Abstract

JEONG, JUN SEOP. Genomic studies of the rice blast fungus, Magnaporthe grisea.
(Under the direction of Dr. Ralph A. Dean.)

Magnaporthe grisea, the rice blast pathogen, is a model plant pathogenic fungus.
Extensive genetic research and rich structural genomic studies on this fungus have
opened the door into the era of functional genomics. Expression-based genomic
technologies represent the core of functional genomics. cDNA libraries are central part of
genomic studies for gene discovery and functional studies such as protein expression. We
developed a novel and efficient method for the generation of normalized full-length
enriched cDNA libraries by combining SMART with recombinational cloning. Sequence
analysis indicated that the normalized cDNA library contained novel transcripts not
found previously by large scale EST sequencing. Proteins that are secreted or presented
on the outside of the fungal cell wall likely represent primary determinants of
pathogenesis. Microarray analysis of microsome-associated and free cytosolic RNAs was
performed to identify secreted and membrane-associated proteins. The data suggested
that some proteins may be translocated to the secretory pathway post-translationally. Also,
we observed differential enrichment of transcripts under different growth conditions,
indicating that protein secretion might be a highly regulated process. Signal pathways
play a central role in fungal-host interactions. 14-3-3 is a major regulator of signal
transduction pathways; however, its function has not been clearly defined. Deletion of
MgFTT1, a 14-3-3 homolog, in M. grisea resulted in reduced pathogenicity. Mutants also

exhibited alteration in cell wall properties and extracellular carbohydrate hydrolase
activities, consistent with the observation that deletion strains were defective in the
ability to grow in planta. To improve the rate of homologous recombination in M. grisea,
we developed a split-marker strategy for gene replacement. Split marker was at least 10
fold more efficient for deletion of a phytotoxic snodprot1 homolog, MgSPH1, than using
whole construct-mediated transformation. The deletion mutant showed no obvious defect
in appressorium formation. However, the mutants exhibited reduced pathogenicity, which
at least in part was due to a defect in growth in planta. Application of purified MgSPH1p
to wounded leaf tissue did not cause any apparent phytotoxic effects as has been shown
for other snodprot1 homologs. In conclusion, we developed a variety of genomics tools
and strategies to begin to functionally investigate the molecular basis of fungal
pathogenicity. This work also contributes significantly to the functional annotation of the
rice blast fungus genome.
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Chapter One

Literature Review

1

Overview of the rice blast fungus
The rice blast pathogen, Magnaporthe grisea, is a filamentous ascomycetous fungus.
Rice blast is one of the most destructive diseases in rice production worldwide. Disease
management relies principally on the breeding of resistant cultivars. However, resistance
is transient due to the emergence of new races of the rice blast fungus. About half of the
world’s population relies on rice as a major food (Goff, 1999). More than 90% of the
world’s rice is grown and consumed in Asia, and considerably more rice production is
anticipated due to the rapid population growth in this part of the world (Khush, 2005).
Due to its economic importance as a staple food, the fungus has a long and rich history of
research. The isolation of fertile strains greatly facilitated establishment of genetic
research on the fungus. Also, development of genetic transformation system has enabled
functional analysis of pathogenicity related genes (Leung et al., 1990; Valent and
Chumley, 1991). More recently, a complete genome sequence has become available.
Consequently, rice blast has emerged as a leading model system to study fungal-host
interactions.

The infection process
The infection process of the rice blast fungus begins with a sequence of morphogenetic
events that culminates in the formation of an appressorium. The formation of functional
appressorium is a prerequisite for successful colonization of host. Extensive research on
the appressorium formation and overall infection process has been prolific, revealing
pathways that are important for the appressorium formation in the rice blast fungus (Dean,
1997). The appressorium is formed from the short germ tube emerging from conidium,
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which can be distinguished from hyphopodia that emanate from hyphae (Emmett and
Parbery, 1975). The external cues for appressorium formation in plant pathogenic fungi
may vary. In the rust fungus, Uromyces appenticulatus, for example, appressorial
development is known to be triggered by topology of the contact surface which mimics
the ridge of the guard cell of the host (Hoch et al., 1987). The fungus gains entry into host
through stomatal openings. This mechanism of thigmotropic recognition may be
specialized for the rust fungus. In many fungi, including M. grisea, hydrophobicity of
surface has been shown to be an important factor in appressorium formation, again,
which mimics host surfaces. However, hydrophobicity does not appear to be essential for
certain fungi such as Erysiphe graminis (Nicholson, 1996). Along with physical
properties of the surface, substances from host leaves have been implicated in chemical
cues for appressorium formation. This was examplified by ethylene, a plant hormone for
ripening, in Colletotrichum spp. and cutin monomers in M. grisea (Flaishman and
Kolattukudy, 1994; Gilbert et al., 1996). It might be that fungal pathogens have
specialized infection stimuli adapted from their niches. Recently, the rice blast fungus
was shown to be able to adapt the strategy of root infecting fungi forming hyphopodia
when infecting underground parts of the host plant (Sesma and Osbourn, 2004). Thus,
fungal pathogens may have adopted to the ecological niches they occupy to infect host
plants. This adaptation can be sophisticated to meet their survival as in rust fungi while
other generalist pathogens such as Colletotrichum species might be less meticulous in
their recognition of environmental stimuli that result in infection structure formation.
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Features of the M. grisea genome
The genome of the rice blast fungus is about 40MB. The rice blast fungus represents the
first plant pathogenic fungus to be sequenced (Dean et al., 2005). There are estimated to
be over 13,000 genes in the haploid genome. The genome sequence has revealed the
presence of a large number of repetitive elements such as transposons and
retrotransposons in the genome. In rice production, durable resistance to the rice blast is
hampered by the emergence of new races. Transposable elements are one of the causal
agents of genetic variability (Fudal et al., 2005; Kang et al., 2001; Orbach et al., 2000).
Rice infecting strains are characterized with abundance of repetitive elements. This might
indicate that the presence of transposable elements in the genome may confer a genetic
flexibility to the plant pathogen. Another pronounced feature of the genome is the
presence of genes that might be important for sensing and communicating with the
environment, which was manifested by expansion of CFEM domain proteins and putative
G-protein coupled receptors (GPCRs) (Kulkarni et al., 2005). Often species specific gene
expansion is associated with the adaptation to the ecological niches. Compared to its
close relative Neurospora crassa (Galagan, 2003), the rice blast fungus is known to have
a larger repertoire of putative G-protein coupled receptors. Among those putative GPCR,
specific expansion of CFEM domain proteins are evident. Some CFEM domain proteins
have 7 transmembrane domains consistent with GPCRs. To support their role in
pathogenesis, pth11 was shown to be required for pathogenicity (DeZwaan et al., 1999),
and a CFEM domain protein, ACI1, was shown to bind MAC1, adenylate cyclase in M.
grisea (Kulkarni and Dean, 2004). MAC1 is also required for cAMP synthesis and
pathogenesis. The genome of two rice varieties have been published, recently (Goff,
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2002; Yu, 2002). The sequence of both rice and rice blast makes it the first plant host and
fungus combination available to investigate the interaction at the genomic level.
Comparison of gene content between the rice blast fungus and saprophytic N. crassa
revealed a number of interesting aspects. There are less proposed secreted proteins in the
N. crassa compared to the M. grisea, suggesting pathogen-specific genomic adaptation.
This is further supported by the presence of many consensus carbohydrate substratebinding domains. Analysis of M. griesa genome indicates an abundance of many
pathogenesis-related genes such as polyketide synthases, non-ribosomal peptide
synthases, enzymes required for terpenoid metabolism, ABC transporters, and MFS
transporters. These represent common themes in pathogenesis by plant pathogenic fungi.

