverse agricultural
systems with rapidly advancing research in genomics, microbiology, and cell biology
(Baulcombe, 2010). Indeed, an integrated research strategy will then allow progressive
improvements of existing crop varieties by increasing photosynthetic efficiency,
reducing the need for nitrogen or other fertilizers and unlocking some of the unrealised
potential of crop genomes (Gebbers and Adamchuk, 2010; Stone et al., 2010). It will
also help to enhance pest and disease resistance and to develop varieties and crop
management practices that use water and fertilizers efficiently (Pennisi, 2010; Normile,
2010).
Pests, diseases and weed competition have a huge impact on the loss of crops,
pre- and post-harvests which are economically significant (Secor and Gudmestad, 1999;
Baulcombe, 2010). Substantial losses are caused by a variety of fungi, bacteria and
viruses across a range of crops in many countries as shown in Table 1.1 and Table 1.2
(Oerke and Dehne, 2004; Normile, 2010; Baulcombe, 2010). Fungi are responsible for
the majority of plant diseases (Carruthers and Soper, 1987). They include all white and
true rusts, smuts, needle casts, leaf curls, mildews, sooty moulds, anthracnoses, cankers,
blights, scabs, wilts and bud galls because they can infect most leaf, root, stem, fruit,
woody tissue, and flowers (Carruthers and Soper, 1987). Furthermore, all economically
important plants are attacked by one or more fungal pathogens (Windels, 2000; Harvell
et al., 2002). Moreover, many different fungi may cause disease in one plant species
(Harvell et al., 2002; Anderson et al., 2004). In North America for instance, Solanum
tuberosum (Potato) is exposed to many fungal diseases in both field and storage
components such as silver scurf (Helminthosporium solani), dry rot (Fusarium
sambucinum), verticillium wilt (Verticillium dahliae and Verticillium albo-atrum),
black scurf (Rhizoctonia solani), and early blight (Alternaria solani) (Secor and
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Table 1.1 : Examples of diseases affecting a selection of crops (Source : ”Reaping the
benefits”, Science and the sustainable intensification of global agriculture, The Royal
Society, October 2009).

Crops
Apples and
pears
Banana

Pathogen, disease, bacteria or virus
Fireblight disease (Erwina amylovora )

Effect
Destructive bacterial disease that kills blossoms, shoots, limbs
and sometimes entire trees.
Necessitates weekly sprays with fungicides in major banana
producing areas. Since the major worldwide commercial cultivar
(Cavendish) is susceptible, there is concern that security of supply
may be undermined.
As the disease progresses, younger and younger leaves collapse
until the entire canopy consists of dead or dying leaves.
Pathogen enters the vascular system of the plant, destroying the fruit

Black Sigatoka disease (Mycosphaerella
fijiensis )
Panama disease (Fusarium )
Xanthomonas wilt (Xanthomonas
campestris )

Barley

Powdery mildew (Blumeria graminis )

Beans

Bacterial blight (several species)

Brassicas

Black-rot (Xanthomonas campestris)

Cassava

Cassava mosaic virus (Geminiviridae
family)

Citrus fruit

Citrus canker (Xanthomonas
axonopodis )

Potato

Potato late blight (Phytophthora
infestans )
Bacterial wilt (Ralstonia solanacearum )

Rice

Many fungal diseases (particularly
Magnaporthe oryzae )
Soya bean rust (Phakopsora pakirhizi )
Bacterial speck disease
(Pseudomonas syringae )

Soya bean
Tomato
Wheat

bunches and eventually killing the entire plant.
Fast evolving and severe constraint on barley production
necessitating regular fungicide applications in northern Europe.
Losses occur from death of plants, partial loss of leaves, and
pod-spotting quality factors.
Seed-borne vascular disease that can cause affected leaves
to drop prematurely and distortion of leaves, dwarfing and
plant death.
Plant pathogenic virus that may cause either a mosaic
appearance to plant leaves, or chlorosis, a loss of chlorophyll.
Infection causes lesions on the leaves, stems and fruit of citrus
trees, including lime, oranges and grapefruit. A fruit infected
with canker is safe to eat but too unsightly to be sold.
Causes devastating losses necessitating widespread fungicide
applications.
Very destructive, especially during hot and wet seasons. Plants
wilt and die suddenly
Despite intensive breeding for resistance, losses are still
considerable in Africa and Asia.
Causes a major reduction in yields in Brazil.
Cool, moist environmental conditions contribute to the
development of the disease, which has now established itself as a
major production problem in northern USA.
Overcomes previously effective disease resistance genes;
currently affecting yields in Africa.

Ug99: a race of stem rust caused by
Puccinia graminis
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Table 1.2: Overall summary of the potential loss and the actual losses due to
fungal and bacterial pathogens, viruses, animal pests and weeds in wheat,
rice, maize, barley, potatoes, soybean, sugar beet and cotton between 1996
and 1998 in 15 world regions (North America, Central America, South America,
Oceania, North Africa, Central Africa, Southern Africa, the Asia Near East,
South Asia, Southeast Asia, East Asia, European Northwest, European
Southern, European Northeast and European Southeast) (Adapted from Oerke
& Dehne, 2004).

Pest group

Animal
pests
14,9
3,1
17,6
9,9
2,7
10,1
(a) As percentage of attainable yields.
Fungi and bacteria

Loss potential (%)a
Actual losses (%)a
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Viruses

Weeds

Total

31,8
9,4

67,4
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Gudmestad, 1999). Fungal plant diseases affect major agricultural crops and have
serious economic consequences, both for agricultural producers and for regional
economies (Nganje et al., 2004). One example is Fusarium head blight, a fungal disease
that affects wheat, barley, and other small grains in the United States which caused
direct economic losses estimated at $870 million from 1998 to 2000 for US wheat and
barley producers, and up to $2.7 billion when direct and secondary economic losses for
all crops were combined (Nganje et al., 2004).
The ability of fungi to cause plant disease is a complex phenotype encompassing
the elaboration of specialized infection cells, the invasion of host tissues, suppression of
plant defences and the acquisition of nutrients from the host plant. The regulation of
these processes appears to be carried out by a set of signalling pathways that show some
conservation across diverse pathogenic species (Rispail et al., 2009). Indeed, the core
elements of the mitogen-activated protein kinase (MAPK) cascades and the calciumcalcineurin pathway which control fundamental aspects of fungal growth, development
and reproduction are also required for virulence of fungal pathogens of plants and
humans (Rispail et al., 2009). This thesis is concerned with identifying novel proteins
associated with plant infection from a plant pathogen fungus, by the deployment of
proteomic techniques. The strategy employed in this study has been to take advantage
of known core signalling pathways regulating pathogenesis in a fungus as a mean of
identifying potential downstream proteins that may be necessary for pathogenicity.

1.2 Role of cell signalling in the pathfinder fungus Saccharomyces cerevisiae
1.2.1 Cyclic AMP signalling in S. cerevisiae
The role of Cyclic AMP (cAMP) as a secondary messenger was first suggested by
Robinson et al., in 1959. Subsequently the action of cAMP was shown to be mediated
through a protein kinase, called protein kinase A (PKA), and this was implicated as the
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mechanism by which hormones control cell functions (Gilman, 1984; Richards, 2001).
In the yeast S. cerevisiae, the cAMP-PKA pathway (Figure 1.1), plays a major role in
the control of metabolism, stress resistance and proliferation such as nutrient sensing,
energy metabolism, carbohydrate utilization, cell cycle progression, thermo-tolerance,
osmotic shock tolerance, sporulation, bud site selection, pseudohyphal growth, aging,
and autophagy in connection with available nutrients (Thevelein and de Winde, 1999;
Estruch, 2000; Norbeck and Blomberg, 2000; Barbieri et al., 2003; Santangelo, 2006).
The cAMP signalling pathway in yeast was also found to act in parallel with the Kss1
Mitogen-Activated Protein (MAP) kinase pathway to regulate fermentative growth, as
indicated in Figure 1.1 and Table 1.3 (Pan and Heitman, 1999). In this model, glucose
probably binds to the seven-transmembrane polypeptide Grp1 receptor which activates
cAMP synthesis through the Gpa2 protein, while intracellular signalling is mediated by
the action of Ras proteins (Van Aelst et al., 1991; Bhattacharya et al., 1995; Colombo et
al., 1998; Kraakman et al., 1999). Gpa2 was identified as a result of its similarity to the
mammalian Gα subunits of heterotrimeric G proteins, and the putative Gβ subunits
Gpb1 and Gpb2 were found via their interaction with Gpa2 (Santangelo, 2006). A
corresponding γ subunit has yet to be identified (Santangelo, 2006). The fact that
adenylate cyclase (Cyr1) is also controlled by Ras proteins is surprising, because it is
not the case for other yeast or fungi species (Toda et al., 1985; Wigler et al., 1988;
Broach, 1991; Thevelein, 1994). In the absence of cAMP, two catalytic subunits of
PKA (3 possible isoforms encoded by TPK1, TPK2 and TPK3) form an inactive
heterotetrameric complex with two PKA regulatory subunits Bcy1 (Toda et al., 1987;
Scott, 1991; Yu et al., 1994; Santangelo, 2006; Rinaldi et al., 2009). In the presence of
cAMP, Bcy1 binds to cAMP and dissociates from the complex as a homodimer,
releasing the two catalytic subunits as active monomers (Toda et al., 1987). PKA is also
regulated through a cAMP feedback inhibition loop : PKA activity leads to a reduction
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Figure 1.1: Five Saccharomyces cerevisiae MAP kinase pathways and the Cyclic AMP Signalling regulating mating responses, filamentation, high
osmolarity glycerol response and cell wall integrity pathways in vegetative cells grown under different conditions. The SMK1 pathway is
expressed only during ascospore formation. Symbols are, ovals: upstream and downstream effectors (See Table 1.3 for function details); hexagon: MAP
Kinase; rectangle: MAPK Kinase; octagon: MAPKK Kinase; wave: scaffold adaptor; arrows: activation; T-bars: inhibition; question mark: intermediate protein
not characterized yet; trans-membrane proteins and the number of trans-membrane domains for each receptor are clearly indicated. See text for explanation
of pathways. (Adapted from Gustin et al. 1998 ; Xu, 2000 ; Chen & Thorner, 2007 ; Rispail et al. 2009)
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Table 1.3: Function of signalling components
shown in Figure 1.1 (Adapted from Rispail et al.
2009).
Protein
Function
Fus 3/Kss1 MAPK pathway and Cyclic AMP Signalling
α-Factor pheromone receptor
Ste2
Ste3
a-Factor pheromone receptor
Gpa1
Guanine nucleotide-binding protein α subunit
Ste4
Guanine nucleotide-binding protein β subunit
Ste18
Guanine nucleotide-binding protein γ subunit
Cdc24
Guanine nucleotide exchange factor
Cdc42
Small rho-like GTPase
Bem1
SH3-domain protein
Ste20
PAK (p21-activated kinase)
Ste50
Protein kinase regulator
Ste11
MAP kinase kinase kinase
Ste7
MAP kinase kinase
Fus3/Kss1
MAP kinase
Ste5
Pheromone-response scaffold protein
Ste12
Transcription factor
Bnil1
Formin
Tec1
TEA/ATTS DNA-binding domain transcription factor
Sst2
Regulator of G protein signaling
Far1
Cyclin-dependent kinase inhibitor
Dig1
Regulatory protein
Dig2
Regulatory protein
Sho1
Transmembrane osmosensor
Msb2
Mucin family sensor
Gpr1
Glucose and sucrose-binding GPCR
Gpa2
Guanine nucleotide-binding protein α subunit
Gpb1/Gpb2
Guanine nucleotide-binding protein β subunit
Ras2
GTP-binding protein
Bmh1/Bmh2
14-3-3 protein
Cyr1
Adenylate cyclase
Bcy1
PKA regulatory subunit
Tpk1/Tpk2/Tpk3 PKA catalytic subunit isoforms
Flo8
Transcription factor
Sfl1
Transcriptional repressor
Hog1 MAPK pathway
Sln1
Osmosensing histidine protein kinase
Ypd1
Phosphorelay intermediate protein
Ssk1
Cytoplasmic response regulator
Cla4
PAK (p21-activated kinase)
Ssk2/Ssk22
MAP kinase kinase kinase
Pbs2
MAP kinase kinase
Hog1
MAP kinase
Msn2/4
Zinc finger transcription factor
Sko1
Basic leucine zipper (bZIP) transcription factor
Hot1
Transcription factor
Smp1
MADS-box transcription factor
Mcm1
MADS-box transcription factor
Rck1/2
Serine-threonine protein kinase
Smk1 MAPK pathway
Sps1
sporulation-specific kinase
Ama1
meiosis-specific activator
Cak1
the CDK-activating kinase
Smk1
MAP kinase
Mpk1 MAPK pathway
Wsc1/2/3
Plasma membrane sensor
Mid2
Plasma membrane sensor
Mtl1
Plasma membrane sensor
Mid1
Putative strech-activated Ca2+ channel component
Cch1
Probable calcium-channel protein
Zeo1
Peripheral membrane protein
Rom1/2
Guanine nucleotide exchange factor
Tus1
Guanine nucleotide exchange factor
Sac7
GTPase activating protein
Rho1
GTP-binding protein
Pkc1
Protein kinase C
Bck1
MAP kinase kinase kinase
Mkk1/2
MAP kinase kinase
Mpk1
MAP kinase
Spa2
Component of the polarisome, scaffold protein for Mkk1 and Mpk1
Rlm1
MADS-box transcription factor
Swi4
DNA-binding component of the SBF complex
Swi6
Transcription factor
Mbp1
Transcription factor
Sbf1
DNA-binding protein with chromatin-reorganizing activity
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in cAMP levels by directly phosphorylating enzymes which regulate cAMP production,
(GTPase Ras2 and the cAMP phosphodiesterase Pde1 for instance; Nikawa et al., 1987;
Sreenath et al., 1988; Mbonyi et al., 1990; Ma et al., 1999; Portela and Moreno, 2006).
While no single TPK gene is essential, the presence of at least one of the isomers is
required for normal growth (Toda et al., 1987; Broach, 1991; Hartley et al., 1996;
Zurita-Martinez and Cardenas, 2005). However, although the Tpk isomers are
functionally redundant for cell viability, they appear to regulate different processes
(Santangelo, 2006). In fact, more than 87% of all PKA substrates have been shown to
be uniquely phosphorylated by just one of the Tpks (Ptacek et al., 2005). In addition to
protein targets, the three isomers Tpks also recognize and affect the transcription of
different sets of gene targets (Pokholok et al., 2006). Tpk2, for instance, was shown to
bind to the promoter region of genes encoding ribosomal proteins and in particular
regulates genes involved in iron uptake, trehalose degradation, and water homeostasis
(Robertson et al., 2000; Pokholok et al., 2006). Tpk2 also inhibits the function of the
anaphase-promoting complex (APC) through possible phosphorylation of the APC
activator Cdc20 (Bolte et al., 2003; Searle et al., 2004).
PKA substrates include transcription factors: Rap1 (Klein and Struhl, 1994), Hsf1
(Ferguson et al., 2005), Adr1 (Cherry et al., 1989), Msn2/ Msn4 (Gorner et al., 1998;
Gorner et al., 2002) and Ssn2 (Chang et al., 2004); metabolic enzymes: Cho1 (Carman
and Kersting, 2004), Pfk2 (Dihazi et al., 2003), Nth1 (Zahringer et al., 2000), and other
regulatory kinases: Rim15 (Reinders et al., 1998) and Atg1 (Budovskaya et al., 2005).
The Msn2 and Msn4 transcription factors partly mediate PKA-dependent regulation of
the expression of stress response element controlled proteins (Figure 1.1, MartinezPastor et al., 1996; Smith et al., 1998). Flo8 meanwhile is a transcription factor critical
for invasive growth and flocculation in haploids and pseudohyphal growth in diploid
cells of S. cerevisiae (Liu et al., 1996). Flo8 functions downstream of the cyclic-AMP
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(cAMP)-dependent protein kinase A (PKA) pathway because FLO8 mutants block the
effect of a constitutively activated PKA/cAMP signalling mutant on FLO11 expression
(Rupp et al., 1999). FLO11 is an essential gene for invasive/filamentous growth and
flocculation (Lo and Dranginis, 1998). Flo8 binds to the promoter of FLO11, and this
binding is regulated by Tpk2 (Pan and Heitman, 2002), one of three catalytic subunits
of PKA in S. cerevisiae. Phosphorylation of Flo8 by Tpk2 is required for Flo8 to
interact with the FLO11 promoter both in vivo and in vitro (Pan and Heitman, 2002).
Sfl1 has been shown to be negatively regulated by cAMP-PKA and is a transcriptional
repressor and activator involved in repression of flocculation-related genes and
activation of stress response genes (Atsushi et al., 1989; Ansanay Galeote et al., 2007).
1.2.2 MAPK signalling in S. cerevisiae
1.2.2.1 MAPK module
Fungi, like all other living organisms, are capable of perceiving changes in the
environment and adjusting their intracellular activities accordingly (Xu, 2000; McClean
et al., 2007). One frequently utilized molecular device for eliciting these responses is
the three-tiered cascade of protein kinases known as the MAP Kinase module
(Widmann et al., 1999). Indeed, the MAPK pathway is a three component signal relay
in which an activated MAPK kinase kinase (MAPKKK) activates a MAPK kinase
(MAPKK), which then activates a MAPK for intercellular response (Gomez and Cohen,
1991; Dickman and Yarden, 1999; Nishida and Gotoh, 1993; Schaeffer and Weber,
1999; Raman and Cobb, 2003; Raman et al., 2007). MAPKKKs contain an N-terminal
regulatory domain and a C-terminal serine/threonine protein kinase domain (Raman and
Cobb, 2003). Following activation, a MAPKKK phosphorylates two serine or threonine
residues at conserved positions in the activation loop of its target MAPKK, which is a
dual-specificity (serine/threonine and tyrosine) protein kinase (Raman and Cobb, 2003).
The activated MAPKK then proceeds to phosphorylate both the threonine and tyrosine
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residues of a conserved –Thr–X–Tyr– motif in the activation loop of its target MAPK
(Raman and Cobb, 2003). These phosphorylation events activate the MAPK by causing
substantial conformational changes (Raman and Cobb, 2003) and then can
phosphorylate a diverse set of well characterized substrates, including transcription
factors, translational regulators, MAPK-activated protein kinases, phosphatases, and
other classes of proteins, thereby regulating metabolism, cellular morphology, cell cycle
progression, and gene expression in response to a variety of extracellular stresses and
molecular signals (Raman and Cobb, 2003). To initiate a MAPK cascade, the
MAPKKK must be activated (Raman and Cobb, 2003). Upstream events that can lead
to MAPKKK activation include processes such as receptors coupled to heterotrimeric
G-proteins by their cognate agonists and the binding of the appropriate ligands to other
classes of receptors that stimulate production of activated monomeric G-proteins, or
both (Chen and Thorner, 2007).
In Saccharomyces cerevisiae, five MAP kinase signal transduction pathways
have been extensively studied which fulfil roles in the response to environment change
(Banuett, 1998; Gustin et al., 1998; Herskowitz, 1995). These pathways shown in
Figure 1.1 and in Table 1.3 regulate mating, filamentous growth, the hyperosmotic
stress response, maintenance of cellular integrity, and ascospore formation (Gustin et
al., 1998; Chen and Thorner, 2007, 2010; Konopka and Thorner, 2010). Many of the
components of these pathways and the mechanisms by which they operate were known
to have been conserved during the evolution of entire eukaryotic kingdom and then
yeast has served as a pathfinder model because it is highly amenable to genetic,
biochemical, and cell biological studies, and also because yeast was the first eukaryote
to have its entire genome sequenced (Widmann et al., 1999).

34

Chapter 1
1.2.2.2 Pheromone response pathway in S. cerevisiae
The yeast pheromone response pathway shown in Figure 1.1 is initiated by the binding
of a peptide mating pheromone MATa and MATα to a cell-surface receptor (Ste2 or
Ste3). The α-factor acts on a cells by binding to the receptor Ste2 and, a-factor acts on α
cells by binding to the receptor Ste3 (Klein et al., 2000). Both pheromone receptors are
coupled to a common heterotrimeric G protein, Gpa1-Ste4-Ste18, where Gpa1 is Gα
and Ste4-Ste18 is the Gβγ complex. The pheromone-receptor binding Leads to
dissociation of an inhibitory Gpa1 subunit from the stimulatory Ste4-Ste18 sub-unit
complex (Klein et al., 2000). The Gβγ-complex directly associates with a scaffold
protein (Ste5), p21-activated protein (PAK) kinase Ste20 and Far1 which is essential for
activating the MAPK cascade (Inouye et al., 1997; Feng et al., 1998). Ste5 is a scaffold
protein that binds all three component kinases of the cascade (Ste11, Ste7, and Fus3 but
not Kss1) (Choi et al., 1994; Marcus et al., 1994; Printen and Sprague, 1994; Winters et
al., 2005; Flatauer et al., 2005; Garrenton et al., 2006). The Gβγ-sub-unit is firmly
anchored to the plasma membrane via both S-palmitoylation and S-farnesylation of the
C-terminal-CCAAX box of Ste18 (Winters and Pryciak, 2005). Ste20 is brought to this
interaction complex via its binding to Bem1, an adaptor protein that interacts with
proline-rich motifs in Ste20 through its tandem N-terminal Src-homology-3 (SH3)
domains, and also because this protein is membrane-tethered via an internal
phosphoinositide-binding Phox-homology domain (Winters and Pryciak, 2005).
Likewise, the C-terminal tail of Ste20 has a high-affinity binding site for the released
Ste4-Ste18 complex (Leeuw et al., 1998). The C-terminus of Far1 binds and activates
Cdc24 which is the only known guanine nucleotide exchange factor (GEF) which
activates the plasma membrane-anchored monomeric Ras-related GTPase Cdc42 (Butty
et al., 1998; Nern and Arkowitz, 1999). Ste20 is activated by Cdc42 by relieving Ste20
auto-inhibition (Lamson et al., 2002). Thus, Ste20 activated by Cdc42-GTP and its
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interaction with Gβγ ensure that this PAK kinase will be recruited most efficiently to
the region of the plasma membrane containing the highest number of ligand-occupied
pheromone receptors and will phosphorylate and thereby trigger activation of the
downstream MAPKKK, Ste11, initiating activation of the MAPKK (Ste7) and MAP
Kinase (Fus3/Kss1) (Finegold et al., 1990; Hirschman and Jenness, 1999; Manahan et
al., 2000; Wiget et al., 2004).
Three of the MAPK pathways in yeast are activated by the common
intermediate PAK family Ste20 (Figure 1.1, Wu et al., 1997). In all three pathways,
activated Ste20 is responsible for the phosphorylation and activation of the Ste11, and
thus serves as a MAPKKK kinase (MAPKKKK) (Wu et al., 1997; van Drogen et al.,
2000). Both the heterotrimeric G protein and Cdc42 also act through additional effectors
to stimulate other branches of the response machinery that are necessary to produce
mating-competent cells and achieve optimally efficient mating (Butty et al., 1998; Nern
and Arkowitz, 1999; Guo et al., 2003; Hoffman, 2005; Bardwell, 2005; Bar et al., 2003;
Slessareva et al., 2006). Ste11 is likewise recruited to the same signalling complex as
activated Ste20, because it interacts with a small adaptor protein Ste50 (Hirschman and
Jenness, 1999). Ste11 associates with Ste50 via heterotypic interaction of an N-terminal
sterile-alpha-motif (SAM) domain with a SAM domain at the N-terminus of Ste50 (Wu
et al., 1999). Ste50, in turn, is able to associate via its C-terminal Ras-association
domain with Cdc42 thereby, tethering Ste11 at the plasma membrane (Truckses et al.,
2006; Tatebayashi et al., 2006). However, membrane recruitment of Ste11 and its
proximity to Ste20 are imposed by additional pathway-specific factors. In the
pheromone response pathway, a scaffold protein, Ste5, binds both Ste11 (Chol et al.,
1994; Printen et al., 1994) and the membrane tethered Gβγ complex (Whiteway et al.,
1995), thereby delivering Ste11 to the membrane site with the greatest number of
occupied pheromone receptors.
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Fus3 and Kss1 are two partially redundant MAP kinases that play a role in yeast
mating, including the expression of mating-specific genes, G1 arrest, mating projection
(Shmoo formation), and cell fusion (Ma et al., 1995; Xu, 2000; Gagiano et al., 2002).
Fus3 is responsible for the majority, but not the entirety, of the MAPK-dependent
pheromone response (Elion, 2000; Sabbagh et al., 2001; Breitkreutz et al., 2003). In
contrast, Kss1, but not Fus3, is essential for the filamentous growth response, as shown
in Figure 1.1, and which will be described in a next section (Truckses et al., 2006).
However, Fus3 is much more efficient than Kss1 at mediating pheromone-induced cell
cycle arrest (Elion et al., 1991) probably because Fus3 phosphorylates Far1 more
efficiently (Breitkreutz et al., 2001; Cherkasova et al., 2003) due to a high affinity
docking site in Far1 that binds Fus3, but not Kss1 (Remenyi et al., 2005). Fus3 also
serves as a negative regulator of filamentous growth because, unlike Kss1, it
phosphorylates and leads to the degradation of the Tec1 transcription factor necessary
for induction of the genes involved in this developmental outcome (Chen and Thorner,
2007). Thus, the qualitatively different contributions of Fus3 and Kss1 in mating may
be due to differences in substrate preference or differences in the temporal and spatial
dynamics of the two MAPKs themselves (Colman-Lerner et al., 2005; Chen and
Thorner, 2007). Additionally, because FUS3 is a pheromone-inducible gene (but KSS1
is not) the ratio of active Fus3/Kss1 increases with increasing pheromone concentration
and time after exposure to pheromone (Sabbagh et al., 2001; Colman-Lerner et al.,
2005), raising the possibility that early on, or when exposed to a low level of
pheromone, cells may be able to initiate some responses before they commit to the
growth arrest and other processes required for mating (Erdman and Snyder, 2001).
The CDK inhibitor Far 1 and the Ste12 transcription factor are two major
downstream effectors of the pheromone response pathway (Herskowitz, 1995; Gustin et
al., 1998). Pheromone stimulation activates transcription of many different genes.
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Among the products of these genes are proteins that activate (Elion et al., 2001) or
inhibit (Doi et al., 1994; Zhan et al., 1997) signalling through the pheromone response
pathway and proteins needed for cell fusion (Trueheart et al., 1987), nuclear fusion
(Kurihara et al., 1996) and other mating-related functions. What these genes have in
common, is that they contain within their promoter region repeats, a pheromone
response element (PRE) that is both necessary and sufficient for pheromone regulated
transcription (Hagen et al., 1991; Kronstad et al., 1997). Ste12 is a transcription factor
containing separate domains for binding to the PRE, and for activation and repression of
transcription (Song et al., 1991; Kirkman-Correia et al., 1993; Pi et al., 1997; Bardwell
et al., 1998). Dig1 and Dig2 are related proteins with overlapping functions that act as
negative regulators of Ste12 function (Cook et al., 1996; Tedford et al., 1997). These
studies have shown that Dig1 and Dig2 together repress the transcription of pheromoneresponsive genes and that Ste12 is the target of repression (Tedford et al., 1997). In an
un-stimulated cell, Dig1 and Dig2 appear to form a complex containing Fus3 (or Kss1)
and Ste12 (Cook et al., 1996; Pi et al., 1997; Tedford et al., 1997). Pheromone
stimulation increases Fus3-dependent phosphorylation of Dig1, Dig2 and Ste12 and
induces the release of Ste12 from the complex (Elion et al., 1993; Tedford et al., 1997).
Freeing Ste12 from its association with the negative regulators Dig1 and Dig2 is
therefore predicted to allow Ste12 to interact with other proteins of the transcription
machinery and thereby activate transcription following pheromone perception (Gustin et
al., 1998).
1.2.2.3 Filamentous growth pathway in S. cerevisiae
In environments containing nutrients, S. cerevisiae cells are ovoid and proliferate by
budding. In environments with limiting nutrients, the cells undergo morphological
changes, become more elongated and proliferate instead in a unipolar pattern (Truckses
et al., 2004). Additionally, cells growing in such conditions exhibit increased cell-cell
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adhesion, increased cell-substratum adhesion, and an increased ability to penetrate their
substratum. It is thought that this associated phenotype would allow a colony of yeast
cells to a better exploration of its surroundings for additional nutrients (Truckses et al.,
2004).
Optimum filamentous growth requires the action of at least three distinct classes
of protein kinases: a 5′-AMP-dependent protein kinase (AMPK), Snf1; a specific
isoform of 3′, 5′-cyclic AMP-dependent protein kinase A, Tpk2; and, the MAPK Kss1.
Similar to Fus3, the other two PKA isoforms encoded in the S. cerevisiae genome, Tpk1
and Tpk3, are negative regulators of filamentous growth (Gagiano et al., 2002; Truckses
et al., 2004; Verstrepen and Klis, 2006). Activation of Kss1 requires Ste20, Ste11 and
Ste7 (Ma et al., 1995; Tatebayashi et al., 2006) (Figure1.1, Table 1.3). Because Ste20
activation requires GTP-bound Cdc42, there must be some mechanism, as observed in
pheromone response, to bring its GEF, Cdc24, to the plasma membrane during
filamentous growth. During this process, the activation of Cdc42 is known to be
dependent on active Ras2 (Mosch et al., 1996). However, how Ras2 action promotes
membrane recruitment and activation of Cdc24 to stimulate GTP loading on Cdc42 is
still not clear (Chen and Thorner, 2007). Several distinct trans-membrane proteins that
reside in the plasma membrane and which are exposed to the cell surface, are necessary
for initiation of filamentous growth (Chen and Thorner, 2007). These transmembrane
proteins include: Sho1 (four transmembrane domains; Cullen et al., 2004); Msb2 (one
transmembrane domain; Cullen et al., 2004) and, Gpr1 (seven transmembrane domains;
Tamaki et al., 2000; Lorenz et al., 2000). Sho1 and Msb2 can form hetero-oligomeric
complexes and the absence of either protein blocks Kss1 activation preventing
filamentous growth in haploids (Cullen et al., 2004). Gpr1 is a glucose-binding GPCR
(Lemaire et al., 2004) that associates with a Gα subunit, Gpa2 (Xue et al., 1998), and is
thought to serve as a carbon sensor (Lorenz et al., 2000). It is well documented that
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Gpr1 and Gpa2 act upstream of and are necessary for optimal PKA function (Chen and
Thorner, 2007). However, the level at which Gpa2 acts is still unclear. Some
experiments suggested that Gpa2 promotes Ras2 activation and Ras2-GTP stimulates
cAMP production by activation of the adenylate cyclase (Toda et al., 1985). The
production of cAMP activates PKA by dissociating the inhibitory cAMP-binding
regulatory subunit (Bcy1) from the catalytic subunits (Tpk1, Tpk2 and Tpk3). Other
evidence suggested, however, that Gpa2 stimulated PKA independently of any effect on
Ras2 or adenylate cyclase (Xue et al., 1998; Versele et al., 2001).
The mechanisms by which the signals transduced by all of the transmembrane
proteins discussed above are coordinated to achieve an optimal filamentous growth
response are not known. Expression of genes required for invasive growth in haploids
also requires Ste12, but in this case, Ste12 does not usually bind directly to DNA, but
does via a protein–protein association with a DNA-binding transcription factor, Tec1
(Chou et al., 2006). Tec1 can also function as a transcription factor on its own (Kohler
et al., 2002). However, the site where Ste12–Tec1 complex binds is referred to as a
filamentation response element (FRE) (Madhani et al., 1998; Zeitlinger et al., 2003).
Finally, Kss1-catalyzed phosphorylation and displacement of Dig1 and Dig2 permit
stimulation of transcription by Tec1-tethered Ste12 (Chou et al., 2006; Chou et al.,
2008).
1.2.2.4 High osmolarity/glycerol pathway in S. cerevisiae
An increase in the dissolved solute concentration of the extracellular medium to a level
higher than the internal osmolarity of the cell causes a drop in turgor pressure that may
be sufficiently deleterious to threaten cell viability in the absence of a mechanism to
restore osmotic balance. To increase the internal osmolyte concentration and combat
external hypertonic stress, yeast cells increase their synthesis of glycerol. This
mechanism is possible via the High-Osmolarity-Glycerol (HOG) response. In S.
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cerevisiae, survival under hyperosmotic conditions via the HOG pathway requires
activation of Hog1 MAPK (Han et al., 1994; Westfall et al., 2004; Westfall et al.,
2006). Two distinct upstream inputs can lead to activation of Hog1 (Figure 1.1, Table
1.3). The first route involves a histidine-aspartate phospho-relay module similar to those
found in bacterial two component signalling systems. There is an apparent osmosensor,
Sln1, which contains two transmembrane domains and a histidine kinase domain within
its cytoplasmic C-terminal segment. Under iso-osmotic conditions, Sln1 is active and
catalyzes auto-phosphorylation and subsequent phospho-transfer to an intermediate
protein, Ypd1, which transfers the phosphate group to an aspartate residue on a response
regulator, Ssk1 (Posas et al., 1996), preventing interaction of Ssk1 with two semiredundant MAPKKKs, Ssk2 and Ssk22 (Figure 1.1). Mild hyperosmotic stress inhibits
Sln1, resulting in an increase in the amount of unphosphorylated Ssk1. which is able to
bind to and activate Ssk2 and Ssk22 (Posas and Saito, 1998). These MAPKKKs
phosphorylate a MAPKK, Pbs2 (Tatebayashi et al., 2003), which in turn, is responsible
for dual phosphorylation and activation of the MAPK, Hog1 (Maeda et al., 1995;
O'Rourke and Herskowitz, 2004). The second route by which Hog1 can be activated is
via the alternative MAPKKK, Ste11, also encountered in both the pheromone response
pathway and the filamentous growth pathway (Figure 1.1). To make the HOG response
happen, active Ste11 have to be steered toward Pbs2 to prevent its encountering with
Ste7. These manoeuvres seem to be accomplished by fixing a fraction of the Ste11 in
strong association with the plasma membrane via contacts with multiple components of
the upstream machinery necessary to trigger a response to severe hyperosmotic stress. It
was shown that Ste11 binds directly to the C-terminal cytosolic tail of Sho1 (Zarrinpar
et al., 2004) and binds tightly to the downstream MAPKK, Pbs2 (Posas and Saito,
1997). Pbs2 itself is also bound to Sho1 (Maeda et al., 1995). Thus the MAPKK Pbs2
represents a true node shared between the Sln1-dependent and the Sho1-dependent
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branches of the HOG pathway inputs. Moreover, Pbs2 also binds its target MAPK,
Hog1, via specific docking motifs distant from the active sites of these two kinases
(Posas and Saito, 1997; Bhattacharyya et al., 2006; Tatebayashi et al., 2006; Murakami
et al., 2008). Thus, it has been suggested that Pbs2 serves the dual function of being the
dedicated MAPKK of the HOG pathway and also the platform or scaffold for proper
assembly of the signalling complexes necessary to propagate the signals that initiate the
HOG pathway in the first place (Posas and Saito, 1997; Zarrinpar et al., 2004). As
expected, stimulation of Ste11 in the Sho1-dependent branch requires the function of
Cdc42 and Ste20 (Raitt et al., 2000; Reiser et al., 2000; Tatebayashi et al., 2006).
Activation of Hog1 causes its rapid translocation from the cytoplasm to the nucleus
(Ferrigno et al., 1998). Downstream targets of Hog1 include the MAPK-dependent
protein kinases Rck1 and Rck2 (Bilsland-Marchesan et al., 2000, 2004; Bilsland et al.,
2004), as well as the transcription factor Sko1 (Rep et al., 2001), Msn2 and Msn4
(Gorner et al., 1996), Hot 1 (Rep et al., 2000), Smp1 (de Nadal et al., 2003) and Mcm1
(Yu et al., 1995). Nuclear Hog1 also interacts with chromatin modifying enzymes and
RNA polymerase II, and affects the expression of hundreds of genes in response to
hyperosmotic shock (de Nadal et al., 2003; Hohmann et al., 2007).
1.2.2.5 Cell wall integrity pathway in S. cerevisiae
The MAPK Mpk1 becomes activated under a number of different conditions that stress
the structure and function of yeast cell wall, including hypotonic medium, treatment of
cells with glucanases, exposure to chitin-binding agents, oxidative stress, depolarization
of the actin cytoskeleton, and pheromone-induced morphogenesis (Harrison et al., 2004;
Levin, 2005; Dardalhon et al., 2009; Traven et al., 2010). The genes under control of
MAPK Mpk1 pathway include many involved in the synthesis and modification of the
major components of yeast cell wall (glucan, mannan, and chitin, Garcia et al., 2004;
Lesage and Bussey, 2006), and lack of this response causes cell lysis in absence of an
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osmotic support in the medium (Torres et al., 1991). Five plasma membrane proteins
(each containing a single transmembrane domain), Wsc1, Wsc2, Wsc3, Mid2, and Mtl1
(Figure 1.1, Table 1.3) were identified as important for activation of the cell wall
integrity pathway related to MAPK Mpk1 pathway (Levin, 2005). However, the precise
mechanisms by which they sense their direct signals/stressors are still unclear (Levin,
2005). The MAPK Mpk1 pathway is activated by the integrin-like proteins Wsc1, 2, 3
which share a conserved extra-cellular motif of eight cysteines (Verna et al., 1997). A
second activator of this pathway is Mid2, an O-glycosylated plasma membrane protein
that interacts with Rom2 (Philip and Levin, 2001), one of three GEFs (Guanine
nucleotide Exchange Factors) encoded in the S. cerevisiae genome (Rom1, Rom2 and
Tus1) and thought to be specific for the activation of a small tethered plasma membrane
Ras homologous GTPase, Rho1 (Figure 1.1, Ozaki et al., 1996; Richman et al., 2002;
Heo et al., 2006; Yoshida et al., 2009). Mid2 also interacts with the cell integrity
pathway protein Zeo1 (Philip and Lenvin, 2001). Rho1 activity is also regulated by the
GEF Tus1 and the GTPase activating proteins Sac7 (Levin, 2005). Cell cycle-specific
control of Tus1 via its phosphorylation by two protein kinases, Cdc28/Cdk1 (Ubersax et
al., 2003) and Cdc5 (Yoshida et al., 2006), and the resulting Local activation of Rho1
are important for the events necessary for actin contractile ring assembly for cytokinesis
(Lorberg et al., 2003). Rho1 activates protein kinase C 1 (Pkc1) which in turn activates
a three-tiered kinase cascade required for cell wall integrity signalling and composed of
the MAPKKK Bck1, the MAPKKs Mkk1 and Mkk2 and the MAPK Mpk1 (Errede et
al., 1995; Martin et al., 2000; Levin, 2005). The MAPKKs and MAPK in this pathway
are bound by a scaffold protein Spa2 (Roelants et al., 2002). Mpk1 regulates multiple
nuclear targets, including the SBF complex which is formed by DNA-binding
component Swi4, Mbp1 and co-factor Swi6 and acts as a transcriptional activator of cell
cycle dependent genes (Nasmyth and Dirick, 1991). Mpk1 is responsible for stimulating
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expression of the genes for enzymes and other factors involved in cell wall biosynthesis
and remodelling both directly and indirectly (Jung and Levin, 1999; Rodriguez-Peňa
and Garcia, 2010). Mpk1 stimulates expression of 25 cell wall biosynthesis genes
directly via phosphorylation of the MADS-box transcription factors Rlm1 (Dodou and
Treisman, 1997; Jung et al., 2002). Additionally, Mpk1 activation is necessary for
stimulation of calcium influx through a plasma membrane Ca2+ channel (Cch1-Mid1), a
response that, in turn, activates calcineurin (Cyert, 2003; Vancetto and CeccatoAntonini, 2007). Activated calcineurin dephosphorylates a transcription factor, Crz1
(Cyert, 2003), permitting its retention in the nucleus and thereby its ability to stimulate
expression of genes involved in dealing both with cell wall stress (Zhao et al., 1998)
and with ER stress caused by agents such as drugs and antibiotics (Bonilla and
Cunningham, 2003).
1.2.2.6 Spore wall assembly pathway in S. cerevisiae
Upon deprivation of both a carbon source and an additional essential nutrient (nitrogen,
phosphorus, or sulfur), MATa/MATα diploid cells undergo meiosis and enclose the
resulting haploid nuclei within coats composed of four layers, yielding desiccation-,
heat- and solvent-resistant spores (Freese et al., 1982; Krisak et al., 1994; Chu etal.,
1998). The inner most two layers are composed primarily of glucan and mannan,
respectively, and the two outer spore-specific layers are composed of chitin/chitosan
and proteins cross-linked by dityrosine formation (Freese et al., 1982). The haploid
spores are able to germinate with the addition of nutrients (Xie et al., 1999; Neiman,
2005). The MAPK Smk1 is involved in the assembly of the two outer spore wall layers
and is required for proper expression of late sporulation genes (Krisak et al., 1994;
Bungard et al., 2004; Huang et al., 2005). Although Chs3, the major chitin synthase in
yeast, is known to be required for proper assembly of the chitosan layer (Shaw et al.,
1991), it is unclear whether the processes controlled by Smk1 include Chs3 synthesis,
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function or localization (Choi et al., 1994). Smk1 is only expressed during sporulation
(Pierce et al., 2003) and is phosphorylated at the canonical Thr–X–Tyr motif in its
activation loop, and these residues are required for its function in vivo (Schaber et al.,
2002). However, no upstream MAPKK or MAPKKK for Smk1 activation has been
identified yet. Studies showed that Smk1 activation is dependent on Ama1, a meiosisspecific activator of the anaphase promoting complex, suggesting that some inhibitory
factors need to be removed (Egel et al., 2008). Smk1 activation is also dependent on
Cak1 (CDK-activating kinase), but not on Cdc28, the direct and essential substrate of
Cak1 during mitosis (Schaber et al., 2002). Others studies proposed that Sps1
(sporulation-specific kinase) may serve as an upstream activator of Smk1 since diploid
cells lacking this gene have a phenotype similar to cells lacking Smk1 (Friesen et al.,
1994; Gustin et al., 1998). However, this suggestion may be not correct because Sps1 is
not expressed any earlier than Smk1 during the sporulation program (Chu et al., 1998;
Hepworth et al., 1998) and because Sps1 localizes to the spore coat itself and is
necessary for the recruitment of wall-synthesizing enzymes including Chs3 (Iwamoto et
al., 2005).
Knowledge about MAP kinases in yeast has been instrumental to our
understanding of the biological function of MAP kinase signalling pathways in
Magnaporthe oryzae.
1.3 The economic significance of rice blast disease
Magnaporthe oryzae Couch (anamorph: Pyricularia oryzae) is a filamentous,
heterothallic, ascomycete fungus which parasitizes over 50 grass species including
several economically important crops such as rice (Oryza sativa), barley (Hordeum
vulgare), wheat (Triticum aestivum)

and millet (Eleusine coracana)

(Ou, 1985).