Expressed sequence tag (EST) as a reagent for the functional genomics
cDNA library generation and accompanying EST sequencing is a central part of genomic
studies (Adams et al., 1991; Rudd, 2003). Since cDNA is generated from RNA, the
information contained in cDNA libraries is essential for the understanding of dynamics of
the transcriptome. Comparative EST analyses can provide insight into physiology of
host-pathogen interaction (Kahmann and Basse, 2001; Skinner et al., 2001), and help
prioritize analysis of genes using a spectrum of other functional genomics tools
(Sweigard and Ebbole, 2001). In higher eukaryotes, the transcriptional unit is unusually
monocistronic. Consequently, the full length cDNA library generation and EST
sequencing is an important step toward defining gene structure for in silico studies such
as gene prediction, transcriptional start site mapping, and defining promoters (Das et al.,
2001; The FANTOM Consortium et al., 2005). However, construction of full length
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cDNA libraries have been hampered by the presence of premature termination of Reverse
Transcriptase (RT) reaction during first strand synthesis (Carninci et al., 1998). Moreover,
the inherent redundancy of abundant transcripts makes EST sequencing not cost-efficient
toward for finding the full complement of expressed genes (Bonaldo et al., 1996).
Although, engineered versions of RT, for example RHase H-negative strain, provides
greater processivity to reach 5’ end of transcripts, it is also not straightforward to
determine if the resulting cDNA is full length. To this end, enzymatic manipulation of
transcripts before the first strand synthesis or capture of full length cDNA after first
strand synthesis has been attempted to construct cDNA library (Carninci et al., 2000). In
addition, affinity-based enrichment of full-length transcripts before cDNA generation has
been attempted (Edery et al., 1995). Another approach, oligo-capping, exploited the
tobacco acid phosphatase to tag eukaryote-specific cap structure with a known
oligonucleotide (Maruyama and Sugano, 1994). However, these methods often require
demanding techniques, require a large amount of starting material, and need processing
of RNA samples prior to cDNA synthesis. A simple procedure to synthesize full-length
enriched cDNA library construction method was devised using intrinsic terminal
transferase activity of reverse transcriptase, termed SMART (Switching Mechanism At
5’end of RNA Template) (Zhu et al., 2001). The protocol requires a minimal amount of
starting material, and employs a template switching mechanism which is enhanced by the
5’ cap structure (Schmidt and Mueller, 1999). Cloning is one of the critical steps in the
construction of cDNA libraries. The DNA ligase-based ligation step is subject to
variation. And, the selection of recombinant cloning is typically done using blue/white
selection using α-complementation. Recently, recombinational cloning strategy was
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introduced (Ohara and Temple, 2001). The cloning is mediated by lambda-based
integration and excision apparatus. Recombinant clones are selected on the basis of
negative selection. The cloning system was shown to have several advantages; it is more
robust and provides a higher level of recombination compared to conventional ligation, a
larger number of recombinants due to the selection on the replacement of a toxic gene in
the cloning vector, less size bias, and ease of transfer of inserts to an array of utility
vectors without gain or loss of nucleotides. Since the initial cloning step requires small
recombination sequences it can be easily constructed using a PCR-based approach. Thus,
the combination of SMART and the recombinational system would provide a powerful
and dependable strategy to construct deep coverage full length enriched cDNA libraries.

Functional analysis of genes in the rice blast fungus
Now that the field of structural genomics has become relatively mature, functional
genomics has surfaced with the aim of analyzing data from large scale sequencing, and is
rapidly evolving with advent of new technologies and paradigms. Early genomic studies
in the rice blast fungus produced a solid frame work such as cDNA library generation,
EST sequencing, large insert cosmid and BAC library construction. Targeted gene
knockout system is well established in the rice blast fungus. Due to the fact that many
filamentous fungi spend most of their life cycle in the haploid form, the effect of gene
deletion is often direct if the targeted gene is a single copy. Equipped with the feasibility
of gene targeting in the filamentous fungi compared to other higher eukaryotes, targeted
gene deletion has become a primary functional analysis tool. However, the rate of
homologous recombination and efficiency of DNA delivery into the cell remains far from
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optimal. Homologous recombination is often more efficient with longer (>1kb) matching
sequences. The cloning of long DNA sequence into a targeting construct can be a major
bottleneck. To help address this problem, the TAG-KO system was developed (Hamer et
al., 2001). The system employs transposon mutagenesis of large insert DNA in E. coli
which can then be used for homologous recombination in M. grisea. This technique may
be advantageous in saturation level mutagenesis of chromosomal regions of interest. Also,
long flanking sequences increase the rate of homologous recombination. However, the
technique is not well suited for high throughput analysis and presents a number of
technical

challenges.

To

overcome

relatively

low

transformation

efficiency,

Agrobacterium tumefaciens-mediated transformation (ATMT) was developed for
filamentous fungi, and was shown to dramatically increase the number of transformants
recovered (de Groot et al., 1998). ATMT has been used in the rice blast fungus for
insertional mutagenesis and detailed conditions for transformation have been developed
(Rho et al., 2001).
To increase the frequency of legitimate recombination and reduce the effort needed to
identify gene knockout transformants, two novel strategies have been developed. The
deletion of Ku70 and Ku80 which function in homologous end-joining of doublestranded DNA breaks was shown to increase the rate of homologous recombination
dramatically in N. crassa (Ninomiya et al., 2004). This results in a significant reduction
in the number of transformants that need to be screened to identify gene knockouts. The
strategy is promising for large scale mutagenesis studies. A second strategy employs the
use of a suicide gene such as HSV tk for positive-negative selection in combination with
a pro-drug such as Ganciclovir (Capecchi, 1989; Mansour et al., 1988). Since the current
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gene deletion strategy depends on double homologous recombination flanking target
region, ectopic and/or single integration event is likely to retain the suicide gene
expression cassette, enabling both negative and positive selection for sensitivity to prodrug and antibiotic resistance, respectively. The strategy was successfully employed in
Fusarium oxysporum and M. grisea (Khang et al., 2005).
The systems described above require cloning of targeting constructs although alternatives
have been developed. Budding yeast exhibits a high rate of homologous recombination
even with a short stretch of sequence homology. This facilitates the creation of PCRmediated deletion amplicons, obviating the cloning step (Wach et al., 1994). Adaptamermediated PCR has proven to be a powerful tool for facilitating efficient gene targeting in
yeast (Reid et al., 2002). The adaptamer-PCR strategy allows cloning-free generation of
deletion constructs, incorporation of relatively long flanking sequences, and
incorporation of various selectable markers. However, the ability of Taq polymerase to
amplify long sequences is limited. Another strategy, referred to a split-marker, may serve
as an efficient tool for gene deletion in filamentous fungi (Fairhead et al., 1996). Splitmarker relies on homologous recombination within the selectable marker, which most
likely occurs when the flanking sequences are in proximity, and presumably when both
DNA fragments have undergone homologous recombination with genomic DNA. As a
result, it is expected that most transformants exhibit knockout of the target gene.
Moreover, the sequences to be amplified by PCR are smaller compared to the whole PCR
amplicon by adaptamer-PCR, enabling more efficient generation of deletion constructs.
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Signal transduction pathways for appressorium formation
As fungi grow, they are continuously monitoring their environment. Outcome of this
communication may result in the elaboration of varying morphology and developmental
structures. Often, such developmental processes are linked to nutritional sources,
resulting in, for example, filamentous growth or formation of sexual structures. In
budding yeast, nitrogen starvation with a fermentable carbon supply results in the
formation of hyphae (Gimeno et al., 1992). Also, depletion of glucose serves as a cue for
haploid invasive growth in yeast (Cullen and Sprague, Jr., 2000). This process is closely
linked to intracellular signal transduction mediated by cAMP (Pan and Heitman, 1999).
Also, pheromone-responsive MAPK pathway is involved in polarized growth (Roberts
and Mosch, 1997). Such a dimorphic switch is not uncommon in pathogenic fungi. Many
animal and plant pathogenic fungi often exhibit a dimorphic switch, and this
morphological transition is often linked to pathogenicity. cAMP is known to be a
universal secondary messenger. cAMP induces morphogenesis in a variety of fungi. The
central effecter of cAMP is protein kinase A. The role of cAMP in pathogenic fungi has
been firmly established. Mitogen activated protein kinase (MAPK) pathway is another
crucial component of morphological development in pathogenic fungi.
cAMP induces appressorium formation in the rice blast fungus on a non-inductive
hydrophilic surface (Lee and Dean, 1993). PKA catalytic subunit deletion mutants exhibit
abnormal appressoria and reduced pathogenicity (Mitchell and Dean, 1995) (Xu et al.,
1997). Extensive research suggests that PKA and MAPK kinase pathways may interact as
well as act independently. Filamentous growth and invasive growth are the hallmark
phenotypes associated with PKA and MAPK pathways in yeast. Characterization of PKA
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catalytic subunits and STE12 in budding yeast suggested independent roles for PKA in
unipolar budding and MAPK in cell elongation with both affecting invasive growth (Pan
and Heitman, 1999). In the rice blast fungus, it was also shown that the two pathways
play a distinct role in nutrient mobilization (Thines et al., 2000). Recent studies to dissect
PMK1-related MAPK pathway suggest that divergent input and output of the pathway
might exist even with apparent conservation in the modular structure of the MAPK
pathway (Li et al., 2004; Park et al., 2002; Zhao et al., 2005). Interestingly, MST12, a
STE12 homolog in the rice blast fungus, appears to have PKA phosphorylation sites,
implying interplay between cAMP/PKA and MAPK pathways.
14-3-3 is an interesting molecule that has a potential role in the interaction of MAPK and
PKA (Dumaz and Marais, 2005). 14-3-3 was first identified as a protein that is abundant
in brain tissue. Subsequently, it has been found to play an indispensable role in many
signal transduction pathways, and is a universal protein in eukaryotes. Putative roles of
the 14-3-3 protein includes allosteric enzyme modulator, phosphoprotein binding activity,
scaffolding of proteins, regulation of subcellular localization, cell cycle control, and
exocytosis. So far, functional studies in fungi are limited. In budding yeast, deletion of
both copies of 14-3-3 is lethal. However, in a certain genetic background, deletion of
both copies of 14-3-3 was shown to be viable (Roberts and Mosch, 1997). The deletion
strain (bmh1/bmh2) showed pleiotropic phenotypes such as sensitivity to genotoxic
substance, and pseudohyphal growth, suggesting a role in cell cycle progression and
polarized growth. Also, the double deletion strains showed an altered ability to grow on
alternative carbon source and sensitivity to osmotic stress. However, individual deletion
of either bmh1 or bmh2 did not exhibit dramatic sensitivity to those conditions,
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suggesting functional redundancy. Interestingly, BMH1p and BMH2p were shown to
bind an upstream element of pheromone-responsive MAP kinase component, STE20p, a
p21-activated kinase. In A. nidulans, overexpression affected conidiation and polarized
growth (Kraus et al., 2002). The expression of a truncated construct in Trichoderma
reesei rescued a secretion defect phenotype and showed elevated invertase activity in
budding yeast (Vasara et al., 2002). The multi-faceted role of the protein is manifested
through modulation of enzyme activity, modulation of transcription factor activity (Beck
and Hall, 1999; Igarashi et al., 2001), and regulation of nucleocytoplasmic shuttling of
cdc25 (Graves et al., 2001; Lopez-Girona et al., 1999). Importantly, 14-3-3 proteins
modulate MAPK kinase pathway through PAK (Roberts and Mosch, 1997), raf (Irie et al.,
1994), MAPKKK (Adams et al., 2002; Fanger et al., 1998), and possibly downstream of
a GTPase Rac1 (Hurtado and Rachubinski, 2002). Genetic interaction of yeast 14-3-3,
BMH1 and BMH2, with PKA (Gelperin et al., 1995) suggest that 14-3-3 protein is a
participant in actin organization through MAP kinase and cAMP/PKA components (Roth
et al., 1999) (Eby et al., 1998; Holly and Blumer, 1999). However, a role for 14-3-3 in
fungal phytopathogenic fungi has not been determined.