Although M. oryzae can infect a wide range of grass species, it is largely studied with
respect to the disease it causes on rice. Cultivated rice is the staple food for more than
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one third of the earth's population, meaning more than 3 billion people derive their
major calorific intake from rice consumption (Goff, 1999). Each year, however,
between 10 and 30% of the rice harvest is lost due to rice blast disease, which is enough
rice to feed 60 million people (Zeigler et al., 1997). M. oryzae causes two major
pathologies, the first being a leaf spot disease characterised by large oval lesions on the
rice leaf surface. This disease can kill rice seedlings completely and affect plant growth
and development. In older plants, however, a second pathology can occur,
encompassing stem and grain to produce node, neck and panicle blast which leads to
severe harvest loss (Talbot, 1995; Hamer and Talbot, 1998). Many blast epidemics led
to economical significant harvest losses. In 1995 for instance, a rice blast outbreak in
Bhutan led to loss of 1090 tonnes of rice, affecting an area of more than 700 hectares
(Thinlay et al., 2000). Serious outbreaks of wheat blast also occurred recently in the
northern Paraná state of Brazil, and because of the lack of effective fungicides and
resistant cultivars (Igarashi, 1990; Urashima and Kato, 1994), wheat blast has become
one of the major diseases of wheat in Brazil (Urashima et al., 2004). The genetic
tractability of M. oryzae, combined with its ease of culturability away from its host
plant, has allowed M. oryzae to emerge as a model phytopathogen (Howard and Valent,
1996). Furthermore, the M. oryzae-rice plant interaction has become an important
model for understanding plant diseases (Talbot, 1995 and Talbot, 2003).
1.4 The life-cycle of Magnaporthe oryzae
Rice blast infections are initiated when an asexual spore called a conidium lands on the
hydrophobic surface of a rice leaf, and attaches itself to the cuticle by release of
adhesive spore tip mucilage (Figure 1.2, Hamer et al., 1988). Conidia are produced
from disease lesions under conditions of high humidity and are carried from plant-toplant by dew drops (Talbot, 1995; Balhadère and Talbot, 2001). Spore germination,
which in M. oryzae requires the presence of free water, is rapid. Within two hours of

46

Chapter 1

Figure 1.2 The life cycle of the rice blast fungus Magnaporthe oryzae. M.
oryzae is the causal agent of rice blast disease, the most serious disease of
cultivated rice. Reproduction in the field is mainly asexual (Zeigler, 1998).
Three-celled asexual conidia, dispersed via wind and splash, land on the
hydrophobic leaf surface. Here they elaborate specialised infection cells
called appressoria, which mediate mechanical penetration of the leaf cuticle
through the generation of high internal hydrostatic pressure. After four days,
necrotic lesions develop on the leaf surface, releasing more conidia to begin
the cycle again on a new host. The sexual cycle is characterised by the
formation of perithecia, carrying large numbers of eight-spored asci that,
when released, germinate to form hyphae. (Diagram taken from Wilson &
Talbot, 2009)
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landing on a leaf, a polarized germ tube emerges typically from one of the apical cells
of the conidium (Bourett and Howard, 1990). The germ tube extends for a short
distance (15-30 μm) before swelling at its the tip and changing direction, while
becoming flattened against the surface of the leaf, in a process known as hooking
(Bourett and Howard, 1990). It is thought that hooking constitutes a “recognition phase”
in which characteristics of the plant surface are assessed before commitment to
appressorium development (Bourett and Howard, 1990). In M. oryzae, appressorium
formation requires an absence of exogenous nutrients and the presence of a hard,
hydrophobic surface (Dean, 1997). However, appressorium formation can be induced
on normally non-inductive surfaces in the presence of soluble cutin or lipid monomers
(Gilbert et al., 1996). These early environmental cues are thought to lead to initiation of
multiple signal transduction cascades that bring about appressorium differentiation. The
appressorium, once formed, is a dome-shaped cell with a highly differentiated cell wall
structure, rich in chitin and containing a layer of melanin on the inner side of the wall
(Bourett and Howard, 1990). Three melanin-deficient mutants, albino, buff and rosy,
have been studied extensively in M. oryzae, and are non-pathogenic due to an inability
to carry out appressorium-mediated penetration of the plant cuticle (Valent et al., 1991).
In M. oryzae and related fungi such as Colletotrichum species, melanin provides an
impermeable layer that prevents solute efflux but allows appressoria to accumulate
substantial turgor by water influx, which allows cuticle penetration and is required for
pathogenicity (Talbot, 2003; Bechinger et al., 1999). Penetration of the leaf cuticle
occurs when the pressure within the appressorium reaches an estimated 8.0 MPa,
causing a penetration peg to rupture the host cuticle mechanically (Howard et al., 1991).
The penetration peg itself is a specialised narrow hypha, which emerges from the
appressorium pore, a wall-less layer where the fungal plasma membrane appears to be
in direct contact with the plant cuticle (Bourrett and Howard, 1990).This enormous
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hydrostatic pressure, equivalent to approximately fifty times that of a car tyre, is due to
the synthesis of glycerol (de Jong et al., 1997). The re-location of storage products to
the appressorium, which precedes turgor generation (Thines et al., 2000), is
accompanied by autophagic cell death of the conidium (Kershaw et al., 2009). Once
penetration of the cuticle has occurred, bulbous, branched infection hyphae develop by
widening of the penetration peg. After filling the initial epidermal cells, longer and
more cylindrical hyphae develop, which rapidly invade and colonise adjacent tissues
(Bourrett and Howard, 1990). Within 3 days from the initial infection, up to 10% of the
biomass of an infected rice leaf is fungal material, accompanied by the appearance of
the first disease symptoms (Talbot et al., 1993). Small oval lesions appear on the rice
leaf surface, which grow and become necrotic, as a consequence of the killing host plant
cells (Talbot, 1995).
1.5 Role of cell signalling in pathogenic development by M. oryzae
1.5.1 Cyclic AMP Signalling
In M. oryzae, both thigmotropic and chemical stimuli from the environment are thought
to be transduced into the germ tube via separate and distinct signalling pathways
(Gilbert et al., 1996). Several lines of evidence suggest that a cyclic AMP (cAMP)
response pathway is triggered at an early stage of infection-related development in M.
oryzae. Firstly, targeted gene deletion of the gene encoding adenylate cyclase, MAC1,
results in non-pathogenic mutants that are unable to form appressoria (Choi and Dean,
1997). Appressorium formation and pathogenicity can also be restored to Δmac1
mutants in the presence of exogenous cAMP derivatives, which confirms the role of the
Mac1 enzyme in production of cAMP and the subsequent role of the secondary
messenger in pathogenicity (Adachi and Hamer, 1998; Choi and Dean, 1997).
Appressorium formation can be induced on hydrophilic, non-inductive surfaces through
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the addition of high concentrations of exogenously applied cAMP (Lee and Dean,
1993; Choi and Dean, 1997).
MPG1 encodes a hydrophobin that is highly expressed during germ tube
extension (Kershaw et al., 1998). Hydrophobins are secreted proteins that
spontaneously aggregate at the cell periphery to form an amphipathic surface layer
(Kershaw et al., 1998). Mpg1 is believed to provide a means of fungal attachment,
increasing the wettability of the leaf surface and thereby ensuring the effectiveness of
hydrophilic mucilage secreted at the germ tube-rice leaf interface (Talbot et al., 1996).
Δmpg1 mutants are inefficient in appressorium production and are poorly pathogenic.
However, application of cAMP restores both appressorium formation and
pathogenicity, suggesting that germ tube surface attachment is a pre-requisite for the
signalling cascades that regulate appressorium morphogenesis (Talbot et al., 1993).
PTH11 encodes a membrane-localized protein that is thought to function as a
receptor for inductive surface cues, such as surface hardness and hydrophobicity
(DeZwaan et al., 1999). Interestingly, pth11 mutants are severely impaired in
appressorium formation on hydrophobic surfaces. However, exogenous cAMP
suppresses these defects suggesting that Pth11 mediates appressorium differentiation by
activating intracellular signalling (DeZwaan et al., 1999). The cell-surface integral
membrane protein Pth11 was originally reported to contain nine membrane-spanning
domains (DeZwaan et al., 1999). Recent analysis, however, has confirmed that Pth11,
actually contains seven transmembrane regions and an amino-terminal extracellular
cysteine-rich EGF-like domain (CFEM domain), and represents a new class of Gprotein coupled receptor-like proteins specific to filamentous ascomycete fungi
(Kulkarni et al., 2005). The M. oryzae genome contains 61 uncharacterised, putative,
membrane bound, G-protein-coupled receptors, the largest number of fungal specific
membrane-spanning G-protein coupled receptors of any sequenced fungus to date,
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indicating the pathogenic lifestyle of M. oryzae requires the need to respond to a wide
variety of environmental and physical cues (Dean et al., 2005).
It is thought that heterotrimeric G-protein coupled receptors detect surface cues
and transduce this information to downstream signalling pathways, such as the cAMP
response pathway. Heterotrimeric G proteins are composed of α, β and γ sub-units that
interact with a seven-membrane spanning receptor at the cell membrane (Bölker, 1998).
Gα subunits disassociate from the βγ subunit when bound to GTP, where they diffuse
into the cytoplasm and are then free to interact with effector proteins (Bölker, 1998). In
M. oryzae, three isoforms of α sub-units have been characterised to date, termed MagA,
MagB and MagC (Liu and Dean, 1997), two Gβ sub-units (Mgb1 and Mgb2, Nishimura
et al., 2003) and only one Gγ sub-unit (MGG_10193, Dean et al., 2005). Targeted
deletion of MAGA has no effect on vegetative growth, conidiation, or appressorium
formation (Liu and Dean, 1997). Deletion of MAGC reduces conidiation, but does not
affect vegetative growth or infection-related development. However, disruption of
MAGB, an inhibitory group I protein (Gαi), significantly reduces vegetative growth,
conidiation, and appressorium formation (Liu and Dean, 1997). Addition of cAMP can
restore appressorium development to wild-type levels, indicating that the protein acts
upstream of the cAMP signal involved in appressorium formation (Deising et al., 2000;
Lengeler et al., 2000; Lui and Dean, 1997; Tucker and Talbot, 2001). It is thought that
in M. oryzae, the Gβγ sub-unit may be a repressor of adenylate cyclase activity under
certain conditions and deletion of the Gα sub-unit causes the dissociated Gβγ subunit to
repress adenylate cyclase constitutively and thereby preventing appressorium formation
(Talbot, 2003).
The regulator of G-protein signalling (RGS) negatively regulates the G-protein
signalling pathways that enable eukaryotic cells to perceive and respond to external
stimuli (Dohlman et al., 1996; Siderovski et al., 1996; Koelle, 1997; Dohlman and
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Thorner, 1997). RGS proteins function primarily as GTPase accelerating proteins and
increase the hydrolysis rate of GTP bound to the Gα subunits allowing the reassociation
of GDP-Gα with Gβγ (Siderovski and Willard, 2005). In M. oryzae, an RGS gene
(RGS1) deletion mutant was able to form appressoria on hydrophilic surfaces showing
that Rgs1 is a negative regulator of appressoria formation that couples surface
dependency with infection-related morphogenesis (Liu et al., 2007). Rgs1, physically
interacts with an activated form of MagA during appressorium initiation (Liu et al.,
2007). Furthermore, RGS1 gene deletion strains and MAGA RGS-insensitive mutants
accumulated excessive cAMP and elaborated appressoria on non-inductive surfaces. It
has been then suggested that the role of Rgs1 in appressorium formation is to regulate
the nucleotide state of MagA and thereby control GTP-MagA-dependent adenylylcyclase activation and the resultant levels of intracellular cAMP (Liu et al., 2007). Rsg1
was also found to physically interact with MagB and negatively regulate the Gα subunit
MagB during asexual development (Liu et al., 2007). Interestingly, the same study
observed direct interactions between activated MagC and Rsg1 and preliminary results
suggested a role of MagC in the maintenance of mycelial hydrophobicity during
vegetative growth (Liu et al., 2007). Overall, this study demonstrated that Rsg1 serves
as a negative regulator of all Gα subunits in M. oryzae and controls important
development events during asexual and pathogenic development (Liu et al., 2007).
In eukaryotic cells, cAMP signalling typically involves activation of cAMPdependent protein kinase A (PKA). PKA is a tetrameric holoenzyme that is composed
of two catalytic subunits and two regulatory subunits, the latter of which are inactivated
and released by binding of cAMP, allowing the catalytic subunits to phosphorylate
downstream target proteins (Kronstad, 1998). Adachi and Hamer (1998) successfully
identified the regulatory subunit of PKA in M. oryzae by selection of a bypass
suppressor mutant, which restored appressorium formation to a Δmac1 mutant. This
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was due to a single point mutation in a codon of the first cAMP-binding domain of the
regulatory subunit of PKA (Adachi and Hamer, 1998). The mutant, Δmac1 sum1-99,
displayed accelerated conidial germination, germ tube extension, and appressorium
development. However, pathogenicity was not restored in the Δmac1-sum1-99 mutant,
suggesting that there are divergent cAMP signalling pathways for growth and
pathogenesis (Adachi and Hamer, 1998). Targeted replacement of the gene encoding
the PKA catalytic subunit, CPKA, resulted in mutants that are non-pathogenic due to
the delayed production of small non-functional appressoria (Mitchell and Dean, 1995;
Xu et al., 1997). Surprisingly, when assayed over 24 hours, cpkA mutants retain an
ability to be stimulated to form appressoria by cAMP, indicating that additional PKA
enzymes may exist in M. oryzae (Adachi and Hamer, 1998). Indeed, recent analysis of
the M. oryzae genome sequence has revealed a second putative PKA subunit, the role of
which has yet to be elucidated (Dean et al., 2005).
1.5.2 MAPK signalling in M. oryzae
To date, three distinct MAPK-encoding genes, OSM1, MPS1 and PMK1, have been
identified in the rice blast fungus M. oryzae (Figure 1.3). Two of them, MPS1 and
PMK1, appear to play important roles in infection-related development (Xu and Hamer,
1996; Xu et al., 1998). The first M. oryzae MAPK-encoding gene to be identified was
PMK1, a functional homolog of the S. cerevisiae MAPK-encoding gene FUS3/KSS1
from the pheromone response pathway (Xu and Hamer, 1996). Δpmk1 mutants fail to
form appressoria and fail to grow invasively in rice plants, and yet are unaffected in
vegetative growth and sexual or either asexual reproduction in culture. However, Δpmk1
mutants are still responsive to cAMP during the early stages of appressorium formation,
undergoing pronounced hooking and terminal swelling of the germ tube. This suggests
that Pmk1 operates downstream of a cAMP signal for appressorium morphogenesis,
although this has yet to be verified (Xu and Hamer, 1996). Since PMK1 is homologous
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Figure 1.3: Three Magnaporthe oryzae MAP kinase pathways and the Cyclic AMP Signalling found by homology with the model Saccharomyces cerevisiae. Those MAP
kinase pathways regulate appressorium development, penetration peg emergence, invasive grothw in planta and accumulation of the compatible solute arabitol in mycelia. PMK1 is
functionally homologue to the S. cerevisiae MAPK-encoding gene FUS3/KSS, OSM1 to HOG1 and MPSI to MPK1. Only PMK1 and MPS1 pathways are required for infection-related
development by M.oryzae. The fungus perceives the hydrophobic rice leaf surface, which induces appressorium formation. The Pmk1 MAPK module is tethered by the Mst50 scaffold
protein, and constitutes a phospho-relay that culminates in movement of the phosphorylated Pmk1 MAPK to the nucleus to activate transcription factors such as Mst12. Activation of
the Pmk1 pathway involves Ras proteins, Cdc42, and the Gβ-subunit protein Mgb1. Crosstalk with the cAMP pathway may occur through the G-subunit protein MagB. The cAMP
response pathway seems to be regulated by the G proteins MagA and MagB, which potentially interact with the Pth11 G protein coupled receptor. Adenylate cyclase Mac1 causes the
accumulation of cAMP, which binds to the regulatory protein kinase A subunit Sum1, allowing detachment of the catalytic subunit CpkA. Osm1 controls the accumulation of the compatible solute arabitol in mycelia but not the accumulation of glycerol for generation of turgor in appressoria. See text for more details. Mps1 is necessary for penetration peg formation and
plant tissue colonization. The transcription factor Mig1 is activated by Mps1 and is necessary for invasive growth and plant defence suppression. Activation of the Mps1 pathway may
occur through calcium channel proteins (Cch1, MGG_ 05643 or Mid1, MGG_12128) or protein kinase C (MGG_08689). The Swi4 and Swi6 homologues, MGG_08463 and MGG_09869
respectively may be involved in the cell wall integrity response via Mps1 Kinase pathway. Colours and shapes of proteins correspond to those used in Figure 1.1 to allow comparison
between S.cerevisiae and M.oryzae. The proteins annotated with the gene number are the homologues of the S.cerevisiae but their exact function is still uncharacterized in M.oryzae.
The protein annotated with a question mark means there is no homologue in M.oryzae. (Adapted from Lengeler et al. 2000 ; Xu et al. 1998 ; Xu et Hamer, 1996 ; Park et al. 2006 ; Rispail
et al. 2009 and Wilson & Talbot, 2009)
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to the FUS3 and KSS1 genes that regulate the transcription factor encoded by STE12 in
yeast, Park et al., (2002) functionally characterized the STE12 gene homologue in M.
oryzae, MST12. ∆mst12 mutants, unlike Δpmk1 mutants, still produced typical domeshaped and melanized appressoria. However, the appressoria formed by Δmst12 mutants
were unable to mediate penetration of onion-epidermal cells and were non-pathogenic.
Furthermore, when inoculated onto wounded plants, ∆mst12 mutants failed to cause
spreading Lesions and appeared to be defective in infectious growth (Park et al., 2002).
The Pmk1 MAPK is therefore probably involved in regulating a diverse set of targets,
playing roles in both the initiation of appressorium formation and later stages of
invasive growth (Talbot, 2003).
The second MAPK-encoding gene identified in M. oryzae was MPS1, a
functional homologue of SLT2, which is required for cell wall integrity under low
osmotic conditions in budding yeast (Davenport et al., 1995; Gustin et al., 1998). Mps1
is 85% similar to yeast Slt2 and can rescue the thermo-sensitive growth of slt2 null
mutants (Xu et al., 1998). Gene replacement mutants that lack MPS1 display increased
sensitivity to cell-wall-digesting enzymes and are affected in conidiation and fertility.
Furthermore, Δmps1 mutants do not form penetration pegs and are therefore completely
non-pathogenic (Xu et al., 1998). This suggests that cuticle penetration requires
remodelling of the appressorium wall through an Mps1-dependent signalling pathway
(Wilson and Talbot, 2009).
OSM1 is the third MAPK-encoding gene identified in M. oryzae. OSM1 is a
functional homolog of hight-osmolarity-glycerol 1 (HOG1 gene), which regulates
cellular turgor in yeast (Brewster et al., 1993). Dixon et al., (1999) sought to investigate
the genetic control of turgor generation in M. oryzae, because appressorium-mediated
plant infection requires the production of enormous turgor pressure within these
specialised infection cells (Howard et al., 1991). Targeted gene replacement of OSM1
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resulted in mutants that were sensitive to osmotic stress and showed morphological
defects when grown under hyperosmotic conditions (Dixon et al., 1999). However,
glycerol accumulation and turgor generation in appressoria were both unaltered by the
Δosm1 null mutation, and mutants were fully pathogenic (Dixon et al., 1999). This
demonstrates that the MAPK-encoding-gene, OSM1, does not regulate appressorium
turgor generation in M. oryzae. Instead turgor generation is likely to be regulated in a
novel manner, distinct from the mechanism that underlies turgor hyperosmoticallyinduced generation in most eukaryotic cells (Talbot, 2003).
1.6 General introduction to the research aims of this thesis
The primary research aims of this thesis were to investigate possible novel proteins
associated with plant infection by the plant pathogen fungus M. oryzae by using
proteomic techniques. The strategy used for this project was to take advantage of the
well-known core signalling pathways regulating appressorium development in M.
oryzae as a means of identifying potential downstream proteins that may be necessary
for virulence. Key questions that were addressed included:
1. Can proteomic analysis of infection-related development of the rice blast fungus
M. oryzae facilitate the identification of novel proteins involved in
pathogenicity?
2. Can comparative proteomic analysis between an isogenic wild type and MAP
kinase signalling mutants facilitate identification of novel MAPK targets
involved in appressorium development?
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2. Materials and Methods
2.1 Growth and maintenance of fungus stocks
All isolates of Magnaporthe oryzae (Couch and Kohn, 2002; formerly M. grisea) used
in this study are stored in the laboratory of N. J. Talbot (University of Exeter). To
enable long-term storage, M. oryzae was grown through filter paper disks (3 mm,
Whatman International), which were desiccated and stored at -20 °C. The fungus was
routinely incubated in a controlled temperature room at 26 °C with a 12-hour light /
dark cycle. The fungus was grown in complete medium (CM) (Talbot et al., 1993); CM
is 10 g L-1 glucose, 2 g L-1 peptone, 1 g L-1 yeast extract (BD Biosciences), 1 g L-1
casamino acids, 0.1% (v/v) trace elements, 0.1% (v/v) vitamin supplement (0.001 g L-1
biotin, 0.001 g L-1 pyridoxine, 0.001 g L-1 thiamine, 0.001 g L-1 riboflavin, 0.001 g L-1
p-aminobenzoic acid, 0.001 g L-1 nicotinic acid), 6 g L-1 NaNO3, 0.5 g L-1 KCl, 0.5 g L-1
MgSO4, 1.5 g L-1 KH2PO4, (pH to 6.5), 15 g L-1 agar. All chemicals were obtained from
Sigma unless otherwise stated.
2.2 Pathogenicity and infection-related development assays
2.2.1 Plant infection assays
Rice infections were carried out using a dwarf Indica rice (Oryza sativa) cultivar, CO39, which is susceptible to rice blast (Valent et al., 1991). Ten-day-old cultures of M.
oryzae grown on CM agar were used for harvesting conidia in 3 mL of sterile deionized
water. The resulting suspension was filtered through sterile Miracloth (Calbiochem) and
subjected to centrifugation at 5000 x g (Beckman, JA-17) for 10 min at room
temperature. The pellet was resuspended in 0.2% gelatin (BDH) to a final concentration
of 1 x 105 conidia mL-1. This suspension was used in plant infections by sprayinoculation using an artist’s airbrush (Badger Airbrush, Franklin Park, Illinois, USA).
Rice plants were grown using Levington soil (John Innes no.3) in 9 cm diameter pots (9
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plants per pot), and inoculated when 10 days old (2-3 leaf stage). After sprayinoculation, plants were watered well and incubated in polythene bags for 48 hours and
then grown for a further 3 days in a controlled environment chamber (Sanyo Versatile
Environmental test chamber or REFTECH, Holland) at 26 ˚C with a 12 hour light / dark
cycle and 90% relative humidity, according to Valent et al., (1991). Lesion formation
was monitored 3 days post inoculation and lesion density was recorded 4-5 days after
inoculation.
2.2.2 Penetration assay
Appressorium-mediated penetration of onion epidermal strips was assessed using a
procedure based on Chida and Sisler (1987). A conidial suspension at a concentration of
1 x 104 conidia mL-1 was prepared and innoculated onto the adaxial surface of
epidermal layers taken from onion. The strips were incubated in a moist chamber at 26
°C and penetration events scored 24-48 h later by viewing with an Axioskop 2 (Zeiss)
microscope.
2.2.3 Assays for measuring rates of conidial germination and appressorium
formation
Conidial germination, and the development of appressoria were monitored over time on
a borosilicate glass coverslip (Fisher Scientific UK Ltd.), using a method adapted from
Hamer et al., (1988). A conidial suspension of 5 x 104 conidia mL-1 was prepared in
double-distilled water and placed onto the surface of coverslips and incubated in a moist
chamber at 26 °C. The percentage of conidia that had undergone germination and
appressorium development was recorded during 26 hours post inoculation.
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2.3 Nucleic acid analysis
2.3.1 Fungal DNA extraction
2.3.1.1 Large-scale extraction of fungal genomic DNA
Liquid cultures of M. oryzae were produced by blending a 2 cm2 plug of mycelium into
200 ml of liquid CM in a commercial blender (Waring, Christison Scientific). The
cultures were incubated for 48 hours at 26 °C in an orbital incubator (New Brunswick
Scientific) until a mat of white fungal mycelium had formed beneath the surface of the
medium. The mycelium was harvested by filtration through sterile Miracloth
(Calbiochem) and blotted dry with paper towels (Kimberley Clark Corporation) in a
class II microbiological cabinet. It was then placed in a chilled mortar and ground to a
fine powder with liquid nitrogen.
The powder was placed in sterile Oakridge tubes (Nalgene) containing 4 mL of
2 x CTAB buffer at 65 °C (0.055 M CTAB (Hexadecyltrimethylammonium bromide,
H5882, Sigma), 0.1 M Tris (Tris (hydroxymethyl)aminomethane, Trisma Sigma),
0.0078 M EDTA (Ethylenediaminetetraacetic acid, 0.7 M NaCl)). Samples were
incubated at 65 °C for 20 minutes with occasional shaking. An equal volume of
chloroform: pentanol (24:1) was added and the tubes shaken for 20 minutes at room
temperature. Following centrifugation at 13,800 g for 10 minutes using a JA-17 fixed
angle rotor in a Beckman J2-MC high-speed centrifuge, the supernatants were
transferred to new tubes containing an equal volume of chloroform: pentanol (24:1).
The suspensions were mixed rapidly and subjected to centrifugation at 13,000 g for a
further 10 minutes. The supernatant was removed and an equal volume of isopropanol
gently added to precipitate the nucleic acids. The tubes were incubated on ice for 5
minutes and the DNA recovered by centrifugation using a JS13.1 swinging bucket rotor
(Beckman) at 13,000 g for 10 minutes. The supernatant was discarded and the tube
inverted on paper towels for 15 minutes. The nucleic acid pellet was re-suspended in
59

Chapter 2
500 ml of TE (10 mM Tris, 1 mM EDTA (pH 8.0)) and then re-precipitated during a 10minute incubation at -20 °C using 0.1 volumes of 3 M sodium acetate (pH 5.2) and two
volumes of 95% (v/v) ethanol. The purified nucleic acid fraction was recovered by
centrifugation for 20 minutes at 13,000 g (IEC, Micromax) and washed with 500 μL of
70% (v/v) ethanol. The nucleic acid pellet was dried for 20 minutes and re-suspended
in 25 - 100 μL TE + 10 μg mL-1 RNase A. Genomic DNA samples were stored at 4 °C.
2.3.1.2 Small-scale extraction of fungal genomic DNA
When screening fungal transformants for homologous recombination events, a smallerscale DNA extraction protocol was followed. Agar cultures of M. oryzae were generated
by placing a small plug of mycelium onto complete medium overlaid with a cellophane
disc (Lakeland). The cultures were incubated at 26 °C until a small mat of fungal
mycelium had grown over the surface of the cellophane disc (6-8 days). The cellophane
disc was then peeled from the agar plate along with the fungal mycelium, placed into a
mortar and ground with a pestle to a fine powder in liquid nitrogen. The powder was
placed in a 1.5 mL microfuge tube containing 500 μL of 2 x CTAB buffer and
incubated at 65 °C for 30 minutes with occasional shaking. The CTAB buffer is 2%
(w/v) Hexadecyltrimethylammonium Bromide (CTAB), 100 mM Trisma Base, 10 mM
EDTA and 0.7 M NaCl. An equal volume of chloroform: pentanol (24:1) was added and
the tubes shaken vigorously for 20 minutes at room temperature. Centrifugation was
carried out at 13,000 g for 10 minutes using a microfuge (IEC, Micromax) and the
supernatants were transferred to new tubes. The chloroform: pentanol (24:1) extraction
step was repeated twice, with the aqueous phase being removed to a new tube each
time. Finally, the extract was mixed with an equal volume of (1:1) phenol chloroform,
shaken for 20 minutes and processed by centrifugation (13,000 g, 10 minutes). The
supernatant was removed and an equal volume of isopropanol added to precipitate
nucleic acids. The tubes were incubated at room temperature for 5 minutes and the
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DNA was recovered by centrifugation in a microfuge at 13,000 g for 10 minutes. The
nucleic acid pellet was dried and re-suspended in 200 μL of TE and then re-precipitated
using 0.1 volume of 3 M sodium actetate (pH5.2) and two volumes of 100% (v/v)
ethanol. The purified nucleic acid was recovered by centrifugation for 20 minutes at
13,000 g and washed with 200 μL of 70% (v/v) ethanol. The pellet was dried for 5
minutes in a vacuum rotary desiccator and resuspended in 30 μL of water (Sigma).
Genomic DNA samples were routinely stored at 4 °C.
2.3.2 DNA manipulation
2.3.2.1 Digestion of genomic DNA with restriction enzymes
Restriction endonucleases were routinely obtained from Promega UK Ltd.
(Southampton, UK) or New England Biolabs (Hitchin, UK).

DNA digestion was

carried out using buffer solutions provided by the manufacturer in a total volume of 30
µL with 0.2-1 µg DNA and 5-10 units of enzyme.
2.3.2.2 DNA gel electrophoresis
Digested DNA was fractionated by gel electrophoresis in 0.8% (w/v) - 1.5% (w/v)
agarose gel matrices using a 1x Tris-borate EDTA buffer (TBE) (0.09 M Tris-borate,
0.002 M EDTA). The DNA fragments were visualised by the addition of ethidium
bromide (final concentration 0.5 µg mL-1) to the gel. Lambda DNA (Lambda phage
DNA, Sigma) digested with PstI or HindIII, or 1 kb plus (Invitrogen) size markers were
used for determining the length of DNA fragments after fractionation by gel
electrophoresis. DNA was visualised on a UV transilluminator and photographed with a
gel documentation system (Image Master VDS with a Fujifilm Thermal Imaging system
FTI-500, Phamacia Biotech).
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2.3.2.3 The polymerase chain reaction (PCR)
Each PCR was performed in an Applied Biosystems GeneAmp® PCR system 2400
cycler using GoTaq® Flexi DNA polymerase (Promega) and Pfu DNA polymerase
(Promega). Routinely a Taq and Pfu DNA polymerase mixture was used for
amplification by the PCR using 50 ng of template DNA, the GoTaq® Flexi DNA
polymerase 5 x Colourless Flexi Reaction Buffer, 10 nM MgCl2, 100 nM of each dNTP,
1 μL of a 10 pM stock solution for each primer, 2.5 units of GoTaq® Flexi DNA
polymerase and 1.5 units of Pfu DNA Polymerase, made up to a final volume of 25 μL
using sterile water (Sigma).
2.3.2.4 Gel purification of DNA fragments
DNA fragments were purified from agarose gels using a commercial kit (Wizard® SV
Gel and PCR Clean-Up System (Promega) according to manufacturer’s instructions.
Fragments were excised from the gel using a razor blade and placed in a pre-weighed
1.5 mL microfuge tube. The mass of agarose removed from the gel was determined and
an equal volume of membrane binding solution (4.5 M guanidine isothiocyanate, 0.5 M
potassium acetate, pH 5.0) added. Samples were incubated at 65 °C and mixed by
vortexing every 2-3 minutes until the gel slice had dissolved. One gel volume of
isopropanol was added and mixed before the solution was placed in a Wizard® SV
Minicolumn held in a 2 mL collection tube. After centrifugation for 1 minute in an
IEC, Micromax (13,000 g) the DNA was bound to the Wizard® SV Minicolumn. The
flow-through was discarded and the column placed back in the collection tube. To wash
the column 0.75 mL of Membrane Wash Solution (10 mM potassium acetate (pH 5.0),
80% ethanol, 16.7 µM EDTA, pH 8.0) was added and centrifugation carried out for 1
minute (13,000 g). The flow-through was discarded and 500 µL of Membrane Wash
Solution added and centrifugation carried out for 5 minutes (13,000 g). The flow-
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through was discarded and the column processed by centrifugation for an additional
minute (13,000 g). The Wizard® SV Minicolumn was placed in a clean 1.5 mL
microfuge tube, 30 µL of sterile water added (Sigma) and after 1 minute there was a
further centrifugation step for 1 minute, at 13,000 g. The DNA solution was removed to
a fresh tube and stored at -20 °C.
2.3.2.5 Southern blotting
Blotting of agarose DNA gels was performed according to Southern (1975). Each gel
was submerged in 0.25 M HCl for 15 minutes to de-purinate the fractionated DNA and
then denatured by immersing in 0.4 M NaOH, 0.6 M NaCl for 30 minutes. The gel was
then transferred to Neutralisation buffer (1.5 M NaCl, 0.5 M Tris-HCl, pH 7.5) for 30
minutes before capillary blotting onto Hybond-N (Amersham Biosciences). Gel blots
were performed by placing the inverted gel onto a sheet of filter paper wick, which was
supported on a perspex sheet with each end of the wick submerged in 20 x SSPE
solution (3.6 M NaCl, 200 mM NaH2PO4, 22 mM EDTA). Hybond-N membrane was
then placed onto the gel and overlaid with five layers of wet Whatman 3 mm paper and
five layers of dry Whatman 3 mm paper onto which a 10 cm high pile of paper towels
was placed (Kimberley Clark Corporation). Finally, a 500 g weight was placed on the
stack and the blot was left to stand at room temperature overnight. The transferred
DNA was cross-linked to the membrane using a BLX crosslinker (Bio-link®).
2.3.2.6 Radio-labelled DNA probe construction
DNA hybridisation probes were labelled by the random primer method (Feinberg and
Vogelstein, 1983) using a Ready-To-Go kit (Amersham Biosciences) according to the
manufacturer’s instructions. A 25-50 ng aliquot of DNA was made to a final volume of
47 µL in water. The sample was boiled for 5 minutes to denature the DNA and then
rapidly chilled on ice for 2 minutes. The tube was briefly subjected to centrifugation and
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its contents added to a Ready-To-Go reaction mix bead-containing buffer, dATP, dGTP,
dTTP, FPLCpure™ Klenow polymerase (7-12 units) and random oligonucleotides,
primarily 9-mers. The reagents were mixed by gently pipetting and 2 µL of [α-32P]dCTP
(3,000 Ci/mmol) added. The labelling reaction was then incubated at 37 °C for 10
minutes before being stopped by addition of 100 µL of labelling stop dye (0.1% SDS,
0.06 M EDTA, 0.5% bromophenol blue, 1.5% blue dextran). Un-incorporated isotope
was removed by passing the labelling reaction through a Biogel P60 (Bio-Rad) column,
and collecting the dextran blue-labelled fraction. The probe was denatured by heating at
100 °C for 5 minutes and quenched on ice for 2 minutes, before adding to the
hybridisation mixture.
2.3.2.7 Hybridisation conditions
DNA gel blot hybridisations were performed using standard procedures (Sambrook et
al., 1989). Blots were incubated in hybridisation bottles (Hybaid Ltd.) in a hybridisation
oven (Hybaid) for at least 4 hours at 65 ˚C in 15-20 mL of pre-hybridisation solution, (6
x SSPE (diluted from a 20x stock prepared by dissolving 175.3 g of NaCl, 27.6 g of
NaH2PO4 and 7.4 g of EDTA in 800 mL of ddH2O, adjusting the pH to 7.4 with NaOH
and making up to 1 L with ddH2O), 5 x Denhardt’s solution (diluted from a 50 x stock
prepared with 5 g Ficoll (type 400, Pharmacia), 5 g polyvinylpyrrolidone in 500 mL
ddH20), 0.5% SDS), with 100 µL denatured herring sperm DNA (1% (w/v) in 0.1 M
NaCl) (Sigma) added.

A denatured radio-labelled probe was then added and the

mixture incubated overnight at 65 ˚C.
Following hybridisation, the blot was washed at high stringency. The prehybridisation solution was removed along with any unbound probe and 25-30 mL of 2 x
SSPE wash (0.1% SDS, 0.1% Sodium pyrophosphate (Ppi), 2 x SSPE (diluted from the
20 x SSPE stock, pH 7.4)) added. The mixture was then incubated for 30 minutes at 65
˚C. The wash solution was removed and replaced with 25-30 mL of 0.2 x SSPE wash
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(0.1% SDS, 0.1% Sodium pyrophosphate (Ppi), 0.2 x SSPE, (pH 7.4)) and the blot
again incubated for 30 minutes at 65 °C. The 0.2 x SSPE wash was repeated and the
membrane dried for 10 minutes.
Autoradiography was carried out by exposure of membranes to X-ray film (Fuji
medical X-ray film, Fuji Photo Film (U.K.) Ltd.) at -80 °C in the presence of an
intensifying screen (Amersham). X-ray films were developed using Kodak chemicals.
2.3.3 Fungal transformations
A 2.5 cm2 section of M. oryzae mycelium was removed from a culture on CM agar,
blended in 200 mL complete medium and incubated at 26 °C with shaking at 125 rpm in
an orbital incubator for 48 hours. The mycelium was harvested by filtration through
sterile Miracloth (Calbiochem) and washed in sterile distilled water. The mycelium was
transferred to a Falcon tube (Becton Dickinson) with 40 ml OM buffer (1.2 M MgSO4,
10 mM NaPO4 (pH 5.8)) and 5% Glucanex (Novo Industries, Copenhagen), and shaken
gently at 75 rpm for 2-3 hours at 30 °C in an orbital incubator. The resulting protoplasts
were transferred to sterile (polycarbonate) Oakridge tubes (Nalgene) and overlaid with
an equal volume of cold ST buffer (0.6 M sucrose, 0.1 M Tris-HCl (pH 7)). Protoplasts
were recovered by centrifugation at 1410 g and 4 °C in a swinging bucket rotor
(Beckman JS-13.1) in a Beckman J2.MC centrifuge. The protoplasts were recovered at
the OM/ST interface and transferred to a sterile Oakridge tube, which was filled with
cold STC buffer (1.2 M sucrose, 10 mM Tris-HCl (pH7.5), 10 mM CaCl2). Protoplasts
were pelleted at 1410 g for 10 min at 4 °C, (Beckman JS-13.1 rotor), washed twice
more with 10 ml STC, with complete re-suspension each time. After re-suspending in 1
mL of STC, the concentration of protoplasts was then determined by counting using a
haemocytometer.
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PEG-mediated transformation was undertaken in 1.5 mL microfuge tubes by
combining an aliquot of purified protoplasts (107 mL-1) with DNA (5-10 μg) in a total
volume of 150 μL. The mixture was incubated at room temperature for 15-25 min and 1
mL of PTC (60% PEG 400, 10 mM Tris-HCl (pH 7.5), 10 mM CaCl2) added in 2-3
aliquots with gentle mixing after each addition. The mixture was incubated at room
temperature for 15-20 min then added to 150 mL molten (45 °C) 1.5% agar/OCM
(osmotically stabilised CM with 0.8 M sucrose), mixed gently and poured into 5 sterile
Petri dishes (30 mL/plate). For selection of transformants on Hygromycin B
(Calbiochem), plate cultures were incubated in the dark for at least 16 hours at 26 °C
and then overlaid with approximately 15 mL OCM/1% agar containing 200 μg mL-1
Hygromycin B freshly added to the medium from a stock solution of 50 mg mL-1.
2.4 Microscopy
2.4.1 Microscopic analysis using the Confocal-Laser Scanning Microscope (CLSM)
Following incubation of the various strains on glass coverslips to enable germination
and appressorium development, slides were prepared for processing by sealing the
coverslip to the slide with Vaseline Petroleum Jelly (Vaseline, Unilever UK Limited).
Blue diode (405 nm), Argon (458, 477, 488, 504 nm), Helium-Neon (He-Ne) 543 nm
and He-Ne 633 nm lasers were utilised to excite the various fluorochromes and all
images were recorded following examination under the 63 x oil objective. Offline image
analysis was carried out using the LSM image browser (Zeiss) or MetaMorph 7.5
(Molecular Devices). The CLSM multi-track setting was used to enable synchronised
image acquisition. Figures were subsequently prepared from digitised images in either
Adobe Photoshop 7.0 (Adobe Systems inc.) or Paint Shop Pro 9 (Jasc Software).
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2.4.2 Microscopic analysis using the Zeiss Axioskop 2 microscope
Numerous experiments throughout this study required quantification following
microscopic analysis. The Zeiss Axioskop 2 compound epifluorescence microscope was
used for all general microscopic quantification. Several images were also captured from
the Zeiss Axioskop 2 microscope using an AxioCam HR digital camera (Zeiss) and
figures were subsequently prepared from digitised images in Adobe Photoshop 7.0
(Adobe Systems inc.) or Paint Shop Pro 9 (Jasc Software).
2.4.3 Microscopic analysis using the Olympus IX81 microscope
Epifluorescence microscopy to visualize GFP was routinely carried out using a Zeiss
Axioskop 2 microscope (Zeiss) with differential interference microscopy (DIC) used for
bright field images. For epifluorescence examination of the GFP:MoATG8
transformants, conidia were incubated onto coverslips and placed onto a 2% agar
cushion, then observed using a IX81 motorized inverted microscope (Olympus)
equipped with a UPlanSApo 100X/1.40 Oil objective (Olympus). Excitation of
fluorescently-labelled proteins was carried out using a VS-LMS4 Laser-Merge-System
with solid-state lasers (488 nm/50 mW). The laser intensity was controlled by a VSAOTF100 System and coupled into the light path using a VS-20 Laser-Lens-System
(Visitron System). Images were captured using a Charged-Coupled Device camera
(Photometric CoolSNAP HQ2, Roper Scientific). All parts of the system were under the
control of the software package MetaMorph (Molecular Devices).
2.5 Proteomic methods
2.5.1 Protein extraction
Forty mg of freeze-dried conidia and/or appressoria samples (Heto LL 3000
Freeze-Drier) were powdered and re-suspended in 1.2 mL of lysis buffer (urea 7 M,
thiourea 2 M, TritonX-100 0.2% (v/v), CHAPS 58 mM, Trisma base 14 mM, Trisma

67

Chapter 2
hydrochloride 18 mM, ampholytes pH 3-10 1% (p/v)), and 150 μL of protease inhibitors
cocktail (Roche Molecular Biochemicals) was added. The solution was mixed at 4 °C
for 20 minutes. Protein yield was improved by addition of 20 mM DTT. Nucleic acids
interact electro-statically with the electrophoretic separation of proteins. Therefore,
these nucleic acids were eliminated by 64 units of Dnase I and 8 Kunitz units of RNase
A. The homogenised solution was then centrifuged for 10 minutes at 4 °C (35500 g,
Sigma type 3K30). The supernatant was centrifuged again in the same conditions. The
obtained supernatant represents the total protein extract that was quantified. The total
protein extract was stored at -80 °C.
Extraction buffer contained dithiothreitol (DTT), a reducing compound that
breaks down di-sulfur bridges and keeps proteins in a reduced state. Proteins were
denatured by urea. This ionic detergent unfolds the proteins, thus making all ionisable
groups available without modifying the global electrical charge of the protein. Thiourea
was associated with urea, which greatly increases protein solubility and thereby
improves 2-dimensional electrophoresis. Protein solubility was increased by the
addition of Triton X-100 and CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1propanesulphonate). Triton X-100 is a non-ionic detergent and increases membrane
proteins solubility, and CHAPS is a zwitterionic detergent protecting the native state of
proteins. These detergents avoided aggregates resulting from hydrophobic interactions.
Lysis buffer also contained Trisma Base and Trisma HCl in order to maintain a constant
pH, by buffering the solution and the ampholytes. Ampholytes are small molecules
behaving like acid or basic groups depending on the other molecules involved in the
reaction. They are required to carry out the isoelectric focusing, and help minimise the
aggregation of polypeptides due to electrostatic charging. Protease inhibitors were
added to protect proteins from potential damage/deterioration by proteases extracted
from the cell.
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2.5.2 Protein quantification
Protein concentration in the total extract was measured using the colorimetric method of
Bradford (1976). This method is based on the specific fixation of the Coomassie Blue
G250 on the proteins. Maximum absorption of the free form of Coomassie Blue is 465
nm, while it increases to 595 nm when fixed. The dosing was realised with a
commercially available reactant (Bio-Rad), compatible with denaturing and reducing
conditions, and calibration concentrations ranging from 0 to 0.1 µg/µL of BSA (Bovin
Serum Albumin). For consistency, protein extracts were diluted at least 150 times in
distilled water and the BSA calibration carried out by adding specific buffer to the
samples with the same dilution. Ten volumes of Bio-Rad reactant was diluted 5 times in
distilled water and added to each sample volume to be measured. The absorbance was
then measured at 595 nm.
2.5.3 2-Dimensional gel electrophoresis: IEF and SDS PAGE
The 2-dimensional electrophoresis (2D-E, Figure 2.1) (O’Farrel, 1975) combines two
sequential protein separations in a polyacrylamide gel.
i)

The first separation (isoelectric focusing, IEF) separates proteins
according to their isoelectric point (pI) (global charge of the protein) in a
gel containing a pH gradient stabilised by immobiline solutions that copolymerise with the acrylamide gel (Bjellqvist, 1982). The proteins
migrate on the gel in a constant electrical field, until the pH is equal to
the protein pI, where its global charge is null.

ii)

The second step (separation in SDS-PAGE) separates the proteins
according to their apparent mass (kDa). The spots were then visualised
by staining with silver nitrate or Coomassie blue.
The method allowed separation of proteins with a resolving power of
0.03 pH units and 1 kDa (Wildgruber et al., 2000). For each
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Protein extraction

Iso-electrofocusing (IEF) and equilibration
(reduction and alkylation)

Mass Spectrometry

SDS-PAGE electrophoresis

Molecular weight
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Bioinformatic
Protein
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Figure 2.1: Schematic representation of the proteomics strategy used in this study.
Conidial/appressorial samples were ground in liquid N2 and proteins extracted, denatured
and completely solubilised for isoelectric focusing to separate proteins according to their
charge. They were then equilibrated with SDS, reduced by DDT and blocked by iodoacetamide. Finally, the proteins were separated in the second dimension in a SDS-PAGE gel according to their molecular weight. The 2D-gels were stained for protein spot identification and
spots of interest identified using mass spectrometry.
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appressorium and conidium sample, the 2D gels were performed in
triplicate and from three distinct extractions. The Multiphor II and
IsoDalt

(Amersham

Biosciences)

devices

allowed

simultaneous

processing of 10 gels in a reproducible way.
2.5.3.1 Isoelectric focusing (1st dimension)

2.5.3.1.1 Precautionary steps
In solution, urea forms ammonium cyanate, which reacts readily with protein amine
groups. The carbamylation reactions modify the proteins’ net electronical charge. In
order to avoid these reactions which are favoured by high temperatures, the IEF was
regulated at 22 °C. The ampholytes (pH 3-10) used during the IEF improve conductivity
and protect proteins from carbamylation reactions by binding to the amino functions of
the potential cyanates.
High salt concentrations interfere with electrophoretic separation of proteins.
The extracts were therefore desalted by dialysis or precipitation with 20% TCA
(Trichloroacetic acid) diluted in acetone (w/v).

2.5.3.1.2 pH gradient choice
IEF was performed using an immobilised pH gradient (IPG). These gradients were
perfected by Bjellqvist and co-workers (1982). They are built from compounds
(immobilines) derived from buffered acrylamide. The immobilines are acidic or basic
depending on the pK value, and co-polymerised with acrylamide monomers in the
polyacrylamide gel. The pH gradients obtained are much more stable than those realised
from ampholytes, and give a better reproducibility in separation of proteins from a small
amount of initial protein extract (Gorg et al., 1999, 2004).
The pH gradients used in this work (Amersham Biosciences, “immobiline dry
strips”) were dehydrated on a rigid plastic film (Jenkins and Pennington, 2001). They
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were able to be maintained for several months at -20 °C. The non-linear pH strips used
in this study (pH 3-10, 18 cm long) separated proteins with a pI between 5 and 7. This
allowed a homogeneous separation of proteins by 2-dimensional gel electrophoresis.
2.5.3.1.3 Rehydration of IEF gels
The pH immobilized strips were rehydrated with 650 μL of rehydration buffer
containing 450 μg of protein (150 μL of protein extract solution was made up to 500 μL
with solubilising solution urea 7 M, thiourea 2 M, Triton X-100 2% (v/v), CHAPS 58
mM, DTT 20 mM, ampholytes (pH 3 to 10) 1% (p/v)). Each sample contained traces of
bromophenol blue in order to check the electrophoretic separation of proteins during the
IEF. Each homogenised sample was uniformly spread on one of the lines of the
rehydration strip chamber (Reswelling Tray, Amesham Biosciences). The soft plastic
film covering the pH 3-10 NL strip was gently removed and strips laid in lines in the
rehydration chamber, placing the gel in contact with the protein extract solution. To
avoid evaporation, mineral oil was added to each well. The strips were rehydrated for 14
hours at 22 °C.
2.5.3.1.4 IEF migration
IEF was carried out horizontally in a Multiphor II gel system (Amersham Biosciences).
A total of 5 mL of kerosene was added between the Multiphor device and the
electrophoresis cassette, to allow transfer heat exchange. The strips were then placed
with their plastic side in contact with the support and the bevelled side (acidic pH) on
the anode side. Two filter paper bands (“filter paper extra thick” BioRad 1703960) of 4
cm width were hydrated with distilled water and deposited at each end of the strips 2
mm above the gel. Electrodes were then placed on the filter paper at opposite ends from
each strip. During the IEF, the filter paper absorbed salts from the extracts that might
otherwise affect protein migration. Analytical or preparative gels were covered with
mineral oil. The IEF was carried out for 1 hour at 500 V and 8.5 hours at 3500 V. Once
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this step was completed, proteins had been separated in the gel according to their isoelectric points.