Secreted proteins and pathogenesis in the rice blast pathosystem
Secreted proteins play a pivotal role in plant-microbe interactions. Although this class of
proteins includes a broad range of functionality such as regulatory roles, enzymatic
activity, and structural roles, the function of secreted proteins in the biotic interaction is
ambiguous. Secreted proteins have been of central interest in plant pathology. Early
studies focused on hydrolytic enzymes which degrade host components during infection
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and colonization. Such hydrolytic enzymes serve as virulence factors rather than
pathogenicity factors (Schafer, 1994). In the rice blast fungus, a cutinase gene, CUT1,
was disrupted without affecting pathogenicity (Sweigard et al., 1992). Also, deletion of
two xylanases, representing about 80% of xylanase activity in stationary phase of growth,
did not affect infection of the fungus (Wu et al., 1997), and the study revealed additional
xylanase activities. This substantiates the view that cell wall degrading enzymes play
ancillary roles to “basic compatibility factors” (Walton, 1994). Thus, the importance of
secreted cell wall degrading enzymes in fungal pathogens is not clearly defined.
However, recent characterization of SNF1 kinase homolog in Cochliobolus carbonum
and Fusarium oxysporum suggests that overall cell wall degrading enzymes may affect
pathogenicity in plant pathogenic fungi (Ospina-Giraldo et al., 2003; Tonukari et al.,
2000).

Interestingly, deletion of a MAP kinase Gpmk1, a PMK1 homolog, in F.

graminearum, caused delayed induction of a subset of secreted hydrolytic enzymes that
might be important for the infection process (Jenczmionka and Schafer, 2005). However,
the cause and consequences of the observation is not clear.
In contrast to enzymes that degrade the host cell wall, other studies revealed that the
disease relationship between the pathogen and host plant is determined by dominant
genetic factors, termed avirulence genes in the pathogen and resistance genes in the host.
The concept was elaborated by Keen, proposing that the avirulence-R-gene interaction is
mediated by a ligand-receptor mechanism (Keen, 1990). However, direct physical
interaction between the avr gene product and the R gene product has been rarely found.
Thus, this model was subsequently modified to yield the guard model (Dangl and Jones,
2001). The guard model proposes that the avr gene product forms a complex with its
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virulence target. The virulence target is guarded by an R protein. Thus, when an avr
product enters the host cell, and interacts with its virulence target, this complex is
recognized by the R protein, which activates resistance responses. Using extensive map
based cloning, an avirulence gene, avr-Pita was cloned in M. grisea (Orbach et al., 2000).
As a rare case, physical interaction of Avr-Pita and Pita gene was shown using yeast two
hybrid, and a mutation harbored in the susceptible host cultivar prevented the physical
interaction (Bryan et al., 2000; Jia et al., 2000). It is not known how the Avr-Pita gains
access to the rice cytoplasm for physical interaction. However, interesting insight may be
gained from comparative studies in the malarial parasite and Oomycetes. Research in the
malarial pathogen, Plasmodium falciparum, revealed molecular machinery that delivers
parasitic proteins into host cells, termed the host cell targeting (HCT) signal (Hiller et al.,
2004). This process is essential for remodeling the host cell, protection from the host
immune response, and establishment of parasitism. Recent studies of Oomytcetes
avirulence gene products unveiled the presence of similar motifs in protein sequences of
avirulence gene products and the possibility of a similar mechanism Oomycete-plant
interaction (Armstrong et al., 2005; Birch et al., 2006). This is consistent with the
cytoplasmic localization of many R-gene products hypothesis where by avirulence gene
products are delivered into host cytoplasm. Thus, these findings shed light on a possible
existence of evolutionarily conserved infection mechanism in both plant and animal
pathogens. However, it is not known if true fungal avirulence gene products are delivered
into host cytoplasm in a similar manner. This will be a fascinating future area of research.
Even though no universal conserved structural motifs have been found in avirulence gene
products, it has been suggested that a surveillance system in host plants may detect
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function such as enzymatic activity, rather than structural motifs (Shao et al., 2003). This
is further supported by the fact that many avirulence gene products are proteases.
Moreover, protein turnover is an important theme with regard to the activation of plant
defense systems (Austin et al., 2002). This might lead to targeted and more specific
research for screening of avirulence gene activity.
Recently, a targeted approach to the identification of secreted protein during pathogenic
interaction was focused on haustorially expressed secreted proteins from a rust pathogen,
revealing enrichment of potential avirulence genes (Catanzariti et al., 2006). Secreted
proteins represent a broad functional category ranging non-specific cell wall degrading
enzymes to specific avirulence gene products. Thus, it is important to identify secreted
proteins in a target specific manner from a pathogen to better understand both mechanism
of pathogenesis and defense.

Current approaches in identifying secreted proteins
Most secreted proteins harbor a signal peptide at the N-terminus. Signal peptides are
short, and have 3 distinct regions with regards to the physical properties of the amino
acids. Heavy dependence has been placed on the use of signal prediction software.
SignalP is one of the most widely used software tools (Bendtsen et al., 2004). Some
potential problems of using such software with annotated genomes include i) inaccurate
genome annotation, ii) different translation start sites in vivo, iii) exportation of proteins
out of the cell using different mechanisms. The current status of gene predictions may be
accurate with regard to defining regions with gene coding potential. However, delineating
borders such as exon-intron borders and 5’ and 3’end of genes remains challenging. This
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may be due to the fact that there is insufficient information on those regions such as
promoter and transcription start site or the motif is too small to be detected with
confidence. It is known that variation on the utilization of mRNA template contributes to
the localization of protein. One example is the invertase gene in S. cerevisiae which uses
the same locus to encode cytoplasmic and extracellular invertase depending on the
translational start site. Not all proteins are secreted by the conventional secretory
pathways. Those proteins are processed in the cell and exported out of the cell by ATPBinding Cassette transporters, suggesting ABC transporters play an important role in the
export of some secreted proteins. A large scale EST data analysis of the plant pathogen,
Phytophthora infestans, using exploitation of bioinformatic approaches and functional
assays was successful to identifying novel pathogen effector proteins (Torto et al., 2003).
It is clear that genomic data, whether annotated or not, has to be verified using
experimental approaches. The first version of a signal sequence trap (SST) method
utilized a vector construct that had a cloning site, an epitope, and a transmembrane
domain protein as a translational fusion (Tashiro et al., 1993). If DNA inserted in the
cloning site provided a start codon and signal peptide, the protein was expressed. The
presence of signal peptide brings the translation product to the plasma membrane where
the protein is trapped by the transmembrane domain with the epitope exposed outside of
the cell. The original method possessed some drawbacks. First, the address of the positive
clone needed to be confirmed by performing individual screens since a pooling strategy
was used for initial screening. Second, if a very large and complex library was to be
screened, it required a deep coverage transfection, a labor intensive pooling, and
readdressing procedure. Reporter gene strategies are attractive because phenotypes can
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be easily identified with visual inspection such as chromogenic reaction using
phosphatase reaction (Chen and Leder, 1999). Alkaline phosphatase has been used
extensively as a reporter because it is robust and a wide variety of substrates are available.
However, reporter-based strategies also suffer when a complex and large library needs to
be screened.

Thus, experimental systems that combine the ease of screening and

capability of handling a complex library are needed. Furthermore, selection systems
based on nutritional requirement or drug-sensitivity are preferred. In this respect, the
yeast invertase-based system is attractive (Klein et al., 1996). The yeast invertase, SUC2,
encodes both cytoplasmic and extracellular forms, depending on the translational start
site used. The invertase-based secretory protein selection system uses the cytoplasmic
form of invertase gene without a start codon. Foreign DNA is inserted at the 5’-end of
invertase. If the foreign DNA provides a start codon and signal peptide, the fusion protein
will be exported and sucrose is utilized as a carbon source. The recipient mutant strain is
deficient in suc2, and can not grow on medium containing sucrose as a sole carbon source.
Besides the use of invertase as a selectable marker, a chromogenic invertase assay is easy
to perform and provides quantitative data. The assay can be exploited to confirm the
presence of secreted invertase in growth medium. Thus, invertase as both reporter gene
and selectable marker provides an efficient method for identifying secretory proteins
using yeast as a proxy host.
E. coli also has been used as a host to screen and identify secreted proteins from
eukaryotic cells, and functions based on the observation that signal peptides in both
eukaryote and gram negative bacteria are often similar (Tan et al., 2003). Translational
fusion proteins are excreted into the periplasmic space where the translational fusion
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protein confers antibiotic resistance and chromogenic enzymatic activity.

Since

prokaryotes have no cellular organelles and there is some evidence on the inter-specific
statistical variation on signal peptide functionality, such a system may not be most
appropriate for screening eukaryotic sources.
Microbial cell surface display systems are quite attractive and efficient to investigate in
vitro protein-protein or protein-ligand interactions. Deep coverage libraries can be made
with ease, and the screening process is often efficient. The yeast cell surface display was
used to generate scFv antibody library and affinity maturation (Boder and Wittrup, 1997;
Feldhaus et al., 2003). scFv antibody library was made and screened against antigens.
The yeast display system allows separation of positive cells by techniques such as
magnetic beads and a high capacity fluorescence activate cell sorter (FACS). Either of
these methods or the combination of both allows screening of very deep coverage
libraries by reducing the number of cells to be screened at each step. Since the system
uses eukaryotic cells, the proteins that are secreted and displayed are under strict quality
control during the translocation from endoplasmic reticulum and Golgi apparatus, there is
less concern about protein activity or confirmation of displayed proteins even though
there may be differences in protein adornment and processing. Thus, the combination of
efficient selection and enrichment strategies such as FACS will enable genome-wide
screening of target molecules, and facilitate functional characterization of genes with
unknown function. Also, the development of an efficient genome-wide screening tool
will contribute to genome annotation, discovery of new genes, and functional motifs.
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Application of microarray for molecular localization and functional genomics
DNA microarrays have revolutionized molecular biology and genomics sciences (Schena
et al., 1995). The ability to measure expression levels of thousands of genes at a time has
made it possible to identify genes that are involved in certain conditions such as cancer
classification, developmental processes, and responses to external perturbations.
Typically, DNA microarrays are used for hybridization of targets and probes, probing
quantitative expression level of genes or qualitative presence or absence of targets in a
complex mixture of nucleic acids. However, the microarray format is also suited to probe
other interactions such as DNA-protein interactions. Microarrays can be constructed
using proteins, and used to detect interaction with other proteins, nucleic acids or other
molecules (Ptacek et al., 2005; Zhu et al., 2000).
It is well-known that measurement of steady-state transcript levels is not the sole
indicator of the activity of the gene and gene product. There are many factors that affect
the activity of genes and their protein products. The localization of transcript message
and protein products provides an important clue as to function. This is well documented
during the developmental stages of a variety of organisms. Even in unicellular organisms
such as S. cerevisiae, mRNA and protein localization plays an important role such as
ASH1 gene that functions in the budding process (Shepard et al., 2003).
While proteins that are destined to be cytosolic are translated in the free cytosolic
ribosomes, proteins that are to be transported out of the cell are translated on ribosomes
that are bound to ER membranes. However, there are exceptions. There are two
mechanisms by which protein translocation into ER lumen occurs other than exportation
by ABC transporters. One is a co-translational process, and the other is a post-
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translational process. The former mechanism is characterized by the recognition of the
signal peptide by signal recognition particle. The nascent protein/mRNA/ribosome
complex is brought to the ER membrane by signal recognition particle (SRP) with
arrested or slowed translation. As translation proceeds, the protein is inserted into the ER
lumen and processed. Post-translational translocation is mediated by Sec complex
including Sec61 protein and BiP with at least two distinct steps: substrate binding to the
channel and translocation (Rapoport et al., 1999). It is postulated that mode of
translocation is determined by the strength of signal peptide such as hydrophobicity (Ng
et al., 1996). Cell biology techniques can separate cellular organelles, and is also possible
to fractionate ER membrane and cytosolic fraction along with ribosomes and mRNA into
different fractions. Mitochondria targeted genes have been investigated using similar
approaches (Marc et al., 2002). Cellular contents are separated using density gradient
ultra-centrifugation or differential sediment centrifugation. In combination with high
throughput microarray, these techniques were used to discriminate transcripts encoding
membrane-bound and secreted proteins from transcripts encoding cytosolic proteins in
budding yeast and human (Diehn et al., 2000; Toyoda et al., 2003). Many transcripts
were found in both fractions, which were speculated not to be erroneous but due to
unknown biological reasons. Using mammalian cells, a similar approach confirmed an
existing catalog of secreted and membrane-bound protein, corrected prediction, and/or
found novel genes (Toyoda et al., 2003). Thus, exploitation of both existing and new
technologies will likely add significantly to our knowledge of the rice blast transcriptome.
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Conclusion
The genome sequencing of M. grisea paved the avenue for functional analysis of its
genomic content. Bioinformatics is an essential part of genomic studies, providing a
roadmap for experimental investigations. Recent reports on large scale EST analysis
suggest that the complexity of transcriptome might be more than we expected. Discovery
of micro RNAs and non-coding RNAs in other organisms strongly suggest that similar
findings may be forthcoming in filamentous fungi, too. Also, the detection and
characterization of these RNA might lead to the discovery of novel regulatory roles.
Thus, functional genomics based on expression analysis will play an essential part of
future research. Budding yeast has served as a workhorse of functional genomics in a
variety of capacities, leading to the development of technology and transfer of knowledge
to other systems. Filamentous fungi are much more diverse, and exhibit a broad range of
phenotypes that are not present in the budding yeast such as infection-related
development, diverse sexual structures, and diverse ecological niches they occupy. The
main bottle neck remains the development of strategies for high-throughput functional
analysis of gene content. Progress of functional genomics in the rice blast fungus has
been prolific, owing to the generation of genome sequencing, availability of high-density
microarrays, development of large scale transformation system such as ATMT, and a
large pool of insertional mutagenesis strains. Future research will include expressionbased functional analysis. Microarray remains a major platform for functionally linking
to sequence data. Expression profiling will provide a valuable checkpoint for prioritizing
functional analysis through over-expression, targeted knockout, and possibly through
RNAi-based knockdown approaches. However, there are other opportunities to be
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explored such as the generation of non-homologous end joining (NHEJ)-deficient strains
for high efficiency homologous recombination for targeted mutagenesis as in N. crassa,
protein over-expression using cDNA library resources for functional studies, and large
scale protein-protein interaction studies for identification of host-pathogen interactions
and elucidation of pathogenicity mechanisms inside the pathogen.
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Abstract