2.5.3.1.5 Equilibration of IEF gels
The IEF strips were gently agitated for 30 minutes in their electrophoresis cassette in a
solution of DTT 50 mM, SDS 2.5% (p/v), urea 6 M, bis-Tris 0.15 M, HCl 0.1 M,
glycerol (30%, v/v). The gels were washed again in the absence of DTT, and
subsequently re-equilibrated for 30 minutes, when DTT was replaced by iodoacetamide
at a final concentration of 220 mM. This thiol-free alkylation agent prevented
carbamidomethylation, and therefore stabilised reductions made by DTT treatment.
2.5.3.2 Protein separation in SDS-PAGE gel (2nd dimension)
Separation of proteins in the second dimension was carried out vertically in SDS-PAGE
gels (acrylamide 10% (v/v), piperazine diacrylamide 0.33% (p/v) (PDA), Trisma base
165 mM, HCl 0.1 M, ammonium persulfate 0.07% (p/v), TEMED 0.035% (v/v)). PDA
replaced bis-acrylamide allowing a better cross-linkage than acrylamide monomers, thus
making the gels stronger for subsequent manipulation.
Ten gels (25.5 cm, 20.5 cm, 1 mm) were prepared vertically in a Hoefer DALT
(Amersham Biosciences) system. Care was taken to keep a 5 mm gap above each gel for
the well. After polymerisation, a denaturing agarose solution (agarose “low melting”
1% (p/v), SDS 4%, bis-Tris 0.15 M, HCl 0.1 M, and traces of bromophenol blue in
order to follow the migration front during the second protein migration) was added to
each well to seal the strips. For this, the SDS equilibrated IEF strips were quickly placed
in molten agarose. After setting, size markers (Low Range, BioRad), which had been
denatured following Laemmli (1970), were placed on the filter paper and inserted on the
well on the bevelled side of the strip. Electrophoresis was carried out at 10 °C in an
Isodalt system (Amersham Biosciences) with pH 8.0 buffer (Trisma base 25 mM,
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taurine 200 mM, SDS 0.1% (p/v) sodium thiosulfate (pentahydrated) 0.125% (p/v)) for
1 hour at 35 V and 16 hours at 100 V. The sodium thiosulfate lowered the background
noise during the gel staining. Up to ten SDS acrylamide gels were processed
simultaneously in the Isodalt system.
2.5.3.3 Gel staining methods
To avoid diffusion following electrophoresis, proteins were fixed in the gel by
precipitating them with acetic acid and ethanol. Migrated proteins were then stained
with silver nitrate in order to visualise protein spots. The detection threshold with this
method is as low as 10 ng (Rabilloud, 2002). The drawbacks of the method are the easy
saturation in staining of more abundant proteins, and several steps are required to
prepare silver nitrate stained gels suitable for mass spectrometry analysis.
Sodium thiosulfate accelerates staining by reacting with silver nitrate. In basic
pH conditions imposed by potassium carbonate, silver ions are reduced by
formaldehyde and the reaction results in a brown colour. The colouring reaction is
stopped by adding EDTA which complexes the silver ions not yet reduced. The gels
were stained in the Hoefer Processor Plus (Amersham Biosciences) device, with a
protocol modified from Rajjou et al., (2006). The gels were incubated for 1.5 minutes in
sodium thiosulfate pentahydrate 0.02% (p/v), and washed three times for 1 minute with
distilled water. The gels were incubated for 10 minutes in the staining solution [silver
nitrate 12 mM, formaldehyde 0.01% (p/v)], washed three times for 1 minute in distilled
water, incubated for 5 to 10 minutes in the revealing solution [potassium carbonate 220
mM; formaldehyde 0.01% (p/v); sodium thiosulfate pentahydrate 0.0012% (p/v)]. After
staining, gels were placed for 10 minutes in 40 mM Na2 2H2O EDTA solution and then
washed twice for 10 minutes with distilled water. Gels processed in this way could be
kept several days at 4 °C in distilled water.
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A silver nitrate staining method (Shevchenko et al., 1996) compatible with mass
spectrometry was used for protein identification. The gels were incubated for 1.5
minutes in sodium thiosulfate pentahydrate 0.02% (w/v), washed three times for one
minute each in distilled water, and incubated for 20 minutes in silver nitrate 6 mM,
formaldehyde 0.4% (w/v). The gels were then washed three times in distilled water and
incubated for 10 minutes in revealing solution [sodium carbonate 2% (w/v),
formaldehyde 0.4% (w/v)].
2.5.3.4 Gel drying
After 30 minutes incubation in preserving solution [ethanol 30% (v/v), glycerol 5%
(v/v)], gels were dried at ambient temperature between two cellophane sheets in a Gel
Dryer (BioRad) stretched over a Plexiglas frame.

2.5.4 Spot analysis and protein identification
2.5.4.1 Computational analysis of 2D-gels
In order to establish the protein expression profile modifications, gel images were
analysed qualitatively, and then quantitatively. Silver nitrate stained gels were analysed
with a UMAX Powerlook III scanner and a MagicScan 4.5 software (Umax data
systems). Scans were acquired in gray levels, with a 300 dpi (dot per inch) resolution,
and saved in TIF format. Qualitative analysis consisted in visually comparing parts of
the gels. Quantitative analysis was performed with Progenesis SameSpots software
(Nonlinear Dynamics). This software allows the user to align 2D-gels together for
accurate spot quantification.
2.5.4.2 Spot identification using Mass spectrometry
Mass spectrometry allows rapid identification of proteins isolated in a 2D-gel or by any
other separation method. Mass spectrometry analysis does not allow direct
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determination of a protein sequence, which is instead identified by the characteristic
masses of the peptides (peptide mass fingerprints, MALDI-ToF) or by fragmentation of
its peptides (fragmentation information, MS-MS). Protein identification was performed
by comparison with sequences contained in peptide or genomic databases.
A mass spectrometer constitutes an ionisation source and one (MS) or two
(MS/MS) analysers. Two ionisation techniques for mass spectrometry developed in
1988,

the

ElectroSpray

Ionisation

(ESI),

and

the

Matrix-Assisted

Laser

Desorption/Ionisation (MALDI), were a breakthrough that opened the way to a dramatic
increase in knowledge on peptides and proteins. These authors obtained a joint Nobel
Prize in 2002 for development of methods for “identification and structural analysis of
biological macromolecules” and for “developing soft methods of desorption and
ionisation for mass spectrometry analysis of biological macromolecules” (Fenn et al.,
1989; Smith et al., 1990; Tabet and Rebuffat, 2003).
The classical analysers for these two ionisation sources are ionic traps,
quadrupolar filters (Q), and time of flight (ToF) analysers. The MALDI has been
associated with ToF analysers (MALDI-ToF). The sample is included in a matrix, and is
desorbed/ionised by photon laser shots. The ESI is either associated with either type of
analysers or with a combination of both. The protein sample is in solution and ionised
under an intense electrical field.
2.5.4.3 Spot sampling
MALDI-ToF analysis was carried out directly from spot samples removed from each
2D-gel. In order to avoid any contamination, for instance, by human keratin, sample
extractions were carried out in a laminar flow cabinet. Each spot was cut using a sterile
tip cone and placed in a sterile eppendorf as shown in Figure 2.2. Once sampled, the
protein spots were stored at -80 °C until analysis by mass spectrometry.
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pI

Figure 2.2: Analysis steps for a given protein spot of interest. After computational analysis of 2D-gels, spots of interest were removed from 2D-gels. The proteins
were digested in collected gel slices using trypsin and peptides extracted and analysed by Mass Spectrometry. We used both MALDI-TOF (peptide mass fingerprints) and LC-MS/MS (peptide fragmentation) techniques for protein identification
and compared MS data with sequences contained in peptide or genomic databases
(Broad Institut, Mascot, ProFound, PeptIdent). In green are the peptides identified
by MS which match with protein sequence from genome databases allowing protein
identification.
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2.5.4.4 MALDI-ToF Mass Spectrometry
Proteins were digested with the gel slice using sequencing-grade trypsin (Roche) which
makes frequent cuts along a polypeptide chain after lysine (K) and arginine (R)
residues.
The MALDI (Matrix-assisted laser desorption/ionization) ionisation is a process
(Hillenkamp and Karas, 2000; Shevchenko et al., 2000) which transforms highly
polarised and/or thermally fragile molecules into ions in a gaseous state. The products
are dissolved in a matrix, strongly absorbing at the laser wavelength, which transfers
energy from the laser to the peptides to be ionised (Figure 2.3). The most commonly
used laser is a nitrogen laser with wavelength 337 nm. The matrix choice is crucial and
depends on the laser but also on the compound (mass) to be analysed. Matrices
commonly used for peptide mass fingerprinting are 2,5-dihydroxybenzoic (2,5-DHB)
acid (Karas et al., 1990), or compounds derived from cinnamic acid (Beavis and Chait,
1989, 1992) such as ferulic acid, sinapinic acid and the α-cyano-4-hydroxycinnamic
acid.
The matrix-sample mixture was placed on a metal plate. After solvent
evaporation, the matrix co-crystallises with the sample. The irradiated diameter was 100
to 500 μm. Thus the weak impact of the laser allows transmission of a large energy per
matrix unit but minimises potential degradation of the sample. The photons emitted by
the laser are absorbed by the matrix and induce the evaporation of the matrix and the
peptides are entrained in the gaseous phase. The matrix molecules give a proton to the
peptides, which become ionised. This transfer mechanism is still poorly understood but
could be a result of acid/base reactions (Karas et al., 2000).
After ion formation, they are accelerated by a 20 kV electrostatic field. The
peptides with a small mass fly faster than heavier ones. They enter a ToF analyser
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Figure 2.3: Desorption/ionization process in MALDI
(Matrix-assisted laser desorption/ionization, Nobel prize
2002 won by Koichi Tanka). The peptides and the matrix
are co-crystallised on a metal plate and irradiated with a
laser which the diameter is about 100 to 500 µm. This small
size allows the transmission of a large energy per matrix
unit and minimises potential degradations of the sample.
The photons emitted by the laser are absorbed by the
co-crystallised matrix/sample allowing the evaporation of
the matrix and the entrained peptides in the gaseous phase.
During evaporation, there is a transfer of proton from the
matrix molecules to the peptides. Once ionized, the peptides are able to accelerated in a 20kV electrostatic field and
can enter into a ToF analyser where they are separated
according to their mass/charge (m/z) ratio by an electron
multiplier.
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where they are separated according to their mass/charge (m/z) ratio by an electron
multiplier.
The major aim of the MALDI technique is to create mainly mono- or low- charge ions,
thus facilitating pattern interpretation. Peptides with mass below 500 Da or above 2.5
kDa are difficult to detect (Wilm, 2000). The measured masses are mono-isotopic
masses (only with C12). Peak height is a function of the ionisation of the peptide. The
patterns are calibrated using the peaks from trypsin fragments generated by proteolysis.
The masses were measured with a precision of 0.1 Da.
2.5.4.5 Tandem MS
Tandem MS/MS mass spectrometry was in initially developed for the study of organic
molecules but it soon became clear that a major implication would be the determination
of bio-molecules structures. While the ionization techniques are generally soft
techniques, the MS/MS uses an activation method (usually by collision) that induces a
more important fragmentation of the ions. This fragmentation occurs by breakage of
specific bonds - in the case of peptides, the peptide bonds. The analysis of these
fragments allows determination of the structure.
Tandem MS/MS usually combines a source and two analyzers in order to
complement the information on mass by analysis of fragmentation characteristics
(Figure 2.4).
In electrospray mode (Figure 2.5), the sample is solubilised in an organic solvent
at acidic or basic pH and brought to the end of a capillary at atmospheric pressure. The
end of the capillary is at an extremely high potential, resulting in an electrostatic field
between this capillary and the counter electrode. The ions migrate to the surface of the
liquid and a spray then forms. The electrospray process can be associated with a
nebulizer gas (usually nitrogen). The droplets formed are dried by a counter flux of
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Figure 2.4: Principle of the MS-MS or tandem mass spectrometer.
Tandem MS/MS mass spectrometry allow determination of bio-molecule
structures by fragmentation of constituent ions. Tandem MS/ MS combines a source and two analyzers in order to complement the information
on mass by analysis of fragmentation characteristics. The ions formed in
the source enter the first analyzer (MS1) which allows selection of a
precursor ion. Only ions having the m/z selected can exit from (MS1).
The selected precursor ions enter a collision cell containing gas molecules for fragmentation. The m/z of the resulted fragments is measured in
the second analyzer (MS2). Since each chemical group has specific
fragmentation characteristics, a MS/MS pattern gives complete and
reliable information on the structure of a selected precursor compound.
The peptide sequences can be determined with accuracy allowing
protein identification from a translated genomic database as previously
described.
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Figure 2.5: ESI principle (ElectroSpray Ionisation, Nobel
prize 2002 won by John Fenn). The peptide sample is solubilised in an organic solvent at acidic or basic pH and brought in
a capillary to the source at atmospheric pressure. The end of
the capillary is at an extremely high potential, resulting in an
electrostatic field between this capillary and the counter electrode. The ions migrate to the surface of the liquid and a spray
of charged droplets forms at the end of the capillary. The electrospray process can be associated with a nebulizer gas
(usually nitrogen). Following their desolvation, the droplets
reduce in size to nanodroplets and are dried by a counter flux
of nitrogen, which ultimately produces ions in gaseous phase.
These ions are then transferred to the analyser.
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nitrogen, which ultimately produces ions in gaseous phase (Kebarle and Tang, 1993;
Tang and Kebarle, 1993).
Ions formed in the source enter the first analyzer (MS1). Among these a
precursor ion is selected (MS1 is used as an ion filter). Only ions having the selected
m/z can exit MS1. They enter a collision cell containing gas molecules. The collisions
between particles increase ionic internal energy and induce activation and
decomposition. The m/z of the fragments is then measured in the second analyser
(MS2).
Formation of the fragments follows precise rules. Each chemical group has
specific fragmentation characteristics, and a MS/MS pattern therefore gives reliable
information on the structure of a precursor compound.
In this work, the MS/MS identifications were performed using a ESI-Q-TOF
mass spectrometer. The advantage of this technique is to use a sample in solution. Most
of the chemical and biological reactions occur in the liquid phase. Therefore, the
reaction analysis was extremely simple. Moreover, the electrospray techniques could be
coupled easily with liquid phase chromatography or capillary electrophoresis.
2.5.4.6 Analysers used in proteomic studies
The quadrupolar filter uses the ion path stability in the quadripole as a function of the
applied voltage in order to distinguish them according to their m/z. Four parallel
cylinders are connected electrically in pairs (Dawson et al., 1986, 1990). Simultaneous
voltage and radiofrequency impose oscillations on the ions traveling between the
cylinders. For precise values of voltage and frequency, only ions with a given m/z can
reach the end of the quadrupole and the detector.
In the Time of Flight (ToF) analyzer, ions are accelerated by a voltage VS and
travel a distance d before reaching the detector without any other acceleration. An ion of
mass m, net charge q = ze will have a kinetic energy EC exiting the source such that Ec
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= ½mv2 = qVs if the ions then fly a distance d during a time t in a tube where no other
voltage is applied and no collision can occur, with t=d/v
t = d (m/(2zeVS))^(1/2)
The real time of flight of the ions thus allows determination of their m/z ratio.
The relationship between t and m/z is a function of the device and the experimental
conditions. The main problem of this technique is the scattering of ions at the analyser
entrance that results in a high loss of resolution. This has been somewhat compensated
by refocusing systems (temporally and energetically), the delayed extraction (Vestal,
1995) and the reflectron (Doroskenko and Cotter, 1998).
2.5.4.7 Analysis of MALDI-ToF data
2.5.4.7.1 Protocol for MALDI-ToF Mass Spectrometry
Gel slices were washed 2 times for 10 minutes in distilled water. The water was
removed and 50 μL of pure acetonitrile (ACN, Ultragradient, Baker) added and the
tubes were shaken for 10 minutes. The ACN was discarded and gel slices rehydrated
with 50 μL carbonate ammonium (NH4HCO3) at concentration of 100 mM for 5
minutes with shaking. The same volume of ACN (50 μL) was added without removal of
NH4HCO3. After 15 min shaking the supernatant was removed and replaced by 50 μL
of pure ACN.
For the reduction-alkylation step, gel slices were re-hydrated in a solution
containing 10 mM DDT (Sigma) and 100 mM NH4HCO3, and incubated for 45 minutes
at 56 ˚C. The DDT was replaced by 55 mM iodoacetamide (Sigma) and 100 mM
NH4HCO3, and the tubes incubated for 30 minutes in the dark. The supernatant was
then removed and replaced by 50 μL pure ACN for 10 minutes, after which ANC was
removed.
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For enzymatic hydrolysis, gel slices were rehydrated in 40 μL of trypsin solution
(25 mM NH4HCO3, 12.5 ng/μL trypsin (Roche)) for 45 minutes. The trypsin solution
was replaced by 10 μL of 25 mM NH4HCO3 and the tubes were incubated overnight at
30 °C.
In order to extract peptides, acetonitrile was added to tubes which were shaken
gently for 15 minutes. The supernatant was collected and a second extraction was
performed with 10 μL of compound, with 1:1 ACN/H2O and 0.1 %. formic acid (v/v) .
The supernatants were evaporated and resuspended in 8 μL 2% ACN and 0.1% formic
acid. The sample was then deposited onto the matrix for analysis.
2.5.4.7.2 Data analysis
The program MASCOT (http://www.matrixscience.com) was used to identify proteins
from peptide mass fingerprints obtained by MALDI-ToF mass spectrometry. The
proteins were identified by comparison to theoretical mass fingerprinting in the M.
oryzae genome database (Dean et al., 2005). After selecting the enzyme used for
digestion (trypsin), a search was carried out to establish limits of isoelectric points and
masses from the experimental 2D gels. When the identification of a protein was
ambiguous, some parameters were modified. For instance, the potential oxidation of
methionine, or cysteine modification by iodoacetamide was taken into account.
2.5.4.8 Analysis of LC-MS/MS data

Samples were obtained by extraction of proteins from 2D-gel spots. After enzymatic
hydrolysis, 10 μL of ACN were added. The samples were shaken for 15 minutes and the
supernatant was collected. A second extraction was performed with 10 μL of a
compound with 50/50 ACN/H2O and 0.1 % formic acid. The sample was desalinated
and injected into the LC-MS/MS using a nano-HPLC (Cap LC, Waters) equipped with a
pre-column C18 (LC-Packing PepMap C18, 5 μL, 100 Å, 300 μm x 5 mm) in line with
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a ESI-Q-TOF mass spectrometer (Waters) and a flux of 20 μL/min with formic acid
0.1%. After processing through the pre-column the peptides were separated on a C18
column (Atlantis dC18, 3 mm, 75-mm, 150-mm Nano Ease, Waters) following a linear
gradient of 5% to 60% of a melange solvent 80/20 0.1% ACN/ H2O/formic acid for 80
minutes with a 180 nL/min flux.
The data were recorded from the spectrometer in “survey scan” mode, where the
precursor ions are successively selected in their elution order on the column C18.
The whole chromatogram (all masses of parent ions and masses of isolated
fragments) was then compared to a database. Analysis of the fragments allowed
determination of amino acid sequence of a peptide. Integration of the mass profiles and
the subsequent amino-acid sequence determination were made with the software
MASCOT MS/MS Ion search hosted by the website MATRIX SCIENCE
(http://www.matrixscience.com). Sequences were submitted to BLAST (Basic Local
Alignment Search Tool) in order to find the corresponding gene sequence (Altschul et
al., 1997). The results obtained by MS/MS do not usually cover the whole sequence of
the protein. The locations of the sequences obtained are instead grouped into a Peptide
Sequence Tag (PST), in order to search a protein database more efficiently. An
exclusion list of the masses corresponding to the lysine autolysis peptides was used in
order to remove the signal from this compound. Sometimes weak amount of proteins
required the use of raw data (no smoothing, no background subtraction, and no deisotoping) for the search.
2.5.4.9 Bioinformatic analysis

The National Resource for Molecular Biology Information database (NCBI,
http://www.ncbi.nlm.nih.gov/, was used to search for protein sequences. Numerous
analysis programs are available from the server EXPASY (EXpert Protein Analysis
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System,

http://www.expasy.ch/).

For

instance,

the

PeptideMass

software

(http://www.expasy.ch/tools/peptide-mass.html) calculates the isoelectric points and the
theoretical molecular masses of proteins; these values were then compared to
experimental ones from 2D-gels. PeptideMass also determines the theoretical enzymatic
breakages of the sequences. This provides preliminary information on peptides for a
given protein.
Two programs, ScanProsite (http://www.expasy.ch/tools/scnpsite.htlm) and
NetPhos (https://www.cbs.dtu.dk/services/NetPhos/), were used to localize potential
post-translation modifications in the peptide sequence. These hypotheses were then
tested using PeptideMass. This strategy allowed calculation of the mass of a putatively
phosphorylated peptide. The homologous sequences were searched using CLUSTALW
(http://npsapbil.ibcp.fr/

cgibin/

npsa_automat.pl?

page=npsa_clustalw.html).

The

cellular location and possibility of the peptide being a signal peptide were predicted
with PSORT (http://psort.nibb.ac.jp/form.html), SignalP (http:// www.cbs.dtu.dk/
services/SignalP/), ChloroP (http://www.cbs.dtu.dk/services/ChloroP/) and Predator
(http://www.inra.fr/ ).
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3. Comparative phenotypic analysis of cAMP and MAPK signalling
mutants of Magnaporthe oryzae
3.1 Introduction
Appressorium formation and virulence of Magnaporthe oryzae involve two conserved
MAP kinase signalling cascades and the cyclic AMP-PKA response pathway (Lengeler
et al., 2000). Targeted deletion of any of the genes associated with these pathways has
severe consequences for appressorium development and virulence (see review by
Wilson and Talbot, 2009). The M. oryzae Δpmk1 mutant, for example, has a nonpathogenic phenotype and it does not form appressoria (Xu and Hamer, 1996). The M.
oryzae developmental mutants ΔcpkA, Δmst12 and Δmps1 are able to elaborate
appressoria, but in all cases the appressoria that are formed are unable to penetrate the
plant cuticle and consequently are non-pathogenic (Adachi and Hamer, 1998; Park et
al., 2002; Xu et al., 1998). Very little work has been done to establish precisely why the
appressoria generated by these mutants do not have the ability to infect host plants. The
comparative phenotypic analysis presented here, to investigate mutants impaired in two
important signalling pathways mutants, aims at providing further insights into the role
of CPKA, MST12, PMK1 and MPS1 in appressorium-mediated plant infection and at
confirming which of these strains were of potential interest for comparative proteomic
analysis of appressorium differentiation and maturation (Chapter 4).
The Δpmk1 MAP kinase mutant fails to make appressoria on any hydrophobic
surface or in response to the addition of exogenous cAMP or cutin monomers (Xu and
Hamer, 1996). In response to exogenous cAMP, germ tubes of Δpmk1 mutants hook as
they extend, which is characteristic of incipient appressorium morphogenesis in a wild
type strain, but in the Δpmk1 mutant this only results in a slight swelling of the germ
tube tip and appressoria do not form. The Δcpka mutant produces small appressoria
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with a significant delay in their development, when compared to the wild type (Mitchell
and Dean, 1995; Xu et al., 1997). The Δmps1 mutant generates appressoria which are
similar to the wild type in both the time-scale of infection-related development and
appearance (Xu et al., 1998). The Δmst12 mutant has also been shown to elaborate
appressoria but they are also unable to develop penetration hyphae (Park et al., 2002).
The generation of turgor within the appressorium is a pre-requisite for
penetration and plant infection by M. oryzae (Howard et al., 1991; Talbot, 2003).
Appressorium turgor can be measured indirectly by calculating the rate of cellular
collapse when appressoria are incubated in hyperosmotic solutions (Howard et al.,
1991). Park et al. (2004) observed no significant differences in the percentage of
appressoria that underwent cellular collapse when comparing Δmps1 and Δmst12
mutants with an isogenic wild type strain, Guy11, suggesting that they had similar
turgor. By contrast, the Δcpka mutant showed retardation and a measurable reduction in
turgor when compared with Guy11 (Thines et al., 2000).
Some studies have examined the mobilisation of storage reserves in several
developmental mutants, as a means of determining whether the penetration deficient
phenotypes they exhibit could be accounted for by alteration in the movement of
resources, resulting in a lack of sufficient turgor generation (Park et al., 2004; Thines et
al., 2000). The transfer of storage carbohydrate and lipid reserves to the developing part
of the appressorium has been shown to be under the control of the Pmk1 MAPK
pathway (Thines et al., 2000). This study suggested the mass transfer of these reserves
was part of the appressorium differentiation process and that the developmental
sequence for appressorium morphogenesis must be triggered early during germ tube
extension, because the mobilization of glycogen and lipid droplets were severely
impaired in a Δpmk1 mutant. It was also observed that mobilisation of glycogen and
triacylglycerol reserves was markedly delayed in a ΔcpkA mutant and a measurable
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reduction was observed in appressorium turgor, when compared with a wild type strain
(Thines et al., 2000). The authors concluded that the ΔcpkA mutant is non-pathogenic
because of insufficient or retarded turgor generation, which prevents cuticle penetration.
The transfer of storage carbohydrate and lipid reserves from the conidium to the
appressorium does not seem to be impaired in either Δmps1 or Δmst12 mutants
(personnal communication). This suggests that MPS1 and MST12 are likely to function
mainly at the latter stages of the appressorium development during re-polarisation of the
penetration peg and are therefore required for cuticle rupture and plant entry (Xu et al.,
1998; Park et al., 2002)
Recently, the role of mitosis in appressorium morphogenesis was investigated.
Veneault-Fourrey et al., (2006), used two drugs, hydroxyurea (HU) and benomyl, to
block cell-cycle progression at the G1/S or G2/M transitions, respectively, and
demonstrated that completion of mitosis was a pre-requisite for appressorium formation
and infection-related development in M. oryzae. Successful nuclear division and
segregation of the nuclei to the appressorium and conidium has also been suggested to
be a pre-requisite for normal appressorium development in the anthracnose pathogen
Colletotrichum lagenarium and Colletotrichum gloeosporioides (Kuo 1999; Takano et
al., 2001).
The process of irreversible cell cleavage in eukaryotic cells, named cytokinesis,
requires co-ordination with mitosis both temporally and spatially to ensure correct
chromosomal

distribution

among

daughter

cells

(Plamann,

1996).

Compartmentalization of the appressorium from the germ tube, through formation of a
septum following the mitotic division, is characteristic of various phytopathogenic fungi
such as Puccinia sp, Colletotrichum sp. and M. oryzae. This process is coupled with
transfer of cytoplasm to the appressorium via the germ tube (Dean, 1997). The ability to
differentiate a melanized appressorium therefore appears to depend on re-distribution of
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cellular constituents mediated by co-ordinated septation of the appressorium (Dean,
1997). Recent studies have shown that complex networks exist to link the regulation of
mitosis, cytokinesis and septation (Bardin and Amon, 2001). In yeast, for instance, the
degradation of a mitotic cyclin Clb2 coincides with exit from mitosis, due to the loss of
cyclin-dependent kinase activity (CDC28), and with initiation of septation which
follows contraction of an actomyosin ring that acts as a guiding cue for septal wall
disposition (Kitayama et al., 1997; Guertin et al., 2002). Septum formation has been
investigated in a large number of organisms and shown to be commonly dependent on
actin and septins which are conserved cytoskeletal proteins (Longtime et al., 1996). In
S. cerevisiae, for instance, four septin proteins form a ring consisting of 10 nm filaments
which form at the mother-bud neck prior to cytokinesis (Haarer and Pringle, 1987). One
model common to cytokinesis of both animal cells and fungi proposes that actin and the
associated motor protein myosin form a contractile ring which invaginates the
membrane leading to daughter cell separation in animal cells and formation of an
internal cell wall in filamentous fungi (Fishkind and Wang, 1995; Hales et al., 1999;
Walther and Wendland, 2003; Pollard and Wu, 2010).
The fungal cytoskeleton comprises two main structural components,
microfilaments, which are polymers of the protein actin, and microtubules which are
polymers of the protein tubulin (Walker and Garrill, 2006). They form a threedimensional network and are involved in determining cell structure. They play a
multitude of dynamic roles in fundamental cell processes such as morphogenesis,
cytokinesis and the movement of organelles (Walker and Garrill, 2006). Filamentous
fungi are ideal systems to study the process of polarized growth, because their life cycle
is dominated by hyphal growth, exclusively at the cell apex (Upadhyay and Shaw,
2008).
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Microfilaments are extremely dynamic structures and can be rapidly modified
through their interactions with a number of actin-binding proteins (ABPs) according to
cellular requirements (Walker and Garrill, 2006). They can play a role in cellular
morphogenesis, cell wall re-modelling, endocytosis, exocytosis, mitosis, meiosis,
cytokinesis, septation, cell signalling and the movement and positioning of organelles
(Drubin et al., 1988; Karpova et al., 1998; Pruyne and Bretscher, 2000; Harris, 2006;
Castillo-Lluva et al., 2007). Many ABPs have been described in yeast, cofilin/ADF for
instance severs and depolymerizes microfilaments (Moon et al., 1993), profilin
regulates microfilament formation (Haarer, et al., 1990), capping protein regulates
microfilament length (Amatruda and Copper, 1992), fimbrin/SAC6 promotes the
bundling of microfilaments (Adams et al., 1991), myosin is involved in organelle
movement (Watts et al., 1985) and formins initiate cable formation (Sagot et al., 2002)
and are required for actin ring formation at septation sites for polarized morphogenesis
(Pearson et al., 2003). The most common microfilament arrangements are peripheral
patches and cables, dynamic structures that are able to assemble, disassemble and
reassemble rapidly (Walker and Garrill, 2006). In both structures, ABP Fimbrin/Sac6
appears to be important for their stability in yeast (Adams et al., 1993). In filamentous
fungi, actin patches are concentrated at the site of polarized growth at the tip and at the
septum during cytokinesis (Harris et al., 1994; Torralba et al., 1998; Pelham and Chang,
2002). In yeast, they are discrete foci that contain components of the Arp2/3 complex
and other actin-interacting proteins (Arai et al., 1998). The actin patches move along
actin cables and they function as dynamic actin-polymerisation centres that may
contribute to the formation and maintenance of actin cables (Pelham and Chang, 2002).
Recent studies suggest apical recycling of the cell wall re-modelling enzymes via
endocytosis at the growing tip (Fuchs et al., 2006; Steinberg, 2007; Upadhyay and
Shaw, 2008). Endocytosis is mediated by fimbrin-assembled cortical actin patches and
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occurs in a zone which is 0.5 μm subapical of the growing tip (Upadhyay and Shaw,
2008). Endocytosis harvests membrane and polarity markers from the mature membrane
and recycles them through the Spitzenkörper, a unique structure associated with hyphal
tip growth in filamentous fungi (Virag and Harris, 2006), back to the growing tip
(Upadhyay and Shaw, 2008).
The microtubule cytoskeleton consists of α and β-tubulin protein dimers which
are ordered by microtubule organizing centres (MTOC; Reviewed by Oakley, 2003).
Microtubules serve as a structural and organisational network within the cell and are
involved in many processes including mitosis, cytokinesis and vesicular transport
(Plamann, 1996). The re-orientation of microtubules has been demonstrated as a
response to appressorium induction by the bean rust pathogen Uromyces appendiculatus
(Bourett et al., 1987) and the anthracnose fungus Colletotrichum lagenarium (Takano et
al., 2001). In Aspergillus nidulans, microtubules radiate from an MTOC, known as the
spindle pole body (SPB), which is the fungal equivalent of the centrosome, embedded in
the nuclear envelope (Oakley, 2004). SPBs consist of γ-tubulin combined with several
other associated proteins to form a circular structure known as the γ-tubulin ring
complex (Moritz et al., 2000). This complex acts as a scaffold for α/β-tubulin dimers to
begin microtubule polymerization. This acts as a cap at the negative end while the
microtubule growth continues away from the MTOC in the positive direction
(Mitchison and Kirschner, 1984; Moritz et al., 2000). In many fungi, including A.
nidulans, the nuclear envelope does not dissociate during mitosis and reform as in
higher eukaryotes, but instead, it remains intact (Heath, 1980) with exclusion of tubulin
during interphase and its quick entrance into the nucleoplasm at mitotic entry, enabling
mitotic spindle formation (Ovechkina et al., 2003). Import of tubulin may be regulated
by transport through a partially disassembled nuclear pore complex (NPC) (De Souza et
al., 2004). Localisation of the A. nidulans Never In Mitosis protein kinase NIMA to the
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nuclear periphery at the G2/M transition and identification of NPC specific extragenic
suppressors proteins of nimA1 allele, SONAGle2 and SONBNup98, have presented
NIMA kinase as a possible candidate for regulating the modification of the NPC during
mitotic entry in this fungus (De Souza et al., 2004). Identification and characterization
of NIMA homologues from Schizosaccharomyces pombe (Krien et al., 1998),
Neurospora crassa (Pu et al., 1995) and M. oryzae (Veneault-Fourrey et al., 2006)
implies functional conservation of NIMA across fungi. In M. oryzae, mitosis occurs
during appressorium development, giving two daughter nuclei, with one nucleus
returning to the original conidial cell and one migrating into the developing
appressorium (Veneault-Fourrey et al., 2006).
Mitotic inhibition also prevented collapse of the conidium in M. oryzae, and
showed for the first time a connection between mitotic control, conidial collapse and
appressorium development (Veneault-Fourrey et al., 2006). The collapse of the
conidium involves autophagy and it was shown that autophagy is important for
appressorium maturation. Impairment of autophagy by targeted deletion of ATG8, a
homologue of AUT7/ATG8 in Saccharomyces cerevisiae inhibits autophagy in M.
oryzae and prevents conidial cell death. The Δatg8 mutant develops an appressorium
but is unable to penetrate and consequently Δatg8 mutants are non-pathogenic
(Veneault-Fourrey et al., 2006). Autophagic cell death of the fungal spore, coupled to
mitotic entry, is therefore a pre-requisite for plant infection by M. oryzae (Kershaw and
Talbot, 2009).
In this chapter, we present a set of comparative analyses to investigate
cytoskeleton

reorganisation,

cytokinesis

and

autophagy

during

appressorium

morphogenesis in the ΔcpkA, Δmst12, Δmps1, and Δpmk1 mutant backgrounds. This
analysis aimed to select the best candidates for further comparative proteomic analysis.
Introduction of the GFP-tagged β-tubulin (Bm1:GFP) enabled observation of
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microtubule dynamics during appressoriun development. Introduction of the GFPtagged actin-binding protein tropomyosin (TpmA:GFP) enabled visualization of the
actomyosin ring following cellular division in M. oryzae and determination of the
temporal dynamics of cytokinesis during appressorium formation. TpmA:GFP gene
fusion allowed observation of the development of the actin network during conidium
germination and appressorium development. Introduction of a GFP-tagged fimbrin
(FimA:GFP) allowed observation of actin microfilaments during germ tube elaboration
and appressorium morphogenesis. Finally, we set out to observe GFP-tagged Atg8
which is tethered to the autophagosome membrane at its C-terminus by
phosphatidylethanolamine (Xie et al., 2008), to investigate the temporal and spatial
localisation of autophagosomes in ΔcpkA, Δmst12, Δpmk1 and Δmps1 mutants.
3.2 Materials and Methods
3.2.1. Generation of GFP fusion protein recombinants and Magnaporthe oryzae
strains
A number of reporter gene fusions were used in this study. The Bm1:GFP vector was
constructed using the Neurospora crassa bm1: GFP fusion construct (Freitag et al.,
2004). TpmA:GFP is a modified version of the Aspergillus nidulans TpmA:eGFP
fusion vector (Pearson et al., 2004; Saunders et al., 2010). The FimA:GFP fusion vector
was generated using the native M. oryzae fimbrin-encoding gene (MGG_04478). The
GFP:MoATG8 protein fusion vector was generated using the native M. oryzae Atg8
encoding gene (MGG_01062) (Kershaw and Talbot, 2009). The non-scaled maps of all
GFP protein fusion constructs used in this analysis are presented in Figure 3.1.
All GFP reporter fusions were transformed into the ΔcpkA, Δmst12, Δmpk1 and

Δmps1 mutant backgrounds, using the fungal transformation protocol previously
described (see Chapter 2). The resulting transformants were selected on complete
medium plates containing sulfonylurea at 50 µg.ml-1.
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Figure 3.1: Diagrammatic representation of the GFP-gene fusion vectors
constructed and used in this study.
A : ILV1:Bm1:GFP
B : ILV1:TpmA:GFP
C : ILV1:FimA:GFP
D : ILV1:GFP:MoATG8
ILV1, Magnaporthe oryzae acetolactase synthase gene confering sulfonylurea
resistance; bm1, Neurospora crassa beta-tubulin gene; TpmA, Magnaporthe
oryzae tropomyosin gene; FimA, Magnaporthe oryzae fimbrin gene, MoATG8,
Magnaporthe oryzae gene encoding ubiquitin-like protein; GFP, gene encoding for
a green fluorescent protein; trpC(t), Aspergillus nidulans trpC terminator sequence;
kb, kilobase.
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For each transformed construct, five successful sulfonylurea resistant
transformants were selected in each of the mutant backgrounds and these were validated
by Southern Blot hybridization (See Figure 3.2 for an example). From these, two
transformants, which were found to have a single copy integration, were selected for
subsequent GFP localisation. The GFP protein fusion strains generated in this analysis
are presented in Table 3.1.
3.2.2. Conidial suspension preparation and visualisation of GFP expression by
laser excitation epifluorescence microscopy
Conidia of M. oryzae strains Guy11, ΔcpkA, Δmst12, Δmpk1 and Δmps1 expressing
Bm1:GFP, TpmA:GFP, FimA:GFP and GFP:MoATG8 gene fusions were harvested
from 10 day old complete medium plate cultures using distilled water and were placed
onto the surface of glass coverslips in the presence of 1,16-hexadecanediol at a
concentration of 5x104 conidia ml-1. Coverslips were incubated in a moist air chamber
at 26 °C at time points between 2h and 24h. GFP localisation was observed at 0, 2, 4, 6,
8, 12, 16 and 24 h using an XI81 motorized inverted microscope (Olympus) equipped
with a UPlanSApo 100X1.40 oil objective (Olympus). Excitation of fluorescent proteins
was carried out using a VS-LMSA laser-Merge-System with solid state laser (488
nm/50 mW) for 500 ms to allow comparison between sample replicates.
3.3 Results
3.3.1 Conidium germination and appressorium differentiation in developmental
mutants of M. oryzae
Conidium germination and appressorium development of the isogenic wild type strain
Guy11 and of ΔcpkA, Δmst12 and Δmps1 and Δpmk1 mutants are presented in Figure
3.3. Germination and appressorium development were observed at eight time points
between 0 and 24 h. The spores of Guy11 germinated and formed polarized germ tubes
from 1 hour after incubation on glass cover-slips. The tips of the expanding germ tubes
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Figure 3.2: Genetic validation of tropomyosin:GFP gene fusion transformed in the mutant strain ∆cpkA.
A, diagram representing the Tromopyosin:GFP gene fusion vector. The
restriction endonuclease recognition sites used in the assembly of the
gene fusion vector are as indicated. ILV1, Magnaporthe oryzae acetolactase synthase gene conferring sulfonylurea resistance. tpmA, Aspergillus
nidulans tropomyosin-encoding gene. GFP, gene encoding enhanced
green fluorescence protein ; kb, kilobase. B, Genomic DNA was isolated
from transformants showing sulfonylurea resistance digested with the
restriction enzyme EcoRI. The digested DNA was fractionated by agarose
gel electrophoresis, blotted to Hybond-N (Amersham) and hybridised with
the GFP gene to observe the number of copies introduced in the ∆cpkA
transformant genomes. Lane C; tpmA:GFP in the wild type strain used as
control; lane 1-5, tpmA:GFP transformants. Transformants lanes 1, 4 and
5 showed integration of only one copy of the tpmA:GFP fusion vector.
Transformants 4 and 5 were chosen for further analysis.

98

Chapter 3

Table 3.1: Magnaporthe oryzae strains generated in this study.

Strains
Wild type Guy11 (Leung et al., 1988)

∆ pmk1 (Xu & Hamer, 1996)

∆ mst12 (Park et al., 2002)

∆ mps1 (Xu et al., 1998)

∆ cpka (Xu et al.,1997)

Genotype
ILV1:Bim1:GFP
ILV1:TpmA:GFP
ILV1:FimA:GFP
GFP:MoATG8:ILV1
ILV1:Bim1:GFP
ILV1:TpmA:GFP
ILV1:FimA:GFP
GFP:MoATG8:ILV1
ILV1:Bim1:GFP
ILV1:TpmA:GFP
ILV1:FimA:GFP
GFP:MoATG8:ILV1
ILV1:Bim1:GFP
ILV1:TpmA:GFP
ILV1:FimA:GFP
GFP:MoATG8:ILV1
ILV1:Bim1:GFP
ILV1:TpmA:GFP
ILV1:FimA:GFP
GFP:MoATG8:ILV1
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(Saunders et al., 2010)
(Martinez-Rocha, Unpublished)
(Martinez-Rocha, Unpublished)
(Kershaw & Talbot, 2009)
This study
This study
(Kershaw & Talbot, unpublished)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Figure 3.3: Conidium germination and appressorium development in the
Magnaporthe oryzae wild type and in the ∆pmk1, ∆mst12, ∆mps1 and ∆cpkA
mutants. Conidial suspensions at a concentration of 5x10 4conidia mL-1 prepared
in distilled water with 1,16 hexadecanediol were placed onto the surface of borosilicate glass cover-slips and incubated in a moist chamber at 26°C for 24h. Germination and appressorium development were observed at 0, 2, 4, 6, 8, 12, 16
and 24 hours post-inoculation using Olympus XI81 motorized inverted microscope. h, hours ; Scale bars represent 10μm.
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started hooking and formed neo-appressoria 4 hours after spore incubation. At 6 hours,
the majority of neo-appressoria formed typical dome-shaped cells. The maturation of
appressoria was accompanied with their melanization starting at 8 hours and the
collapse of conidia observed at 16 hours post-inoculation. This first analysis confirmed
the previously observed phenotypes of these signalling mutants. The Δcpka mutant
produced small appressoria with a significant delay in development compared to the
isogenic wild type, as previously reported (Mitchell and Dean 1995; Xu et al., 1997).
Appressorium formation in the Δmps1 mutant was indistinguishable from the wild type,
as already reported by Xu and co-workers (Xu et al., 1998). The Δmst12 mutant did
elaborate appressoria but with a significant delay of 6 h compared to wild type. This
delay in appressorium development has not been previously reported. It was
consistently observed on a number of different hydrophobic surfaces, including gel
bond, Teflon membranes and plastic surfaces in the presence of 1,16-hexadecanediol,
leading to the conclusion that the delay was due to deletion of the MST12 gene.
Therefore, we were able to provide initial evidence of a possible involvement of Mst12
in appressorium development, as well as the ability of appressoria to infect rice plants.
As expected, the Δpmk1 mutant was not able to form appressoria under any conditions
tested (Xu and Hamer, 1996).
3.3.2 Microtubule dynamics during germination, appressorium differentiation and
maturation
In the conidium, microtubules extended over the three cells and were linked at
the two septal pores. Two hours after spore germination of the wild type strain Guy11,
microtubules were aligned parallel to the longitudinal axis of the extending germ tube
(see Figure 3.4). An intricate network of microtubules was observed in the developing
appressorium, four hours after spore germination. The microtubule network in the
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conidium disappeared gradually corresponding to the recycling of the contents of the
spore prior to cell death (Veneault-Fourrey et al., 2006).
Microtubule dynamics during conidium germination and appressorium
development in Δpmk1, Δmst12, Δmps1 and ΔcpkA mutants are presented in Figures 3.5,
3.6, 3.7, and 3.8, respectively. In the conidium, microtubule organisation of all mutants
was comparable to that observed in the wild type. Although a slight delay in spore
germination was observed in ΔcpkA, Δmst12, Δmpk1 mutants, the microtubule pattern
after two hours was comparable to that observed in the wild type, aligned parallel to the
longitudinal axis of the extending germ tube.
Significant delays in appressorium formation were confirmed for both the ΔcpkA
and Δmst12 mutants, with the appressorium only being fully formed eight hours post
inoculation. However, this delay did not appear to affect microtubule reorganisation in
the germ tube and the emerging appressorium. As observed in the wild type, the
microtubule network in the conidium of Δmst12 mutants was disappearing as the
contents of the spore were recycled prior to the collapse of the conidium (Figures 3.6,
3.8). However, Δmst12 mutants showed an interesting difference in microtubule
reorganisation in the mature appressorium after 16 to 24 h post-inoculation. At this time
the appearance of a diffuse, dense network of microtubules was observed in the mature
appressorium. This observation is consistent with the discovery of spherical microtubule
bodies in Δmst12 mutant appressoria after 24h (Park et al., 2004). The authors
associated these dense bodies with the inability of the Δmst12 mutant to form a
penetration peg. They concluded that MST12 may regulate genes associated with
cytoskeletal rearrangements in M. oryzae during appressorium-mediated penetration
(Park et al., 2004). Although the Δmst12 mutant was delayed in appressorium
development, the present results support previous findings, which suggest that MST12 is
involved in the later stage of appressorium maturation associated with successful cuticle
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Figure 3.4: Visualisation and localisation of microtubules in Magnaporthe
oryzae Bim1:GFP strain during conidium germination and appressorium development. Conidial suspensions at 5x104 conidia mL-1 were placed onto the surface of borosilicate

glass cover-slips and incubated in a moist air chamber at 26°C. The microtubule arrangements were
observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours
; scale bars represent 10 μm.

103

∆pmk1

Bim1:GFP

Merge

Chapter 3

0h

2h

4h

6h

8h

12h

16h

24h
Figure 3.5: Visualisation and localisation of microtubules in the
∆pmk1 mutant Bim1:GFP strain during conidium germination.
Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The microtubule arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8,
12, 16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.6 : Visualisation and localisation of microtubules in the ∆mst12
mutant Bim1:GFP strain during conidium germination and appressorium
development. Conidial suspensions at 5x104 conidia mL-1 were placed onto the surface of
borosilicate glass cover-slips and incubated in e moist air chamber at 26°C. The microtubule arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post
inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.7: Visualisation and localisation of microtubules in the ∆mps1 mutant
expressing a Bim1:GFP gene fusion during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of

borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The microtubule arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.8: Visualisation and localisation of microtubules in the ∆cpka mutant
expressing Bim1:GFP during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosilicate glass
cover-slips and incubated in e moist air chamber at 26°C. The microtubule arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale
bars represent 10 μm.
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penetration. Degradation of the microtubule cytoskeleton in the conidium seems to be
delayed in the ΔcpkA mutant compared to the wild type, Δmst12 and Δmps1 mutants
(Figure 3.8). It appears to be completed only 24 h after incubation suggesting a delay in
conidial programmed cell death. Δpmk1 mutants are clearly impaired in this process
because a distinct microtubule network is still observable even 24 h after inoculation on
coverslips. This result confirms that conidial programmed cell death does not occur
without appressorium formation (Kershaw and Talbot, 2009). No differences were
observed in microtubule organization in Δmps1 mutants compared to the wild type
strain Guy11 (Figure 3.7).
3.3.3 Actin organisation during germination, appressorium differentiation and
maturation
The fimbrin-GFP protein fusion revealed patches of microfilaments that were
dispersed in the cytoplasm of the Guy11 conidium and accumulated quickly at the germ
tube tip 2 h after germination, as shown in Figure 3.9. These observations were
consistent with previous findings that show the accumulation of actin patches at sites of
polarized growth at the cell tips in filamentous fungi (Harris et al., 1994; Mc Goldrick
et al., 1995; Torrabla et al., 1998; Upadhyay and Shaw, 2008) and in Saccharomyces
cerevisiae (Adams et al., 1991). Interestingly, no actin patches were observable at the
septum during cytokinesis. In the appressorium, patches were also scattered in the
cytoplasm, but during appressorium maturation, they seemed to localise to the centre of
the cell suggesting a possible involvement in the re-establishment of polarized growth
necessary for the generation of a penetration peg. Actin patches move along actin cables
and it has been proposed that these actin patches may function as dynamic actin
polymerisation centres that contribute to the formation and maintenance of actin cables
in S. pombe (Pelham and Chang, 2002). Thus, the actin patches could be a mode of
actin-based mobility that may be important in formation and dynamic organisation of
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the actin cytoskeleton associated with penetration peg formation in M .oryzae. Actin
patches in the conidium disappeared gradually as the conidium underwent autophagic
cell death.
Temporal analysis of actin distribution during conidium germination and
appressorium development in Δpmk1, Δmst12, Δmps1 and ΔcpkA mutants is presented
in Figures 3.10, 3.11, 3.12, and 3.13, respectively. Bar charts showing the average
number of actin patch numbers present in conidia, germ tubes and appressoria over time
are also presented in Figure 3.14.
In the Δpmk1 mutant, actin patches continued to accumulate at the tip of the
germ tube because no appressorium is formed in this mutant. The most striking
observation was made with the Δmst12 mutant, where the actin patches labeled with
fimbrin-GFP were less dense and more diffuse than in the wild type, as the 3dimensional reconstruction picture shows in Figure 3.15. Furthermore, a reduced
number of actin patches were observable in Δmst12 appressoria 24 h post inoculation,
when compared to Guy11 (Figures 3.9, 3.11, 3.14). This result suggests that the failure
of the Δmst12 mutant to develop a penetration peg may be the result of its inability to
organize both the microtubule (Park et al., 2004) and microfilament-based cytoskeleton
during re-polarisation of the base of the appressorium. The numbers of patches between
Guy11 and Δcpka mutant conidia were very similar but the number of patches in the
germ tube did not decrease at the same rate, which is consistent with the delay observed
in appressorium formation in the Δcpka mutant (Figure 3.13). Interestingly,
reorganisation of the patches at the base of the appressorium was not impaired in a
Δcpka mutant (Figure 3.14). No significant differences were noticed between wild type
and Δmps1 mutants in actin patch arrangement (Figures 3.12 and 3.14).
In contrast to other filamentous fungi such as Aspergillus nidulans and
Neurospora crassa, (Harris et al., 1994; Barja et al., 1993), no intense actin localisation
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Figure 3.9: Visualisation and localisation of actin patches in Magnaporthe
oryzae expressing fimbrin:GFP during conidium germination and appressorium
development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosili-

cate glass cover-slips and incubated in a moist air chamber at 26°C. Actin patches were observed by
epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. Actin accumulates at
the center h, hours ; scale bars represent 10 μm.
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Figure 3.10: Visualisation and localisation of actin patches in the ∆pmk1
mutant expressing fimbrin:GFP during conidium germination. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosilicate glass cover-slips and
incubated in a moist air chamber at 26°C. The actin patches were observed by epifluorescence
microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars represent 10
μm.
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Figure 3.11: Visualisation and localisation of actin patches in the ∆mst12 mutant
expressing fimbrin:GFP during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosilicate

glass cover-slips and incubated in a moist air chamber at 26°C. The actin patches were observed by
epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars
represent 10 μm

112

Chapter 3
∆mps1

Fimbrin:GFP

Merge

0h

2h

4h

6h

8h

12h

16h

24h

Figure 3.12: Visualisation and localisation of actin patches in a ∆mps1 mutant
expressing fimbrin:GFP during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosilicate

glass cover-slips and incubated in a moist air chamber at 26°C. The actin patches were observed by
epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars
represent 10 μm.
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Figure 3.13: Visualisation and localisation of actin patches in a ∆cpka mutant
expressing fimbrin:GFP during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of borosilicate

glass cover-slips and incubated in a moist air chamber at 26°C. The actin patches were observed by
epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars
represent 10 μm.
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Figure 3.14: Maximum projection Z-stack showing the localisation of actin patches
in the wild type and the ∆mst12 mature appressoria.
A, DIC pictures ; B, localisation of the fimbrin:GFP ; C, Z-stack 3D reconstruction showing
actin patches arrangement in space. Conidial suspensions at 5x10 4 conidia mL-1 were
placed onto the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The microtubule arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars represent
10 μm.

115

Chapter 3

∆mst12

Guy11
100

Number of actin patches (Fimbrin::GFP)

Number of actin patches (Fimbrin::GFP)

100

80

60

40

20

0
0h

2h

4h

6h

8h

12h

16h

80

60

40

20

0

24h

0h

2h

4h

6h

Time (hpi)

∆pmk1

80

60

40

20

16h

24h

80

60

40

20

0

0
0h

2h

4h

6h

8h

12h

16h

24h

0h

2h

4h

6h

8h

12h

16h

24h

Time (hpi)

Time (hpi)

∆mps1

100

Number of actin patches (Fimbrin::GFP)

12h

∆cpkA

100

Number of actin patches (Fimbrin::GFP)

Number of actin patches (Fimbrin::GFP)

100

8h
Time (hpi)

80

Conidium

60

Germ tube

40

Appressorium

20

0
0h

2h

4h

6h

8h

12h

16h

24h

Time (hpi)

Figure 3.15: Bar charts showing mean numbers of actin patches numbers present in conidia,
germ tubes and appressoria at 0, 2, 4, 6, 8, 12, 16 and 24h after inoculation with wild type, Δ
pmk1, Δmst12, Δmps1 and ΔcpkA mutants. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto
the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The actin patches were
observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours
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was observed at the tip of the emerging germ tube in Guy11, as observed by
tropomyosin-GFP localisation (figure 3.16). However, a diffuse actin network was
observable in the conidium and appressorium, around organelles, including the nuclei,
which were visible in the conidium prior to germination. The actomyosin contractile
ring was also observable at the neck of the appressorium 6 h post-inoculation,
subsequent to mitotic division, as shown in Figure 3.21. From 6 h post-inoculation, the
actin cytoskeleton is organising progressively into bundles at the centre of the
appressorium in the same way as the arrangement seen with β-tubulin localisation.
Reorganisation of the cytoskeleton network may be coupled to maturation and
development of turgor pressure in the melanised appressorium (Howard et al., 1991;
Talbot, 1995; Money and Howard, 1996). However, this is not sufficient for plant
infection because Δmst12 generated a turgor comparable to that observed in the wild
type, but failed in cytoskeleton reorganisation required for peg penetration (Park et al.,
2004). No GFP signal was detected at 24 h in the conidium because by this time the
spore had collapsed.
The dynamics of the actin cytoskeleton during conidium germination and
appressorium development in Δpmk1, Δmst12, Δmps1 and ΔcpkA are presented in
Figures 3.17, 3.18, 3.19, and Figure 3.20 respectively. Actin localisation in the
conidium was indistinguishable in all mutants when compared to the wild type. No
significant differences were observed in actin cytoskeleton organization as localized
with tropomyosin-GFP in Δmst12, Δmps1 and ΔcpkA mutants, when compared to the
wild type. This result is surprising since Δmst12 is reported to be impaired in
cytoskeleton reorganisation associated with penetration peg formation (Park et al.,
2004). This might be explained by a weak signal preventing visualisation, but actin
localisation using tropomyosin-GFP as a marker did allow localisation at the point of
contractile ring formation following mitosis. Although Δpmk1 mutants are not able to
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Figure 3.16: Visualisation and localisation of actin cytoskeleton in Magnaporthe
oryzae expressing tropomyosin:GFP gene fusion during conidium germination
and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto
the surface of borosilicate glass cover-slips and incubated in e moist air chamber at 26°C. The microfilament arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24
hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.17: Visualisation and localisation of the actin cytoskeleton in a ∆pmk1
mutant
expressing Tropomyosin:GFP gene fusion during conidium germination.
-1
Conidial suspensions at 5x10 4conidia mL-1 were placed onto the surface of borosilicate glass cover-slips
and incubated in a moist air chamber at 26°C. The actin filaments/cables arrangements were observed
by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars
represent 10 μm.
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Figure 3.18: Visualisation and localisation of actin cytoskeleton in the ∆mst12
mutant expressing a Tropomyosin:GFP gene fusion during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed
onto the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The actin
filaments/cables arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and
24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.19: Visualisation and localisation of actin cytoskeleton in a ∆mps1
mutant expressing a Tropomyosin:GFP gene fusion during conidium germination and appressorium development. Conidial suspensions at 5x10 4conidia mL-1 were placed
onto the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The The
actin filaments/cables arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12,
16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.20: Visualisation and localisation of actin cytoskeleton in the ∆cpkA
mutant expressing a Tropomyosin:GFP gene fusion during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed
onto the surface of borosilicate glass cover-slips and incubated in e moist air chamber at 26°C. The
actin filaments/cables arrangements were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12,
16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.21: Visualisation of a Tropomyosin:GFP gene fusion
expression during germination and appressorium development
in the Magnaporthe
oryzae mutants ∆pmk1, ∆mst12, ∆mps1, ∆
-1
cpkA4 and the wild type strain Guy11. Conidial suspensions at
5x10 4 conidia mL-1 were placed onto the surface of borosilicate glass
cover-slips and incubated in a moist air chamber at 26°C. The
images were taken as appropriate to illustrate formation of the actomyosin-ring formation (White arrow) h, hours ; scale bars represent
10 μm.
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form an appressorium, mitosis occurred in the germ tube as indicated by the localisation
of tropomyosin-GFP to the actomyosin contractile ring 8 h post-inoculation (Figure
3.21). The actomyosin contractile ring was observed 8 h post-inoculation in both ΔcpkA
and Δmst12 mutants, corresponding with the delay in appressorium development
previously described in these mutants (Figure 3.21). At 24 h post-inoculation, the actinlocalised GFP endured in the conidium due to survival of the conidium, which in Δpmk1
mutants, does not progress to autophagic programmed cell death in the same way as
Guy11 (Veneault-Fourrey et al., 2006).
3.3.4 Localisation and quantification of autophagosomes during germination,
appressorium differentiation and maturation
The cellular localization pattern of autophagosomes during appressorium
development in Guy11 is presented in Figure 3.22. The GFP-MoATG8 labeled
autophagosomes accumulated in conidia during germination and then decreased in
number during the onset of conidial cell death and appressorium maturation. The
number of autophagosomes within developing appressoria increased during
appressorium maturation, showing intense autophagic activity and vacuole expansion.
This observation confirmed previous findings, which showed that accumulation of
autophagosomes occurs in the conidium and is associated with programmed cell death
of the spore, and is also observed within the maturing appressorium (Kershaw and
Talbot, 2009).
The pattern of cellular localisation of autophagosomes during appressorium
development in Δpmk1, Δmst12, Δmps1 and ΔcpkA mutants is presented in Figures 3.23,
3.24, 3.25, and 3.26 respectively. The bar charts (Figure 3.27) represent the average
mean autophagosome numbers present in conidium, germ tube, and appressorium over
time for each of Δpmk1, Δmst12, Δmps1 and ΔcpkA mutants.
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Figure 3.22: Cellular localisation of autophagosomes in Magnaporthe oryzae
expressing an MoATg8:GFP gene fusion strain during conidium germination
and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto

the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The autophagosomes were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.23: Cellular localisation of autophagosomes in the ∆pmk1 mutant
expressing an MoATG8:GFP gene fusion during conidium germination. Conidial

suspensions at 5x10 4 conidia ml -1 were placed onto the surface of borosilicate glass cover-slips and
incubated in a moist air chamber at 26°C. The autophagosomes were observed by epifluorescence
microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.24: Cellular localisation of autophagosomes in the ∆mst12 mutant
expressing an MoATG8:GFP gene fusion during conidium germination and
appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the

surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The autophagosomes were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours ; scale bars represent 10 μm.
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Figure 3.25: Cellular localisation of autophagosomes in a ∆mps1 mutant expressing an MoATG8:GFP gene fusion during conidium germination and appressorium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of

borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The autophagosomes were
observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours
; scale bars represent 10 μm.

128

Chapter 3
∆cpkA

GFP:MoATG8

Merge

0h

2h

4h

6h

8h

12h

16h

24h

Figure 3.26: Cellular localisation of autophagosomes in ∆cpkA mutant expressing an MoATG8:GFP gene fusion
during
conidium germination and appresso4
-1
rium development. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto the surface of

borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The autophagosomes were
observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24 hours post inoculation. h, hours
; scale bars represent 10 μm.

129

Chapter 3

∆mst12

35

35

30

30

Autophagosome number

Autophagosome number

Guy11

25
20
15
10

25
20
15
10
5

5

0

0
0h

2h

4h

6h

8h

12h

16h

0h

24h

2h

4h

8h

12h

16h

24h

∆cpkA

35

35

30

30

Autoghagosome number

Autophagosome number

∆pmk1
25
20
15
10
5
0

25
20
15
10
5
0

0h

2h

4h

6h

8h

12h

16h

24h

Time (hpi)

0h

2h

4h

6h

8h

12h

16h

24h

Time (hpi)

∆mps1

35

Autophagosomes number

6h

Time (hpi)

Time (hpi)

30
25

Conidium

20

Germ tub

15

Appressorium

10
5
0
0h

2h

4h

6h

8h

12h

16h

24h

Time (hpi)

Figure 3.27: Bar charts showing mean autophagosome numbers present in conidium,
germ tube and appressorium at 0, 2, 4, 6, 8, 12, 16 and 24h after inoculation for Guy11, Δ
pmk1, Δmst12, Δmps1 and ΔcpkA. Conidial suspensions at 5x10 4 conidia mL-1 were placed onto
the surface of borosilicate glass cover-slips and incubated in a moist air chamber at 26°C. The
autophagosomes were observed by epifluorescence microscopy at 0, 2, 4, 6, 8, 12, 16 and 24
hours post inoculation. h, hours
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Cellular localisation of autophagosomes in a Δmps1 mutant and the isogenic
wild type strain were comparable during infection-related development, showing that
the deletion of MPS1 has no effect on either the autophagy in the conidium or
appressorium. The number of autophagosomes in Δpmk1 conidia and germ tubes
remained high during the time course, confirming that conidial cell death does not occur
in this mutant (Kershaw and Talbot, 2009). Infection-associated autophagy therefore
requires the Pmk1 MAP kinase (Kershaw and Talbot, 2009). As in the wild type, the
GFP-MoATG8 labeled autophagosomes in Δmst12 mutants decreased in number during
the onset of conidial cell death and increased in number within developing appressoria,
but again with a marked delay because the Δmst12 mutant is delayed in appressorium
formation. The number of autophagosomes was significantly reduced in conidia of
ΔcpkA mutants but not in developing appressoria. This observation suggests that
autophagic processes in the conidium and appressorium may be independently regulated
during infection-related development. CPKA may also be involved in the extent of
autophagy associated with conidial programmed cell death. The death of the spore and
the recycling of its contents are thought to provide energy for successful penetration.
ΔMoAtg8 mutants generate appressoria but these cells are unable to infect plants
(Veneault-Fourrey et al., 2006). Reduced autophagy observed in the ΔcpkA conidium
could at least partially account for the small non-functional appressoria developed by
ΔcpkA mutants (Xu et al., 1997). However, despite the observed reduction in
autophagy, conidia of ΔcpkA mutants collapsed 24 h post-inoculation. Therefore,
apoptosis may play a role in the demise of the spore, while autophagy may be required
for the elaboration of a functional appressorium. As with Δmst12 mutants, the number
of autophagosomes in ΔcpkA mutant appressoria after 24h was high compared to the
wild type. Although appressorium development was delayed in a ΔcpkA mutant,
appressorium-associated autophagy may be impaired because autophagosomes might be
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unable to fuse with vacuoles. Further analyses are required to investigate how
appressorium-associated autophagy is regulated in the ΔcpkA mutant.
3.4 Discussion
The phenotypic observations of the developmental M. oryzae mutants are
summarized in Tables 3.2 and 3.3. Polarized growth of the germ tube in M. oryzae was
accompanied by alignment of linear arrays of microtubules parallel to the longitudinal
axis of the extending germ tube. This is analogous to observations made by Czymmek
et al., (2005) whilst studying microtubule dynamics in response to treatment that
perturbs the fungal cytoskeleton at the hyphal tip (Czymmek et al., 2005). Deletion of
the PMK1, MST12, MPS1 and CPKA genes did not affect polarized growth of the germ
tube. Also, there is no effect on cytokinesis and septation because an actinomyosin
contractile ring was observed in all mutants, confirming that septation always occurs
prior to appressorium development (Veneault-Fourrey et al., 2006). The importance of
the microtubule cytoskeleton following appressorium development has been
demonstrated previously through analysis of the M. oryzae Δmst12 mutant (Park et al.,
2004) and was confirmed in this study. Reorganisation of the cytoskeleton network may
be coupled to development of turgor pressure in the melanized appressorium (Talbot,
1995; Money and Howard, 1996; Howard et al., 1991) but is not the sole requirement
for appressorium function, because Δmst12 mutant had turgor pressure comparable to
that observed in the wild type but failed to re-orient it to allow penetration peg
development. The M. oryzae ΔcpkA mutant showed reduced turgor when compared to
the wild type but did not differ from the wild type in terms of the reorganisation of
cytoskeleton associated with penetration peg formation. The observation of actin
patches also confirmed the lack of cytoskeletal reorganisation essential for virulence in
Δmst12 mutants but interestingly only in the penetration peg development and not in the
arrangement of germ tube microfilaments.
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Table 3.2. Virulence-associated cellular phenotype of Guy11, ∆pmk1, ∆mst12, ∆mps1
and ∆cpkA mutants of Magnaporthe oryzae.

Glycogen and
triacylglycerol
mobilisation

Appressorium tugor
pressure

Melanized
appressorium

∆pmk1

Severely impaired
(Thines et al. 2000)

No appressorium
(Xu et Hamer 1996)

No appressorium
(Xu et Hamer 1996)

∆mst12

Same as Wt
(Park et al. 2002)

Same as Wt
(Park et al. 2002)

∆mps1

Same as Wt

Same as Wt

Yes
(Park et al. 2002)
Yes
(Xu et al. 1998)

∆cpka

Septum observation

Programmed conidial
cell death

No
8h post germination (Veneault-Fourrey et al.
2006)

Appressorium
autophagic process

No appressorium
(Xu et Hamer 1996)

8h post germination

Yes

Retarded or
impaired?

6h post germination

Yes

Same as Wt

Yes, but the number
of autophagosomes in
Yes
Markedly retarded Mesurable reduction
8h post germination
conidium are markely
(Thines et al. 2000) (Thines et al. 2000) (Thines et al. 2000)
reduced

Retarded or
impaired?

Table 3.3. Cytoskeletal organisation during infected-related development in Guy11,
∆pmk1, ∆mst12, ∆mps1 and ∆cpkA mutants.

Conidia
∆pmk1

Same as Wt

∆mst12

Same as Wt

∆mps1
∆cpka

Same as Wt
Same as Wt

Cytoskeletal organisation during infected-related development
ements
Microfilament arrangments
Microtubule arrangements
Germ tube and
Germ Tube and
appressorium
appressorium
Mature appressorium
Conidia
Mature appressorium
development
developments
No appressorium
No appressorium
Same as Wt
Same as Wt
Same as Wt
(Xu et Hamer 1996)
(Xu et Hamer 1996)
Impaired
Same as Wt
Same as Wt
Same as Wt
Impaired
(Park et al. 2004)
Same as Wt
Same as Wt
Same as Wt
Same as Wt
Same as Wt
Same as Wt
Same as Wt
Same as Wt
Same as Wt
Same as Wt
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The distinct pattern in the cellular localisation of autophagosomes in the ΔcpkA
mutant has provided further evidence to autophagy being independently regulated in the
conidium resulting in cell death, and during appressorium development, leading to cell
survival and plant infection (Kershaw and Talbot, 2009). The Pmk1 MAP kinase is
required for infection-associated autophagy during development of the appressorium
(Kershaw and Talbot, 2009). However, conidial programmed cell death may involve
both autophagic and apoptotic processes because conidia of the ΔcpkA mutant still
collapsed in spite of the fact that there were fewer autophagosomes accumulating in the
conidium. This suggests that CPKA may be required for up-regulation of autophagy in
the conidium leading to programmed cell death, but that death of the spore may occur as
a result of processes which are independent of autophagy. These processes are currently
under investigation (Kershaw and Talbot, unpublished).
The goal of this preliminary analysis was to select candidate mutants for
comparative proteomic analysis of infection-related development in M. oryzae and to
provide further phenotypic evidence regarding their role in infection-related
development. On the basis of this analysis, we selected Guy11 as the wild type strain,
Δpmk1 mutant as a mutant completely impaired in infection-related development, the
Δmst12 mutant because it is impaired in appressorium function and shows a delay in
appressorium formation and the Δmps1 mutant because it is impaired in appressorium
penetration. The ΔcpkA mutant did not appear to be a good candidate for studying the
proteome associated with appressorium development because the mutant was
significantly impaired in storage mobilization, turgor pressure generation and
programmed cell death leading to small non-functional appressoria.

134

Chapter 4

4. Comparative proteomic analysis of MAPK signalling mutants of
Magnaporthe oryzae
4.1 Introduction
Sequencing the Magnaporthe oryzae genome has provided a vital step in investigating
the biology of rice blast disease (Dean et al., 2005). By revealing the putative gene
inventory of the fungus for the first time, new insight has been provided into its
developmental biology and large-scale genomic approaches have also been initiated that
have begun to provide a greater understanding of virulence processes (Wilson and
Talbot, 2009). However, the possession of a gene list alone is clearly not sufficient to
reveal how a fungus carries out plant infection. Investigating the spatio-temporal
dynamics of gene expression by M. oryzae, for instance, during infection-related
development and in response to its host plant, is likely to be crucial in understanding the
establishment of rice blast disease
In this study, we adopted a comparative differential proteomics approach to
study the major changes in protein abundance accompanying the development of
appressoria by M. oryzae. Proteomic analysis allows the study of both quantitative and
qualitative variations in the globally expressed set of proteins within an organism at a
particular time. The term “Proteome” refers to the entire protein complement expressed
by a genome, although this is seldom, if ever, analysed even in the most comprehensive
proteomic studies (Wasinger et al., 1995). Instead, the most abundant and readily
extractable proteins from a particular developmental stage are visualised and then
identified by peptide mass fingerprinting or fragmentation (Shevchenko et al., 1996).
The proteome changes rapidly during the developmental cycle of any cell or tissue and
also in response to changes in the environment. A tool that has routinely been used in
proteomics is the 2-dimensional separation of proteins by polyacrylamide gel
electrophoresis (O’Farrel, 1975), hereafter referred to as 2D-PAGE. This technique has
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made it possible to separate between 1000 and 2000 proteins on a 2D-PAGE gel. The
significant advances in mass spectrometry during the last 15 years have revolutionized
proteomic studies (Tamotsu et al., 2004; Newton et al., 2004; Peck, 2005), allowing
identification of individual proteins by peptide mass fingerprinting and Matrix Assisted
Laser Desorption Ionisation Time-of-Flight mass spectrometry (MALDI-ToF MS) or by
peptide fragmentation by tandem mass spectrometry (MS-MS). These two
complementary tools have allowed differential proteomic analysis to define temporal
patterns of protein expression.
The experimental strategy used in this study was to investigate proteome
changes during appressorium development in Magnaporthe oryzae, as shown in Figure
4.1. The basic experimental design was to extract proteins from germinating spores and
incipient appressoria at 5 different time points using a wild type strain of M. oryzae, and
a set of isogenic developmental mutants differing by single genes that have previously
been shown to be essential for appressorium formation and function. In particular, we
compared the ∆pmk1 mutant lacking the PMK1 encoded MAP Kinase (Xu and Hamer,
1996), which is essential for the development of appressoria, the ∆mst12 mutant, which
lacks a downstream transcription factor regulated by the Pmk1 MAPK (Park et al.,
2004), that is essential for appressorium function, and the ∆mps1 mutant which lacks
the Mps1 MAP Kinase that is essential for appressorium-mediated cuticle penetration
(Xu et al., 1999).
4.2 Materials and Methods
4.2.1 Protein preparation from M. oryzae during appressorium development
Twelve-day old cultures of M. oryzae Guy11, ∆mst12 and ∆pmk1 grown on complete
medium (CM) agar were used for harvesting conidia in sterile distilled water. Conidia
were filtered through sterile Miracloth and centrifuged at 5000 x g for 10 min at room
temperature, so that they could be concentrated to a final volume of 3 ml of sterile
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Timecourse of appressorium development

Protein purification from 3 biological replicates

2D gels with 3 technical replicates

Quantification of protein spots

Differential proteomics
of appressorial proteome

Differential proteomics
of MAPK signaling mutants

Mass Spectrometry protein identification

Targeted selection and functional analysis
of genes by targeted deletion

Differential validation
of protein accumulation

Figure 4.1: Experimental strategy used to investigate the proteome
changes during appressorium development in M.oryzae. The basic
experimental design was to extract proteins from germinating spores and
incipient appressoria at 5 different time points using a wild type strain of M.
oryzae, and a set of isogenic developmental mutants lacking in virulence.
We separated the protein extract on 2D-gels and studied proteome variations by computational analysis. Pertinent protein spots were identified by
Mass Spectrometry. Knowing the inducible proteins during appressorium
formation allowed us to validate the experimental process and to choose
specifically expressed genes for further analysis.

137

Chapter 4
distilled water after 3 washes. For preparation of conidial samples, the pellets were
directly frozen in liquid nitrogen and then stored at -80˚C. For the generation of
appressoria, conidia were re-suspended in sterile distilled water with 1,16hexadecanediol (Aldrich) (1/20000 dilution) to a final concentration of 5x105 conidia
ml-1. Fifty millilitres of conidial suspension was poured onto the hydrophobic surface of
a GelBond Film (Lonza) which was placed in a square Petri dish (120 ml) and stored in
a controlled temperature room at 26˚C, with a light cycle of 12h light and 12h dark.
After incubation, the water was removed, and the GelBond® Film was washed twice to
remove non-germinated conidia. The surface-attached appressoria were then harvested
with a razor blade and placed into a falcon tube with 5 ml of sterile distilled water,
frozen in liquid nitrogen, and stored at -80˚C. All the samples were lyophilized before
protein extraction.
4.2.2 Protein identification
Informative protein spots were directly removed from the 2D-gels (Chapter 2.5.3). Ingel trypsin digestion and mass spectrometry analysis was performed as described in
Chapter 2.5.4 using MALDI-ToF-MS (Voyager-DE STR MALDI-TOF MS, Applied
Biosystems) or LC-MS/MS (HCTultra ESI-QIT MS(n), Brucker Daltonics) in the
Aberdeen Proteomics Facilities (University of Aberdeen). Proteins were named using
the

Broad

Institute

M.

oryzae

database

(http://www.broadinstitute.org/annotation/genome/magnaporthegrisea/MultiHome.html)
or

using

NCBI

Basic

Local

Alignment

Search

Tool

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Versions 5.0 and 6.0 of the Broad Institute M.
oryzae genome database were both used because some genes were removed from
version 5.0 of the genome annotation, which corresponded to a number of identified
proteins from this study. Theoretical molecular weights and isoelectric points were
calculated using MASCOT MS/MS (http://www.matrixscience.com/) and the
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PeptidMass tool (ExPASy ProteomicsServer http://www.expasy.ch/). Experimental
molecular weights and isoelectric points were measured in gel using standard ladders.
Information related to the MASCOT MS/MS identification: the rank, the identification
score (significant if superior to 32), the number and the sequences of identified peptides,
the percentage of peptides coverage and the ELDP index (Excess of limit-digested
peptides, Stead et al., 2008) were collected and listed in a table. The UniProt accession
numbers allowed the retrieval of more detailed information for particular proteins
(http://www.uniprot.org/). All the genes were functionally annotated using the gene
ontology database AmiGo (http://amigo.geneontology.org/cgi-bin/amigo/go.cgi) and
using

the

functional

annotation

available

on

the

COGEME

database

(http://cogeme.ex.ac.uk/; Soanes et al., 2002). Putative signal peptides were identifed
using the SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/; Emanuelsson et
al., 2007). Predicted protein sub-cellular localizations were determined using PSORT II
Prediction

(http://psort.ims.u-tokyo.ac.jp/form2.html),

WoLF

PSORT

(http://wolfpsort.org/) and TargetP 1.1 Server (http://www.cbs.dtu.dk/services/TargetP/;
Emanuelsson et al., 2007). The prediction of transmembrane helices in proteins was
investigated using TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).
Pfam protein domains were determined using the website http://pfam.sanger.ac.uk/.
Finally, the expression coefficients of all spots, at each time point, compared to the
reference gel (Guy11 time 0 hour), were calculated in order to allow observation of spot
profile patterns. A positive value defines the protein spot as being more abundant than
the reference spot; if the value is negative the spot is less abundant.
4.3 Results
The first objective was to establish conditions that would allow synchronous
appressorium development on artificial hydrophobic surfaces. In the case of the wild
type M. oryzae strain Guy11, we observed that a very high frequency of appressorium
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development had been completed by 24h after inoculation. Appressoria were
completely developed and had undergone melanisation and turgor generation by this
time. A time course was therefore selected with 0h, 6h, 12h, 16h and 24h to allow an
effective evaluation of proteomic changes during appressorium development in M.
oryzae. Cytological analysis (reported in Figure 3.3) showed that in the ∆mst12 mutant,
appressorium formation was delayed by six hours when compared to the wild-type
strain Guy11 on a synthetic hydrophobic surface, even in the presence of the lipid
monomer 1,16-hexadecanediol, which has previously been shown to induce
appressorium formation on non-inductive surfaces (Gilbert et al., 1996). Therefore, we
concluded that the 6 hours time point would allow comparison of germinated conidia
(∆mst12 and ∆pmk1) with nascent appressoria (Guy11 and ∆mps1). Figure 4.2
summarizes the time course selection and shows the morphological differences
observed between all strains of M. oryzae investigated.
4.3.1 Pilot experiment for comparative proteomic analysis of appressorium
development
Prior to carrying out large scale proteomic analysis, an initial pilot experiment was
conducted to ensure that adequate amounts of protein could be extracted from M.
oryzae, resolved by two-dimensional electrophoresis, and successfully identified by
peptide mass fingerprinting (MALDI-ToF-MS) and fragmentation (LC-MS/MS).
Although Mass Spectrometry is a very sensitive technique, protein abundance remains
one of the major limitations for successful protein identification (Rabilloud, 2002). To
increase the number of protein spots which could be successfully identified, 2D-PAGE
gels were loaded with very high amounts of protein. We determined that the IEF strips
used (Chapter 2.5.3.1) could be loaded with up to 450 µg of protein without interfering
with iso-electric focusing. To generate this amount of protein from appressoria, 40 mg
of freeze dried conidial sample was required, corresponding to 300 twelve-day-old plate
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0h

6h

12h

16h

24h

Guy11

∆mst12
∆mps1
∆pmk1

Figure 4.2: Morphological differences observed between the wild
type Guy11, ∆pmk1, ∆mst12 and ∆mps1 mutants during appressorium development in M.oryzae. At 24 hours post-inoculation on a synthetic hydrophobic surface, a very high frequency of appressorium development had been completed in the wild-type strain Guy11. Appressoria
were completely developed and had undergone melanisation and turgor
generation while conidia had collapsed. We therefore selected 0h, 6h, 12h
16h and 24h to allow an effective evaluation of proteomic changes during
appressorium development in M. oryzae. The ∆mst12 mutant (Park et al.,
2004) formed non-functional appressoria with a six hour delay, when compared to Guy11. The ∆pmk1 mutant (Xu and Hamer, 1996) was not able
to form appressoria. The ∆mps1 mutant (Xu et al., 1999) formed appressoria that were impaired in appressorium-mediated cuticle
penetration.Therefore, the comparison of non-germinated conidia (Guy11)
and germinated conidia (∆pmk1) with nascent appressoria was possible at
the 6 hour time point ; with fully-formed appressoria at the 12 hours time
point ; and with functionnal and non-fuctional mature appressoria at the
16 and 24h time points.
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cultures. The protein extract was prepared using a method based on Shevchenko et al.,
(1996) which is detailed in Chapter 2. The quality and the quantity of extracted proteins
was checked by 1D-PAGE and subsequently processed by 2D-PAGE using 2 biological
and 2 technical replicates in the pilot experiment. The gels obtained were found to be
completely reproducible from one replicate to another. Ten protein spots were selected
(5 abundant spots and 5 less abundant) to check compatibility between the gel staining
protocol used and subsequent MS analysis (Chapter 2), and to check if the amount of
protein in more weakly stained spots could still be identified. All 10 spots were
successfully identified by MALDI-ToF MS in collaboration with the Proteomic
Facilities at the Institute of Medical Sciences, University of Aberdeen.
4.3.2 Large scale sample preparation for comparative proteomic analysis
Our pilot experiment demonstrated that 300 plate cultures of M. oryzae were sufficient
to obtain a single protein sample for comparative analysis by 2D-PAGE. Figure 4.3
shows that it was feasible to compare the wild type strain Guy11 with ∆mst12 and
∆pmk1 mutant strains, which all conidiated at a sufficiently high rate to allow protein
purification. However the ∆mps1 mutant conidiated at a rate that was 15-fold lower than
Guy11 and, as a consequence, we decided to remove the ∆mps1 mutant from further
analysis and focus instead on Guy11, and the isogenic ∆mst12 and ∆pmk1 mutants. We
generated 300 and 500 plate cultures for ∆mst12 and ∆pmk1 mutants, respectively, to
perform each 2D-PAGE separation. To establish robust, statistically valid, differential
proteomic analysis, we performed three biological replicates per time point with three
technical replicates. Therefore, to compare the expressed proteins between Guy11,
∆mst12 and ∆pmk1 in conidia and appressoria, we prepared spores from 4500 plate
cultures of Guy11, 4500 plate cultures of ∆mst12 and 7500 plate cultures for analysis of
∆pmk1. The experiment therefore required 16,500 plate cultures of M. oryzae, in order
to generate sufficient conidia and appressoria to allow proteomic analysis. Soluble
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Conidiation (104 conidia/ml)

500
450
400
350

Guy11

300

∆pmk1

250

∆mst12

200

∆mps1

150
100
50
0
Guy11

∆pmk1

∆mst12

∆mps1

Figure 4.3: Comparative conidiation of Guy11, ∆pmk1, ∆mst12, ∆
mps1 and ∆cpka mutants. The bar charts indicate the number of conidia per mililiter obtained from washing the surface of 10 ten-days old
plate cultures of M.oryzae.
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protein extraction and 2D-PAGE was performed as described in Chapter 2. To establish
statistically robust, differential proteomic analysis, a total of 135 2-D acrylamide gels
were prepared in the proteomic facilities of AgroParisTech (France). The 2D-gels from
technical replicates were found to be reproducible from one replicate to another as
shown in Figure 4.4 with on biological conidia Guy11 sample. A representative 2D gel
was then selected from each biological replicate experiment, as shown in Figure 4.5 for
computational image analysis using Progenesis (Nonlinear Dynamics, Inc.). A total of
45 gels were aligned to a reference gel (time 0h, Guy11) and the spot intensities for all
separated protein spots were determined.
4.3.3 Protein spot quantification
Comparative proteomic analysis allowed detection and quantification of 1,925 protein
spots from conidia and appressoria of M. oryzae. A full analysis of spot quantification
for the entire 2D proteome map of M. oryzae for each strain and each time-point is
presented in Appendix 1. For each detected spot and each time point, the average spot
volume (AU, arbitrary unit) was calculated from the 3 gel replicates. Protein spot
volume data was then analysed by a paired t-test as a statistical test, which represents
the significance of expression changes when compared to the reference gel (H0 was
rejected if P<0.05, Ho: no difference between the analysed gels and the reference gel).
4.3.4 Differential Proteomic Analysis
Due to the large amount of data, a Principal Component Analysis (PCA), shown in
Figure 4.6, was used to allow graphical visualisation of how protein profiles were
distinctive. The first observation was that each independent biological replicate
clustered closely together for each point of the time course, demonstrating
reproducibility of the experiment. The second observation was that significant changes
in protein abundance were apparent throughout the time course and also between the
three M. oryzae strains being analysed. Indeed, PCA revealed that the 2D-gels could be
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Figure 4.4: Generation of three technical 2D-gels replicates loaded with proteins
extracted from one biological conidia Guy11 sample replicate. The 2D-gels were loaded
with 450 μg of protein and were found highly reproducible from one replicate to another. The
first 2D-gel on the left was selected for further analysis.
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0h

6h

12h

16h

24h

Guy11

∆mst12

∆pmk1

Figure 4.5: Generation of 2D-gels for comparative proteomic analysis of
appressorium development in M.oryzae. A total of 135 2D-gels were generated
to establish statistically robust temporal proteomic analysis. Then 45 representative
2D gels were selected from each biological replicate experiment at each time point
for computational image analysis.
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Figure 4.6: Principal Component Analysis of the 2D-PAGE gels
generated during the experiment. PCA plot generated by Progenesis SameSpots® (Nonlinear Dynamics, Inc.) showing reproducibility of
protein profiles between biological and technical replicates and large
changes in protein expression patterns associated with appressorium
development.
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clustered into 4 groups. The first group corresponded to 2D-gels of proteins extracted
from conidia for each of the strains tested and showed that protein expression patterns
were broadly similar between Guy11 and the ∆pmk1 and ∆mst12 mutants. The second
group, including 2D-gels with proteins extracted at 6h, 12h, 16h and 24h from ∆pmk1
and 6h from ∆mst12, showed proteomic changes which could be attributed to the fact
that the ∆pmk1 mutant does not form an appressorium and that the ∆mst12 mutant is
unable to elaborate an appressorium within this time period. Therefore, the 2D-gels
representing protein expression of ∆mst12 at 6h are consistent with the observed delay
in appressorium formation shown for this mutant. Proteome changes related to the
second group may be then associated with proteins involved in germ tube elaboration.
The third group consists of the 2D-gels for Guy11 at 6h and 12h post-inoculation, and
therefore represents major proteomic changes that correspond to the point of
development of the appressorium in the wild type M. oryzae strain. The changes in
protein expression related to this third group may be then associated with appressorium
differentiation. The fourth group comprises 2D-gels for Guy11 at 16h and 24h and
∆mst12 at 12h, 16h and 24h post-inoculation, which represent changes in protein
expression associated with appressorium maturation.
To complete PCA analysis, correlation coefficients were calculated in order to
observe the statistical relationships between the 15 data series (average spot volume
data series from Appendix 1) using the MATLAB® software (MathWorks). The
correlation coefficient is a value between 0 and 1. The closer the value is to 1, the more
the two compared data series are similar to one another. Conversely, the closer the value
is to 0, the more the data sets are different. The values of the correlation coefficients are
graphically summarized in Figure 4.7. Gels of protein samples extracted from conidia
were all very similar and consistent with PCA analysis. The ∆pmk1 2D-gels and the 6h
∆mst12 2D-gels also showed a comparable pattern and were very different from the
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Figure 4.7: Graphical representation of comparative correlation coefficients of the SDS-PAGE 2D-gels generated in this study. Correlation coefficients were calculated to observe the statistical relationships between the 15
data series (average spot volume data series from annexe 1) using the
MATLAB® software (MathWorks). The closer the value is to 1, the more the
two compared data series are similar to one another. Conversely, the closer
the value is to 0, the more the data sets are different. The graphical representation was organized by chronological order for each studied strains in the
proteomic analysis. This helps to quickly visualized that the biggest proteome
changes are associated with appressorium development (6h, 12h, 16h and
24h Guy11; 12h, 16h and 24h ∆mst12) and not with conidial germination (6h,
12h, 16h and 24h ∆pmk1 and 6h ∆mst12).
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other time points, again consistent with the PCA analysis. The most interesting
differences in comparison to the PCA analysis were related to the 2D-gels of sample
extracted at 12h from ∆mst12. Indeed, they were more similar to 2D-gels of sample
extracted at 6h from ∆pmk1 and ∆mst12. This was not consistent with the PCA analysis
where 12h ∆mst12 2D-gels were clustering into the group 4. Probably this is due to the
delay in appressorium development ∆mst12 mutant. The 16h and 24h ∆mst12 2D-gels
showed fewer differences with the wild type appressorium 2D-gels samples, indicating
that the delay in appressorium development observed in ∆mst12 may be more
pronounced at the earlier time points.
Finally, to examine in more detail the proteomic expression profiles generated in
this study, average spot volumes for all of the protein spots resolved from the 15 time
points were compared and the findings are summarised in Tables 4.1, 4.2 and 4.3. We
routinely utilized a silver nitrate protein staining method (Shevchenko et al., 1996)
because its detection threshold of <10 ng is 100 times more sensitive than Coomassie
blue staining (Wray et al., 1981). However, this method sometimes resulted in rapid
saturation of spot intensities, which we reasoned might introduce inaccuracies in terms
of spot quantification. Therefore, to be confident that the expression changes recorded
were significant, only protein spots showing at least a 3-fold variation in expression
were included in our analysis. Table 4.1 shows the number of protein spots which are 3fold or more up-regulated (light blue) or down-regulated (orange) when all time points
are compared with each other. For example, when protein profiles of Guy11 conidia (0h
Guy11) were compared with protein profiles of 6h Guy11 germinated conidia, 302
protein spots were up regulated and 176 were down regulated in 6h 2D-gels. This
represents proteins associated with germination of conidia, initial germ tube extension
and formation of nascent appressoria. Table 4.2 represents the total numbers of protein
spots showing at least a 3 fold variation between two time points. For example, when
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0h Guy11
176
142
115
95
57
66
70
75
89
64
59
74
67
98

6h Guy11
302
17
90
175
251
225
174
183
210
255
199
133
106
142

12h Guy11
303
24
100
181
266
234
169
194
222
252
206
151
128
164

16h Guy11
230
55
41
137
228
220
142
151
188
227
169
148
99
124

24h Guy11
155
127
107
91
162
136
103
117
136
168
114
78
76
98

0h ∆pmk1
23
120
117
109
82
39
49
60
60
36
31
44
59
82

6h ∆pmk1
97
124
117
122
95
86
48
79
91
107
50
40
59
84

12h ∆pmk1
123
109
100
102
100
138
89
42
83
134
82
52
56
93

16h ∆pmk1
117
99
101
94
104
123
86
20
60
130
79
55
57
92

24h ∆pmk1
95
106
113
102
94
100
58
25
19
104
56
46
48
69

0h ∆mst12
19
136
124
126
77
32
60
61
68
66
31
39
55
81

0h Guy11
41
145
302
371
349
283
282
316
391
319
243
214
239

6h Guy11

141
288
383
351
269
295
335
376
325
262
256
242

12h Guy11

228
337
342
244
245
290
353
292
276
216
209

16h Guy11

244
231
203
221
240
245
217
197
209
197

24h Guy11

125
187
183
160
68
135
204
252
237

0h ∆pmk1

137
165
149
167
112
157
198
203

6h ∆pmk1

62
108
195
147
138
157
177

12h ∆pmk1

79
198
160
156
167
166

16h ∆pmk1

170
151
172
184
175

24h ∆pmk1

6h ∆mst12
100
120
119
123
103
104
62
65
81
95
109

29
58
99

0h ∆mst12

140
198
245
239

12h ∆mst12
148
110
111
128
119
160
117
86
101
126
159
82

49
103

6h ∆mst12

111
182
210

107
161

12h ∆mst12

68

16h ∆mst12
182
108
128
117
133
193
139
101
110
136
190
124
58

91

16h ∆mst12

24h∆ mst12
143
97
78
85
99
155
119
84
97
106
158
111
58
23

Table 4.1 : Number of protein spots showing at least 3-fold up (blue) or down (orange) accumulation when all time points were compared
with each other.
0h Guy11
6h Guy11
12h Guy11
16h Guy11
24h Guy11
0h ∆pmk1
6h ∆pmk1
12h ∆pmk1
16h ∆pmk1
24h ∆pmk1
0h ∆mst12
6h ∆mst12
12h ∆mst12
16h ∆mst12
24h∆ mst12

478
445
345
250
80
163
193
192
184
83
159
222
249
241

Table 4.2 : Total numbers of protein spots showing at least a 3 fold variation between two time points
0h Guy11
6h Guy11
12h Guy11
16h Guy11
24h Guy11
0h ∆pmk1
6h ∆pmk1
12h ∆pmk1
16h ∆pmk1
24h ∆pmk1
0h ∆mst12
6h ∆mst12
12h ∆mst12
16h ∆mst12
24h∆ mst12

24,8%
23,1%
17,9%
13,0%
4,2%
8,5%
10,0%
10,0%
9,6%
4,3%
8,3%
11,5%
12,9%
12,5%

0h Guy11

2,1%
7,5%
15,7%
19,3%
18,1%
14,7%
14,6%
16,4%
20,3%
16,6%
12,6%
11,1%
12,4%

6h Guy11

7,3%
15,0%
19,9%
18,2%
14,0%
15,3%
17,4%
19,5%
16,9%
13,6%
13,3%
12,6%

12h Guy11

11,8%
17,5%
17,8%
12,7%
12,7%
15,1%
18,3%
15,2%
14,3%
11,2%
10,9%

16h Guy11

6,5%
9,7%
9,5%
8,3%
3,5%
7,0%
10,6%
13,1%
12,3%

24h Guy11 0h ∆pmk1

12,7%
12,0%
10,5%
11,5%
12,5%
12,7%
11,3%
10,2%
10,9%
10,2%

7,1%
8,6%
7,7%
8,7%
5,8%
8,2%
10,3%
10,5%

6h ∆pmk1

3,2%
5,6%
10,1%
7,6%
7,2%
8,2%
9,2%

12h ∆pmk1

4,1%
10,3%
8,3%
8,1%
8,7%
8,6%

16h ∆pmk1

8,8%
7,8%
8,9%
9,6%
9,1%

24h ∆pmk1

7,3%
10,3%
12,7%
12,4%

0h ∆mst12

5,8%
9,5%
10,9%

6h ∆mst12

5,6%
8,4%

12h ∆mst12

4,7%

16h ∆mst12

Table 4.3 : Proportion of proteomic changes between two time points when compared to the 1,925 spots detected by Progenesis SameSpots. Proteome changes higher than 15% are indicated in pink.
1925
0h Guy11
6h Guy11
12h Guy11
16h Guy11
24h Guy11
0h ∆pmk1
6h ∆pmk1
12h ∆pmk1
16h ∆pmk1
24h ∆pmk1
0h ∆mst12
6h ∆mst12
12h ∆mst12
16h ∆mst12
24h∆ mst12
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comparing Guy11 conidia (0h Guy11) with 6h Guy11, 478 (302+176) proteins showed
at least a 3-fold variation between the two samples. Finally, Table 4.3 indicates the
proportion of changes in the proteome between two time points when compared to the
total number of spots detected (1,925). For example, 24.8% of the proteome detected in
this experiment changed during conidial germination in Guy11 between 0 and 6h.
Interestingly, the proteomic changes associated with appressorium development in the
∆mst12 mutant were less apparent than with the wild type. Only 7.3% of the proteome
varied when comparing ungerminated ∆mst12 conidia with 6h germinated ∆mst12
conidial germlings. This analysis supports the findings of the two previous statistical
analyses, namely that M. oryzae undergoes major changes in protein abundance and
expression during the first 6 hours of spore germination. These changes are much more
substantial than the overall protein profile differences between ungerminated conidia
and fully differentiated appressoria. This suggests that much of the gene expression and
protein synthesis associated with appressorium morphogenesis in the wild type occurs
within the first 6 hours of spore germination on the rice leaf surface. Figures 4.8 and 4.9
illustrate the major changes observed in protein abundance in Guy11 germlings at 6 and
12h post spore germination, when compared to proteins extracted from conidia or from
both developmental mutant strains at the same stages of development. Figure 4.9
focuses on two parts of the 2-D gel, where a large number of protein spot changes were
observed. To illustrate the protein changes, gel images were overlaid, following false
colour imaging, such that constant protein spots appeared yellow, conidial specific
proteins appeared pink and 6h germ tube-specific protein spots appeared green. This
provides a visual demonstration of the large difference in protein profile associated with
the 6h time-point, when conidia were fully germinated and about to undergo
appressorium development.
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Conidia

6h

12h

Guy11

∆pmk1

∆mst12

Figure 4.8: Conidial, 6 and 12 hour 2D-gels of Guy11, ∆pmk1 and ∆
mst12 showing the major changes in protein abundance in Guy11
samples when compared to both mutant strains ∆pmk1 and ∆mst12
at the same stages of development. Each 2D-gel was loaded with
450 μg of protein extract and stained with silver-nitrate.