cDNA libraries represent a central part of genomic studies. They serve as a
reagent for large scale EST analysis, gene model prediction, expression profiling, and
protein expression. Large scale cDNA sequencing projects have facilitated discovery of
novel genes. Also, cDNA libraries generated from condition-specific, tissue-specific or
certain developmental processes have provided insight into physiology of the biological
process under investigation. cDNA library construction and EST sequencing can be a
cost-effective way for genome investigations. However, cDNA libraries typically suffer
redundancy that is inherent in RNA populations from which libraries are made. Thus,
cDNA normalization is frequently employed. To aid annotation of genome sequences,
recent studies have been focused on the construction of full length cDNA libraries.
However, construction of a full length cDNA library often requires demanding
techniques and a large amount of starting materials. SMART (Switching Mechanism At
5’ end of RNA Template) technology offers a straightforward approach for creating full
length enriched cDNA libraries. In this work, we combined a recombination cloning
strategy with SMART technology to construct a cDNA library from the rice blast fungus,
Magnaporthe grisea. We also demonstrated that the cDNA library could be readily
normalized. Sequence analysis suggested that the library was enriched for full length
cDNAs, and contained cDNA clones for novel transcripts. Thus, our method provides an
efficient way of generating full length enriched normalized cDNA libraries.
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Introduction
Full length cDNA is invaluable for numerous molecular biology and genomic
studies (Das et al., 2001). Early efforts to find genes in complex genomes were greatly
facilitated by large scale EST (expressed sequence tag) sequencing of cDNA libraries
(Adams et al., 1991). Subsequently, EST sequencing has greatly aided identification of
genes involved in certain stages of development for large scale whole genome sequencing
projects (Bonaldo et al., 1996). It is a cost-effective way of identifying genes in complex
genomes. However, large scale EST sequence typically suffered from problems with
redundancy that is inherent in disproportional mRNA population in cells, and results in
biased sequencing of abundant messages. To this end, cDNA libraries are often
normalized to increase the complexity of the library and to facilitate the finding of new
genes (Bonaldo et al., 1996; Soares et al., 1994) .
In addition to the importance of cDNA library generation for EST sequencing,
cDNA libraries are indispensable reagents for functional genomics. Since comparative
analysis of EST data may reflect the physiological condition under investigation,
occurrence of genes in certain conditions may provide clues to the function, leading to
prioritization for functional analysis. Often, cDNA is the template for protein expression
studies. cDNA clones with known sequence information can be directly used for protein
expression. Recently, large scale proteomic approaches have been undertaken using
cDNA libraries (Lamesch et al., 2004; Luan et al., 2004; Rual et al., 2004). Thus, cDNA
generation and EST sequencing data are the bridge between structural and functional
genomics.
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More recent efforts have been focused on constructing full length cDNA libraries.
Full length cDNA offers several advantages. First, full length cDNA can contribute to the
generation of more accurate gene models or defining transcription units. Large scale EST
analysis from full length cDNA libraries has indicated that transcriptional activity of a
genome can be at least an order of magnitude larger than in silico gene prediction (The
FANTOM Consortium et al., 2005). The data also indicate that variation arising from
alternative splicing, use of alternative uses of promoter and polyadenylation sites is
greatly underestimated. Furthermore, full length cDNA is more useful for protein
expression studies. Recent ORFeome approaches have shown the utility of cDNA
libraries for large scale protein expression and protein-protein interaction studies (Reboul
et al., 2003; Rual et al., 2005). Thus, deep coverage full length cDNA libraries are
essential for functional genomic and proteomic studies. However, a difficulty with the
generation of full length cDNA libraries is the lack of defined 5’ sequence compared to
poly-A tailed 3’end. cDNA library construction exploits the 3’ poly-A tail. Often, full
length cDNA generation is limited by premature termination of reverse transcriptase (RT)
(Carninci et al., 1998). cDNA library generation has been traditionally done with first
strand synthesis RT and second strand synthesis using bacterial or phage origin DNA
polymerases such as E. coli DNA polymerase I and T4 DNA polymerase (Gubler and
Hoffman, 1983). Subsequently, several steps of ligation and purification are usually
followed, producing limiting amounts of cDNA for library generation.