153

Chapter 4

2

1

1

2

conidia
(0h)

6h

false colour
merge

Figure 4.9: Proteome comparison of un-germinated conidia (0h) and
germinated conidia (6h) prior to appressorium formation. In the composite window, the conidial 2D-gel spots are pink and the 6 hour 2D-gel spots
are green. The yellow is the result of both colors overlapping to show
common proteins.
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Global analysis of protein spot quantification indicated that 1,222 proteins
(63.5% of the total) showed no significant changes in abundance and 703 spots (36.5%
of the observable proteome) showed differential expression (at least with a 3-fold
difference in abundance) during spore germination and appressorium development.
Therefore, in an attempt to focus on pertinent protein spots for MS identification, we
decided to base our selection on our statistic analysis and we focused on a subset of
proteins that would be likely to be involved in conidial germination (Group 1),
appressorium morphogenesis (Group 2) and appressorium function (Group 3), as shown
diagrammatically in Figure 4.10. Constant spots were also reorganized into protein
group 0 (Appendix 4) and were functionally classified based on computational
predictions (Appendix 5).
4.3.5 Protein identification of statistic-based selected spots
Among the 703 spots showing differential expression, 246 protein spots were not
analysed further because profile expression changes were not significant (P>0.05) or
because the spots were too weak to be analysed by MS. A total of 682 spots were then
selected for LC-MS/MS identification, including 457 variable spots and 225 constant
spots. Of these, 615 protein spots were successfully identified (394 differently
expressed and 221 constant protein spots), and 67 were not (9.8%). The full list of
identified peptides is shown in Appendix 2. Guy11 conidia and 6h reference maps are
provided in Appendix 10. It is interesting to note that among the 67 spots that were not
identified, 63 were up-regulated protein spots, 40 were spots associated with
development of the appressorium in the wild type, 15 were wild type appressorium
maturation specific spots, 4 were specific to ∆mst12 and 4 specific to ∆pmk1. There are
a number of possible explanations for the failure to identify these proteins. Firstly, the
protein sequences may not have been suitable for trypsin digestion. Secondly, the
proteins may have been rich in Lysine (K) and Arginine (R) and the generated peptides
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0h

6h

12h

16h

24h

Guy11

∆mst12

∆pmk1

Comparison group 1 : conidium germination and germ tube elongation
Comparison group 2 : appressorium morphogenesis
Comparison group 3 : appressorium maturation and penetration peg development

Figure 4.10: Functional classification of sub-sets of proteins identified
during conidial germination and appressorium morphogenesis. Group 1,
proteins that may be involved in conidial germination. Group 2, proteins were
predicted to be involved in appressorium morphogenesis. Group 3, proteins
were predicted to be involved with appressorium function.
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would then have been too small to be detected by MS (Thompson et al., 1993;
Shevchenko et al., 1996; Rabilloud, 2002; Gharahdaghi et al., 1999). Thirdly, the gene
may be not annotated (or correctly annotated) and therefore the protein sequence would
not be available in the queried databases. Finally, the expressed protein may be the
product of alternative splicing (Breitbart et al., 1987) or protein splicing (Cooper and
Stevens, 1995). When the protein sequence is not available, the most useful approach is
to perform de novo peptide sequencing by LC-MS/MS. The candidate sequences
generated could then be tested for homology by BLAST searching. To test this
approach, de novo sequencing was carried out on 20 un-identified spots but this did not
result in their identification.
Tables 4.4, 4.5 and 4.6 summarize the number of identified protein spots for each of the
groups classified by differential proteomic analysis. Table 4.4 indicates the number of
identified protein spots, which are at least 3-fold up regulated (light blue), or down
regulated (orange) for each condition. For instance, when conidia from Guy11 (0h
Guy11) were compared with proteins from germ tubes, 212 up-regulated protein spots
and 108 down-regulated protein spots were identified.

Table 4.5 shows the total

number of identified protein spots showing at least a 3 fold variation between 2 time
points. A total of 320 (212+108) spots were identified in Guy11, which changed in
abundance between 0h and 6h. Table 4.6 represents the proportion of identified protein
spots when compared with Table 4.3. The identification of 320 spots represents 67% of
the protein spots that were found to have at least a 3-fold difference in abundance
between 0h Guy11 and 6h Guy11 and which were identified by tandem MS. The
identification of 394 differentially expressed protein spots (56% of the total
differentially expressed spots) allowed good coverage of the differentially expressed
protein set for each time point comparison, as shown in Table 4.6. It is interesting to
note that, although we based our protein spot selection on functional grouping related to
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0h Guy11
108
103
81
61
55
63
65
72
85
60
56
42
62
94

6h Guy11
212
9
64
133
215
171
132
142
176
221
165
111
93
131

12h Guy11
218
17
67
137
219
175
132
146
180
225
169
117
97
133

16h Guy11
188
42
36
98
194
155
113
118
149
195
145
98
76
106

24h Guy11
128
88
83
55
140
101
80
93
114
147
93
61
61
80

0h
∆pmk1
23
99
91
69
45
24
40
49
44
33
23
27
47
68

6h ∆pmk1
94
104
96
79
63
81
35
53
66
98
36
24
51
79

12h
∆pmk1
123
92
82
75
74
127
66
35
76
127
71
42
50
87

16h
∆pmk1
114
79
77
66
68
117
64
17
58
121
68
40
48
82

24h
∆pmk1
92
87
83
67
59
85
38
18
14
93
41
31
33
60

0h ∆mst12
17
107
94
70
43
29
33
47
51
56
21
25
44
66

0h Guy11
26
106
221
314
275
224
221
263
328
266
208
180
204

6h Guy11

103
220
310
271
214
223
263
319
260
205
194
196

12h Guy11

153
263
234
188
184
216
265
229
182
157
172

16h Guy11

185
164
154
161
182
190
154
149
155
147

24h Guy11

105
167
166
129
62
105
172
218
209

0h ∆pmk1

101
117
104
131
70
116
167
181

6h ∆pmk1

52
94
174
123
113
134
161

12h ∆pmk1

72
172
129
125
139
137

16h ∆pmk1

149
107
139
155
157

24h ∆pmk1

6h ∆mst12
85
101
91
84
61
82
34
52
61
66
97

17
44
79

0h ∆mst12

118
176
218
215

12h
∆mst12
140
97
88
84
88
145
92
71
85
108
151
75

40
93

6h ∆mst12

92
152
173

86
140

12h ∆mst12

60

16h
∆mst12
164
87
97
81
94
171
116
84
91
122
174
108
46

72

16h ∆mst12

24h∆ mst12
139
73
63
66
67
141
102
74
77
97
149
94
47
12

Table 4.4: Number of MS-identified protein spots showing at least 3-fold up (blue) or down (orange) accumulation when all time points
were compared with each other.
0h Guy11
6h Guy11
12h Guy11
16h Guy11
24h Guy11
0h ∆pmk1
6h ∆pmk1
12h ∆pmk1
16h ∆pmk1
24h ∆pmk1
0h ∆mst12
6h ∆mst12
12h ∆mst12
16h ∆mst12
24h∆ mst12

320
321
269
189
78
157
188
186
177
77
141
182
226
233

Table 4.5: Total numbers of MS-identified protein spots showing at least a 3 fold variation between two time points.
0h Guy11
6h Guy11
12h Guy11
16h Guy11
24h Guy11
0h ∆pmk1
6h ∆pmk1
12h ∆pmk1
16h ∆pmk1
24h ∆pmk1
0h ∆mst12
6h ∆mst12
12h ∆mst12
16h ∆mst12
24h∆ mst12

67%
72%
78%
76%
98%
96%
97%
97%
96%
93%
89%
82%
91%
97%

0h Guy11

63%
73%
73%
85%
79%
79%
78%
83%
84%
83%
86%
84%
85%

6h Guy11

73%
76%
81%
77%
80%
76%
79%
85%
80%
78%
76%
81%

12h Guy11

67%
78%
68%
77%
75%
74%
75%
78%
66%
73%
82%

16h Guy11

76%
71%
76%
73%
76%
78%
71%
76%
74%
75%

24h Guy11

84%
89%
91%
81%
91%
78%
84%
87%
88%

0h ∆pmk1

74%
71%
70%
78%
63%
74%
84%
89%

6h ∆pmk1

84%
87%
89%
84%
82%
85%
91%

12h ∆pmk1

91%
87%
81%
80%
83%
83%

16h ∆pmk1

88%
71%
81%
84%
90%

24h ∆pmk1

84%
89%
89%
90%

0h ∆mst12

83%
84%
82%

6h ∆mst12

80%
87%

12h ∆mst12

79%

16h ∆mst12

Table 4.6: Proportion of identified protein spots between two time points when compared to the 1,925 spots detected by Progenesis
SameSpots.
0h Guy11
6h Guy11
12h Guy11
16h Guy11
24h Guy11
0h ∆pmk1
6h ∆pmk1
12h ∆pmk1
16h ∆pmk1
24h ∆pmk1
0h ∆mst12
6h ∆mst12
12h ∆mst12
16h ∆mst12
24h∆ mst12

158

Chapter 4
statistical analysis for MS identification, the 394 identified variable spots showed
numerous patterns of abundance which are graphically presented in Appendix 6. Indeed,
when compared to the reference gel (Guy11 conidia), there were 269 different patterns
for 394 proteins spots identified between the 15 time points. This showed the
difficulties to compare proteome changes between so many time points.
4.3.5.1 Physico-chemical properties of proteins in 2D-gels
Comparison between the theoretical (predicted by in-silico transduction) and
experimental molecular weight and iso-electric points of 484 protein spots are presented
in Figure 4.11. The 131 spots corresponding clearly to protein fragments were in this
case taken out of the data to make a real comparison. Figure 4.11A shows an example of
a good correlation between the observed and predicted MW (R2=0.9049) for identified
proteins. It also indicates that the size of separated proteins ranges from 10kDa to
140kDa in the 2D-gels used here. However, Figure 4.11B demonstrates a poor
correlation (R2=0.2817) between theoretical and experimental pI, indicative perhaps of
the chemical/biological modifications that can occur within proteins to alter their global
charge.
4.3.5.2 Functional classification of proteins identified by differential proteomics
Figure 4.12 shows predicted functional and sub-cellular localisation analysis of
identified proteins in this study (A more detail functional classification is available in
Appendix 3). A great diversity in protein function was associated with the proteins
identified, although the proportion of proteins predicted to be involved in metabolism
and energy-related processes represented 40% of the total. The majority of proteins
were predicted to be cytoplasmic, as might be expected, given that we analysed total
soluble proteins extracted from conidia, germlings and appressoria. However, proteins
predicted to be mitochondrial, nuclear and endoplasmic reticulum-localised were also
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A
Experimental Molecular Weight (kDa)

140000

y = 0,9197x + 854,98
2
R = 0,9049

120000
100000
80000
60000
40000
20000
0
0

20000

40000

60000

80000

100000

120000

140000

9,0

10,0

Theoretical Molecular Weight (kDa)

B

10

y = 0,4045x + 2,9856
2

R = 0,2817

9

Experimental pI

8
7
6
5
4
3
3,0

4,0

5,0

6,0

7,0

8,0

Theoretical pI

Figure 4.11: Physico-chemical properties of MS-identifed 2D-gel protein
spots.
A, a comparison between the theoretical and experimental molecular weight of
MS-identifed protein spots. B, Comparison between the theoretical and experimental iso-electric point of MS-identifed protein spots. Protein spots corresponding clearly to protein fragments were voluntarily removed to make a real comparison. Graph A also indicated the ability to separate proteins with a size range
between 10kDa and 140kDa in our 2D-gels.
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A

number of number of
spots
genes
7
5
44
32
11
9
1
1
36
23
15
7
11
7
25
9
32
11
14
6
2
2
39
11
26
14
3
1
4
2
1
1

COGEME functional annotation

01
01.01
01.03
01.04
01.05
01.06
01.07
01.20
02.01
02.07
02.09
02.10
02.11
02.16.11
02.19
02.22

metabolism

energy

cell growth, cell division and DNA
synthesis

02.25

oxidation of fatty acids

9

4

03.07
03.16
03.19
03.22
03.25

pheromone response, mating-type determination, sex-specific proteins
DNA synthesis and replication
recombination and DNA repair
cell cycle control and mitosis
cytokinesis

2
2
1
4
3

2
2
1
2
2

transcription

04

protein synthesis

protein destination

transport facilitation

intracellular transport
cellular biogenesis (proteins not
localized to the corresponding
organelle)
intracellular communication
cell rescue, defense, cell death and
ageing
ionic homeostasis
cellular organisation (protein
localized to the corresponding
organelle)
transposon, insertion sequence and
plasmid proteins
unclassified protein

metabolism
amino acid metabolism
purine, pyrimidine and nucleotide metabolism
phosphate metabolism
C-compound and carbohydrate metabolism
lipid, fatty acid and isoprenoid metabolism
metabolism of vitamins, cofactors, and prosthetic groups
secondary metabolism
glycolysis and gluconeogenesis
pentose-phosphate pathway
anaplerotic reactions
tricarboxylic acid pathway
electron transport and membrane-associated energy conservation
propionate fermentation, methylcitrate cycle
metabolism of energy reserves (glycogen, trehalose)
glyoxylate cycle

transcription

13

8

05
05.01

protein synthesis
ribosomal proteins

3
21

1
17

05.04

translation (initiation, elongation and termination)

27

11

05.10

tRNA-synthetases

06.01
06.04
06.07
06.13
07
07.04
07.07
07.22
08.01
08.04
08.07
08.10
09.01
09.04
09.13
10.01
11.01
11.05.05
11.07
11.10
11.17
13

8

7

protein folding and stabilization

29

17

protein targeting, sorting and translocation
protein modification (glycosylation, acylation, myristylation, palmitylation and farnesylation)
proteolysis
transport facilitation
ion transporters
sugar, carbohydrate and metabolite transporters

4
3
43
1
3
1

1
3
29
1
2
1

transport ATPases
nuclear transport
mitochondrial transport
vesicular transport (Golgi network, etc)
peroxisomal transport
biogenesis of cell wall (cell envelope)
biogenesis of cytoskeleton
biogenesis of chromosome structure

8
3
2
19
1
6
3
1

4
2
2
13
1
6
2
1

intracellular communication
stress response
virulence, disease factors
detoxification
cell death
degradation of exogenous polysaccharides
ionic homeostasis

15
3
2
16
2
17
1

10
2
1
12
2
3
1

30.01

organization of cell wall

7

1

30.04

organization of cytoskeleton

8

5

90.01

LTR retroelements

1

1

99

unclassified protein

52
615

41
362

cell growth, cell division and
DNA synthesis 2%
energy 14%
transcription 2%

B
metabolism 27%

protein synthesis 10%
protein destination 14%

unclassified protein
11%

transport facilitation 2%
intracellular transport 5%

transposon, insertion
sequence and plasmid
proteins 0.3%
cell rescue, defense,
cellular organisation
cell death and ageing
(protein are localized to the
6%
corresponding organelle)
2%
ionic homeostasis
0.3%

C
endoplasmic
reticulum 3%

peroxisomal
1%

proteins associated
with membrane 2%

nucleus 22%
extracellular 6%

mitochondria 19%

cytoplasm 47%
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cellular biogenesis (proteins
are not localized to the
corresponding organelle)
2%
intracellular communication
3%

Figure 4.12: Functional classification and
predicted cellular localisation of the 615
MS-identified proteins in proteomic analysis.
A, Table showing the number of protein spots and
associated genes classified in each functional subgroups. B, Pie chart showing the proportion of identified protein spots in each predicted functional
sub-groups. C, Pie chart showing the predicted
cellular localisation proportions for the 615
MS-identified proteins.
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isolated by the protein purification method adopted in this study. Our results also show
that it has been possible to extract membrane and secreted proteins by using the protein
extraction procedures reported in Chapter 2.
4.3.6 Subsets of proteins identified during germination and appressorium
morphogenesis in M. oryzae
4.3.6.1 Group 0:

Protein spots constitutively expressed during appressorium

morphogenesis in M. oryzae
The spots belonging to group 0, are shown in Appendix 4 and 5. The functional
grouping presented in Appendix 5 allows a direct comparison with the 615 total protein
spots. Globally, proteins involved in metabolism and energy were well represented,
suggesting that many of them may have a house-keeping role in growth and survival of
the fungus. Proteins involved in metabolism of energy reserves, protein metabolism,
transport, signalling and cell wall organization were under-represented. Genes involved
in these dynamic processes may be differentially expressed during appressorium
development. Finally, 3 proteins, from a total of 5 proteins involved in the organization
of the cytoskeleton, were constitutively expressed. This observation is not surprising,
because a strong reorganisation of the cytoskeleton is observed during infection-related
development (Bourett and Howard, 1990).
4.3.6.2 Group 1: Proteins predicted to play a function in conidial germination of
M. oryzae
Group 1 proteins are shown in Appendix 7 and include the proteins found in M. oryzae
germinating conidia up to 6h after germination for Δmst12 and 24h for Δpmk1 mutants.
Table 7.4, which list the number of spots showing at least 3-fold up or down
accumulation for each functional groups, shows 81 protein spots up-regulated and 76
down-regulated during conidial germination. We observed induction of enzymes
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01.03

01.01

01

phosphate metabolism

purin, pyrimidine and nucleotide metabolism

amino-acid metabolism

metabolism

6

6

0

2

4

1

spots

2

6

0

2

4

1

genes

2

3

0

0

5

0

spots

1

3

0

0

5

0

genes

7

7

0

2

4

1

spots

3

7

0

2

4

1

genes

2

3

0

1

15

3

spots

2

3

0

1

13

3

genes

5

0

7

7

0

3

4

1

spots

3

0

3

7

0

3

4

1

genes

4

2

2

5

1

1

8

2

spots

4

2

2

5

1

1

8

2

genes

Group 3

01.04
lipid, fatty acid and isoprenoid metabolism

C-compound and carbohydrate metabolism

5

3

Group 2

01.05

5

3

Group 1

Table 4.7 : Functional classification of MS-identified spots showing at least 3-fold up (blue) or down
(orange) accumulation in the groups 1, 2 and 3. This table included only intact proteins and not peptide fragments

01.06

3

0

3

3

5

3

0

0

4

3

4

4

1

0

3

1

3

7

3

4

0

0

4

4

3

2

4

1

0

0

4

1

3

2
4

3

0

0
0
3

6

secondary metabolism
0
1

1

biosynthesis of vitamins, cofactors, and prosthetic groups
glycolysis and gluconeogenesis
1

3

01.20
02.01
pentose-phosphate patway

1

01.07.01

02.07

4

1

0

0

0

1

3

1

0

0

3

1

5

0

0

1

0

0

3

1

0

4

3

0

1

1
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0

0

1

4

3

1

1

1

11

0

1

0

0

1

2

1

7

3

1

0

1

5
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0
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involved in fatty acid β-oxidation (2 proteins), the tricarboxylic acid cycle (TCA) (5
proteins) and ATP synthesis proteins (1 protein). This suggests that mobilisation of
storage lipid via β-oxidation and the generation of ATP via cellular respiration may be
important during spore germination in M. oryzae. Acetyl-CoA directed to the TCA can
also initiate the amino-acid biosynthesis pathways and gluconeogenesis. The strong
accumulation of a peroxin protein also indicated that β-oxidation occurs in peroxisomes
in M. oryzae which is consistent with published data (Dean et al., 2005; Wang et al.,
2007). Down regulation of 7 protein spots related to secondary metabolism suggests that
primary metabolism is favoured during spore germination in M. oryzae. Eighteen genes
involved in protein metabolism suggest that protein turn-over occurs during germ tube
formation. The induction of proteins involved in amino-acid biosynthesis and carbon
recycling is consistent with this idea. The accumulation of polysaccharide deacetylase
and proteins in carbohydrate metabolism (6 proteins) may mean that those proteins are
involved in the cell-wall restructuring that occurs during germ-tube emergence. Ten
proteins with unknown function were also found to be up-regulated during conidial
germination. Among them, 8 are conserved in at least one other fungus. Interestingly,
the proteins involved in glycolysis and gluconeogenesis were peptide fragments and are
not listed in the table 4.7, suggesting that although conidial germination may be mainly
associated with mobilisation of the conidial storage lipid via β-oxidation in M. oryzae,
carbohydrate mobilisation may also be significant (Thines et al., 2000).
4.3.6.3 Group 2: Proteins predicted to play a function in appressorium
morphogenesis
Group 2 proteins are shown in Appendix 8 and include the proteins found in M. oryzae
germinating conidia up to 12h for Guy11 and the Δmst12 mutant. At this time
appressoria were formed but not fully mature. Table 4.7 shows 130 proteins spots that
were up-regulated and 101 down-regulated protein spots during appressorium
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morphogenesis. In total, 231 protein spots were 3-fold up or down-regulated in this
group and it interesting to observe that only 70 protein spots varied in both Guy11 and
Δmst12 2D-gels. This finding corresponds with the observed delay in appressorium
formation in the Δmst12 mutant. We can observe in this group the induction of proteins
involved in pentose-phosphate pathway (6-phosphogluconate dehydrogenase) and
glycolysis (enolase, glyceraldehyde-3-phosphate dehydrogenase, fructose-biphosphate
aldolase and dihydrolipoamide acetyltransferase). However, consistent with the
observation of Group 1 proteins, we observed induction of enzymes involved in βoxidation (3 proteins), TCA (4 proteins) and ATP synthesis (2 proteins). This is
consistent with published data showing that peroxisomal β-oxidation is required for
elaboration of a fully functional appressorium (Wang et al., 2007). The induction of
TCA may be required for the production of malate and oxaloacetate for biosynthesis of
glucose via gluconeogenesis, the glucose can then be used for the biosynthesis of
glycoproteins and polysaccharides for cell-wall organization. Maturation of the
appressorium involves deposition of melanin and chitin (Bourett and Howard, 1990).
The induction of 3 main enzymes involved in melanin biosynthesis during appressorium
development is consistent with previous published data (Thompson et al., 2000).
Fourteen proteins involved in translation were also induced during appressorium
formation showing that de-novo biosynthesis of proteins occurs at the onset of
appressorium development. Five proteins were predicted to be involved in protein
degradation which is consistent with the role of autophagy in development of a fully
functional appressorium (Veneault-Fourrey et al., 2006). Protein turn-over also
occurred during appressorium development, coinciding with the induction of 3 genes
involved in amino-acid metabolism and another 5 in carbon recycling.
A total of 26-induced proteins during appressorium morphogenesis were
predicted to be involved in protein metabolism. One protein was predicted to play a role
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in cell cycle control, consistent with the previously reported role of cell cycle regulation
in appressorium formation (Saunders et al., 2010). Reorganisation of the cytoskeleton
occurs during appressorium development and consistent with this we observed
induction of cofilin and fimbrin proteins. The induction of two proteins involved in
photomorphogenesis, a UV-I homologue (Lee et al., 2006) and a blue light-inducible
protein homologue (Kim et al., 2001) may indicate a role for light in appressorium
morphogenesis in M. oryzae (Jelitto et al., 1994). The strong induction of two
phosphatidylinositol transfer proteins (Hay and Martin, 1993) may also suggest a role
for lipid signalling in appressorium development of M. oryzae. Proteins involved in
signal transduction were also induced in this group and their potential involvement in
appressorium development will be discussed in section 4.3.7. In addition, it appears
Golgi-mediated protein modification may play a significant role in appressorium
morphogenesis in M. oryzae. In this group 18 proteins with an unknown function were
up-regulated and 13 down-regulated. The majority of down regulated spots
corresponded to inactive isoforms from the conidia samples. For instance, aconitate
hydratase involved in the TCA cycle was observed to be both down and up-regulated
during appressorium development. However, 15 proteins involved in amino-acid
metabolism are down-regulated and this may suggest a diversion from primary
metabolism towards proteolytic recycling and cell wall biosynthesis.
4.3.6.4 Group 3: Proteins predicted to play a function in appressorium maturation
Group 3 proteins are shown in Appendix 9 and include proteins found in M. oryzae
germinating conidia up to 24h after germination when appressorium were mature. Table
7.4 shows 128 proteins spots that were up-regulated and 94 that were down-regulated
during appressorium morphogenesis. In total, 222 protein spots were 3-fold up or down
regulated in this group and 162 proteins spots varied in both Guy11 and Δmst12 protein
profiles. This shows that Δmst12 mutants appear to overcome the developmental delay
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in appressorium morphogenesis by the point of maturation. Indeed, induced proteins in
this group were largely the same of those induced in the Group 2. However, one of the
very interesting differences observed was the induction of glycogen phosphorylase in
both Guy11 and Δmst12 mutants during appressorium maturation. Glycogen
degradation occurs via glycogen phosphorylase during appressorium formation (Thines
et al., 2000; Holcombe et al., 2003). Glycogen mobilisation may be important during
appressorium maturation as a means of fuelling glucan synthesis for growth of the
penetration hypha or as precursor to glycerol during turgor generation (Thines et al.,
2000).
4.3.7 Significance of identified proteome variation during appressorium
development
4.3.7.1 Amino-acid and protein metabolism
Targeted deletion of the autophagy-related gene ATG8 in M. oryzae demonstrated that
autophagy and programmed cell death of the conidium was required for plant infection
(Veneault-Fourrey et al., 2006; Kershaw and Talbot, 2009). This result suggests that
regulated proteolysis may occur during conidium germination and appressorium
development. Consistent with this idea, we found 4 proteins involved in proteolysis in
Groups 1, 2 and 3: the vacuolar exopeptidase aminopeptidase B homologue
(MGG_09190), the vacuolar protease A homologue (MGG_00922), the proteasome
component PUP3 homologue (MGG_04551) and a serine carboxypeptidase homologue
(MGG_08736). Proteome profile of the vacuolar protease A homologue is shown in
Figure 4.13 (spot 1282) as an example. Additionally, 10 peptide fragments
corresponded to 5 different proteases were found. A Leucyl aminopeptidase homologue
(MGG_10171), a subtilisin-like serine protease SPM1 (MGG_03670), a dipeptidylpeptidase homologue (MGG_04445), a thiol protease homologue (MGG_08526)
(Calpain) and a cytosolic non-specific dipeptidase (MGG_00256) were all strongly
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accumulated during conidial germination. SPM1 has been shown to be a pathogenicity
factor in M. oryzae and was originally found as a cDNA that is differentially expressed
during appressorium formation (Fukiya et al., 2002). SPM1 was also found to be
abundant in SAGE tags derived from mature appressoria (Matsumura et al., 2003). The
SPM1 targeted gene deletion mutant in M. oryzae produced melanised appressoria, but
exhibited severely reduced pathogenicity on rice and barley plants (Donofrio et al.,
2006). Disease lesions of the mutant failed to expand and sporulation was severely
reduced (Donofrio et al., 2006). During autophagy, autophagosomes fuse with the
vacuole for degradation of their contents (Mizushima, 2007; Kourtis and Tavernarakis,
2008). This probably explains the up-regulation of number vacuolar proteases observed
here. Accumulation of 2 isoforms of a vacuolar ATP synthase subunit homologue
(MGG_02770) occurred during appressorium morphogenesis. The vacuolar ATP
synthases function in acidification of vacuolar compartments by allowing transfer of
protons (Boyer, 1997). This acidification plays an important role in activation of
vacuolar proteases (Stevens, 1997). Autophagy may be regulated through calpain
activation and involve lysosomal cathepsin proteases to mediate cell death, although
this has never been shown in filamentous fungi (Kourtis and Tavernarakis, 2008;
Pollack et al., 2009). The proteases identified in this study may play roles similar to
Spm1 and are ideal candidates for targeted disruption. However, it is important to note
that the proteases observed are also up-regulated in both Δpmk1 and Δmst12 mutants
which are non-pathogenic (Figure 4.13, Park et al., 2002; Bruno et al., 2004). The
fusion of autophagosomes to the vacuole may therefore still be occurring in the absence
of PMK1, and it is clear that the accumulation of those peptidases in the vacuole is not
under the control of this gene. We have been able to observe reproducible protein
fragment spots in the Δpmk1 mutant suggesting some partial proteolysis should occur.
This observation strengthens the idea that highly-specific proteolysis enzymes are
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required for infection-associated autophagy, which is necessary for the elaboration of a
fully functional appressorium (Kershaw and Talbot, 2009).
In Group 1 (Appendix 7 or Table 4.7), fifteen spots, corresponding to fifteen
genes appeared to be involved in protein processing. Proteins involved in translation
including

5

ribosomal

proteins

(MGG_02747,

MGG_04467,

MGG_04696,

MGG_05673, MGG_12892) and 3 translation factors (MGG_04400, MGG_06019,
MGG_10653), 3 chaperone proteins (MGG_05753, MGG_06958, MGG_10447), one
involved in protein targeting (MGG_01607) and two involved in protein posttranslational modifications (MGG_02821, MGG_05864) were identified during conidial
germination and germ tube extension. Taken together, this suggests strong translational
activity occurs prior to appressorium morphogenesis. Coupled with the regulated
proteolysis observed, we can see that significant turn-over occurs at a very early stage
during appressorium morphogenesis in M. oryzae. In Groups 2 and 3 (Appendix 8 and 9
or Table 4.7), 27 spots corresponding to 24 genes appeared to be involved in protein
processing. Eight ribosomal proteins (MGG_07048, MGG_06693, MGG_10370,
MGG_03372, MGG_12892, MGG_02747, MGG_04114, MGG_05673); 4 translation
factors (MGG_06019, MGG_10653, MGG_01013, MGG_04400), 3 chaperone proteins
(MGG_11513, MGG_11889, MGG_06958), one involved in protein targeting
(MGG_01607) and 2 involved in protein post-translational modifications (MGG_02821,
MGG_05864) were identified during appressorial morphogenesis and maturation. This
data also suggests significant protein translational activity during appressorium
development. The presence of enzymes involved in the synthesis of lysine
(MGG_00956 and MGG_08564) and ornithine aminotransferase (MGG_06392),
involved in proline, polyamins, glutamate and glutamine biosynthesis (Degols, 1987;
Wagemaker et al., 2007) are also consistent with this idea. A large change in protein
expression therefore occurs at an early stage during appressorium morphogenesis 6h
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after spore germination in M. oryzae and continues until appressorium maturation.
Proteins associated with regulated proteolysis are strongly expressed during
appressorium development, which is consistent with published data showing the
importance of infection-associated autophagy during plant infection by M. oryzae
(Veneault Fourrey et al., 2006; Kershaw and Talbot, 2009).
4.3.7.2 Carbohydrate metabolism, cell wall biogenesis and carbon source
scavenging
Fungi alter the composition and the structure of their cell wall throughout the different
stages of their life cycle (Bartnicki-Garcia, 1968; Wessels, 1994; Latgé, 2010). Such
plasticity requires the coordinated regulation of enzymes involved in formation of the
cell wall. For instance, the yeast ascospore wall offers increased protection under stress
conditions when compared to the cell wall of vegetative cells (Miller, 1989) and
consists of four layers (Briza et al., 1988). Germ tubes and hyphae elongate by apical
deposition of cell wall glycoproteins and polysaccharides, such as chitin and glucans
(Mendgen et al., 1996). During extension of the fungal apex, these components are
assembled into microfibrils as a result of hydrogen bonding and crosslinking of adjacent
polysaccharide chains (Mendgen et al., 1996). Chitin and β-1,3-glucans are synthesized
by transmembrane enzymes (Goldman et al., 1995; Ram et al., 1998). In M. oryzae, the
maturation of the appressorium involves deposition of melanin and chitin within the
inner side of the cell wall (Bourett and Howard, 1990).
Differential proteomics revealed a wide group of genes encoding for enzymes
predicted to be involved in cell wall biosynthesis. For instance, three enzymes involved
in UDP-N-acetylglucosamine biosynthesis, the substrate for chitin synthase (MenginLecreulx and Heijenoort, 1994; Mio et al., 1998), were identified. Glutamine/fructose6-phosphate amidotransferase enzyme (MGG_11597), which is responsible for the first
and rate-limiting step in chitin generation, catalyses conversion of fructose-6-phosphate
171

Chapter 4
into glucosamine-6-phosphate (Freese et al., 1970). This enzyme is essential for cell
wall integrity in Aspergillus nidulans (Ram et al., 2004). Glucosamine-6-phosphate Nacetyltransferase enzyme (MGG_02834), which catalyses the reaction of glucosamine 6phosphate with acetyl-CoA to form N-acetylglucosamine 6-phosphate is involved in the
fourth step of UDP-N-acetylglucosamine biosynthesis (Freese et al., 1970). Finally, we
found a UDP-N-acetylglucosamine pyrophosphorylase (MGG_01320), which catalyses
the synthesis of UDP-N-acetylglucosamine from acetylglucosamine-1-phosphate and
UTP (Freese et al., 1970). Glutamine/fructose-6-phosphate amidotransferase was found
to belong to Groups 1, 2 and 3 as an induced protein spot. However these protein spots
were shown to correspond only to the N-terminal part of the protein (fragment), making
their precise role in appressorium development to be difficult to interpret. Glucosamine6-phosphate N- acetyltransferase was found to be constitutively expressed in Guy11
during appressorium morphogenesis, however the corresponding spot was specifically
down-regulated from 16h after conidial germination in both ∆pmk1 and ∆mst12
mutants. A corresponding gene deletion mutant showed a significant reduction in
virulence of Candida albicans (Mio et al., 2000). It may therefore be possible that this
enzyme is involved in the maturation of the appressorium cell wall in order for it to
stand with the high turgor pressure generated in the appressorium. The differential
regulation of this protein in the Δpmk1 and Δmst12 mutants is therefore consistent with
their impairment in appressorium morphogenesis and maturation. Finally, one UDP-Nacetylglucosamine pyrophosphorylase protein isoform was found to accumulate in
Groups 1, 2 and 3 as shown in Figure 4.14. Taken together, UDP-N-acetylglucosamine
biosynthesis appears to be one of the pathways use by M. oryzae for the biosynthesis of
chitin during appressorium morphogenesis, and further biochemical analysis will
determine how this pathway is regulated.
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Figure 4.14: 2D-PAGE comparison of the UDP-N-acetylglucosamine pyrophosphorylase induction during conidium germination
and appressorium development in wild type Guy11 and both ∆
pmk1 and ∆mst12 mutants.
A, the UDP-N-acetylglucosamine pyrophosphorylase (MGG_01320)
was identified in four different protein spots (Appendix 2) but only two
spots corresponded to an intact protein. Only the spot 902 selected
here was up-regulated during our proteomic analysis. B, Bar graph
showing the volume quantifications of spot 902 (Arbitrary Units) at 5
time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12
strains. Induction of this protein occured during conidium germination
and appressorium development in all strains.
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Synthesis of L-Rhamnose may occur during appressorium development. The
dTDP-D-glucose 4,6 dehydratase (MGG_06324) strongly accumulated during conidial
germination and appressorium morphogenesis (Groups 1, 2 and 3) as shown in Figure
4.15. This protein belongs to a group of four enzymes involved in synthesis of Lrhamnose from glucose 1-phosphate and deoxythymidine triphosphate (dTTP) (Allard
et al., 2001). L-rhamnose is found in the cell wall and envelope of many pathogenic
bacteria (Ma et al., 1997; Allard et al., 2001), fungi (Lloyd and Travassos, 1975) and is
a component of the plant cell wall pectic polysaccharides (Watt et al., 2004).
Two

proteins

involved

in

mannoprotein

biosynthesis,

D-mannonate

oxidoreductase (MGG_10334) and the alpha-mannosidase (MGG_04464) were found to
be up-regulated during conidial germination and appressorium formation. Production of
mannoproteins might aid in stabilization of the cell wall during rapid expansion of the
appressorium (Oh et al., 2008).
Two probable cell wall like proteins (MGG_06189 and MGG_09918) showed
significant accumulation during conidial germination and appressorium development,
especially the protein encoded by MGG_06189, which had an expression of up to 3000
times higher in appressoria samples than in conidia. These proteins are conserved in
fungi but their exact function remains unknown.
Accumulation of a polysaccharide deacetylase (MGG_04172) protein is one of
the most significant changes associated with appressorium development. Five spots
corresponding to 5 isoforms were strongly up-regulated from 6h after conidial
germination. Matsumura and co-workers also found the corresponding gene to be
abundant in SAGE tags derived from mature appressoria (Matsumura et al., 2003). This
protein shows a homology to the proteins Cda1 and Cda2, which are chitin deacetylases.
The chitin deacetylases are involved either in formation or autolysis of the cell wall
(Gao et al., 1995; Alfonso et al., 1995). Cda1 and Cda2 are both involved in
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Figure 4.15: 2D-PAGE comparison of the dTDP-D-glucose 4,6-dehydratase induction during conidium germination and appressorium development in wild type Guy11 and both ∆pmk1 and ∆mst12
mutants.
A, The dTDP-D-glucose 4,6-dehydratase was identified in two different
protein spots (Appendix 2), Only the spot 1813 selected here was
up-regulated during our proteomic analysis. B, Bar graph showing the
volume quantifications of spot 1813 (Arbitrary Units) at 5 time points
used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains.
Induction of this protein occured during conidium germination and
appressorium development in all strains.
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biosynthesis of the ascospore cell wall and deposition of chitosan (a β-(1→4)-Dglucosamine) which is required for rigidity of the ascospore cell wall in yeast
(Christodoulidou et al., 1996, 1999). The polysaccharide deacetylases can also act as
bacterial modulation signals in symbiosis (Freiberg et al., 1997). Involvement of this
enzyme in plant-pathogen interactions has been also proposed in Colletotrichum
lindemuthianum (Kauss et al., 1983; Mendgen et al., 1996), Puccinia graminis f.sp.
tritici, Uromyces fabae (Gueddari et al., 2002) and Colletrotrichum lindemuthianum
(Blair et al., 2006). They suggest that in exposed fungal invasive hyphae, chitin
polymers are partially de-N-acetyled by a chitin deacetylase during infection and initial
growth within the host, so that chitosan is exposed which is a poor substrate for
chitinases (Ghaouth et al., 1992; Mitsutomi et al., 1995). Thus, conversion of chitin to
chitosan during plant extracellular colonisation may protect pathogenic fungal hyphae
from being Lysed by secreted plant chitinases (Mendgen et al., 1996; Blair et al., 2006).
Furthermore, the amount of chitin degradation products, which may serve as elicitors of
host defence reactions, would also be reduced (Deising et al., 1996). Similar protection
against host defence was also observed in bacteria Streptococcus pneumoniae (Vollmer
and Tomasz, 2000) and Streptococcus iniae (Milani et al., 2010). In S. pneumonia, the
enzyme encoded by the PGDA gene, which showed homology to CDA1 and CDA2
(Vollmer and Tomasz, 2000), de-acetylates the bacteria cell wall to provide protection
against host lysozymes. In S. iniae, a peptidoglycan deacetylase PgdA family protein
family, Pdi, is involved in adherence, invasion, lysosyme resistance and survival in fish
blood (Milani et al., 2010). In the Bacillus subtilis, deletion of a polysaccharide
deacetylase gene (PDAA) is required for spore germination and for δ-lactam
biosynthesis, a component of the cell wall (Fukushima et al., 2002). A lectin-like
extracellular chitin-binding protein containing a chitin deacetylase homologue CBP1, of
M. oryzae has been reported to be involved in appressorium formation on artificial
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surfaces (Kamakura et al., 2002). Authors concluded Cbp1 was involved in the sensing
of factors from solid surfaces that induce appressorium differentiation. Cbp1 also shows
significant homology with CDA1 (25% homology and 45% identity) and CDA2 (30%
homology and 48% identity). Protein sequence alignment analysis showed that
MGG_04172 does not share homology with PgdA, PdaA, Pdi and Cbp1. Furthermore,
bioinformatic analysis showed the protein encoded by MGG_04172 does not present
any chitin-binding domain or transmembrane domain but has a signal peptide
(Appendix 2). Thus, the protein encoded by MGG_04172 may have a novel functional
role during infection-related development in M. oryzae such as hydrophobic surface
spore adhesion and germ tube emergence. If the MGG_04172 encoded protein is
secreted once the conidium has landed and subsequently attached to the hydrophobic
plant surface, the enzyme may result in the conversion of chitin to chitosan in the germ
tube allowing protection of the invading fungus from early defence responses. Chitin
conversion to chitosan may also help in hyphal penetration as shown in Uromyces
viciae-fabae (Voegele et al., 2006). This is also consistent with the observation made by
Howard and co-workers in 1981 in M. oryzae, when they noticed that penetration
hyphae showed strongly reduced affinity to wheat germ agglutinin suggesting a
reduction in chitin content or modification of chitin. However, late stage appressorium
development showed two polysaccharide deacetylase (MGG_04172) isoforms were
absent in the Δpmk1 mutant (spots 166 and 508), indicating that post-translational
modified versions of this enzyme are involved in appressorium maturation. Indeed, as
illustrated in Figure 4.16, accumulation of spot 166 was up to 700 fold more abundant
in Guy11 when compared Δpmk1 16h post germination. When considered together the
protein encoded by MGG_04172 seems to be involved in the development of
appressoria. The cellular function of this protein could be investigated by targeted
deletion to observe the effect on chitin disposition and the presence of chitosan. Another
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Figure 4.16: 2D-PAGE comparison of a polysaccharide deacetylase (MGG_04172)
induction during conidium germination and appressorium development in wild
type Guy11 and both ∆pmk1 and ∆mst12 mutants.
A, this polysaccharide deacetylase was identified in five different spots (Appendix 2). The
spot 166 is presented here. B, Bar graph showing the volume quantifications of spot 166
(Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δ
mst12 strains. Induction of this protein occured during conidium germination and appressorium development in all strains. This protein was especially strongly induced in Guy11
during conidium germination and appressorium development in all strains.
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chitin deacetylase (MGG_09159), neither homologue to PgdA, PdaA, Pdi and Cbp1,
was also found to be up-regulated 6h post conidial germination in Guy11, 12h post
conidial germination in Δmst12 mutant and constitutively present in the Δpmk1 mutant.
This enzyme may be involved in cell wall biosynthesis during appressorium formation
and maturation.
Deacetyled chitosan is degraded by endochitosanases or hexosaminidases in
cooperation with exo-β-D-glucosaminidase (Fukamizo and Kramer, 1985; Horsh et al.,
1997; Nanjo et al., 1990; Tsigos et al., 2000; Tanaka et al., 2003; Fukamizo et al.,
2006.)

A

β-hexosaminidase

(MGG_09922)

and

an

exo-β-D-glucosaminidase

(MGG_05864) were found to be up-regulated in Guy11 and the Δmst12 mutant during
appressorium morphogenesis and maturation (Groups 2 and 3) but down-regulated in
the Δpmk1 mutant (Group 1). Those enzymes may be involved in the hydrolysis of
chitin and its subsequent re-modelling within the appressorium, promoting development
and maturation of M. oryzae. Both enzymes were shown to be involved in the
degradation of chitin in the cell walls of the mycoparasite fungus Trichoderma
asperellum (Ramot et al., 2004) and the bacteria Nocardia orientalis (Nanjo et al.,
1990), Amycolatopsis orientalis (Cote et al., 2006) and Thermococcus kodakaraensis
(Tanaka et al., 2003).
Our proteomic data also showed many proteins involved in carbohydrate
metabolism

(Appendix

7,8,9)

that

were

up-regulated

during

appressorium

morphogenesis including 2-deoxy-D-gluconate 3 dehydrogenase and a glucose/ribitol
dehydrogenase, both of which are involved in pentose and gluconate interconversion, as
well as a formate dehydrogenase and a oxidoreductase-2-nitropropane dioxygenase both
involved on carbon recycling.
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4.3.7.3 Lipid metabolism and the peroxisome
The entire plant infection process displayed by M. oryzae from spore germination to
subsequent development of the penetration hypha is fuelled by storage reserves carried
in the conidium (Talbot, 2003). M. oryzae conidia contain storage reserves in the form
of trehalose, glycogen, lipid bodies and mannitol that degrade rapidly as soon as
conidial germination occurs (Thines et al., 2000; Foster et al., 2003; Weber et al.,
2001). Hydrostatic turgor in appressoria is generated by accumulation of glycerol,
which is derived from storage compounds (Thines et al., 2000). A bifunctional cell
wall-localised trehalase encoded by the TRE1 gene showed an intracellular activity
during spore germination (Foster et al., 2003) and was found to be accumulated in our
proteome analysis (Groups 1, 2 and 3). It was also showed that the trehalose synthesis,
but not the subsequent breakdown was required for the development of full appressorial
turgor and for appressorium function (Foster et al., 2003). Glycogen rosettes are found
to accumulate within appressoria during their development (Howard and Valent, 1996)
and disappear from the appressorium during melanisation and turgor generation (Thines
et al., 2000). Glycogen is degraded by two major enzyme activities, glycogen
phosphorylase and amyloglucosidase (Wang et al., 2005). The analysis of mutants
lacking the genes encoding these enzymes suggested that both of their activities are
required for full virulence of M. oryzae (L.J. Holcombe and N.J. Talbot, unpublished
data). A glycogen phosphorylase (MGG_01819) which is controlled by physphorylation
and cAMP (Tellez-Inon and Torres, 1970; Barford et al., 1992; deJong et al., 1997) was
also identified in this study and classified in Group 3 (Appendix 9). This suggested that
this protein may be induced during appressorium maturation, which is consistent with
previous published data (Thines et al., 2000). Interestingly, the enzymes by which
glycerol could be synthesized from storage carbohydrates; such as NADH-dependentglycerol-3-phosphate-dehydrogenase and NADH-dependent glycerol-dehydrogenase are
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present in appressoria but are not induced during appressorium turgor generation
(Thines et al., 2000). The contribution of glycogen metabolism to turgor generation
therefore remains uncertain (Talbot, 2003). However, the ability to divert intermediates
from glycolysis may be important for rapid glycerol accumulation during appressorium
development.
The analysis of the genome sequence of M. oryzae (Dean et al, 2005) showed
the fungus has at least seven genes predicted to encode intracellular triacylglycerol
lipases and 21 genes predicted to encode extracellular lipases or esterases (Wang et al.,
2007). A direct consequence of intracellular lipolysis during appressorium development
is likely to be the generation of fatty acids which are metabolized by β-oxidation. The
M. oryzae genome showed also that the fungus has several genes encoding for both
mitochondrial and peroxisomal acyl-CoA dehydrogenase, but no gene for acyl-CoA
oxidase, suggesting that β-oxidation of the fatty acid may occur both in mitochondria
and peroxisomes (Dean et al, 2005), which would allow use of a wide range of fatty
acid substrates, including branched-chain fatty acids (Theiringer and Kunau, 1991;
Wang et al., 2007). β-oxidation occurs exclusively in the peroxisome of Saccharomyces
cerevisiae, but in both peroxisome and mitochondrion of Aspergillus nidulans (MaggioHall and Keller, 2004). Fatty-acid oxidation occurs in the peroxisomes when the acid
chains are too long to be handled by mitochondria. The oxidation of the very long chain
(>C22) fatty acids occurs in the peroxisomes, ceases with octanyl-CoA and then
continues in the mitochondria (Lazarow, 2003). M. oryzae mutants lacking a
peroxisomal multi-functional β-oxidation gene and a peroxisomal biogenesis gene
caused significant defects in appressorium function and loss of pathogenicity showing
the importance of the peroxisome in appressorium development (Wang et al., 2007).
Peroxisomal β-oxidation was also shown to be required for full virulence in Candida
albicans (Carman et al., 2008). As in M. oryzae, deletion of a peroxisomal biogenesis
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gene in Colletotrichum lagenarium led to the formation of small appressoria with
severely reduced melanization that failed to form infectious hyphae (Kimura et al.,
2001). We observed high accumulation of an Acyl-CoA dehydrogenase (MGG_05949,
Groups 1, 2 and 3, Appendix 7, 8 and 9), a 3-ketacyl-CoA thiolase (MGG_09512,
Groups 1, 2 and 3, Appendix 7, 8 and 9) and a peroxisomal dehydratase (MGG_04839,
Groups 2 and 3, Appendix 7 and 8). Acyl-CoA dehydrogenase catalyzes the initial step
in each cycle of fatty acid β-oxidation. Interestingly, the acyl CoA dehydrogenase,
unlike the 3-ketacyl-CoA thiolase and the peroxisomal dehydratase, was not induced in
both ∆pmk1 and ∆mst12 mutants as shown in Figure 4.17. It is possible that this acyl
CoA dehydrogenase is mis-regulated in both mutants but without impact on

β-

oxidation in those mutants because the M. oryzae sequence analysis showed at least 10
genes coding for an acyl-CoA dehydrogenase enzyme (Wang et al., 2007) and because
we observed other enzymes involved in β-oxidation that were induced in both mutants.
This may suggest that β-oxidation occurred in both mutants but another acyl-CoA
dehydrogenase or a modified version of the identified acyl-CoA dehydrogenase may
alternatively be used. Peroxisomal dehydratase may catalyse the epimerization of 3hydroxyacyl-CoA dehydratase with the combination of enoyl-CoA hydratase (Li, et al.,
1990). The 3-hydroxyacyl-CoA dehydratase catalyzes the third step of fatty acid
oxidation (Hijikata et al., 1990). The 3-ketoacyl-CoA thiolase catalyzes the final step of
fatty acid oxidation in which acetyl-CoA and the CoA ester of a fatty acid two carbons
shorter are released (Hijikata et al., 1990). A strong accumulation of 3-ketoacyl-CoA
thiolase occurred in the Δpmk1 mutant (up to 150 times more when compared to
conidial 2D-gels) showing that lipid is used to fuel conidial germination even in the
absence of appressorial morphogenesis. Deletion of isocitrate lyase has shown the
importance of the glyoxylate cycle in the virulence of M. oryzae (Wang et al., 2003), C.
albicans (Lorenz and Fink, 2001, 2002) and in the bacterial pathogen Mycobacterium
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Figure 4.17: 2D-PAGE comparison of a acyl-CoA dehydrogenase induction during conidium germination and appressorium development in
wild type Guy11 and both ∆pmk1 and ∆mst12 mutants.
A, the acyl-CoA dehydrogenase was identified in the spot 469 (Appendix 2)
shown here. B, Bar graph showing the volume quantifications of spot 469
(Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1
and Δmst12 strains. Induction of this protein occured during conidium germination and appressorium development in all strains. This protein was only
induced in Guy11.
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tuberculosis (McKinney et al., 2000). The isocitrate lyase-encoding gene deletion
mutant of M. oryzae (Δicl1) showed a delay in germination, infection related
development and cuticle penetration (Wang et al., 2003). When considered together,
this suggests that acetyl-CoA is channelled for production of precursors for
glucogenesis (malate, oxaloacetate) and amino-acid biosynthesis (α-ketoglutarate).
Deletion in M. oryzae of the carnitine acetyl transferase, a critical enzyme for directing
acetyl-CoA to the correct intracellular compartment for subsequent utilization
(Elgersma et al., 1995), confirmed this idea and showed that acetyl-CoA was directed to
the glyoxylate cycle to support glucan and chitin biosynthesis required for cell wall
generation and growth of penetration hyphae (Bhambra et al., 2006). The glyoxylate
cycle has also been shown to be required of the pathogenicity of other phytopathogenic
and human pathogenic fungi (Lorenz and Fink, 2001; Idnurm and Howlett, 2002;
Solomon et al., 2004).
4.3.7.4 Lipid signalling
Phospholipids (inositol phosphates and phosphoinositides) act as second messengers in
animals (Berridge, 1987; Cantley, 2002; Saarikangas et al., 2010; Takenawa, 2010),
plants (Stevenson et al., 2000; Meijer and Munnik, 2003; Samaj et al., 2006; Bohme et
al., 2004) and eukaryotic micro-organisms (Hosking et al., 1994; Griac, 2007).
Phosphatidylinositol and its phosphorylated derivatives, phosphoinositides, have diverse
roles in the modulation of many cellular events, such as membrane trafficking,
intracellular signalling, cytoskeleton organization, apoptosis in response to hormones,
and in neurotransmitters or in growth factor induction (Niggli, 2005; Bittar, 2006;
DiPaolo and Camilli, 2006). Phosphoinositides also contribute to pathogenesis of
human diseases by functioning as signalling Lipids during inflammation, cancer, and
metabolic diseases (Wymann and Schneiter, 2008). The extracellular induction leads to
the rapid hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP2) via cell surface
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receptors (Berridge, 1997). Hydrolysis of PIP2 by phospholipase C-mediated inositol
lipid signalling results in generation of two second messengers, inositol 1,4,5triphosphate (IP3) and diacylglycerol (DAG) (Thomas et al., 1993). IP3 mobilizes Ca2+
by binding to specific intracellular receptors that promote the opening of calcium
channels in the endoplasmic reticulum. DAG binds and activates numerous isoforms of
protein kinase C, resulting in the phosphorylation of intracellular proteins (Thomas et
al., 1993).
Eukaryotic phosphatidylinositol transfer proteins (PITPs) are ubiquitous proteins
that transport phosphatidylinositol (PI) or phosphatidylcholine (PC) between
membranes and participate in cellular phosphoinositide metabolism during signal
transduction and vesicular trafficking (Thomas et al., 1993; Hay and Martin, 1993;
Cockroft, 2001; Meijer and Munnik, 2003; Larijani et al., 2003). PITP is implicated in
delivery of PI to specific compartments, where PI can be further phosphorylated by
specific lipid kinases (Watt et al., 2001; Allen-Baume et al., 2002). Therefore, PIPTs
regulate the interface between lipid metabolism and specific steps in membrane
trafficking through the secretory pathway in eukaryotes (Phillips et al., 2006). In S.
cereviseae, Sec14 was identified to be an essential PITP-like protein involved in PI/PC
transfer from the Golgi to the plasma membrane (Bamkaitis et al., 1990; Hay and
Martin, 1993). This protein regulates the level of PIP2 at the Golgi (Pillips et al., 1999;
Hama et al., 1999) and also the levels of diacylglycerol by inhibiting its utilization for
PC synthesis (Huijbregts et al., 2000). Sec14 is important for regulating PC metabolism
and ensuring that DAG is available at the Golgi for vesicle formation. Sec14 is therefore
an essential component of a regulary pathway linking phospholipid metabolism with
vesicle trafficking (Kearns et al., 1997). The essential function of Sec14 may be to
maintain a sufficient pool of DAG in the Golgi to support production of secretory
vesicles (Griac, 2007; Mousley et al., 2007).
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Phosphoinositides play a central role in regulating the organization and
dynamics of the actin cytoskeleton by acting as platforms for protein recruitment, by
triggering signalling cascades, and by directly regulating the activities of actin-binding
proteins. Furthermore, a number of actin-associated proteins, such as BAR-domain
proteins, are able directly to deform phosphoinositide-rich membranes to induce plasma
membrane protrusions or invaginations (Mousley et al., 2007). Recent studies have
provided evidence that these actin cytoskeleton-plasma membrane interactions are misregulated in a number of pathological conditions, such as cancer and during pathogen
invasion. (Saarikangas and

Lappalainen, 2010). Phosphatidylinositol kinases,

phosphatases and transfer proteins act in specific processes and stages of membrane
transport (Martin, 1998)
Recent data suggests that phospholipid metabolism could be a key component of
tip growth in eukaryotes (Bohme et al., 2004). IP3 is involved in germ tube formation in
the yeast-mycelium transition of the Dutch elm disease fungus Ophiostoma ulmi
(Brunton and Gadd, 1991). In C. albicans, there is an increase in IP3 during germ tube
formation in the yeast to hyphal morphological transition (Gadd and Foster, 1997). In
Arabidopsis, there is evidence of IP3-mediated morphogenesis in tip-growing pollen
tubes (Kost et al., 1999; Malho, 2006). Mutation of a PITP in Arabidopsis thaliana
showed that this protein is essential for proper root hair growth (Bohme et al., 2004).
Two PIPTs were identified during appressorium development in our proteomics
data; first, a homologue to Sec14 (MGG_00905) and second, a homologue of the
phosphatidylglycerol/phosphatidylinositol transfer protein (MGG_01557). The putative
Sec14 protein was strongly up-regulated during conidial germination and appressorium
formation (Group 1, 2 and 3). Sec14 in M. oryzae may be involved in cytoskeletal
reorganization during germ tube formation, appressorium development and penetration
peg emergence. The implied potential function of the protein in Golgi-mediated
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secretion and cytoskeleton reorganization in M. oryzae was supported by a high
accumulation of a putative neuronal calcium sensor 1 (NCS-1) protein (MGG_01550) in
Guy11 during appressorium formation (Group 2). In S. cerevisiae the homologue of
NCS-1 has been demonstrated to interact with and regulate the activity of
phosphatidylinositol 4-OH kinase β (Gomez et al., 2001; Taverna et al., 2002) which is
involved in lipid signalling. Indeed, in S. cerevisiae, the phosphatidylinositol 4-OH
kinase Pik1, which participates in the mating-pheromone signal-transduction cascade
(Flanagan, 1993) is a regulator of membrane traffic. A temperature-sensitive Pik1
mutant is defective in the actin cytoskeleton (Garcia-Bustos et al., 1994). However,
blockages in membrane traffic at the Golgi apparatus and the endosome, as well as
genetic evidence, suggest that Pik1 has an actin-independent role in membrane transport
(Walch-Solimena and Novick, 1999). Furthermore, Pik1 localizes to the nucleus and
cytoplasm, where it is concentrated at the trans-Golgi network, in agreement with its
function in Golgi-mediated secretion (Walch-Solimena and Novick, 1999).
A

phosphatidylglycerol/phosphatidylinositol

transfer

protein

(PG/PI-TP)

homologue (MGG_01557) was identified as 5 isoforms. Two spots were up-regulated in
Guy11 during appressorium development and down-regulated in ∆pmk1 and ∆mst12
(Groups 1, 2 and 3). Three spots were highly up-regulated in both Guy 11 and Δmst12
during appressorium development and were poorly induced in Δpmk1 mutant protein
profiles as shown in Figure 4.18 with the spot 1878 (Appendix 2). This suggests the
protein is mainly involved in appressorium morphogenesis of M. oryzae. The protein
homologue in yeast was identified and named Npc2 because the protein is functionally
homologous to the human Npc2 protein (Berger et al., 2005). Mutation of Npc2 in
humans results in Niemann-Pick Disease Type C (NP-C), which is a fatal neuro-visceral
disorder characterized by accumulation of low-density-lipoprotein-derived cholesterol
in endolysosomal compartment (Patterson et al., 2004). The fact that yeast Npc2 was
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Figure
4.18:
2D-PAGE
comparison
of
a
Phosphatidylglycerol/phosphatidylinositol transfer protein (MGG_01557)
induction during conidium germination and appressorium development in
wild type Guy11 and both ∆pmk1 and ∆mst12 mutants. A, this
Phosphatidylglycerol/phosphatidylinositol transfer protein was identified in five
different protein spots (Appendix 2) and the spot 1878 was selected here. B, Bar
graph showing the volume quantifications of spot 1878 (Arbitrary Units) at 5
time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12
strains.This protein was strongly induced during appressorium formation and
maturation in Guy11 and ∆mst12.
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functionally related to the human Npc2 protein validated this protein as being involved
in lipid trafficking (Berger et al., 2005). The homologue of Npc2 and of our protein was
studied in Aspergillus oryzae (Record et al., 1995). The amino-acid sequence of the
PG/PI-TP suggests that it is an outer cell membrane targeted protein in A. oryzae
(Record et al., 1999). Localization of the protein was demonstrated to be cytoplasmic
and also associated with Golgi-like vesicles (Record et al., 1998). However, the
function of this protein in vivo is not yet clearly understood (Record et al., 1999, 2001).
Interestingly, DAG stimulates appressorium formation in M. oryzae on non-inductive
(hydrophilic) surfaces (Thines et al., 1997) and can also restore appressorium formation
to a Δpth11 mutant (DeZwaan et al., 1999). For the first time to our knowledge, a
correlation could therefore be made between lipid signalling and appressorium
formation in M. oryzae.
4.3.7.5 Secondary metabolism
Previous studies showed that acetyl-CoA generation by peroxisomal fatty acid
metabolism in M. oryzae was a starting point for a range of other biochemical pathways,
such as secondary metabolic pathways and cell wall biosynthesis (Bhambra et al., 2006
; Wang et al., 2007). The M. oryzae genome contains genes that encode 22 polyketide
synthases (PKSs), 8 non-ribosomal peptide synthases (NRPSs) and 10 PKS-NRPS
hybrid enzymes (Collemare et al., 2008). In M. oryzae, melanization of the
appressorium is vital for plant infection (Howard et al., 1996). Melanin is synthesized in
M. oryzae through a pentaketide route where acetate units are joined together to form
1,3,6,8-tetrahydroxynaphtalene,

which

is

then

transformed

to

1,3,8-

trihydroxynaphtalene by two reduction and two dehydratation steps, and this product is
polymerized by phenol oxidases to the black pigment, melanin (Zhang et al., 2006). A
1,3,6,8-tetrahydroxynaphtalene

reductase

catalyses

the

reduction

of

1,3,6,8-

tetrahydroxynaphtalene to yield scytalone. A scytalone dehydratase then yields the
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trihydroxynaphtalene, which is reduced to vermelone by action of the 1,3,8trihydroxynaphtalene reductase. Vermelone is then converted to dihydroxynaphtalene
by scytalone dehydratase which is polymerized to melanin (Vidal-Cros et al., 1994;
Henson et al., 1999; Thompson et al., 2000; Langfelder et al., 2003; Talbot, 2003;
Zhang et al., 2006). The 1,3,6,8-tetrahydroxynaphtalene reductase (MGG_07216),
scytalone dehydratase (MGG_05059) and the 1,3,8-trihydroxynaphtalene reductase
(MGG_02252) were highly up-regulated during appressorium formation. 1,3,6,8tetrahydroxynaphtalene reductase and 1,3,8-trihydroxynaphtalene reductase were found
to accumulate in all strains during conidial germination and appressorium formation
(Groups, 1, 2 and 3, Appendix 7, 8 and 9), which is consistent with observations
reported previously for their putative homologues in the anthracnose fungus
Colletotrichum lagenarium (Takano et al., 1997; Buhr and Dickman, 1997). However,
scytalone dehydratase was only found to accumulate in Guy11 and Δmst12 mutant
(Figure 5.19), but not in Δpmk1 (Groups 2 and 3) which is consistent with the fact this
mutant is not able to form an appressorium (Xu and Hamer, 1996). The expression of
the 2 naphthol reductases was also weaker in the Δpmk1 mutant when compared to both
Guy11 and the Δmst12 mutant as shown in the Figure 4.19. Scytalone dehydratase
appears therefore to be an appressorium-specific protein. The proteomic profiles of the
3 enzymes were globally similar between Guy11 and Δmst12 mutant during
appressorium development showing that deletion of the MST12 has no effect on
appressorium melanization as shown in the Figure 4.19.
Secondary metabolites produced by M. oryzae during the plant pathogenic
process could suppress defence and perturb host metabolism to the benefit of the
invading pathogen (Wilson and Talbot, 2009). Polyketide biogenesis pathways are
complex and involve many enzymes encoded by co-regulated genes clustered at the
same locus in the genome (Keller and Hohn, 1997). We identified 2 different proteins
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Figure 4.19: Melanin biosynthesis during appressorium development in
M.oryzae.
A, Fungal melanin biosynthetic pathway adapted from Thompson et al., 2000 and Langfelder et al., 2003. B, 2D-PAGE comparison of three major enzymes involved in melanin
biosynthesis during conidium germination and appressorium development in wild type
Guy11 and both ∆pmk1 and ∆mst12 mutants. The tetrahydroxynaphthalene reductase
is represented by the red arrow (spot 584), the trihydroxynaphthalene reductase by the
green arrow (spot 868) and the scytalone dehydratase by the blue arrow (spot 558).
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showing similarity to a ketoreductase (MGG_10274 and MGG_10910) which may be
involved in biosynthetic pathways required for modification of the precursor
synthesized by two of the PKS enzyme. They are both localized in a gene cluster. Very
interestingly one of them is down-regulated in both mutants’ 2D gels (Groups 1, 2 and
3), suggesting the metabolite may be required for appressorium development and
virulence. The related PKS (MGG_10912) has not been characterized yet, but is located
in a cluster of 10 genes of which 6 are potentially involved in secondary metabolism
because they encode enzymes such as FAD-dependant oxidase (MGG_10961), short
chain dehydrogenase (MGG_12983), FAD-dependent oxygenase, aldo/ketoreductase
(MGG_10908), short chain dehydrogenase (MGG_12982) and the identified
ketoreductase. Three genes in the cluster encode hypothetical and predicted proteins.
The second ketoreductase (MGG_10274) is down regulated during conidial germination
and appressorium formation in all strains suggesting that the secondary metabolite
produced may be involved in conidiation or vegetative growth.
4.3.7.6 Other significant changes in protein expression
Blue light and/or near-UV light exerts an influence on living organisms as an energy
donor for photosynthesis and as a differentiation signal, inducing photomorphogenesis
in fungi (Ambra et al., 2004). The UV-1 homologue in M. oryzae was found in a total of
7 different protein spots in our 2D-gels (Appendix 2). Ebbole et al., (2004) generated a
comprehensive study of 28,682 ESTs (Expression Sequence Tags) produced from nine
cDNA libraries representing several growth conditions and M. oryzae strains including

Δpmk1 mutant. The most abundantly represented gene from all the cDNA libraries was
found to be the M. oryzae homologue of UV-1, an appressorium and UV-inducible gene
from Bipolaris oryzae (Kihara et al., 2001). This is consistent with proteomics
observations reported here. They suggested that expression of a putative UV-1 protein is
not dependant of the Pmk1 MAP Kinase (Ebbole et al., 2004). However our proteomics
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approach revealed a strong accumulation of 3 isoforms of UV-1 protein only during
Guy11 appressorium development. We observed only one isoform especially upregulated at 24h in both ∆pmk1 and ∆mst12 mutants. However, this pattern of
accumulation is later than observed in Guy11 and expression of this isoform is also
significantly weaker than in the wild type, up to 300 fold lower than in Guy 11. Our
data is consistent with evidence of the influence of light on asexual development
observed by Let and co-workers in 2006, but also of the influence of light on
appressorial development in M. oryzae. Therefore, the regulation of this protein may be
partially regulated by the Pmk1 MAP Kinase and/or Mst12 transcription factor. We also
found a blue light-inducible protein homologue to Bli-3, a protein specifically expressed
during Neurospora crassa conidiation (Lauter and Russo, 1991). Transcriptional
profiling showed that this gene was induced during the rice/Magnaporthe oryzae
interaction (Kim et al., 2001). Proteomics data indicated that this protein is also
expressed during conidial germination and appressorium development and that
expression is not dependent on PMK1 and MST12 deletions. The characterization of
more light-inducible genes would help us to understand the photo-control of
appressorium virulence induced by near-UV light.
A predicted 14-3-3 protein-like was found to be specifically up-regulated in the
16h Guy11 samples. 14-3-3 proteins are a family of conserved regulatory molecules
expressed in all eukaryotic cells (Aitken et al., 1992). They have the ability to bind a
multitude of functionally diverse signalling proteins, including kinases, phosphatases,
and transmembrane receptors (Fu et al., 2000). A 14-3-3 protein may therefore be
involved in germ tube emergence and appressorium maturation in M. oryzae.
One of the four spots which were identified as Cyp1 (Viaud et al., 2002), a
cyclophilin-encoding gene, was found to be highly induced during conidial germination
and appressorial formation (Groups 1, 2, 3, Appendix 7, 8, 9). Cyclophilins are a
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conserved family of proteins present in bacteria, fungi, plants, and animals and are well
known for being the cellular targets of the immunosuppressive drug cyclosporin A
(CsA), (Marks, 1996). Cyclophilins are peptidyl prolyl cis-trans isomerases of the
immunophilin family (Kunz and Hall, 1993; Marks, 1996) and have been implicated in
a wide variety of cellular processes, including the response to environmental stresses,
cell cycle control, the regulation of calcium signalling, and the control of transcriptional
repression (Sykes et al., 1993; Lu et al., 1996; Andreeva et al., 1999; Gothel and
Marahiel, 1999; Arévalo-Rodriguez et al., 2000). A Δcyp1 mutant showed reduced
virulence and was impaired in associated functions, such as penetration peg formation
and appressorium turgor generation (Viaud et al., 2002). The Δcyp1 phenotype is
consistent with our proteomic data which showed induction of Cyp1 during
appressorium development.
Translationally controlled tumor protein-like (TCTP) was initially described as a
growth-related protein in mouse Ehrlisch ascites tumor cells and erythroleukemia cells
(Gaestel et al., 1989; Makrides et al., 1988). Subsequently, TCTP was found to be
present in other tumor cells (Vercoutter-Edouart et al., 2001) and several normal human
cells except kidney cells (Sanchez et al., 1997). TCTP has been reported from several
organisms including plants, earthworms, parasites, hydra, and yeast (Bini et al., 1997;
Yan et al., 2000; Berkowitz et al., 2008). The synthesis and expression of TCTP are
under translational control but also under transcriptional control (Makrides et al.,1988;
Mak et al, 2001). In yeast, the TCTP protein Mmi1 (microtubule and mitochondria
interacting protein) is co-regulated with ribosomal protein (Bommer and Thiele, 2004).
Characterization studies show that TCTP are calcium binding, heat stable proteins
(Gnanasekar et al., 2002) that can induce histamine release from basophils (MacDonald
et al., 1995) In addition, TCTP can also bind to tubulin during cell cycle (Gachet et al.,
1999; Li et al., 2001; Yarm, 2002), induce intracellular signalling (MacDonald et al.,
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1995) and affect cognitive function in neurodegenerative disorders such as Alzheimer’s
disease (Kim et al., 2001). Overexpression or silencing of TCTP leads to alterations in
cell cycle progression and growth defects (Tuynder et al., 2002, 2004; Liu et al., 2005).
Deletion of the TCTP gene in Caenorhabditis elegans caused slow growth, progeny
sterility, and embryo lethality, whereas in yeast cells are viable but with reduced fitness
(Rual et al., 2004; Sonnichsen et al., 2005). Recently TCTP was shown to be an
important regulator of growth in plants and TCTP may act as a mediator of TOR kinase
activity similar to that known in non-plant systems (Berkowitz et al., 2008). Previous
investigations of the protein in both higher cells and yeast revealed that it is highly
expressed during active growth, but transcriptionally down-regulated in several kinds of
stress situations including starvation stress (Yenofsky et al., 1983; Bommer and Thiele,
2004). Rinnerthaler and co-workers (2006) showed Mmi1 is translocated from its
normal cytoplasmic localization to the outer surface of the mitochondria after a mild
oxidative stress (and various other stresses). They concluded Mmi1p is one of the few
proteins establishing a functional link between microtubules and mitochondria, which
may be needed for correct localization of mitochondria during cell division. Despite
these varied functions, its ubiquitous distribution and high level of conservation, the
primary physiological function of TCTP still remains unclear in filamentous fungi. The
TCTP homologue (MGG_06249) was found to be strongly induced during conidial
germination and appressorium morphogenesis (Groups 1, 2, 3, Appendix 7, 8, 9).
Further investigation by targeted gene-deletion will be necessary to understand the
function of this protein during infection-cell development.
A putative homologue of the Cap20 protein, previously identified in
Colletotrichum gloeosporioides was identified (Hwang et al., 1995). This protein was
accumulated during appressorium morphogenesis and maturation (Groups 1, 2 and 3).
Cap20 has been described to be expressed during appressorium formation and played a
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significant role in the infection of the host by C. gloeosporioides (Hwang et al., 1995).
Both results suggest that Cap20 have the same expression profile in C. gloeosporioides
and in M. oryzae. This is consistent with under expression of this protein in the Δpmk1
mutant 2D gels showing this protein may not be involved in conidial germination. One
of the two isoforms is down-regulated in Δmst12 mutant 2D gels as shown in,
suggesting a post-translational modified version of this protein may be involved in
appressorium function.
In addition, we found 36 genes coding for proteins of unknown function during
differential proteomic analysis. Among them, 19 of the proteins are also found in other
fungi. Table 4.7 showed the unknown protein group as one showing the highest gene
variations during conidial germination (10 genes) and appressorium morphogenesis (18
and 15 genes). This result indicates that there are many novel gene functions associated
with infection-cell development of M. oryzae. Targeted deletion of some of
corresponding genes may help us to focus on investigation on proteins indispensable for
appressorium morphogenesis and virulence of M. oryzae.
4.4 Discussion
In this chapter, we focused our attention on comparative differential proteomic analysis
of appressorium development by M. oryzae, in order to investigate the potential
pathogenicity factors up-regulated during this process. A new protein extraction
procedure was developed that allowed routine extraction and separation of around 2000
protein spots on large 2-D SDS gels using silver staining to visualise proteins. Image
analysis of the 2-D gels defined that the major changes in protein abundance was
associated with appressorium development in the wild type strain Guy11. The results
showed that during spore germination on a hydrophobic surface which induces
appressorium development, M. oryzae underwent major changes in protein abundance
and expression during the first 6 hours of germination (478 spots changed in abundance
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or 25% of the observed proteome). These changes were more substantial than the
overall protein profile differences between conidia and fully differentiated appressoria
(241 spots changed in abundance or 12% of the observed proteome). This suggests that
much of the gene expression and protein synthesis associated with appressorium
morphogenesis occurs within the first 6 hours of spore germination on a leaf surface.
This was consistent with other studies on the initiation of appressorium development in
M. oryzae. Veneault-Fourrey and co-workers showed that cell cycle progression is
required for appressorium morphogenesis and occurs as a single round of mitosis in the
germ tube between 4 and 6 hours after conidial germination (Veneault-Fourrey et al.,
2006; Saunders et al., 2010). Appressorium development by M. oryzae is also always
accompanied by collapse and death of the fungal conidium, which drains its contents
into the germ tube and developing appressorium (Veneault-Fourrey et al., 2006). Spores
of a Pmk1 MAPK mutant fail to undergo autophagic cell death after elaboration of a
germ tube, demonstrating that autophagy is linked to appressorium morphogenesis
(Veneault-Fourrey et al., 2006; Kershaw and Talbot, 2009) and may explain why only
10% of the proteome changed during germ tube formation in ∆pmk1.
Having identified that large-scale changes in protein abundance that precede
appressorium development, 682 spots chosen according to statical analysis, were
investigated by tandem LC-MS/MS identification and 615 identified with success. We
were able to define 394 variable protein spots corresponding to 247 genes that we could
correlate with appressorium development or the absence of the Pmk1 MAPK and the
Mst12 transcriptional regulator. Many proteins that had been described previously as
known determinants of pathogenicity were identified and these validated our
experiments and sample qualities. For example, we identified scytalone dehydratase
(RSY1),

tetrahydroxynaphthalene

reductase

(THN1)

and

trihydroxynaphthalene

reductase (THNR) which contribute to melanin biosynthesis in the appressorium and are
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necessary for virulence (Talbot, 2003). We also found a trehalase-encoding gene
(TRE1) previously found to be necessary for plant tissue invasion by M. oryzae (Foster
et al., 2003). We also identified enzymes involved in fatty acid metabolism and
peroxisome biogenesis, which were previously shown to be clearly pivotal for
successful appressorial penetration hyphae formation and plant infection (Bhambra et
al., 2006; Wang et al., 2007). Furthermore, we identified Hex1, a major constituent of
the Woronin body, which is essential for development and function of appressoria
(Soundararajan et al., 2004). We confirmed that regulated proteolysis occurs during
conidium germination and appressorium development by identification of a vacuolelocalized protease associated with autophagy (Veneault-Fourrey et al., 2006). Among
these vacuolar proteases, we also identified an SPM1 encoded subtilisin that has been
shown to be a pathogenicity factor in M. oryzae (Donofrio et al., 2006; Saitoh et al.,
2009). As well as a significant number of proteins involved in proteolysis, we also
found proteins involved in amino-acid and protein metabolism induced at a point where
large changes in protein expression also occurred prior to appressorium development.
Among others, we also identified a CYP1-encoding protein previously described as a
determinant of pathogenicity in M. oryzae (Viaud et al., 2002).
We compared our data with other genome-level studies performed in M. oryzae
to determine similarities and differences. Kim and co-workers used 2D-gel
electrophoresis to detect changes in the levels of large numbers of proteins during
fungal development, and to identify proteins that are more abundant during
appressorium development (Kim et al., 2004). Proteins were extracted at 4, 8 and 12
hours post-conidial germination (Kim et al., 2004). They found 5 proteins to be more
abundant during appressorium formation including scytalone dehydratase which was
detectable just 4h after germination, a serine carboxypeptidase detectable 12h after
germination, two 20S proteasome subunits detectable 8h after germination and a protein
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of unknown function (Kim et al., 2004). We also found all five of these proteins to be
induced during appressorium formation but in our experiment they were all induced
from 6h after conidial germination. The fact that the previous published report identified
only 5 spots induced during the initiation of appressorium development was surprising
since we observed more than 300 spots accumulating from 6h after conidial germination
in our experiment. Almost identical technical conditions were used between both
studies, making the published study difficult to interpret (Kim et al., 2004). However,
another unpublished proteomics analysis of M. oryzae during appressorium
development revealed around 250 proteins being differentially expressed during
appressorium formation (Oh et al., personal communication) which is more consistent
with our analysis. They mainly identified induced proteins involved in cell wall
reorganization, or serving an unknown function (Oh et al., personal communication)
which also concurred with our data.
Studies related to the analysis of EST transcripts in M. oryzae using a large array
of cDNA libraries and tissue sources, such as appressorium-forming germlings or
Δpmk1 mutant germlings (Ebbole et al., 2004; Soanes and Talbot, 2005; Soanes and
Talbot, 2006), described proteins or family of proteins that we also found to be induced
in our experiment, during appressorium development. For instance, the most abundantly
represented gene in all previously cited cDNA libraries was found to be the M. oryzae
homologue of UV-1, an appressorium and UV-inducible gene from Bipolaris oryzae
(Kihara et al., 2001). Indeed, we also found this protein to be strongly induced during
conidial germination and appressorium formation even in a Δpmk1 mutant. Using a
library constructed from rice leaves infected with M. oryzae strain, Kim and co-workers
isolated 39 EST corresponding to the fungal genes especially expressed during plant
infection (Kim et al., 2001). We found in our data, 16 proteins matching with this study,
in which there were many ribosomal proteins, an enolase, a formate dehydrogenase and
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a BLI-3 protein. We also matched appressorium induced proteins with SAGE (Serial
Analysis of Gene Expression) analysis of genes involved in appressorium formation
(Irie et al., 2003) and in the plant fungal-interaction (Matsumura et al., 2003). We
finally compared our proteomic analysis with a transcriptomics analysis performed
during spore germination and appressorium formation on hydrophobic surface and
based on induction by cAMP (Oh et al., 2008). A total of 360 genes were shown to be
differentially expressed during appressorium formation (Oh et al., 2008). Genes
associated with protein and amino-acid degradation, lipid metabolism, secondary
metabolism and cellular transportation exhibited a dramatic increase in expression
during appressorium development which is also consistent with our data. It was in fact
possible to match many individual genes that are induced during appressorium
formation with our proteomics results, for instance, SPM1 (subtilisin protease),
MGG_08526 (calpain), MGG_06392 (ornithine aminotransferase), MGG_03880
(alcohol dehydrogenase), MGG_09238 (rhamnose biosynthesis pathway) and many
others.
Our data also revealed many novel proteins, or family of proteins, induced
during virulence of M. oryzae. As the Table 4.8 shows, we identified proteases involved
either in protein degradation (vacuolar proteases) or in protein precursor processing
(aminopeptidases) which could bring new insight into the regulation of infection-related
autophagy or regulated proteolysis. We found that many enzymes involved in cell wall
reorganization are probably associated with germ tube emergence and appressorium
formation. We showed probably for the first time that L-rhamnose may be part of the
cell wall in M. oryzae. We also found a ketoreductases required for the biosynthesis of
an unknown function polyketides which may be involved in appressorium development
and function. We uncovered also potential involvement of phosphoinositides as central
modulators of many cellular events during appressorium development in M. oryzae.
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Table 4.8: Proteome-based selection of novel proteins or
family of proteins induced during appressorium morphogenesis in M.oryzae. Proteins previously decribed as known determinants of pathogenicity are not included. Proteins in green are likely
to be regulated downstream of the Pmk1 MAP Kinase cascade.
Proteins in yellow are likely to be regulated by Pmk1 or Mst12.
Accession number
for Broad Institut
database

Protein description
Chitin deacetylase
Cell Wall like protein
β-hexosaminidase
Probable rhamnose biosynthetic enzyme
dTDP-D-glucose 4,6-dehydratase
UDP-N-acetylglucosamine pyrophosphorylase
glutamine:fructose-6-phosphate amidotransferase
glucosamine 6-phosphate N-acetyltransferase
Polysaccharide deacetylase
Exo-β-D-glucosaminidase
α-mannosidase

MGG_09159
MGG_09918
MGG_09922
MGG_09238
MGG_06324
MGG_01320
MGG_11597
MGG_02834
MGG_04172
MGG_05864
MGG_04464
MGG_10334
MGG_02647
MGG_10497

D-mannonate oxidoreductase
UV-1 homologue
Blue light inducible protein

Putative function

Cell wall organisation

Photomorphogenesis

Ketoreductase

MGG_10910

Biosynthesis of polyketides

14-3-3 protein-like

MGG_13806

Intracellular communication
Peroxisomal transport

Peroxin 14

MGG_01028

Translationally controlled tumor protein-like

MGG_06249

Multiple

CPC2 protein

MGG_04719

Signal transduction

Virulence related protein

MGG_11916

Disease factor

Cytosolic non-specific dipeptidase
Aminopeptidase B
Vacuolar protease A
Calpain

MGG_00256
MGG_09190
MGG_00922
MGG_08526

Proteolysis

Sec14 homologue

MGG_00905

Phosphatidylglycerol/phosphatidylinositol transfer protein
Hypothetical protein
Hypothetical protein
Predicted protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Predicted protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

MGG_01557
MGG_06189
MGG_00432
MGG_01338
MGG_01432
MGG_01490
MGG_03307
MGG_03364
MGG_04091
MGG_05907
MGG_05932
MGG_07237
MGG_07369
MGG_08069
MGG_08201
MGG_08614
MGG_09055
MGG_09660
MGG_09900
MGG_10931
MGG_11259

Hypothetical protein

MGG_13563
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This proteomics investigation revealed many proteins with unknown functions
particularly induced during Guy11 appressorium development and which show potential
as virulence factors and, which can be tested functionally by targeted deletion.
Comparative proteomics analysis of appressorium development by M. oryzae
also included proteome comparison of Guy11 with both mutants Δpmk1 and Δmst12. If
the Δmst12 proteome was finally globally similar to the Guy11 proteome during
appressorium development with a significant delay (Figure 4.5), the dynamic changes
observed in Guy11 from 6h after conidium germination occurred in a limited way in
Δpmk1 mutant (Figure 4.6, Table 4.3). We could conclude the majors changes in protein
expression associated with appressorium development did not happen in Δpmk1 mutant
because the deletion of PMK1 may affect the early stages of appressorium
morphogenesis. We used the Δpmk1 mutant which lacks the capacity to form
appressoria as a means of defining which proportion of the proteome during conidial
germination on an inductive surface would be associated with appressorium
morphogenesis. This showed the regulated proteolysis, autophagy, phosphoinositide
pathway (Table 4.8), photomorphogenesis (Table 4.8) and the latter stages of melanin
biosynthesis are all associated with appressorium formation and are likely to be
regulated downstream of the Pmk1 MAP Kinase cascade.
In summary we have carried out the most comprehensive comparative
proteomics analysis carried out to date from a plant pathogenic fungus using proteins
directly extracted from infection structures. This provides a list of genes that we set out
to characterize by targeted mutation in order to see if the differential protein abundance
during appressorium development was associated with an important biological function.
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5. Generation and characterization of targeted gene deletion mutants
detected by comparative proteomics
5.1 Introduction
The comparative proteomics described in the previous chapter identified a wide variety
of putative cellular functions associated with appressorium development, many of
which involved novel genes not previously recognized or predicted to serve such a role.
This analysis also allowed the identification of a large number of proteins involved in
infection structure development that may be regulated (directly or indirectly) by the
PMK1 MAP Kinase pathway in Magnaporthe oryzae. In order to test the putative
functions of proteins predicted by proteomics analysis to be associated with
development of appressorium, we carried out a high throughput generation of targeted
gene deletion mutants. The method depended on two recent advances. First, we used a
fusion PCR-based method called “split marker“, developed by Catlett and co-workers in
2003. This method allows the generation of deletion constructs without sub-cloning of
the target sequences (Catlett et al., 2003). Second, we used the ∆Ku70 mutant for
transformation (Kershaw and Talbot, 2009), a strain that cannot undergo ectopic or nonhomologous recombination and therefore can only undergo targeted gene replacement
by homologous recombination. In 2004, Ninomiya and co-workers (Ninomiya et al,
2004) showed that the efficiency of gene replacement by homologous recombination
was highly improved in Neurospora crassa in strains lacking the KU70 or KU80 genes.
KU70 and KU80 genes encode proteins that function in the non-homologous endjoining of double-stranded DNA break pathway (Ninomiya et al., 2004). Integration of
exogenous DNA into a chromosome occurs through two independent repair
mechanisms of DNA double strand breaks, the homologous recombination (HR)
pathway and non-homologous end joining (NHEJ) pathway (Kanaar et al., 1998; Van
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Dyck et al., 1999). Mutants lacking KU70 or KU80 do not complete the NHEJ pathway
and the HR pathway is favored involving an increase in gene targeting frequency
(Bundock et al., 2002; Kooistra et al., 2004; Ninomiya et al., 2004). The integration of
DNA at the homologous locus was observed to be 100% in the Ku disruption strains
compared to 10 to 30% in the wild type recipient Neurospora crassa (Ninomiya et al.,
2004). The absence of Ku proteins has also been reported to increase homologous
recombination in Cryptococcus neoformans (Goins et al., 2006), Sordaria macrospora
(Poggeler and Kuck, 2006), Aspergillus sojae and Aspergillus oryzae (Takahashi et al.,
2006). In M. oryzae, the gene targeted replacement frequency was increased to around
80% in both Δku80 (Villalba et al., 2008) or Δku70 mutant (Kershaw and Talbot, 2009).
The combination of both of these techniques allowed us to generate 28 gene-deletion
mutants. The influence of deleted genes on the pathogenicity of M. oryzae is
investigated in this chapter.
5.2 Material and methods
5.2.1 Experimental design
The experiments in this study, shown in Figure 5.1, was designed to investigate the
effect of proteomic-based selection of candidate genes that appear to play significant
roles in appressorium development in M. oryzae as a means of defining new virulence
functions. Genes of interest were selected according to their temporal pattern of
abundance during conidium germination and appressorium development. They were
deleted from the M. oryzae genome using split-marker and Δku70 mutant of
Magnaporthe oryzae (Strain Guy11, Kershaw and Talbot, 2009). Putative transformants
were screened by PCR (as described in Chapter 2), and the effect of the gene deletion
tested by virulence assays using susceptible rice plants (Chapter 2).
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Proteomic based selection of gene candidate

Targeted deletion using split marker technique
in a ∆ku 70 mutant background

High throughput

Spray spores on CO-39 rice plants
for pathogenicity test

Figure 5.1: High throughput generation of targeted gene
deletion mutants selected by comparative proteomics. Candidate genes were selected according to their proteomic temporal pattern during appressorium development. Gene were deleted from the M.oryzae genome using a split-marker deletion technique and a ∆ku70 strain background to improve the frequency of
homologous recombination. Gene-deletion mutants were selected using PCR and the pathogenicity of positive transformants
were by spraying mutant spores on 4-week old CO-39 rice seedling.

205

Chapter 5
5.2.2 Split-marker deletion method
The PCR-based strategy developed by Catlett et al., (2003) eliminates the need for subcloning of target sequences and requires only two rounds of PCR (Figure 5.2). Four
primers to amplify the hygromycinB resistance cassette and four gene-specific primers
were required for each gene deletion as illustrated in Figure 5.2. In the first round of
PCR, both flanks and the hygromycin B resistance cassette were amplified. The primers
F1 and R2 amplified the 5’ flank (1000bp), and, the primers F3 and R4 amplified the 3’
flank (1000bp). The overlapping fragment “HY” (1142bp) represents the 5’ end of the
hygromycin phosphotransferase gene cassette and the “YG” (789bp) represents the 3’
end of the resistance gene cassette and TrpC terminator sequence (Catlett et al., 2003).
Both fragments were amplified from an hph gene cassette (1467bp) cloned into
pBluescript (Stratagene) (Kershaw and Talbot, 2009) using M13F/HYsplit and
YGsplit/M13R primers. The 5’ extensions of primers R2 and F3 are complementary to
the M13F and M13R primer sequences and facilitated fusion PCR of the flanks and the
selectable marker sequences (Figure 5.2 B). Indeed, each PCR product from the first
round was fused to the selectable marker fragment through PCR splicing by overlap
extension (Ho et al., 1989). For this second round of PCR the 5’ left flank (LF) was
amplified from the amplicons generated by the M13F/HY selectable marker fragment
and the F1/R2 flank from the first round of amplification and the primers were F1 and
HYsplit respectively. The 3’ right flank (RF) was amplified from the amplicons
generated by the YG/M13R selectable marker fragment and the F3/R4 flank from the
first round and the primers were R4 and YGsplit. Standard PCR conditions, described in
Materials and Methods, were used for both rounds of PCR amplification. An initial
denaturation step was carried out at 94 °C for 5 minutes, followed by PCR cycling of :
94 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for X minutes (35 cycles), 72 °C for
7 minutes. X was 1 minute for the first round PCR and 2 minutes for the second round

206

Chapter 5

A

F1

F3

TARGETED GENE
R2

R4

M13F
YGsplit

hph
HYsplit
M13R

B

YGsplit

F1

HY

YG
R4

HYsplit

HY

YG

C
HY
YG

TARGETED GENE

hph

Figure 5.2: Split-marker strategy for targeted gene deletion.
A, Primers F1/F2 and F3/F4 amplify target gene flanking sequences.
Primers M13F/HYsplit and YGsplit/M13R amplify “HY” and “YG” marker
fragment, respectively. Primers R2 and F3 are hybrid, the 5’ ends are
complementary to the M13 sequence and the 3’ ends are specific to
each gene flank. B, Two separate PCR reactions (F1/HYsplit) and
(YGsplit/F4) fuse the flank sequences to the HY and YG portions of the
hph (hygromycin B) gene cassette. C, Homologous recombination and
gene deletion. The two fusion PCR fragments are used directly for
transformation. A third crossover re-forms the hygromycin B resistance
gene allowing selection of transformants.
HYsplit : 5‘ ggatgcctccgctcgaagta 3‘
YGsplit : 5‘ cgttgcaagacctgcctgaa 3‘
M13F : 5‘ cgccagggttttcccagtcacgac 3’
M13R : 5‘ agcggataacaatttcacacagga 3'
(Adapted from Catlett et al., 2003)
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PCR. The two fusion PCR fragments generated in the second round were used directly
for fungal transformation. Homologous recombination between the overlapping regions
of the selectable marker gene (hph) and between the flank region and chromosomal
DNA results in a targeted deletion (Catlett et al., 2003). In theory the only way the
hygromycin sequence can re-form together to be functional is via a homologous
recombination event. All the sequence data of the proteomic-based selected genes was
obtained

from

the

M.

oryzae

genome

database

at

the

Broad

Institute

(http://www.broadinstitute.org/annotation/genome/magnaporthe_grisea/MultiHome.htm
l)
5.2.3 Fungal transformation
The fungal transformation was performed as described in the Material and Methods
section (Chapter 2). Seven micrograms of RF and LF PCR products were used for the
transformation of Δku70 M. oryzae strain, which was originally constructed in the
Guy11 strain background.
5.2.4 PCR colony check
Standard PCR conditions described in Materials and Methods (Chapter 2), were used
for the screening of transformant colonies. An initial denaturation step was carried out
at 94 °C for 5 minutes, followed by PCR cycling of : 94 °C for 30 seconds, 55 °C for 30
seconds, 72 °C for X minutes (35 cycles), 72 °C for 7 minutes. X was chosen according
the size of the gene targeted for deletion (1 min/kb). A primer F5 was designed 20
nucleotides upstream of the left flank of the target gene, and, both F5 and R4 primers
were used for PCR screening. The benefit of using primer F5 was the ability to check if
the homologous recombination occurred at the correct locus. Thus, a transformant
showing a correct homologous integration could be readily discriminated from ectopic
integration events thanks to the observed size difference between the hygromycin gene
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cassette (1.5kb + 1kb LF + 1kb RF) and the targeted gene (Xkb + 1kb LF + 1kb RF).
However this technique did not allow us to check possible ectopic integration of the
construct at another locus of the chromosomal DNA.
5.2.5 Pathogenicity and infection-related development assays
5.2.5.1 Plant infection assay
Rice plants were infected, as described in Material and Methods (See 2.2.1). Because
the screening used cannot discriminate between a unique homologous integration and
the rare possibility that several ectopic integrations also occurred in the chromosomal
DNA, when possible, three independent transformants were checked in rice infections.
However, the combination of the split-marker technique and use of the Δku70 mutant
should dramatically reduce the frequency of ectopic integration (Fu et al., 2005). Rice
blast lesion density was recorded 5 days after inoculation from 50 leaves for each
transformant. In order to evaluate the reproducibility of plant infection, the assay was
repeated 3 times per transformant for all targeted gene deleted mutants generated.
5.2.5.2 Assays for measuring rates of conidial germination and appressorium
formation
Conidial germination and the development of appressoria were monitored over time on
the surface of borosilicate glass coverslips (Fisher Scientific UK, Ltd.) using a method
adapted from Hamer et al., (1988). A conidial suspension of 5x104 conidia.mL-1 was
prepared in double-distilled water and placed onto the surface of coverslips, then
incubated in a moist chamber at 26˚C. The percentage of conidia that had undergone
germination and appressorium development was recorded from 0 to 24 hours after
inoculation by viewing with a Zeiss Confocal-Laser Scanning Microscope (Chapter 2).
The observations were repeated in triplicate for 3 transformants of each deletion mutant
generated.
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5.2.5.3 Penetration assay on onion epidermis
Appressorium-mediated penetration of onion epidermal strips was assessed using a
procedure based on Chida and Sisler (1987). A conidial suspension at a concentration of
1x104 conidial mL-1 was prepared and dropped onto the surface of epidermal layers
taken from onion. The strips were incubated in a moist chamber at 26˚C and penetration
events scored 36 h later by viewing with a Confocal-Laser Scanning Microscope
(Chapter 2). The experiments was repeated in triplicate for 3 transformant mutants of
each gene-deletion mutant.
5.2.5.4 Leaf sheath inoculation on intact plants
A conidial suspension at a concentration of 1x106 conidia mL-1 was prepared in 0.25%
gelatin solution and inoculated onto leaf sheaths of 4 weeks old intact rice plants with a
10µL Gilson Pipetman®. Leaf sheaths were incubated lying horizontally in a moist
chamber at 26˚C for 24 h and 36 h. The leaf sheaths were dissected immediately before
microscopy. The mid-vein and outer epidermal layers were trimmed away and
translucent sections mounted on a slide for further analysis. The frequency of
penetration and invasion events was scored 24 and 36 h later by laser confocal
microscopy (Materials and Methods). Tissue sections are optically clear and suitable for
microscopy of the fungus-plant interaction without chemical clearing. The assay was
repeated in triplicate for 3 transformants of each gene-targeted mutant.
5.3 Results
5.3.1 Proteomic-based selection of 30 genes for targeted gene deletion analysis
Having identified a large number of genes with differential expression during infection
related development in M. oryzae, the challenge was how to test whether these genes
were involved in the ability of the fungus to cause infection. We therefore decided to
analyze gene function by targeted deletion. The main criterion for selection of a gene
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for further analysis was its likely involvement in elaboration of appressoria or its action
as an effector protein during pathogenesis, coupled with strong regulation by the Pmk1
MAPK pathway. Thirty proteins were chosen based on their temporal pattern of
abundance and membership of distinct functional groups, as shown in Table 5.1. A total
of 14 proteins were selected that were induced during conidial germination and
appressorium morphogenesis, 8 proteins implicated in appressorium morphogenesis, 7
proteins expressed in Guy11 during appressorium development and 1 protein not
induced either in ∆pmk1 and ∆mst12 mutants. In term of predicted protein functions,
comparative proteomic analysis highlighted protein function involved in primary
metabolism, cell-wall organization, proteolysis, lipid signalling, photomorphogenesis,
secondary metabolism and novel proteins of unknown function. We therefore selected
12 proteins of unknown function with two proteins completely specific to M. oryzae, 5
proteins putatively involved in cell-wall organization (dTDP-D-glucose 4,6dehydratase, polysaccharide deacetylase, rhamnose biosynthetic enzyme, chitin
deacetylase and β-hexosaminidase beta chain), 2 proteins potentially involved in
photomorphogenesis (blue light inducible protein and UV1 protein homologue), 1
protein predicted to be involved in the phosphoinositide signalling pathway
(Phosphatidylglycerol/phosphatidylinositoltransfer protein), 3 proteins involved in
regulated proteolysis (vacuolar protease A, aminopeptidase B and calpain), one
ketoreductase putatively involved in the biosynthesis of polyketide, one protein
potentially involved in signal transduction (a CPC2-like protein), 4 proteins involved in
primary

metabolism

(Acyl-CoA

dehydrogenase,

Formate

dehydrogenase,

6

Phosphoglucanate dehydrogenase and UDP-N-acetylglucosamine pyrophosphorylase)
and finally a translationally controlled tumor protein-like protein of unknown function.
The acyl-CoA dehydrogenase was selected because this enzyme was the only
protein of this kind we identified although at least 10 genes encode acyl-CoA
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Accession number