Recently, a

strategy for cDNA library generation was developed exploiting an intrinsic enzymatic
property of RT (Schmidt and Mueller, 1999; Zhu et al., 2001). MMLV RT has the
enzymatic property of terminal transferase. SMART cDNA technology obviates the need
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for adaptor ligation. Terminal transferase activity allows the addition of a switching oligo,
so that the switching oligo can be used to synthesize the second strand. Switching is more
efficient with full length mRNA which has a specialized cap structure (Schmidt and
Mueller, 1999). Also, cDNA with premature termination of RT would be amplified in a
linear fashion compared to the exponential amplification of full length cDNA with an
intact 3’ and 5’ end. With the known 5’ and 3’-ends, it is possible to amplify the cDNA
by PCR, again obviating the chance of limiting amounts of final cDNA for ligation used
in traditional cDNA library construction. Thus, full length cDNA is enriched in the final
PCR product for cloning.
Cloning into sequencing vectors is prone to variation. During library construction,
the final ligation step is one of the most critical steps for deep coverage library generation.
Traditionally, cloning is usually performed using DNA ligase. Recently, several in vitro
recombination enzymes have been commercialized. Among those, the Cre-lox system has
been used extensively for in vivo recombination. The directional in vitro recombination
cloning (RC) using lambda-based recombination system is quite efficient (Hartley et al.,
2000; Ohara and Temple, 2001). The original enzymes were modified to confer
specificity, providing directionality in recombination. Furthermore, there is no net loss or
gain of sequences that are subject to recombination. With a magazine of vector systems
and modularity, it is possible to transfer library inserts in a donor vector to any
destination vector with appropriate recombination sites without loss of any sequence.
Moreover, the efficiency of the reaction is quite high, easily surpassing conventional
DNA ligase. Thus, recombinational cloning is an attractive system for the generation of
complex DNA libraries. Furthermore, the starting material only requires ~30bp sequence
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for recombination which is readily amenable to PCR amplification. Here, we report an
efficient method that combines the advantages of SMART and recombinational cloning
(GATEWAY) for the generation of normalized cDNA libraries.

Materials and methods
Total RNA preparation
RNA was prepared from mycelia of the rice blast fungus, Magnaporthe grisea 7015 strain. Fungal tissue was collected 48 hrs after growth in liquid complete medium
(CM; 6 g yeast extracts, 6 g casein, 10 g sucrose, and 1 ml of A. nidulans trace element
solution per liter), and washed with sterile distilled water. The sample was ground with
liquid nitrogen to a fine powder. The sample was extracted with Trizol following the
manufacturer’s instruction. Poly–A RNA was isolated using PolyA tract kit from
Promega.

cDNA generation and cloning
The method presented here is shown schematically in Figure 2.1. Before cDNA
synthesis, the RNA sample was size fractionated using a Chromaspin DEPC-1000
column (Clontech) to enrich for high molecular weight mRNA. First strand cDNA was
generated as follows: mRNA sample was mixed with 1 µl of 10 µM of attB2-First
oligolinker (GGGGACCACTTTGTACAAGAAAGCTGGGTTTTTTTTTTTTTTTTTT
TTV) and

1 µl attB1-Switch oligo (GGGGACAAGTTTGTACAAAAAAGCAGGCT

rGrGrG), where r denotes ribonucleotide. The mix was heated at 72 °C for 2 min to
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resolve secondary structure and priming site for attB2-First. The mix was quenched on
ice for 5 min. Then, 1 µl of 10 mM dNTP, 1 µl of RNase inhibitor (RNasin), 2 µl of RT
buffer, and 1 µl of Superscript III reverse transcriptase (invitrogen) were added. The RT
reaction mix was transferred to 42 °C, and incubated for 30 min at 42 °C, and 30 min at
55 °C. The first-strand synthesis reaction was then subjected to alkaline RNA hydrolysis
by adding 1 µl of 25 mM NaOH and incubation at 68 °C for 30 min. Resulting ss-cDNA
was

amplified

using

2

µl

of

the

reaction

mix

and

the

primers

attB1

(GGGGACAAGTTTGTACAAAAAAGCAGGCT) and attB2 (GGGGACCACTTTGT
ACAAGAAAGCTGGGT). We used Expand Hi-Fidelity PCR system (Roche) or other
hi-fidelity Taqs in a total volume of 100 µl. PCR conditions were as follows: 94 °C for 2
min for initial denaturation followed by 22~26 cycles of 94 °C for 20 sec, 65 °C for 30
sec, and 68 °C for 5 min. PCR products were run on 0.9 % regular agarose gel for
average size estimation. PCR products were purified and size fractionated using
Chromaspin 1000. Cloning was done using BP clonase from Invitrogen following
manufacturer’s instruction. The donor vector was pDONR221 (Invitrogen). The BP
reaction mix was extracted with phenol/ chloroform and precipitated with ethanol. The
resulting pellet was resuspended in 5 µl of distilled water and used for transformation into
electrocompetent E. coli DH10B cells. For comparison of this method with the existing
SMART method, the same starting material was used in parallel following the
manufacturer’s instructions.

49

cDNA library normalization
cDNA library normalization was performed using double strand specific nuclease
(DSN) (Zhulidov et al., 2004). Briefly, first strand cDNA was generated using the
primers noted above. At the completion of the first strand cDNA synthesis, cDNA was
extracted using phenol/chloroform, and subsequently precipitated using ethanol. The
sample was resuspended in distilled water. Denaturation was done at 98 °C for 3 min and
reassociation was done at 70 °C for 4 hrs. After 4 hrs, the sample was digested with DSN
to remove reassociated DNA/RNA heteroduplexes as described. The sample was
amplified using PCR for 20 cycles. The result was compared to non-normalized cDNA
on a regular agarose gel.