Protein description

6h G uy11

6h ∆pmk1

36,9

34,4

Table 5.1: Proteomics based selection of 30 genes for targeted gene deletion. The indicated values correspond to the
expression coefficients when compared to the reference gel (Guy11 0 hour). The blue cell values match with the spots showing
at least 3-fold up accumulation when compared to the reference gel (Conidia Guy11). The yellow cell values match with the protein spots showing at least 3-fold down accumulation when compared to the reference gel. The genes are classified according
their functional grouping membership. As shown from the top to the bottom we selected 5 proteins possibly involved in cell-wall
dynamic (pink), 12 unknown function proteins (white), 2 possibly involved in photomorphogenesis (orange), one possibly involved in phosphoinositide pathway (green), 3 involved in proteolysis (beige), one possibly involved in polyketide biosynthesis
(blue), one which may be involved in signal transduction (red), 4 proteins involved in metabolism and the unidentified translationally controlled tumour protein-like (black).
mutant
number

41,4

1,6

1,8

24h
∆ms t12
20,8
81,5
2,6
5,0
4,4
338,3
-5,7

2,6

16h
∆ms t12
28,7
97,8
264,1
4,9
4,3
337,7
-12,2

19,7

12h
∆ms t12
25,6
86,3
269,8
4,9
1,7
321,0
-5,3
25,8

16h
∆pmk1
21,0
118,3
2,1
1,3
-3,0
320,7
-6,0

6h
∆ms t12
33,8
70,2
1,1
-1,7
1,9
352,7
-4,3
27,1

12h
∆pmk1
28,7
107,6
1,5
1,1
-2,0
366,5
-8,3

0h
∆ms t12
-1,2
1,9
1,7
-2,1
1,5
-1,2
-5,8

29,2

52,6

26,8
76,6
1,5
1,1
1,1
387,1
-3,3

24h
∆pmk1
26,2
127,4
1,1
1,2
-5,7
333,1
-5,6
55,2

dTDP-D-glucose 4,6-dehydratase
similar to polysaccharide deacetylase
similar to Probable rhamnose biosynthetic enzyme
chitin deacetylase
beta-hexosaminidase beta chain

conserved hypothetical protein
conserved hypothetical protein

-1,9

0h
∆ pmk1
-1,8
87,5
1,6
1,3
1,6
338,5
-8,0

3,3
33,1
1,8
4,8
20,3
1,9
-1,8
-1,5
-1,7
2,6
1,1
72,1
288,5

2,8

24h
G uy11
2,7
88,3
-1,3
5,9
1,0
-1,2
-2,4

3,1
35,7
1,4
5,4
15,7
3,0
1,5
1,6
1,1
4,2
1,1
90,9

2,0
12,6
-1,1
1,0
-3,4
74,3
185,0
2,8
490,6

-1,6

16h
G uy11
29,7
105,6
354,9
6,3
7,1
258,3
2,7

-1,1
21,9
1,6
5,1
2,1
3,6
1,1
1,2
-2,1
3,5
-2,2
104,5

3,0
11,8
1,4
19,2
-1,8
74,8
178,6
2,4
435,8

75,5

12h
G uy11
25,9
119,8
325,8
5,8
5,4
194,8
3,8

-1,4
28,2
1,5
8,0
1,5
4,7
1,3
-1,8
-1,5
6,5
-1,1
-1,1

2,0
-1,8
-27,1
1,4
-1,5
72,4
173,4
2,4
68,5

68,6

1,3
-1,9
2,0
-11,7
1,1
3,6
-1,9
-1,9
-1,9
1,5
-1,1
1,1

2,8
-3,0
-19,2
-1,1
-11,3
76,0
146,4
3,3
4,4

101,2

-1,2
-4,7
3,0
7,3
1,6
2,4
-1,3
1,0
-2,3
4,6
-1,3
-1,5

-1,2
-1,8
-1,3
1,0
-3,5
-1,3
1,6
-1,0
1,4

2,6

1,1
-5,6
2,1
5,7
1,2
2,6
-1,3
-1,6
-2,3
4,4
-1,2
-1,2

2,2
-1,8
-13,9
22,7
-2,3
-2,2
208,3
3,6
12,6

-1,3

-1,2
-3,1
2,3
5,7
1,8
3,0
-1,1
-1,5
-1,5
4,8
-1,1
-1,8

52,5
13,7
-14,7
21,2
-1,6
-1,4
216,7
3,4
20,3

27,5

1,0
-4,3
2,7
9,2
1,0
4,3
-1,5
1,0
-1,1
6,8
-8,6
-1,3

67,9
13,9
-12,3
18,8
-2,0
-1,5
235,8
3,0
125,8

81,0

-1,3
-2,6
2,3
-9,3
1,2
6,2
-1,6
1,3
-1,6
1,5
-1,6
-2,2

3,9
-5,1
-13,1
1,6
-3,0
49,4
203,7
4,1
31,8

94,9

1,2
25,5
3,1
10,6
38,2
2,5
-1,3
-1,6
-1,2
4,8
321,6
-2,2

1,8
-3,0
-14,7
1,0
-3,8
-1,3
6,5
1,3
2,8

1,4

-1,5
23,2
5,9
9,3
34,6
3,4
3,0
1,1
-2,3
5,5
239,5
-2,6

1,4
-1,9
1,3
-1,7
5,5
78,9
171,2
5,6
236,1

15,2

3,5
27,1
131,0
11,5
25,0
2,7
23,0
21,4
28,5
6,7
218,4
68,1

14,0
23,1
-1,3
16,0
6,5
79,6
141,6
3,2
863,5

24,8
116,0
355,0
6,0
2,2
350,9
3,7

MGG_00432.6
conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein

conserved hypothetical protein
hypothetical protein
conserved hypothetical protein

MGG_03364.6
MGG_11259.6
MGG_03307.6
MGG_08201.6

hypothetical protein
conserved hypothetical protein
conserved hypothetical protein
blue light inducible protein
conserved hypothetical protein similar to UVI-1
Phosphatidylglycerol/Phosphatidylinositol transfer protein
vacuolar protease A
aminopeptidase B
Calpain
ketoreductase
CPC2-like protein
Acyl CoA dehydrogenase
Formate dehydrogenase
6 Phosphoglucanate dehydrogenase
UDP-N-acetylglucosamine pyrophosphorylase
similar to translationally controlled tumor protein-like variant I

386,1

-1,3
34,5
121,1
8,9
28,8
2,3
1,6
21,0
22,3
5,9
291,9
41,0

68,8
19,8
-1,2
15,4
9,4
79,0
159,7
3,3
591,0

MGG_06324.6
MGG_04172.6
MGG_09238.6
MGG_09159.6
MGG_09922.6
MGG_09055.6
MGG_05907.6
MGG_07237.6
MGG_01490.6

MGG_05932.5
MGG_08069.6
MGG_10931.6
MGG_10497.6
MGG_02647.6
MGG_01557.6
MGG_00922.6
MGG_09190.6
MGG_08526.6
MGG_10910.6
MGG_04719.6
MGG_05949.6
MGG_04034.6
MGG_00175.6
MGG_01320.6
MGG_06249.6

469,9

79,2
23,8
-1,4
20,4
7,4
77,5
216,2
4,2
681,2

3
5
24
31
33
8
20
23
34
44
45
46
47
48
49
50
51
13
28
4
2
36
60
1
22
37
61
62
42
27
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dehydrogenases in the M. oryzae genome sequence (Wang et al., 2007) and because this
protein was especially induced in Guy11 during appressorium development. Formate
dehydrogenase, 6 phosphoglucanate dehydrogenase and UDP-N-acetylglucosamine
pyrophosphorylase, involved in carbon recycling and pentose phosphate pathway, were
selected because the involvement of these processes in M. oryzae appressorium
morphogenesis has not been previously investigated. Protein expressions of selected
proteins are presented in Table 5.1. When proteins were identified in more than one
spot, the spot showing the most significant expression pattern was chosen for the Table.
5.3.2 Characterization of an isogenic series of 28 gene deletion mutants
Twenty eight targeted gene deletion mutants were successfully obtained. Figure 5.3
shows the process followed for validation of each gene deletion mutant with mutant
number 24 as an example provided. Protein spot 1880 was selected as a strongly upregulated protein during appressorium morphogenesis and maturation (Groups 2 and 3).
The protein was identified as a probable rhamnose-biosynthetic enzyme. This protein is
of considerable interest because L-rhamnose was found to be part of the cell wall and
envelope of pathogenic bacteria (Ma et al., 1997; Allard et al., 2001), fungi (Lloyd and
Travassos, 1975) and is a component of the plant cell wall pectic polysaccharides (Watt
et al., 2004). However, L-rhamnose was not previously described as part of the cell-wall
of M. oryzae.
Despite a number of attempts, it was not possible to generate targeted gene
deletion mutants for MGG_10497 (blue light inducible protein) and MGG_04172
(polysaccharide deacetylase) genes. The unsuccessful attempt to delete MGG_04172 is
particularly frustrating because protein expression and its reported role in other
organisms indicated a potential role of this protein in the virulence of M. oryzae (see
section 4.3.7). It is possible that the failure to generate knockout may be due to its being
an essential gene, however this seems unlikely in the case of MGG_04172 due to the

213

Chapter 5

MGG_09238, Probable rhamnose biosynthesis enzyme (spot 1880)
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Figure 5.3: Proteomics based selection of MGG_09238 gene and investigation of
its function in M.oryzae virulence.

A, MGG_09238 was selected according its protein expression during appressorium development. B,
First and second round PCR of the split marker technique generate two fusion PCR fragments which
were used for homologous recombination. HY, left fragment of hygromycin B gene. YG, right fragment
of hygromycin. A, 1kb fragment upstream MGG_09238. D, 1kb fragment downstream MGG_09238. LF,
PCR fusion of HY and A. RF, PCR fusion of YG and D. C, PCR transformant colony screenings: nine
transformants were compared with Δku70 (Control) by size difference. MGG_09238 is 1000bp long and
hygromycin around 1400bp. One band at 3400bp was expected in case of a gene deletion transformant
and one band at 3000bp was expected in case of ectopic integration. Eight transformants showed
integration of the hygromycin gene cassette at the right locus. Transformants 3, 4 and 5 were chosen for
further analysis. D, Vegetative and virulence phenotypes of MGG_09238 gene deletion mutant. The
upper white value means the speed in millimeters per day of mycelium expansion on complete media
plate and the lower white value is the average conidiation value (x104 conidia.ml-1) per 10 days-old
complete media plate. 5 m of 1x105 conidial suspensions were sprayed on 3 week-old rice plants.
Lesion density was recorded 4-5 days after inoculation from 150 leaves in total, corresponding to 3 technical replicates. This mutant was shown to be 68% virulent when compared to the Δku70 strain.
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fact that there are a total of 13 genes encoding for a polysaccharide deacetylase or a
chitin deacetylase in the M. oryzae genome. Apart from MGG_04172, there is also
MGG_09660, MGG_05023 (homologue to PGDA (Vollmer and Tomasz, 2000), PDI
(Milani et al., 2010) and PDAA (Fukushima et al., 2002)), MGG_08356, MGG_14966,
MGG_08774, MGG_03461, MGG_09159, MGG_04704, MGG_01922, MGG_05828
MGG_01868, and MGG_12939. Targeted gene deletion mutant for MGG_12939,
encoding for Cbp1, was successful, and showed that Cbp1 was involved in
appressorium development (Kamakura et al., 2002). However it does not preclude the
possibility that the protein encoded by the MGG_04172 gene may be required for the
survival of the fungus.
Transcriptomics analysis (Kim et al., 2001) and our proteomic data indicated
that the blue light inducible protein encoded by the MGG_10497 gene was induced
during appressorium development and plant invasion in M. oryzae. The unsuccessful
targeted deletion of this gene indicated it may also be required for survival of the
fungus.
5.3.3 Plant infection assay of the 28 gene deletion mutants
The frequency of disease lesion formation was calculated following inoculation with a
conidia suspension of uniform concentration. In this way mutants were classified based
on their inability to cause rice blast disease, which was expressed as a percentage of the
capacity of the ∆ku70 mutant to cause rice blast disease. Significant reduction in
virulence could be observed in several of the generated gene deletion mutants. The
recorded lesion densities from 150 infected leaves for each transformant is presented in
Table 5.2. The mutants were classified according to the average number of disease
lesions that they generated in 5 cm of infected rice leaf surface.
The mutant lacking the putative phosphatidylglycerol/phosphatidylinositol
transfer protein (MGG_01557) showed the greatest reduction in virulence with only 9
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Accession number

Phosphatidylglycerol/Phosphatidylinositol transfer protein

Protein description

aminopeptidase B

vacuolar protease A
conserved hypothetical protein

MGG_00922.6
MGG_08069.6

conserved hypothetical protein

beta-hexosaminidase beta chain

MGG_09190.6
MGG_09922.6

dTDP-D-glucose 4,6-dehydratase

MGG_03307.6
MGG_06324.6

conserved hypothetical protein

similar to Probable rhamnose biosynthetic enzyme
conserved hypothetical protein

MGG_09238.6
MGG_01490.6

CPC2-like protein

conserved hypothetical protein similar to UVI-1

MGG_09055.6
MGG_02647.6

UDP-N-acetylglucosamine pyrophosphorylase

MGG_04719.6
MGG_01320.6

chitin deacetylase

conserved hypothetical protein
Acyl CoA dehydrogenase

MGG_08201.6
MGG_05949.6

conserved hypothetical protein

similar to translationally controlled tumor protein-like variant I

MGG_09159.6
MGG_06249.6

Formate dehydrogenase

conserved hypothetical protein

MGG_10931.6
MGG_07237.6

6 Phosphoglucanate dehydrogenase

MGG_04034.6

G uy11
∆ku70

3,32
8,44
7,16
2,98
3,63
1,19
5,42
4,84
7,01
6,69
7,09
6,17
4,14
4,00
4,84
5,74
10,22
3,99
5,93
4,02
3,50
5,92
6,23
9,57
8,32
3,85
2,75
7,57
9,47
8,15

average number of
lesions/5cm rice
standard deviation
leaf

8,94
13,97
14,06
15,96
16,96
17,40
18,18
20,16
20,90
21,88
22,08
22,48
24,12
24,16
24,64
24,89
25,52
27,18
28,10
28,69
29,00
29,78
30,44
31,00
32,54
32,88
33,22
33,24
36,68
38,28

% virulence

5,06828E -28
0,004989097
6,51899E -17
4,01331E -19
1,06458E -11
4,56338E -13
3,23427E -05
8,23216E -12
2,52386E -09
1,78369E -08
5,00145E -08
3,81456E -08
2,11387E -07
3,23427E -05
1,71076E -06
2,08127E -13
0,000743666
0,000318214
0,004889285
0,305321962
0,062805876
0,055717176
0,126760035
0,302036484
0,735555554
0,736418224

T-test (α/2=0.025)

0,993264498
0,107375771
0,023779185

26,93
42,05
42,35
48,07
51,06
52,41
54,76
60,69
62,95
65,90
66,51
67,71
72,65
72,77
74,22
74,94
76,87
81,87
84,64
86,43
87,35
89,70
91,69
93,37
98,01
99,49
100
100,12
110,48
115,30

Table 5.2 The frequency of rice blast disease symptoms observed in 28 targeted gene deletion mutants of M. oryzae. Rice seedlings were inoculated at a concentration of 5x104 conidia.ml-1 and the number of lesions generated per 5cm of infected rice leaves was
recorded. The mutants are organised according the observed reduction in virulence on rice plants.

MGG_01557.6
hypothetical protein

conserved hypothetical protein

mutant number

MGG_03364.6

Calpain

MGG_05932.5

MGG_00175.6

conserved hypothetical protein

ketoreductase

MGG_08526.6

conserved hypothetical protein

hypothetical protein

MGG_00432.6

MGG_05907.6

4
45
49
20
1
2
36
50
33
47
3
24
8
34
28
22
42
48
31
37
27
51
23
61
62

MGG_11259.6

MGG_10910.6

60
44
46
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lesions per 5 cm (+/- 3.32) compared with 33 (+/- 2.75) for the Δku70 strain per 5 cm of
rice leaf. Mutants lacking the putative ketoreductase, the vacuolar protease and
aminopeptidase showed a reduction in virulence of between 50 and 55%, thereby
confirming the relative importance of regulated proteolysis and secondary metabolism
during infection-related development in M. oryzae. Three mutants lacking putatively
enzymes involved in cell-wall remodeling, the beta-hexosaminidase beta chain and two
proteins involved in L-rhamnose synthesis, were also significantly reduced in virulence,
showing 35-40% reduction in disease symptom generation. Interestingly, the two
enzymes probably involved in L-rhamnose biosynthesis pathway were almost identical
in their effect on disease symptom formation. Plant infection assays showed a high level
of reproducibility and these data confirmed that L-rhamnose may be part of the cell-wall
structure elaboration of the infection-related cell in M. oryzae. The mutants putatively
lacking the UV1 and CPC2 protein homologues, and the UDP-N-acetylglucosamine
pyrophosphorylase showed a small reduction in disease symptom formation (25-30%)
which suggested a possible involvement of these proteins in plant infection. Mutants
lacking the putative chitin deacetylase and acyl-CoA dehydrogenase proteins did not
show a significant reduction in virulence (15%) which may due to the redundancy in the
M. oryzae genome with many genes coding for the same proteins. Similary, formate
dehydrogenase and 6-phosphoglucanate dehydrogenase-encoding genes had no
significant effect on fungal virulence. Deletion of the gene encoding for calpain showed
no defect in virulence. This was unexpected because autophagy can be regulated
through calpain activation (Kourtis and Tavernarakis, 2008) and autophagy is required
for the elaboration of a fully functional appressorium (Veneault-Fourrey et al., 2006).
However, it is also clear that there are numerous mechanisms for autophagy induction
(Klionsky, 2005). Bioinformatics analysis of M. oryzae genome also demonstrated that
4 additional genes may encode calpains (MGG_15163, MGG_08067, MGG_14872 and
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MGG_07573). This may explain why we did not observe a reduction in virulence for
the mutant lacking the single MGG_08526 gene. Deletion of 12 proteins of unknown
function revealed that 5 genes appeared to be important in pathogencity with reductions
in virulence from 30 to 50%.
Overall, the gene deletion mutants did not show a dramatic impairment in
vegetative growth and conidiation, except for mutant 27 which lacks the translationally
controlled tumor protein-like (TCTP) encoding gene as shown the Figure 5.4. In this
mutant, the rate of fungal growth in vegetative hyphae in complete medium was
observed to have a three-fold reduction in growth, and the production of conidia was
eighty-fold reduced (P<0.01) when compared to the parental Δku70 strain. Similar
phenotypes were reported in Caenorhabditis elegans in which silencing of the TCTP
gene caused slow growth, progeny sterility, and embryo lethality (Rual et al., 2004).
However, the Magnaporthe oryzae mutant did not show an obvious reduction in disease
lesion formation showing that this growth-related development phenotype is
independent of a role in infection-related development in M. oryzae (Figure 5.4).
We decided to characterize mutants showing at least a 40% in disease symptom
formation. Thus, seven mutants were selected for further investigations and were named
∆psg1 (mutant number 4), ∆psg2 (mutant number 45), ∆psg3 (mutant number 49) 49,
∆psg4 (mutant number 20), ∆psg5 (mutant number 1), ∆psg6 (mutant number 2), and
∆psg7 (mutant number 36) as indicated in table 5.3.
5.3.4 Characterization of seven targeted gene deletion mutants showing a
significant reduction in their ability to cause rice blast disease
5.3.4.1 Gene deletion mutant ∆psg1
According to our proteomics data, this phosphatidylglycerol/phosphatidylinositol
transfer protein (Psg1) was found to be strongly induced during appressorium
morphogenesis and maturation (Groups 2 and 3, Appendix 8 and 9). Indeed, the protein
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Figure 5.4: Phenotype associated with deletion of the translationally controlled
tumor protein encoding gene MGG_06249 in Magnaporthe oryzae.
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points
used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium
development. B, PCR colonies validation of transformants showing homologous
integration of the hygromycin cassette. The PCR DNA was fractionated by agarose gel
electrophoresis. The 3.5 kb fragments indicated that MGG_06249 disruption took place
in transformant 3. Δku70 genomic DNA was used for the PCR control. C, Effect of
MGG_06249 deletion on vegetative growth and sporulation on complete media plate.
The upper white value means the speed in millimeters per day of mycelium expansion
4
on complete media plate and the lower white value is the average conidiation (x10
conidia.ml-1) for a 10 days-old complete media plate. D, Virulence of the mutant on rice
seedlings. Rice seedlings were inoculated with Δku70 and MGG_06249 deletion mutant
conidia at a concentration of 5x104 conidia.ml-1
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Table 5.3: Selection of seven proteomics selected gene mutants (∆psg) for comparative phenotypic analysis with the mutant ∆ku70.

mutant

Accession number

Protein description

% virulence

∆psg1
∆psg2
∆psg3
∆psg4
∆psg5
∆psg6
∆psg7

MGG_01557.6

Phosphatidylglycerol/Phosphatidylinositol transfer protein

MGG_03364.6

conserved hypothetical protein

MGG_05932.5

hypothetical protein

MGG_05907.6

hypothetical protein

26.92
42.04
42.34
48.07
51.06
52.41
54.75

MGG_10910.6

ketoreductase

MGG_00922.6

vacuolar protease A

MGG_09190.6

aminopeptidase B
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was found as five different spots and all of them showed strong accumulation during
appressorium development in Guy11 while only 3 accumulated in the Δmst12 mutant.
Interestingly, this protein was significantly down regulated in the Δpmk1 (Group 4,
Appendix 10b). Figure 5.5 shows the volume quantification of the spot 1840, as one
example of strong induction of this protein during appressorium elaboration in Guy11
and the Δmst12 mutant. Gene deletion mutants were produced and validated by PCR
(Figure 5.5B). Transformants, 1, 2 and 3 were selected for further phenotypic analysis.
Targeted deletion of PSG1 did not seriously affect the vegetative growth but the
conidiation was around 3-fold reduced in the ∆psg1 mutants (Figure 5.5C). Conidia
were able to form germ tubes and appressoria on glass cover-slips at the same frequency
as the Δku70 mutant (Figure 5.5D, E and F). Interestingly, the Δpsg1 transformants
formed appressoria faster than Δku70 mutant (Figure 5.5F). The percentage of collapsed
conidia was similar between the transformants and Δku70 meaning that deletion did not
impair the conidial autophagy process (Figure 5.5G). However, the virulence of ∆Psg1
mutants was reduced by 73% as shown in Figure 5.5H. Penetration assay on onion
epidermis showed that although the transformants were able to form at a frequency of
90% of appressoria (Figure 5.6A), only 66% of these cells were able to penetrate onion
epidermis (Figure 5.6B). Furthermore, the typical beaded shape of the colonization
hypha noticed in Δku70 was not observed in the transformants, suggesting a reduction in
the onion cell invasion in Δpsg1 mutants (Figure 5.6C). The three transformants were
able to form appressoria in equal numbers to the Δku70 mutant on rice epidermis
(Figure 5.7A) but only 43 % were able to penetrate the rice cells (Figure 5.7B). The rate
of hyphal expension in planta was also reduced, the rice cell invasion was slower
(Figure 5.7B) and with much less hyphal spread in the Δpsg1 transformants than in the
Δku70 mutant (Figure 5.7C). Taken together, the deletion of PSG1 gene showed an
effect on conidiation, appressorium-mediated penetration and host tissue invasion.
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Figure 5.5: Phenotypic analysis of Δpsg1 gene deletion mutant lacking the
phosphadylglycerol/phosphatidylinositol transfer protein encoding gene (MGG_ 01557).
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies validation of transformants showing homologous integration of the hygromycin cassette. The PCR
DNA was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG1
disruption took place in transformants 1, 2, 3, and 5. Δku70 genomic DNA was used for the PCR
control. The transformants 1, 2 and 3 were selected for virulence assay on rice seedlings. C, Effect of
PSG1 deletion on vegetative growth and sporulation on complete media plate. The upper white value
means the speed in millimeters per day of mycelium expansion on complete media plate and the lower
white value is the average conidiation (x104 conidia.mL-1) for a 10 days-old complete media plate. D,
Appressorium development of Δpsg1 strain 24h after conidial germination. Conidia from Δpsg1
mutants were allowed to germinate in water on glass cover-slip surface and form appressoria. Scale
bar represents 10 μm E, Bar graph showing the percentage of germinated conidia 2 h after conidial
incubation in a moist air chamber at 26°C in Δku70 and Δpsg1 mutants. Bars represent the standard
error of three independent analyses. F, Bar graph showing the percentage of appressoria formation
3h,4h,6h,8h and 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg1
mutants. Bars represent the standard error of three independent analyses. G, Bar graph showing the
percentage of collapsed conidia 24h after conidial incubation in a moist air chamber at 26°C for Δku70
and Δpsg1 mutants. Bars represent the standard error of three independent analyses. H, Virulence of
strains on rice seedlings. Rice seedlings were inoculated with Δku70 and Δpsg1 conidia at a concentration of 5x104 conidia.ml-1.
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A, Bar graph showing the percentage of appressorium formation for Δku70
and Δpsg1 mutants on onion epidermis 24h after conidial incubation in a
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Figure 5.7: Detail of appressorium-mediated penetration by Δpsg1 mutants on rice leaf tissue.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg1 mutants on rice
leaf epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error
of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration and hyphal invasion of Δku70 and Δpsg1 mutants on rice leaf sheath epidermal cells, 24h and 36h
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of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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5.3.4.2 Gene deletion mutant ∆psg2
Novel protein of unknown function encoded by the gene MGG_03364 (PSG2) was
observed to be strongly accumulated at 6 and 12 h (Group 2, Appendix 8) after conidial
germination in Guy11 (spot 332, Figure 5.8A). The spots were constitutively
accumulated in both Δpmk1 and Δmst12 mutants (Figure 5.8A). Gene deletion mutants
were generated and validated by colony PCR (Figure 5.8B). The Δpsg2 transformants 1,
2 and 3 were selected for further phenotypic analysis. Deletion of the PSG2 gene
affected the vegetative growth and conidiation as shown in Figure 5.8C. Δpsg2 conidia
were able to form germ tubes and appressoria on glass cover-slips with no significant
differences in frequency when compared to the Δku70 mutant (Figure 5.8D, E and F).
The percentage of collapsed conidia were also similar between the mutants and Δku70,
consistent with the deletion not affecting conidial autophagy process (Figure 5.8G). The
ability of virulence of the Δpsg2 mutants to cause rice blast disease was reduced by 58%
(Figure 5.8H). Furthermore, the disease lesions formed on rice leaves by the
transformants were smaller than disease lesions formed by the Δku70 mutant or Guy11.
Penetration assays on onion epidermis showed no difference between the Δpsg2
transformants and the Δku70 mutant in the frequency of appressorium formation and
hyphal penetration (Figure 5.9A, B). All transformants were able to form the same
number of appressoria as the Δku70 mutant on rice epidermis (Figure 5.10A). They
were also able to penetrate into rice cells and showed hyphal extension in planta at a
rate similar to the Δku70 mutant, 24 and 36h after inoculation (Figure 5.10B, C). When
considered together, deletion of PSG2 caused a delay in vegetative growth and a
reduction of virulence in planta.
5.3.4.3 Gene deletion mutant ∆psg3
A novel protein of unknown function encoded by the PSG3 gene, MGG_05932, was
observed to be very abundant at 12h Guy11 in the spot 168 as shown in the Figure
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Figure 5.8: Phenotypic analysis of Δpsg2 gene deletion mutant lacking the hypothetical protein
encoding gene (MGG_ 03364).
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies
validation of transformants showing homologous integration of the hygromycin cassette. The PCR DNA
was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG2 disruption
took place in transformants 1, 2 and 3. Δku70 genomic DNA was used for the PCR control. The transformants 1, 2 and 3 were selected for virulence assay on rice seedlings. C, Effect of PSG2 deletion on
vegetative growth and sporulation on complete media plate. The upper white value means the speed in
millimeters per day of mycelium expansion on complete media plate and the lower white value is the
average conidiation (x104 conidia.mL-1) for a 10 days-old complete media plate. D, Appressorium development of Δpsg2 strain 24h after conidial germination. Conidia from Δpsg2 mutants were allowed to
germinate in water on glass cover-slip surface and form appressoria. Scale bar represents 10 μm. E, Bar
graph showing the percentage of germinated conidia 2h after conidial incubation in a moist air chamber
at 26°C in Δku70 and Δpsg2 mutants. Bars represent the standard error of three independent analyses.
F, Bar graph showing the percentage of appressoria formation 3h,4h,6h,8h and 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg2 mutants. Bars represent the standard error
of three independent analyses. G, Bar graph showing the percentage of collapsed conidia 24h after
conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg2 mutants. Bars represent the
standard error of three independent analyses. H, Virulence of strains on rice seedlings. Rice seedlings
were inoculated with Δku70 and Δpsg2 conidia at a concentration of 5x104 conidia.mL-1.
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Figure 5.9: Detail of appressorium-mediated penetration by Magnaporthe oryzae
Δpsg2 mutants on onion epidermis.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg2
mutants on onion epidermis 24h after conidial incubation in a moist air chamber at
26°C. Bars represent the standard error of three independent analyses. B, Bar graph
showing the percentage of appressorium mediated penetration of Δku70 and Δpsg2
mutants on onion epidermis 24 and 36h after conidial incubation in a moist air chamber
at 26°C. Bars represent standard error of three independent analyses. C, Onion penetration essay by Δku70 and Δpsg2 mutants 36h after conidial incubation. Appressoria
formed on the surface of the onion strip and are represented by red circles. They have
penetrated the underlying epidermal cell and formed beaded invasive hyphae. Scale
bar = 10µm.
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of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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5.11A (Group 2, Appendix 8). Spot 168 was constitutively induced in both Δpmk1 and
Δmst12 mutants (Figure 5.11A). Gene deletion mutants were generated and validated by
PCR colony (Figure 5.11B). The Δpsg3 transformants 1, 3 and 5 were selected for
further phenotypic analysis. Deletion of PSG3 gene affected vegetative growth and
conidiation as shown in Figure 5.11C. Transformant conidia were able to form germ
tubes and appressoria on glass cover-slips with no significant differences in frequency
when compared to the Δku70 mutant (Figure 5.11E, D). However, the three Δpsg3
transformants were able to form appressoria more rapidly than the Δku70 mutant
(Figure 5.11F). The percentage of collapsed conidia was similar between the
transformants and Δku70 suggesting that the deletion did not impair the conidial
autophagy process (Figure 5.11G). As mentioned in section 5.3.3, the virulence of the
MGG_05932 gene knock-out mutants was reduced by 58% (Figure 5.11H). Penetration
assays on onion epidermis showed no differences between the 3 transformants and the
Δku70 mutant in the frequency of appressoria formation (Figure 12A). Only 62% of
Δpsg3 mutant appressoria were able to penetrate onion epidermis (Figure 12B, C). The
three transformants were able to form appressoria in equal numbers to the Δpsg3 mutant
on rice epidermis (Figure 5.13A) however only 64% were able to penetrate rice cells
(Figure 13B), a similar percentage to that able to penetrate onion epidermis. However,
when penetration of the Δpsg3 mutant occurred, hyphae expansion in planta spread at
the same rate than in the Δku70 mutant as shown in Figure 5.13B and C. Taken
together, the deletion of PSG3 gene affected vegetative growth and appressorium
penetration.
5.3.4.4 Gene deletion mutant ∆psg4
The novel protein of unknown function encoded by the PSG4 gene, MGG_05907,
accumulated strongly during conidial germination and appressorium development in
Guy11 in the spot 93 as shown in the Figure 5.14A (Group 2; Appendix 8). The Psg4
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Figure 5.11: Phenotypic analysis of Δpsg3 gene deletion mutant lacking the hypothetical protein
encoding gene (MGG_ 05932).
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies validation of transformants showing homologous integration of the hygromycin cassette. The PCR
DNA was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG3
disruption took place in transformants 1, 3 and 5. Δku70 genomic DNA was used for the PCR control.
The transformants 1, 3 and 5 were selected for virulence assay on rice seedlings. C, Effect of PSG3
deletion on vegetative growth and sporulation on complete media plate. The upper white value means
the speed in millimeters per day of mycelium expansion on complete media plate and the lower white
value is the average conidiation (x104 conidia.ml-1) for a 10 days-old complete media plate. D, Appressorium development of Δpsg3 strain 24h after conidial germination. Conidia from Δpsg3 mutants were
allowed to germinate in water on glass cover-slip surface and form appressoria. Scale Bar represents
10 μm E, Bar graph showing the percentage of germinated conidia 2h after conidial incubation in a
moist air chamber at 26°C in Δku70 and Δpsg3 mutants. Bars represent the standard error of three
independent analyses. F, Bar graph showing the percentage of appressoria formation 3h,4h,6h,8h and
24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg3 mutants. Bars represent the standard error of three independent analyses. G, Bar graph showing the percentage of
collapsed conidia 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg3
mutants. Bars represent the standard error of three independent analyses. H, Virulence of strains on
rice seedlings. Rice seedlings were inoculated with Δku70 and Δpsg3 conidia at a concentration of
5x104 conidia.ml-1.
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Figure 5.12: Detail of appressorium-mediated penetration by Magnaporthe oryzae Δpsg3 mutants on onion epidermis.
A, Bar graph showing the percentage of appressorium formation for Δku70
and Δpsg3 mutants on onion epidermis 24h after conidial incubation in a
moist air chamber at 26°C. Bars represent the standard error of three independent analyses. B, Bar graph showing the percentage of appressorium
mediated penetration of Δku70 and Δpsg3 mutants on onion epidermis 24
and 36h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error of three independent analyses. C, Onion penetration
essay by Δku70 and Δpsg3 mutants 36h after conidial incubation. Appressoria formed on the surface of the onion strip and are represented by red
circles. They have penetrated the underlying epidermal cell and formed
beaded invasive hyphae. Scale bar = 10µm.
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Figure 5.13: Detail of appressorium-mediated penetration by Δpsg3 mutant on rice leaf tissue.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg3 mutants on rice
leaf epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error
of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration and hyphal invasion of Δku70 and Δpsg3 mutants on rice leaf sheath epidermal cells, 24h and 36h
after conidial incubation in a moist air chamber at 26°C. The diagram illustrates how the measurement of
the rice cell invasion was carried out. The cell where the appressorial penetration occurred was considered as the first cell (dark green), the second cells surround the first cell (mild green) and the third cells
surround the second cells (white green). Bars represent the standard error of three independent analyses. C, Visualisation of invasion of Δku70 and Δpsg3 mutants in rice sheath epidermal cells. The filamentous hypha growing in rice epidermal cells were sheathed in distilled water and observed using DIC optics
of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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protein spot was not induced in both Δpmk1 and Δmst12 mutants during germ tube
elongation and appressorium development as shown in Figure 5.14A. Gene deletion
mutants were generated and validated by colony PCR (Figure 5.14B). Three Δpsg4
transformants 1,2 and 3 were selected for further phenotypic analysis. Deletion of the
PSG4 gene did not significantly affect vegetative growth or conidiation (Figure 5.14C).
Δpsg4 conidia were able to form germ tubes and appressoria on glass cover-slips with
no significant differences when compared to Δku70 mutants (Figure 5.14E, D).
However, The three Δpsg4 transformants formed appressoria more slowly than the
Δku70 mutant as shown in Figure 5.14F. The percentage of collapsed conidia were
similar to Δku70, meaning the deletion did not impair the infection-associated
autophagy process (Figure 5.14G). The ability of Δpsg4 mutants to cause rice blast
disease was reduced by 52% (Figure 5.14H). Penetration assays on onion epidermis
showed no differences between the Δpsg4 transformants and the Δku70 mutant in the
frequency of appressorium formation (Figure 15A) but indicated a slight delay in
appressorium-mediated penetration 24h after spore inoculation (Figure 15B). However,
no differences were observable between the 3 transformants and Δku70 mutant in the
frequency of appressorium-mediated penetration and invasion hyphae formation, 36h
after spore inoculation (Figure 5.15B, C). The three Δpsg4 transformants were able to
form the same number of appressoria as the Δku70 mutant on rice epidermis (Figure
5.16A). Appressorium penetration was also delayed in the Δpsg4 mutants on rice leaf
sheaths (Figure 5.16B). Interestingly, hyphal expansion of the Δpsg4 mutants into
neighbouring rice cells was observed to be faster than Δku70 mutant 24h after
inoculation on rice leaf (Figure 5.16B, C) but then reduced 36h after inoculation (Figure
5.16B, C). In summary, deletion of PSG4 caused a reduction in the ability to cause
disease due to an affect on penetration and host invasion.
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Figure 5.14: Phenotypic analysis of Δpsg4 gene deletion mutant lacking the hypothetical
protein encoding gene (MGG_05907).
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies validation of transformants showing homologous integration of the hygromycin cassette. The PCR
DNA was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG4
disruption took place in all transformants. Δku70 genomic DNA was used for the PCR control. The
transformants 1, 2 and 3 were selected for virulence assay on rice seedlings. C, Effect of PSG4 deletion on vegetative growth and sporulation on complete media plate. The upper white value means the
speed in millimeters per day of mycelium expansion on complete media plate and the lower white
value is the average conidiation (x104 conidia.ml-1) for a 10 days-old complete media plate. D,
Appressorium development of Δpsg4 strain 24h after conidial germination. Conidia from Δpsg4
mutants were allowed to germinate in water on glass cover-slip surface and form appressoria. Scale
bar represents 10 μm. E, Bar graph showing the percentage of germinated conidia 2h after conidial
incubation in a moist air chamber at 26°C in Δku70 and Δpsg4 mutants. Bars represent the standard
error of three independent analyses. F, Bar graph showing the percentage of appressoria formation
3h,4h,6h,8h and 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg4
mutants. Bars represent the standard error of three independent analyses. G, Bar graph showing the
percentage of collapsed conidia 24h after conidial incubation in a moist air chamber at 26°C for Δku70
and Δpsg4 mutants. Bars represent the standard error of three independent analyses. H, Virulence of
strains on rice seedlings. Rice seedlings were inoculated with Δku70 and Δpsg4 conidia at a concentration of 5x104 conidia.ml-1.
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Figure 5.15: Detail of appressorium-mediated penetration by Magnaporthe
oryzae Δpsg4 mutants on onion epidermis.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δ
psg4 mutants on onion epidermis 24h after conidial incubation in a moist air chamber
at 26°C. Bars represent the standard error of three independent analyses. B, Bar
graph showing the percentage of appressorium mediated penetration of Δku70 and
Δpsg4 mutants on onion epidermis 24 and 36h after conidial incubation in a moist air
chamber at 26°C. Bars represent standard error of three independent analyses. C,
Onion penetration essay by Δku70 and Δpsg4 mutants 36h after conidial incubation.
Appressoria formed on the surface of the onion strip and are represented by red
circles. They have penetrated the underlying epidermal cell and formed beaded invasive hyphae. Scale bar = 10µm.
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Figure 5.16: Detail of appressorium-mediated penetration by Δpsg4 mutant on rice leaf tissue.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg4 mutants on rice
leaf epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error
of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration and hyphal invasion of Δku70 and Δpsg4 mutants on rice leaf sheath epidermal cells, 24h and 36h
after conidial incubation in a moist air chamber at 26°C. The diagram illustrates how the measurement of
the rice cell invasion was carried out. The cell where the appressorial penetration occurred was considered as the first cell (dark green), the second cells surround the first cell (mild green) and the third cells
surround the second cells (white green). Bars represent the standard error of three independent analyses. C, Visualisation of invasion of Δku70 and Δpsg4 mutants in rice sheath epidermal cells. The filamentous hypha growing in rice epidermal cells were sheathed in distilled water and observed using DIC optics
of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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5.3.4.5 Gene deletion mutant ∆psg5
A putative ketoreductase protein encoded by the PSG5 gene, MGG_10910, was found
to be strongly down-regulated during conidiation and conidial germination of the
Δpmk1 mutant (Group 1, Appendix 7). Indeed, the protein was found in five different
spots and four of them were weakly expressed in the Δpmk1 mutant. Figure 5.17 (A)
shows the volume quantification of spot 1611 as an example of weak induction of this
protein during conidial germination in a Δpmk1 mutant. Gene deletion mutants were
generated and validated by PCR as shown in Figure 5.17B. Only one Δpsg5
transformant was obtained and selected for further phenotypic analysis. Deletion of the
PSG5 gene did not seriously affect the vegetative growth but the conidiation was around
3-fold reduced in the Δpsg5 mutants (Figure 5.17C). Harvested conidia were able to
form germ tubes and appressoria on glass cover-slips in the same frequency as the
Δku70 mutant (Figure 5.17D, E and F). Interestingly, the Δpsg5 mutant appeared to
form appressoria more rapidly than the Δku70 mutant (Figure 5.17F). The percentage of
collapsed conidia was similar between the Δpsg5 mutant and Δku70 meaning that
deletion did not impair the conidial autophagy process (Figure 5.17G). However, the
ability of Δpsg5 mutant to cause rice blast disease was reduced by 51% (Figure 5.17H).
Penetration assays on onion epidermis showed that although the transformant formed
appressoria in equal numbers to the Δku70 mutant (Figure 5.18A), less than 40% of
them penetrated onion epidermis (Figure 5.18B). Furthermore, 36h after spore
inoculation on onion epidermis, the typical beaded shape of colonization hyphae noticed
in the Δku70 mutant was not observed in the Δpsg5 transformant (Figure5.18C).
Penetration hyphae were shorter suggesting a reduction in onion cell colinization as
shown in Figure 5.18C. The Δpsg5 mutant formed appressoria in equal numbers to the
Δku70 mutant on rice epidermis as shown in Figure 5.19A, but only 54% were able to
penetrate the first rice cells (Figure 5.19B). However, when Δpsg5 appressoria
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Figure 5.17: Phenotypic analysis of Δpsg5 gene deletion mutant lacking the ketoreductase
encoding gene MGG_ 10910.
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies validation of transformants showing homologous integration of the hygromycin cassette. The PCR
DNA was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG5
disruption took place in transformant 1. Δku70 genomic DNA was used for the PCR control. The transformant 1 was selected for virulence assay on rice seedlings. C, Effect of PSG5 deletion on vegetative
growth and sporulation on complete media plate. The upper white value means the speed in millimeters per day of mycelium expansion on complete media plate and the lower white value is the average
conidiation (x104 conidia.ml-1) for a 10 days-old complete media plate. D, Appressorium development
of Δpsg5 strain 24h after conidial germination. Conidia from Δpsg5 mutant were allowed to germinate
in water on glass cover-slip surface and form appressoria. Scale bar represents 10 μm. E, Bar graph
showing the percentage of germinated conidia 2h after conidial incubation in a moist air chamber at
26°C in Δku70 and Δpsg5 mutants. Bars represent the standard error of three independent analyses.
F, Bar graph showing the percentage of appressoria formation 3h,4h,6h,8h and 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg5 mutants. Bars represent the standard error
of three independent analyses. G, Bar graph showing the percentage of collapsed conidia 24h after
conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg5 mutants. Bars represent the
standard error of three independent analyses. H, Virulence of strains on rice seedlings. Rice seedlings
were inoculated with Δku70 and Δpsg5 conidia at a concentration of 5x104 conidia.ml-1.
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Figure 5.18: Detail of appressorium-mediated penetration by Magnaporthe
oryzae Δpsg5 mutant on onion epidermis.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δ
psg5 mutants on onion epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent the standard error of three independent analyses. B,
Bar graph showing the percentage of appressorium mediated penetration of Δku70
and Δpsg5 mutants on onion epidermis 24 and 36h after conidial incubation in a
moist air chamber at 26°C. Bars represent standard error of three independent
analyses. C, Onion penetration essay by Δku70 and Δpsg5 mutants 36h after conidial incubation. Appressoria formed on the surface of the onion strip and are represented by red circles. They have penetrated the underlying epidermal cell and
formed beaded invasive hyphae. Scale bar = 10µm.
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Figure 5.19: Detail of appressorium-mediated penetration by Δpsg5 mutant on rice leaf tissue.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg5 mutants on rice
leaf epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error
of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration and hyphal invasion of Δku70 and Δpsg5 mutants on rice leaf sheath epidermal cells, 24h and 36h
after conidial incubation in a moist air chamber at 26°C. The diagram illustrates how the measurement of
the rice cell invasion was carried out. The cell where the appressorial penetration occurred was considered as the first cell (dark green), the second cells surround the first cell (mild green) and the third cells
surround the second cells (white green). Bars represent the standard error of three independent analyses. C, Visualisation of invasion of Δku70 and Δpsg5 mutants in rice sheath epidermal cells. The filamentous hypha growing in rice epidermal cells were sheathed in distilled water and observed using DIC optics
of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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penetrated rice cells, the rate of hyphal expension in planta was at a similar observed in
the Δku70 mutant (Figure 5.19B, C). Taken together, deletion of PSG5 gene showed
impairment on conidiation and appressorium-mediated penetration.
5.3.4.6 Gene deletion mutant ∆psg6
A vacuolar protease encoded by the PSG6 gene, MGG_00922, was found to be
abundant during germ tube development and appressorium formation in all strains
(Groups 1, 2 and 3; Appendix 7, 8 and 9). However, spot 1282 was found to be between
2 to 4-fold more abundant in Guy11 during appressorium morphogenesis when
compared to both ∆pmk1 and ∆mst12 mutants as shown in Figure 5.20A. Gene deletion
mutants were produced and validated by colony PCR (Figure 5.20B). Transformants 1,
2 and 3 were selected for further phenotypic analysis. Targeted deletion of PSG6 did not
seriously affect the vegetative growth but conidiation was around 3-fold reduced in the
mutants (Figure 5.20C). Conidia were able to form germ tubes and appressoria on glass
cover-slips at the same frequency as the Δku70 mutants (Figure 5.20D, E and F)
although a small delay in appressorium formation was observed in Δpsg6 mutants as
shown in Figure 5.20F. The percentage of collapsed conidia was similar between the
Δpsg6 mutants and Δku70 meaning that deletion did not impair the conidial autophagy
process (Figure 5.20G). The virulence of the PSG6 gene deletion mutants was however
reduced by 51% as shown in Figure 5.20H. Penetration assays on onion epidermis
showed that Δpsg6 transformants were able to form appressoria at a frequency of 95%
(Figure 5.21A) and that 85% of these cells were able to penetrate onion epidermis
(Figure 5.21B). No difference was observed between the Δpsg6 mutants and the Δku70
mutant in the frequency of hyphal invasion in onion cells (Figure 5.21C). The Δpsg6
transformants formed appressoria at the same rate as the Δku70 mutant on rice
epidermis (Figure 5.22A), however 78% of the appressoria formed were able to
penetrate rice cells (Figure 5.22B). The rate of hyphal expension in planta of Δpsg6
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Figure 5.20: Phenotypic analysis of Δpsg6 gene deletion mutant lacking the vacuolar protease
A encoding gene (MGG_ 00922).
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies validation of transformants showing homologous integration of the hygromycin cassette. The PCR
DNA was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG6
disruption took place in all transformants. Δku70 genomic DNA was used for the PCR control. The
transformants 1, 2 and 3 were selected for virulence assay on rice seedlings. C, Effect of PSG6 deletion on vegetative growth and sporulation on complete media plate. The upper white value means the
speed in millimeters per day of mycelium expansion on complete media plate and the lower white
value is the average conidiation (x104 conidia.ml-1) for a 10 days-old complete media plate. D,
Appressorium development of Δpsg6 strain 24h after conidial germination. Conidia from Δpsg6
mutants were allowed to germinate in water on glass cover-slip surface and form appressoria. Scale
bar represents 10 μm. E, Bar graph showing the percentage of germinated conidia 2h after conidial
incubation in a moist air chamber at 26°C in Δku70 and Δpsg6 mutants. Bars represent the standard
error of three independent analyses. F, Bar graph showing the percentage of appressoria formation
3h,4h,6h,8h and 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg6
mutants. Bars represent the standard error of three independent analyses. G, Bar graph showing the
percentage of collapsed conidia 24h after conidial incubation in a moist air chamber at 26°C for Δku70
and Δpsg6 mutants. Bars represent the standard error of three independent analyses. H, Virulence of
strains on rice seedlings. Rice seedlings were inoculated with Δku70 and Δpsg6 conidia at a concentration of 5x104 conidia.ml-1.
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Figure 5.21: Detail of appressorium-mediated penetration by Magnaporthe oryzae Δpsg6 mutants on onion epidermis.
A, Bar graph showing the percentage of appressorium formation for Δku70
and Δpsg6 mutants on onion epidermis 24h after conidial incubation in a
moist air chamber at 26°C. Bars represent the standard error of three independent analyses. B, Bar graph showing the percentage of appressorium
mediated penetration of Δku70 and Δpsg6 mutants on onion epidermis 24
and 36h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error of three independent analyses. C, Onion penetration
essay by Δku70 and Δpsg6 mutants 36h after conidial incubation. Appressoria formed on the surface of the onion strip and are represented by red
circles. They have penetrated the underlying epidermal cell and formed
beaded invasive hyphae. Scale bar = 10µm.
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Figure 5.22: Detail of appressorium-mediated penetration by Δpsg6 mutants on rice leaf tissue.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg6 mutants on rice
leaf epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error
of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration and hyphal invasion of Δku70 and Δpsg6 mutants on rice leaf sheath epidermal cells, 24h and 36h
after conidial incubation in a moist air chamber at 26°C. The diagram illustrates how the measurement of
the rice cell invasion was carried out. The cell where the appressorial penetration occurred was considered as the first cell (dark green), the second cells surround the first cell (mild green) and the third cells
surround the second cells (white green). Bars represent the standard error of three independent analyses. C, Visualisation of invasion of Δku70 and Δpsg6 mutants in rice sheath epidermal cells. The filamentous hypha growing in rice epidermal cells were sheathed in distilled water and observed using DIC optics
of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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mutants was initially faster than the Δku70 mutant at 24h but then was slower at 36h
after spore inoculation on rice epidermis (Figure 5.22B). Taken together, the deletion of
PSG6 gene affected conidiation, the frequency of appressorium-mediated penetration
and host tissue invasion.
5.3.4.7 Gene deletion mutant ∆psg7
The PSG7 gene (MGG_09190) putatively encoding for a dipeptidyl aminopeptidase was
found to be expressed during conidial development and appressorium formation in
Guy11 and Δpmk1 but not in Δmst12 (Groups 1, 2 and 3, Appendix 7, 8 and 9, spot
1827, Figure 5.23A). Gene deletion mutants were generated and validated by colony
PCR (Figure 5.23B). The Δpsg7 transformants 1, 2 and 3 were selected for further
phenotypic analysis. Deletion of PSG7 did not affect vegetative growth and conidiation
(Figure 5.23C). Conidia were able to form germ tubes and appressoria on glass coverslips at the same frequency as the Δku70 mutant (Figure 5.23D, E and F) although a
small delay in appressorium formation was observed in Δpsg7 mutants as shown in
Figure 5.23F. The percentage of collapsed conidia was also similar between Δpsg7
mutants and Δku70, consistent with the deletion not affecting conidial autophagy
process (Figure 5.23G). The ability of Δpsg7 mutants to cause rice blast disease was
reduced by 46% (Figure 5.23H). Penetration assays on onion epidermis showed no
differences in appressorium formation, hyphae penetration and colonisation (Figure
5.24A, B, C). All Δpsg7 transformants were able to form the same number of
appressoria as the Δku70 mutant on rice epidermis (Figure 5.25A). They were also able
to penetrate into rice cells at a similar rate to the Δku70 mutant, 24 and 36h after
inoculation. However, hyphal extension in planta of the Δpsg7 mutants was first faster
than the Δku70 mutant 24h after inoculation but then was in the same rate than the
Δku70 mutant 36h after inoculation (Figure 5.25B). In summary, deletion of PSG7 gene
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Figure 5.23: Phenotypic analysis of Δpsg7 gene deletion mutant lacking the aminopeptidase B
encoding gene (MGG_ 09190).
A, Bar graph showing the spot volume quantifications (Arbitrary Units) at 5 time points used for proteomic analysis of Guy11, Δpmk1 and Δmst12 strains during appressorium development. B, PCR colonies validation of transformants showing homologous integration of the hygromycin cassette. The PCR
DNA was fractionated by agarose gel electrophoresis. The 3.5 kb fragments indicated that PSG7
disruption took place in all transformants. Δku70 genomic DNA was used for the PCR control. The
transformants 1, 2 and 3 were selected for virulence assay on rice seedlings. C, Effect of PSG7 deletion on vegetative growth and sporulation on complete media plate. The upper white value means the
speed in millimeters per day of mycelium expansion on complete media plate and the lower white
value is the average conidiation (x104 conidia.ml-1) for a 10 days-old complete media plate. D,
Appressorium development of Δpsg7 strain 24h after conidial germination. Conidia from Δpsg7
mutants were allowed to germinate in water on glass cover-slip surface and form appressoria. Scale
bar represents 10 μm. E, Bar graph showing the percentage of germinated conidia 2h after conidial
incubation in a moist air chamber at 26°C in Δku70 and Δpsg7 mutants. Bars represent the standard
error of three independent analyses. F, Bar graph showing the percentage of appressoria formation
3h,4h,6h,8h and 24h after conidial incubation in a moist air chamber at 26°C for Δku70 and Δpsg7
mutants. Bars represent the standard error of three independent analyses. G, Bar graph showing the
percentage of collapsed conidia 24h after conidial incubation in a moist air chamber at 26°C for Δku70
and Δpsg7 mutants. Bars represent the standard error of three independent analyses. H, Virulence of
strains on rice seedlings. Rice seedlings were inoculated with Δku70 and Δpsg7 conidia at a concentration of 5x104 conidia.ml-1.
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Figure 5.24: Detail of appressorium-mediated penetration by Magnaporthe
oryzae Δpsg7 mutants on onion epidermis.
A, Bar graph showing the percentage of appressorium formation for Δku70 and
Δpsg7 mutants on onion epidermis 24h after conidial incubation in a moist air
chamber at 26°C. Bars represent the standard error of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration
of Δku70 and Δpsg7 mutants on onion epidermis 24 and 36h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error of three
independent analyses. C, Onion penetration essay by Δku70 and Δpsg7 mutants
36h after conidial incubation. Appressoria formed on the surface of the onion
strip and are represented by red circles. They have penetrated the underlying
epidermal cell and formed beaded invasive hyphae. Scale bar = 10µm.
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Figure 5.25: Detail of appressorium-mediated penetration by Δpsg7 mutants on rice leaf tissue.
A, Bar graph showing the percentage of appressorium formation for Δku70 and Δpsg7 mutants on rice
leaf epidermis 24h after conidial incubation in a moist air chamber at 26°C. Bars represent standard error
of three independent analyses. B, Bar graph showing the percentage of appressorium mediated penetration and hyphal invasion of Δku70 and Δpsg7 mutants on rice leaf sheath epidermal cells, 24h and 36h
after conidial incubation in a moist air chamber at 26°C. The diagram illustrates how the measurement of
the rice cell invasion was carried out. The cell where the appressorial penetration occurred was considered as the first cell (dark green), the second cells surround the first cell (mild green) and the third cells
surround the second cells (white green). Bars represent the standard error of three independent analyses. C, Visualisation of invasion of Δku70 and Δpsg7 mutants in rice sheath epidermal cells. The filamentous hypha growing in rice epidermal cells were sheathed in distilled water and observed using DIC optics
of confocal-light scanning microscope. Red circles indicate sites where appressoria were localised and
penetrated into first host cell, yellow arrows shows the local point of continuation of biotrophic invasion in
neighbouring rice cells. Scale bar = 10µm
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affects development of leaf lesion symptoms but did not affect earlier infection-related
development.
5.4 Discussion
We used proteomics as a means of identifying new virulence determinants in the rice
blast fungus. We successfully generated 28 gene-deletion mutants and 7 showed
significant reductions in their ability to cause rice disease. The potential role of the
seven new genes for which, the corresponding gene-deletion mutants showed at least a
40% reduction in virulence is discussed below.
Phosphatidylinositol transfer protein (PITP) was originally identified and named
because of its ability to transport phosphatidylinositol in vitro through the aqueous
phase from one membrane compartment to another (Ohashi et al., 1995). PITP was then
identified in vivo as a cytosolic protein that could mediate energy independent transfer
of monomeric phosphatidylinositol (PI) and phosphatidylcholine (PC) molecules
between two membrane-bounded cellular compartments (Bankaitis et al., 1990;
Crockcroft, 1998). However, the functional requirements for PITP emerged in several
unexpected contexts as means of coupling cellular phosphoinositide metabolism to
signal transduction and vesicular trafficking (Hay and Martin, 1993; Cunningham et al.,
1995; Cockcroft, 1998,1999, 2001; Meijer and Munnik, 2003; Larijani et al., 2003;
Godi et al., 2004; Bankaitis et al., 2009). Extracellular induction leads to the rapid
hydrolysis of phosphatidylinositol (4,5) biphosphate (PIP2), a minor component of the
cell wall, via cell surface receptors (Berridge, 1997). The hydrolysis of PIP2 by a
phospholipase C (PLC)-mediated inositol lipid signalling results in generation of two
second messengers, inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Geraint
et al., 1993). DAG binds and activates numerous isoforms of protein kinase C, resulting
in the phosphorylation of intracellular protein (Geraint et al., 1993). Inositol phosphates
and phosphoinositides as second messengers were described in animals (Berridge, 1987;

249

Chapter 5
Cantley, 2002; Saarikangas et al., 2010), plant (Stevenson et al., 2000; Meijer and
Munnik, 2003; Bohme et al., 2004; Samaj et al., 2006) and eukaryotic micro-organisms
(Hosking et al., 1995; Griac, 2007). They have been shown to have diverse roles in the
modulation of many cellular events, such as membrane trafficking, intracellular
signalling, cytoskeleton organization, and apoptosis in response to hormones,
neurotransmitters, growth factor-mediated induction or pathogenesis (Niggli, 2005;
Bittar, 2006; DiPaolo and Camilli, 2006; Wymann and Schneiter, 2008). PIP2 and IP3
play a central role in regulating the organization and dynamics of the actin cytoskeleton
by acting as platforms for protein recruitment, by triggering signalling cascades, and by
directly regulating the activities of actin-binding proteins (Saarikangas and Lappalainen,
2010). Furthermore, a number of actin-associated proteins, such as BAR domain
proteins, are able to directly deform phosphoinositide-rich membranes to induce plasma
membrane protrusions or invaginations (Saarikangas and Lappalainen, 2010).
Phosphatidylinositol kinases, phosphatases and PITP collaborates together for the
conversion of PIP2 to IP3 and act in specific processes and stages of membrane transport
(Martin, 1998)
Recent data suggested that phospholipid metabolism could be a key component
of tip growth (Bohme et al., 2004). IP3 mobilizes Ca2+ by binding to specific
intracellular receptors that promote the opening of calcium channels in the endoplasmic
reticulum. Hyphal extension in Neurospora crassa requires a tip-high Ca2+ gradient
which is generated and maintained internally by IP3-induced Ca2+ release from tiplocalized vesicles and subapical Ca2+ sequestration (Silverman-Gavrila and Lew, 2002).
IP3 is involved in germ tube formation in the yeast-mycelium transition in Ophiostoma
ulmi (Brunton and Gadd, 1991). In Candida albicans, there is an increase in IP3 during
germ tube formation of the yeast to hyphal morphological transition (Gadd and Foster,
1997). Besides fungi, there is evidence of IP3-mediated morphogenesis in tip-growing
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pollen tubes (Malho, 1998; Kost et al., 1999; Cheung and Wu, 2008). The mutation of a
PITP in Arabidopsis thaliana showed that this protein is essential for proper root hair
growth (Bohme et al., 2004). We identified 2 PITPs that were strongly induced in
proteomics profiles highlighting a potential role for phospholipid signalling pathway
during appressorium morphogenesis in M. oryzae. We identified a protein homologue to
the yeast PITP homologue Sec14, which was strongly induced during conidial
germination and appressorial morphogenesis (Groups 1, 2, and 3, Appendix 8, 9 and 10)
and another PITP like protein that we decided to focus on (PSG1), since the protein was
particularly induced during appressorium morphogenesis in Guy11 and the Δmst12
mutant but not present in Δpmk1 mutants (Group 2 and 3, Appendix 9 and 10).
Bioinformatics analysis showed that the PSGI encoded by the MGG_01557 gene does
not belong to the Sec14-superfamily, suggesting that both of the proteomics-identified
PITPs are involved in different cellular requirements in M. oryzae.
In Saccharomyces cerevisae, Sec14 was identified to be an essential PITP-like
involved in PI/PC transfer from the Golgi to the plasma membrane (Bamkaitis et al.,
1990; Hay and Martin, 1993). Sec14 is an essential component of a regulatory pathway
linking phospholipid metabolism with vesicle trafficking which is essential for cell
viability (Kearns et al., 1997; Bankaitis et al., 2009). This protein regulates the level of
PIP2 (Pillips et al., 1999; Hama et al., 1999) and of DAG at the Golgi by inhibiting its
utilization for PC synthesis (Huijbregts et al., 2000). Thus, Sec 14 is important for
regulating PC metabolism and ensuring that DAG is available at the Golgi to support
production of secretory vesicles (Kearns et al., 1997; Griac, 2007; Mousley et al.,
2007). PITP in S. cerevisiae shares sequence similarity with PITPs from other yeasts
including

Yarrowia

lipolytica,

Candida

albicans,

Kluyveromyces

lactis,

Schizosaccharomyces pombe and Candida glabrata (Cockcroft, 1998). Although a
model has been constructed regarding an essential role for PITP (Sec14) in regulating
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secretory protein traffic from the Golgi complex in S. cerevisiae, this may not apply to
other yeast (Kearn et al., 1997). Indeed, in the dimorphic yeast Yarrowia lipolytica,
Sec14 homologue is associated to Golgi but is not essential for viability, instead, it is
required for differentiation of Y. lipolytica from yeast to a mycelial mode of growth
(Lopez et al., 1994).
The yeast homologue of PSG1 encoded protein was identified and named Npc2
because of this protein is functionally homologous to the human Npc2 protein (Berger
et al., 2005). The mutation of Npc2 in human leads to the Niemann-Pick Disease Type
C (NP-C) which is a fatal neurovisceral disorder characterized by the accumulation of
low-density-lipoprotein derived cholesterol in endolysosomal compartment (Patterson et
al., 2007). The yeast Npc2 was functionally related to the human Npc2 protein
validating this protein as involved in lipid trafficking (Berger et al., 2005). The
homologue of Npc2 and Psg1 was found in Aspergillus oryzae and called
phosphatidylglycerol/phosphatidylinositol transfer protein (PG/PI-TP) based on its
transfer specificity (Record et al., 1995). Indeed, the PG/PI-TP was observed to be
involved in the transfer of phosphatidylglycerol, PI and PC (Record, 1995). The protein
localization was demonstrated to be cytoplasmic and also associated with the Golgi-like
vesicles as expected for a PITP-like protein (Record et al., 1998, 1999). The amino-acid
sequence of the PG/PI-TP in A.oryzae suggested it is an outer cell membrane-targeted
protein (Record et al., 1999). The PG/PI-TP may be involved in integrity of the lipid
content of the cell membrane (Biesebeke et al., 2005). The morphology of hyphae is
influenced by the concentration of the cell membrane phospholipid phosphatidylcholine
apparently by its control of branch initiation (Markham et al., 1993). Choline appears as
phosphatidylcholine in the outer cell membrane and reduced concentrations of choline
result in multiple tip-formation in Fusarium graminearum (Markham et al., 1993). A
similar phenotype was observed in A.oryzae lacking the PG/PI-TP gene with the
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reduction of phosphatidylcholine transfer activity resulting in lipid unbalance in cell
membranes leading to a higher branch frequency in mycelium. In M. oryzae, the ∆psg1
mutant lacking PSG1 showed a reduction in conidiation, appressorium penetration and
in hyphal invasion spread which was not consistent with multiple tip-formation
observations in F. graminearum and A .oryzae (Markham et al., 1993; Record et al.,
1995, 1998, 1999). The reduction of conidiation may be linked to a less branched
mycelium development in the mutant compared to the wild type which is consistent
with the observed hyphal penetration and rice-cell invasion impairments. The PG/PI-TP
protein may regulate the membrane phospholipid balance to allow recruitment of
proteins involved in correct cytoskeleton organization associated with mycelium hyphal
growth, penetration peg emergence and invasive hyphal development. The PG/PI-TP
protein may alternatively be a key component of tip growth by favoring conversion of
PIP2 into IP3 which mobilizes Ca2+ to promote hyphal extension as observed in
Neurospora crassa (Silverman-Gavrila and Lew, 2002). Interestingly, PG/PI-TP may be
involved in hyphal growth related to mycelium development, penetration peg
emergence and invasive hyphal expansion but not in conidial germ tube emergence
because the ∆psg1 mutant was able to germinate in the same manner as Δku70 strain.
This is consistent with proteomics data showing that the protein PG/PI-T was strongly
down-regulated in the Δpmk1 mutant during conidial germination. The PG/PI-TP
protein may also act in the same manner as Sec14. PG/PI-TP protein bounded to
phosphatidylcholine may negatively regulate Golgi CDP-choline pathway activity and
prevent DAG consumption for signalling or Golgi-derived secretory vesicle biogenesis.
Interestingly, DAG is known to stimulate appressorium formation on non-inductive
surfaces in M. oryzae (Thines et al., 1997) and DAG can also restore appressorium
formation to a Δpth11 mutant (DeZwaan et al., 1999). When taken together, a
correlation could be made between lipid signalling and appressorium formation in M.
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oryzae and the G protein-coupled receptor Pth11 might then act upstream of a potential
lipid signalling cascade involved in the development of a fully virulent appressorium.
The M. oryzae genome contains 5 genes belonging to the Sec14-superfamilly
(MGG_00905, MGG_00871, MGG_00707, MGG_09991, MGG_04947) and another
PITP, MGG_01557. Further analysis of these PITP may bring new insight into the role
of phosphoinositides signalling during appressorium development in M. oryzae. A
potential regulating role of phosphoinositides signalling on protein kinase C may be
also investigated because little information is available on the exact role of protein
kinase C during appressorium development (Dean et al., 2005).
The gene PSG2 was selected because its encoded protein was strongly-induced
during appressorium morphogenesis in Guy11. The gene deletion mutant showed a
reduction in virulence of 58% confirming a potential role of this protein in M. oryzae
virulence. Furthermore, lesions formed on rice leaves were significantly smaller than
lesions formed by Guy11 or Δku70 infection. Bioinformatic analysis listed in Appendix
2 shows that this protein was predicted to be secreted, a signal peptide cleavage site was
located at the 15th amino-acid from the N-terminal end of the protein. PSG2 gene
encodes a small protein (212 aa) which is consistent with this idea. Homologues of Psg2
were also found in Pyrenophora tritici-repentis (Birren et al., 2008), Sordaria
macrospora (Nowrousian, 2009) and Neurospora crassa (Galagan et al., 2003). The
functional role of this conserved secreted small protein in unknown in all of these
species. Except for a slight delay observed in vegetative growth, the deletion of PSG2
did not impair appressorium formation or hyphal penetration suggesting that the protein
may be involved in the biotrophic proliferation of M. oryzae in planta. Indeed,
proliferation is likely to require secretion of effector proteins and suppression of host
defences (Caracuel-Rios and Talbot, 2007). Bacterial pathogens have evolved secretion
systems to deliver effector proteins directly into invaded plant cells (Alfano and
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Collmer, 2004; Galan and Cossart, 2005) and the functions of these effector proteins
generally involve subverting the functions of the host cell to evade pathogen recognition
and facilitate bacterial proliferation. This can, for instance, involve alteration of the host
cytoskeleton, signal transduction or suppression of plant defence signalling (Mudgett,
2005). Plant pathogenic fungi delivery mechanisms for proteins during plant infection
are poorly described, but the best evidence that M. oryzae effectors are delivered into
plant cells is the Avr-Pi-ta protein, a metalloprotease that acts as an avirulence protein
and is recognized by the intracellular Pi-ta resistance protein (Jia et al., 2000). M.
oryzae effector proteins delivery in rice might involve P-type ATPase family (CaracuelRios and Talbot, 2007). M. oryzae has four putative members of the aminophospholipid
translocase (APT) family of P-type ATPases and two of them, PDE1 and MgATP2,
encode pathogenicity factors (Balhadere and Talbot, 2001; Gilbert et al., 2006). APTs
maintain the asymmetrical distribution of aminophospholipids in cellular membranes,
which is important in both endocytosis and exocytosis. MgApt2 is a Golgi-localized
protein that is required for exocytosis during plant infection (Gilbert et al., 2006).
Mutants lacking MgAPT2 make appressoria normally but are unable to progress beyond
initial penetration hyphae development or to cause disease when inoculated directly into
plant tissue. The hypal invasion of ∆Psg2 mutants was not impaired suggesting that the
protein encoded by PSG2 may be part of a new family of effector proteins involved in
the suppression of host defences but not in exocytosis. This may be consistent with the
small lesions observed on rice leaves 5 days after spore inoculation. A GFP-protein
fusion strain has been generated and is under investigation to check that there is indeed
a delivery of this protein into the rice plant cell during M. oryzae penetration and
invasion. Interestingly, proteomics analysis showed that the biosynthesis of this protein
occurred from 6h after conidial germination showing that the fungus prepared the
penetration and invasion stages precociously during appressorium development.
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Furthermore, proteomics data showed also the strong accumulation of Psg2 during
appressorium development may be under the constrol of PMK1 and MST12, which is
consistent with the role of this protein in disease establishment.
The PSG3 gene was selected because it was a novel protein of unknown
function which was strongly induced during appressorium morphogenesis in Guy11.
Gene deletion caused a reduction in virulence of 58% confirming a potential role of this
protein in the M. oryzae virulence process. Bioinformatics analysis listed in the
Appendix 2 showed this protein was predicted to be secreted, to have 2 transmembrane
domains and a ROK (Repressor ORF Kinase) domain. The ROK family groups include
bacterial proteins such as transcriptional repressors, and sugar kinases (Titgemeyer et
al., 1994). Psg3 has no homologue in another fungal species. Interestingly this gene was
removed from the annotation of the latest version of the M. oryzae genome sequence
(Version 6). Thus, we used the gene number from the previous version (version 5). The
LC/MS-MS analysis allowed the identification of 3 peptides with a Mascot score of 114
confirming the existence of this protein. However, the lack of available information
made the interpretation of a potential role of this trans-membrane protein very difficult.
According to our proteomics and phenotypic analysis, Psg3 may be required for an
efficient functional appressorium penetration in M. oryzae and may be under the control
of PMK1 and MST12. Further investigations are required to fully understand its
function.
The novel protein of unknown function encoded by the PSG4 gene was selected
because this protein was specifically induced during conidial germination and
appressorium development in Guy11. The gene deletion mutant showed a reduction in
virulence of 52% confirming a potential role of this protein in the virulence of M.
oryzae. Bioinformatic analysis reported no significant protein homologue in other fungi
or species. This protein was also predicted to be cytoplasmic and no conserved domains
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were identified (Appendix 2). Proteomic data showed also that the induction of Psg4
may be under the control of PMK1 and MST12. Furthermore, the mutants lacking the
PSG4 gene showed a significant delay in appressorium penetration and a reduction in
symptoms development. However, the lack of information did not allow us to make
conclusions about a clear involvement of Psg4 in the virulent process of M. oryzae. A
GFP-protein fusion strain has been generated and is under investigation to hopefully
bring some more information.
The M. oryzae genome displays a high capacity for secondary metabolite
production and contains genes that encode 22 polyketide synthases (PKSs), 8 nonribosomal peptide synthases (NRPs) and 10 PKS-NRPS hybrid enzymes (Dean et al.,
2005; Collemare et al., 2008). Secondary metabolites produced by M. oryzae during the
plant pathogenic process could suppress defences and perturb host metabolism for the
benefit of the invading pathogen (Wilson and Talbot, 2009). ACE1 which encodes a
PKS has been identified as an avirulence gene indicating that its product is recognized
by a plant resistance protein during an incompatible interaction (Bohnert et al., 2004;
Fudal et al., 2005). It therefore seems likely that secondary metabolites produced by the
fungus play significant roles within the plant during establishment of disease (CaracuelRios and Talbot, 2007). A ketoreductase protein encoded by the PSG5 gene was found
to be strongly down regulated especially during conidiation and conidial germination of
the Δpmk1 mutant. Indeed, the protein was found in five different spots and four of
them were weakly abundant in all Δpmk1 mutant 2D-gels. Two of the isoform spots
were found to be constitutively expressed in both Guy11 and the Δmst12 mutant. We
decided then to investigate the consequences of PSG5 deletion on conidiation and
appressorium development in M. oryzae. The phenotypic analysis of the gene-deletion
mutant showed a significant reduction in conidiation and virulence. ∆psg5 mutants were
also partially impaired in appressorium penetration. The ketoreductase encoded by the
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gene PSG5 may be involved in biosynthetic pathways of a polyketide because the gene
is localized in a cluster of 10 genes as shown in the Table 5.4. Six are potentially
involved in secondary metabolism because they encode enzymes such as FADdependant oxidase (MGG_10961), short chain dehydrogenase (MGG_12983), FADdependent oxygenase, aldo/ketoreductase (MGG_10908), short chain dehydrogenase
(MGG_12982) and the identified ketoreductase. Three genes encode hypothetical and
predicted unknown function proteins (MGG_12981; MGG_12980 and MGG_10911).
The polyketide synthase is possibly encoded by the MGG_10912 gene. Our data
showed that this ketoreductase may be associated with production of a secondary
metabolite that is produced during conidiation and early during plant infection
associated with appressorium mediated plant infection. Regulation of this secondary
metabolite may also be associated with regulation of PMK1 according to proteomics
observations and both mutants, ∆pmk1 and ∆psg5, had associated phenotypes such as
reduction in conidiation. One way in which to determine if the associated secondary
metabolite plays a major role in M. oryzae virulence would be to delete the gene coding
for the polyketide synthase, predicted to be the MGG_10912 gene.
Appressorium development by M. oryzae is always accompanied by collapse
and death of the fungal conidium, which drains its contents into the germ tube and
developing appressorium (Thines et al., 2000). Conidial cell death is an autophagic
process because a mutant lacking the MgATG8 gene, which encodes a protein essential
for autophagy, cannot undergo conidial collapse and, as a consequence, is unable to
cause rice blast disease (Veneault-Fourrey et al., 2006). Autophagosomes are enriched
in the conidia as soon as they begin to germinate (Kershaw and Talbot, 2009). The large
burst of autophagic activity continues in the conidium until it collapses and undergoes
cell death (Kershaw and Talbot, 2009). Autophagy also occurs in appressorium during
its development and maturation (Kershaw and Talbot, 2009). Recently it had been
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Table 5.4: Cluster of 10 genes probably involved in the biosynthetic pathway of a polyketide of unknown function in
Magnaporthe oryzae.
Flanking gene
Flanking gene

cluster

Flanking gene
Flanking gene
Flanking gene
Flanking gene

MGG_12485
MGG_12484
MGG_10961
MGG_12983
MGG_10907
MGG_10908
MGG_12982
MGG_12981
MGG_10910
MGG_10911
MGG_12980
MGG_10912
MGG_04841
MGG_04842
MGG_04843
MGG_04844
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predicted
predicted
FAD-dependent oxidase
short chain dehydrogenase
FAD-dependent oxygenase
aldo/keto reductase
short chain dehydrogenase
hypothetical
ketoreductase (nor-1)
hypothetical
predicted
polyketide synthase
predicted (4kb downstream)
aconitase
Zn2Cys6 TF
hypothetical
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demonstrated that non-selective autophagy is necessary for rice blast appressoria to
form (Kershaw and Talbot, 2009). Deletion of any of the M. oryzae 16 gene products
necessary for macro-autophagy rendered the fungus unable to cause blast disease
because of impairment in appressorium function (Kershaw and Talbot, 2009). During
autophagy, autophagosomes fuse with the vacuole which bring hydrolases for
degradation of their contents (Mizushima, 2007; Kourtis and Tavernarakis, 2008). This
probably explains the strong up-regulation of a number of vacuolar proteases observed
in our proteomics 2D-gels. We investigated the effect of the deletion of a vacuolar
protease (serine protease) which was found to be highly induced during conidial
germination and appressorial formation in all strains and more especially in Guy11.
Overall, the deletion of MGG_00922 gene led to a partial impairment of appressorium
penetration and late hyphal host invasion which was consistent with the phenotype
associated with MgATG8 gene deletion (Veneault-Fourrey et al., 2006). Therefore, we
concluded that Psg6 participated in the degradative autophagic pathway in M. oryzae as
has been shown in Podospora anserina (Pinan-Lucarré et al., 2003). It would be
interesting to transform MoATG8:GFP and histone:RFP gene fusion constructs into
∆psg6 mutant to further investigate the effect of the PSG6 gene deletion on
autophagosome-vacuole fusion process and on cell-cycle appressorium development
regulation. However, we already know that the deletion of PSG6 does not prevent
autophagy in spore because ∆psg6 mutants underwent conidial collapse in the same
manner than Δku70 mutant during appressorium development.
Pathogenic fungi secrete aminopeptidases, carboxypeptidases and dipeptidylpeptidases during the infection process (Monod et al., 2002; Nakajima et al., 2008;
Ansorge et al., 2009). Dipeptidyl peptidase enzymes display diverse functions,
including intercellular signalling, immunomodulation, protein maturation and
processing, metabolism, and nutrient acquisition (Cooper and Woods, 2009). In M.
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oryzae, the deletion of a gene coding for a dipeptidyl aminopeptidase (PSG7) seriously
affected rice leaf lesion symptoms since this mutant was only virulent at 46% when
compared to the Δku70 mutant. However no impairments in conidial germination,
appressorium formation and hyphae penetration were observed with ∆psg7 mutants
suggesting this protein is mainly involved in plant infection. A blast search did not
reveal any functional information because only homologues annotated as hypothetical
proteins were found in other fungi. A preliminary experiment using a PSG7:GFP fusion
protein showed that this protein is cytoplasmic and expressed during conidial
germination and appressorium development, validating our proteomics data. Therefore,
the dipeptidyl peptidase may be involved in the elaboration of a fully functional
appressorium required for successful plant infection.
Among the 28 gene-deletion mutants, only the mutant lacking the unique
translationally controlled tumor protein-like (TCTP) encoding gene showed a severe
reduction in vegetative growth which was 3-fold slower than the isogenic Δku70 strain,
and in conidiation which was 80-fold more reduced in conidia production than the
isogenic Δku70 strain.. The protein TCTP was initially identified in mammalian tumor
cells and found to be controlled post-transcriptionally (Chitpatima et al., 1988). Today
its function remains elusive because TCTP is involved in multiple, but seemingly
unrelated cellular processes such as apoptosis, cell growth, control of the cell cycle,
microtubule organization, ion homeostasis, protein-protein interactions and as a
modulator of GTPase activity (Bommer and Thiele, 2004; Gachet et al., 1999; Li et al.,
2001; Yarm, 2002; Itzen et al., 2006; Chen et al., 2007). As GTPases act as molecular
switches for a vast number of cellular processes in all eukaryotes (Cans et al., 2003), the
GTPase-regulating property of TCTP may explain the involvement of this protein in
seemingly unrelated cellular processes. Silencing of the TCTP gene in the nematode
Caenorhabditis elegans caused slow growth, progeny sterility, and embryo lethality
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(Rual et al., 2004; Deutschbauer et al., 2005; Sonnichsen et al., 2005). Silencing of
TCTP expression by RNA interference (RNAi) led to reduced cell size and number in
Drosophila melanogaster (Hsu et al., 2007). This study reported that TCTP modulation
may act as a regulatory factor of the TOR (Target Of Rapamycin) kinase which
regulates cell growth in response to external and internal stimuli (Wullschleger et al.,
2006). Interestingly, silencing of TCTP by RNAi in Arabidopsis thaliana caused a
reduction in vegetative growth, leaf expansion and in lateral root formation, with root
hair development significantly impaired (Berkowitz et al., 2008). TCTP was defined as
an important regulator of growth in plants and a mediator of TOR activity, similar to its
function in animals and fungi (Berkowitz et al., 2008). The role of TOR kinase in M.
oryzae, however is currently unknown. Deletion of TCTP gene in M. oryzae impaired
vegetative growth and asexual spore generation suggesting that TCTP may also act as a
mediator of TOR kinase involved in cell growth, as previously observed in other species
(Hsu et al., 2007; Berkowitz et al., 2008; Rehmann et al., 2008). Gene-deletion mutants
were, however, able to form fully functional appressoria and invade rice cells in the
same manner than the Δku70 strain. These results suggested first that TCTP was
dispensable for cell cycle control during appressorium development in M. oryzae and
secondly, that the TOR signalling pathway might be differentially regulated during
vegetative growth and virulence of M. oryzae. Although a single TOR kinase gene is
found in higher eukaryotes, TOR forms two multi-protein complexes, Tor1 and Tor2,
with only partly overlapping components and functions (Helliwell et al., 1994; Kim et
al., 2003; Jacinto et al., 2004; Sarbassov et al., 2004). Tor1 is sensitive to inhibition by
rapamycin, required for signalling translation initiation, and controls overall cell growth
through regulation of protein synthesis, ribosome biogenesis, transcription and
autophagy by phosphorylation of a large set of downstream targets (Otsubo and
Yamamoto, 2007; Noda and Ohsumi, 2008). Tor2 determines the site of cellular growth
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and is required for signalling organization of the actin cytoskeleton during the cell cycle
(Schmidt et al., 1996; Jacinto et al., 2004; Sarbassov et al., 2004; Ho et al., 2005). Two
TOR genes are present in S. cerevisiae, TOR1 and TOR2. The encoded proteins are
found at the core of two different evolutionary conserved complexes (Loewith, 2010).
In fission yeast, deletion of TOR1 led to the failure of the mutant to initiate sexual
development or arrest in G1 under nitrogen starvation condition (Weisman, 2010).
Deletion of TOR2 showed a phenotype very similar to that of wild-type cells starved for
nitrogen, including arrest at the G1 phase of the cell cycle, induction of nitrogenstarvation specific genes, and entrance into the sexual development pathway (Weisman,
2010). Thus, the phenotype of a Δtor2 mutant was in a striking contrast to the failure of
Δtor1 mutant to initiate sexual development or arrest in G1 under nitrogen starvation
conditions (Weisman et al., 2007). In M. oryzae, there is only on gene homologue to
TOR1 and TOR2, the gene MGG_15156. Thus, if TCTP, encoded by the gene
MGG_06249, is a putative upstream regulator of the cell growth regulation TOR
network, then it may be suggested that TOR kinase signalling is not required for
appressorium formation in M. oryzae because although we observed a significant
reduction in vegetative growth there was no effect on appressorium formation and
function in mutants lacking the TCTP gene. This result is consistent with independent
experiments performed in the lab showing that the use of rapamycin, which inhibits
TOR kinase activity, strongly inhibited Guy 11 vegetative growth on complete medium
but did not inhibit appressorium formation on hydrophobic glass cover-slips (Min He
and N.J. Talbot, unpublished). Another possibility may be that multi-protein TOR
complexes are formed in M. oryzae, as seen in higher eukaryotes. A TOR protein
complex for instance, that may not be sensitive to rapamycin and also not under control
of TCTP, might be involved in appressorium morphogenesis in M. oryzae. The possible
role of TOR signalling during appressorium development is under further investigation.
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It appears that a parallel analysis of the mutant lacking the gene MGG_06249 may bring
answers to this question. The fact TCTP was observed to be strongly induced during
conidial germination and appressorium formation (Groups 1, 2 and 3, spot 585) suggest
a role of TCTP during appressorium morphogenesis. However, under starvation
conditions as occurring during conidial germination and appressorium morphogenesis,
the role of TCTP may be wide-ranging as observed in other organisms (Bommer and
Thiele, 2004; Gachet et al., 1999; Li et al., 2001; Yarm, 2002), but not essential for M.
oryzae virulence, and, perhaps not acting as an upstream regulator of TOR kinase
signalling.
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6. Summary
Research that we carried out was to lead a comparative proteomic analysis to study the
Pmk1 MAP Kinase pathway of the rice blast fungus M. oryzae using wild type isogenic
strain Guy11 and the mutant Δpmk1 (Xu and Hamer, 1996). The Pmk1 MAP Kinase
pathway is necessary for appressorium morphogenesis and plant infection (Xu and Hamer,
1996). The strategy employed allowed investigation of key fungal proteins involved in
appressorium development, and also aimed to provide new insight into the potential
downstream targets of signalling pathways regulating appressorium morphogenesis.
We first performed comparative phenotypic analysis of cAMP and MAPK
signalling mutants of M. oryzae. The Δcpka, Δmps1, and Δmst12 mutants were selected as
potential candidates for a comparative proteomic analysis since very little work has been
done to establish why appressoria generated by these mutants cannot infect host plants. The
M. oryzae Δcpka, Δmps1, Δmst12 mutants are able to form appressoria but in all cases, the
appressoria formed are unable to penetrate the host plant and are consequently nonpathogenic (Adachi and Hamer, 1998; Park et al., 2002; Xu et al., 1998). We introduced
GFP-tagged proteins into each mutant to investigate cytoskeleton reorganisation,
cytokinesis and autophagy by comparison with Guy11 and Δpmk1. We report two major
results. First, the study confirmed that the lack of MST12 causes failure of cytoskeleton reorientation, which is normally associated with penetration peg emergence in the mature
appressorium (Park et al., 2004). Second, the cellular localisation of autophagosomes in the
Δcpka mutant provided further evidence of autophagy being independently regulated in the
conidium undergoing cell death, and during appressorium development, where it leads to
cell survival and plant infection (Kershaw and Talbot, 2009).
On the basis of this phenotypic analysis, we selected Δpmk1 for proteomic
analysis as an example of a mutant completely impaired in appressorium development. The
Δmps1 mutant was initially selected because it is impaired in appressorium penetration as
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are Δmst12 mutants. The Δmps1 mutant could not, however, generate sufficient conidia to
complete proteomic analysis and was therefore not used for comparative studies. We
focused instead on a comparative analysis of Guy11, Δpmk1, Δmst12 during conidial
germination and infection structure formation.
Proteomics analysis of M. oryzae was facilitated by the fact that the fungus can be
manipulated away from the plant and induced to undergo its entire pre-penetration phase
development on hydrophobic plastic surfaces (Hamer et al., 1988; Bourett and Howard,
1990; Dean, 1997; Talbot, 2003). These features allowed high throughput methods to be
developed to purify proteins from large populations of synchronously developing infection
structures. The proteomic analysis allowed the generation of a comprehensive 2D proteome
map of appressoria during their development. This allowed significant numbers of
individual changes in protein abundance to be followed during appressorium development.
We observed that major changes in translated activity occurred at 6h after conidial
germination in Guy11. These changes were more substantial than the overall protein profile
differences between un-germinated conidia, mature appressoria and between Δpmk1 and
Δmst12 germinated conidia. This suggests that much of the gene expression and protein
synthesis associated with appressorium morphogenesis and virulence in M. oryzae occur
within the first 6 hours of conidium germination on a rice leaf surface. A total of 615
protein spots were successfully identified by MS with 394 spots being differentially
expressed during conidium germination and appressorium formation or in absence of Pmk1
and Mst12. Many induced proteins identified by MS were previously described as known
determinants of pathogenicity in M. oryzae and validated our experimental approach. We
also confirmed major biochemical processes associated with appressorium function such as
regulated proteolysis autophagy and mobilisation of the conidial storage lipid via βoxidation. It was however, also possible to identify new proteins associated with
appressorium morphogenesis such as proteins involved in secondary metabolism, lipid
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metabolism, cell wall reorganisation, photomorphogenesis and many novel proteins of
unknow function. We listed a set of proteins associated with these processes that were
missing or lowly induced in the Δpmk1 and Δmst12 mutants making them as potential
targets of Pmk1 MAPK regulating network for disease intervention. Thus, the comparative
proteomic analysis allowed selection, generation and functional analysis of 28 gene deletion
mutants, with 7 showing significant impairement in pathogenicity. We confirmed
identification of new virulence determinants including a phopshatidylinositol transfer
protein (potential downstream target of Pmk1 and Mst12), a ketoreductase , a vacuolar
protease, an dipeptidyl aminotransferase and three proteins of unknown function. The
phopshatidylinositol transfer protein was identified as a potential dowstream target of
Pmk1, the ketoreductase and the three proteins of unknown function as potential dowstream
targets of Pmk1 and Mst12.
We tagged PSG1, PSG2, PSG3, PSG4, PSG5, PSG6 and PSG7 with GFP and
introduced constructs into the wild type Guy11. Visualisation and localisation of these
proteins during appressorium development and hyphae penetration are actually under
process. Recently, alternative protein separation techniques such as MS-basedproteomics has emerged as a powerful technology which allows the quantification and
the identification of protein in high throughput (Miyagi and Rao, 2007; Bantschell et
al., 2007; Schulze and Usadel, 2010; Domon and Aebersold, 2010). Three main MSbased-proteomic approaches are commonly used today: shotgun proteomics, directed
and targeted strategies which are chosen accordingly the biological sample (Domon and
Aebersold, 2010). Quantitative MS-based-proteomics is a powerful tool for the
characterisation of true interaction partners in protein complex (Schulze and Mann,
2006; Rinner et al., 2007; Bogre et al., 2008). This technique focuses analysis on
specific purified sub-proteomes such as chloroplasts (Peltier et al., 2000, 2006; Reiland
et al., 2009) or plasma membranes (Nelson et al., 2006; Kierszniowska et al., 2009). It
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is also possible to focus on proteins which are involved in signalling by revealing
proteins that are phosphorylated specifically under different stress conditions (Niittyla
et al., 2007; Nuhse et al., 2007). Our experimental approach was validated in this study
because we identified many well known and new determinants of pathogenicity in M.
oryzae. Thereby, it will be fascinating to use MS-based-proteomics for the investigation
of potential dowstream targets of the Pmk1 kinase. For instance, quantification and
identification of differentially expressed phosphorylated proteins between Guy11
appressoria and ∆pmk1 germinated conidia should provide unprecedented insight on
specific proteins associated with appressorium morphogenesis in M. oryzae.
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Marie Curie Research Training Network
This PhD project was part of a Marie Curie Research Training Network named
SIGNALPATH which grouped nine academic and private sector European laboratories
working on economically important human or plant pathogen fungi. The laboratories
combined complementary expertise and state-of-the-art technologies to identify and
validate key fungal genes and proteins that play a causative role in disease. The longer term
aim was to target these proteins for inhibition through the activation of small molecules or
antibodies. The network chose to focus on a set of highly conserved cell signalling modules
called mitogen-activated protein kinase (MAPK) cascades, which play pivotal roles during
fungal infection (Xu, 2000). The overall project objective was to leverage the knowledge
gained from a variety of biosystems, and to develop common models for MAPK signalling
function in fungal pathogenesis. An intensive bioinformatic study was performed by the
consortium of PhD students and post-doctoral researchers, in order to generate a
comprehensive comparative genomic analysis of

three MAP kinase and calcium-

calcineurin signalling components in ten plant and human pathogenic fungi (Rispail et al.,
2009). This analysis, which is presented in Appendix 11, allowed us to explore the
structural conservation of those signalling pathways using the complete available fungal
genome sequences to extend our understanding regarding how these conserved signalling
cascades have been recruited by each fungal pathogen species to infect their corresponding
eukaryotic hosts (Rispail et al., 2009).
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