Sequence analysis
99 clones were randomly picked for sequence analysis. Sequencing was done
using M13 forward primer to verify the 5’ end of the insert. Sequencing was done using
BigDye terminator chemistry. The sequencing data was analyzed using Phred/Phrap
(Ewing et al., 1998). Sequence assembly was done using CAP3 (Huang and Madan,
1999). BLAST analysis was done against GenBank database and in-house BLAST
facilities.
Results
cDNA library construction strategy
To construct a full length cDNA library, a method that utilizes the template
switching mechanism was exploited. As depicted in Figure 1, first strand cDNA was
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generated using a linker with the oligo-dT and attB2 sequence. The switching oligo
contained attB1 and 3 bases of ribo-Gs. To check the efficiency of the primer design, the
cDNA generation procedure was compared to the original SMART cDNA library
construction procedure. Figure 2.2 shows that the cDNA generated from the SMART and
GATEWAY-SMART shared similar size profiles and banding patterns. This shows that
cDNA generation is efficient and that the switching oligo worked correctly at the 5’ end
of the transcript. Also, both methods used a directional cloning system.

cDNA library normalization
cDNA library was normalized using DSN. cDNA profiles were compared
between the samples before and after the normalization. As shown in Figure 2.3, cDNA
bands were observed in the non-normalized library. However, in the normalized cDNA
sample, no discrete bands were apparent, suggesting the sample was indeed normalized.
This was further confirmed by macroarray hybridization using randomly picked clones.
Hybridization with non-normalized cDNA exhibited strong spots with high signal
intensities (Figure 2.4A). These clones represent highly abundant cDNA species.
However, hybridization with normalized cDNA showed diminished signal intensities
with more even distribution of signals (Figure 2.4B). Taken together, these data strongly
indicate that the normalization procedure was effective.
Cloning
One of the critical factors in deep coverage cDNA library construction is the
cloning step. Unlike the typical ligation-mediated cloning step, we found the GATEWAY
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recombination to be efficient and consistent. For cloning the cDNA library, pDONR210
was used. Recombinant cloning resulted in >106 independent clones. It is well known that
small fragments are preferentially cloned ligase-based system. Hartley et al suggested
that the GATEWAY system showed less bias toward small fragments (Hartley et al.,
2000; Ohara and Temple, 2001). Randomly picked colonies were mini-prepped and insert
size was determined by restriction enzyme digestion. The recombinational sites (attB1/2
and attBL1/2) have flanking BsrGI restriction enzyme sites. The size determination by
restriction enzyme is shown in the Figure 2.5. The average insert sizes for nonnormalized and normalized libraries were 0.9 kb and 1.1 kb, respectively. The analysis of
other clones from other independent experiments yielded no evidence for a size bias.
Thus, our data suggest that the normalization procedure retained a broad spectrum of full
length clones.

Sequencing
To determine the enrichment of full length cDNAs, 5’ end sequencing was done
using M13 forward primer. Ninety nine sequences were analyzed. Fifty sequences were
from non-normalized library, and 49 sequences were from the normalized cDNA library.
Assembly of the non-normalized cDNA library using CAP3 resulted in 5 contigs and 37
singletons. These contigs contained 2~4 clones and accounted for a total of 13 sequences.
Thus, the non-normalized cDNA library showed 26% of redundancy. In stark contrast to
the non-normalized library, no contig was formed in normalized cDNA library, again
strongly suggesting that the methods we used were effective.
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BLAST analysis was done using the obtained sequence data, and is summarized
in Table 2.1. Similar number of hits to M. grisea genomic sequence and other sequences
in Genbank were found for both non-normalized and normalized cDNA sequences.
However, almost twice the number of hits was generated from non-normalized cDNA
compared to the normalized cDNA sequences when compared to M. grisea ESTs. The
discovery of a high number of novel EST in the normalized cDNA sequences, again,
strongly indicated that normalization was effective.
In 5’ region of the sequences, a putative start codon (ATG) was found in most
every sequence. From the 99 sequences analyzed by BLASTX, 47 matched an annotated
M. grisea protein sequence (Table 2.2). Among these, we were able to identify 26 ATG
start codon (55% of sequences retrieved) based on the predicted annotation. Further
manual inspection on the predicted ORFs suggested that at least 70% of the sequences
encompass the start codon. Thus, sequencing data suggests that this SMART in
combination with recombinational cloning is an efficient strategy for constructing
normalized cDNA libraries.

Discussion
In this report, we generated a cDNA library using SMART and GATEWAY
recombinational cloning system. The main advantage of this method is the ease of
generating full length enriched cDNAs. The template switching mechanism is enhanced
by the presence of a 5’ cap structure and when the RT reaction is carried out at an
elevated temperature (Schmidt and Mueller, 1999). These facts make SMART a system
of choice for cDNA library construction. Cloning systems based on ligase usually require
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restriction enzyme digestion. The PCR amplification of cDNA showed that the
amplification pattern of the original SMART and recombinational SMART is almost
identical. First, PCR amplification will be exponential for the full length cDNA where
template switching has occurred while linear amplification will be dominant for
templates without template switching. Second, cDNA with internal priming will be
amplified less efficiently due to the PCR suppression effect (Matz et al., 1999; Shagin et
al., 1999). Finally, use of long primers (~30 bases) should exclude non-specific
amplification. In addition, cDNA with internal priming will not be cloned since the
cloning is directional and requires two different sequences for recombination. Even
though a large portion of sequenced cDNA clones appeared to be full length, some
transcripts may not have been. There are several possible explanations. First, template
switching is more efficient with full length transcripts. However, template switching does
occur for truncated transcripts, thus, producing non-full length cDNAs. Quality of RNA
sample is of prime importance for SMART. Second, Gene predictions are notoriously
inaccurate. For example, BLAST analysis of the RADNLIB001af2_G11 clone indicated
that annotation of this gene was not correctly modeled. The sequence showed a similarity
to a previously characterized mitochondrial NADH-ubiquinone oxidoreductase 19.3 kDa
subunit in Neurospora crassa (Sousa et al., 1999). However, the homologous protein
MG07256.4 in M. grisea was not predicted correctly.
The overall strategy described in this work for generating cDNA libraries offers
several advantages compared to other methods. First, this method reduces hand-on time
due to the elimination of several steps that are required for cloning (for example,
restriction enzyme digestion and prolonged ligation steps). Second, deeper coverage
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libraries can be generated due to high cloning efficiency compared to the DNA ligase
with less variation. Third, size bias toward smaller fragment is less pronounced according
to other literatures (Hartley et al., 2000; Ohara and Temple, 2001). It remains to be
determined whether increasing the size of vector may affect cloning of larger fragments
as in ligase mediated cloning (Carninci et al., 2001).
From limited sequencing, we were able to identify novel ESTs that were not
identified previously in large scale (>40,000) EST sequencing projects. The finding of the
novel transcripts might be ascribed to several factors. First, the cDNA library in this work
was normalized. Thus, representation of rare transcripts in the library has been achieved.
Second, we employed PCR amplification of cDNA. PCR amplification might distort the
proportion of cDNAs, deviating from the original proportion. This might lead to the
representation of rare messages. Regardless, the data suggest that cDNA library
normalization was effective, and there are many much more transcripts remaining to be
discovered, particularly since we sequenced relatively few numbers of clones. Further
more, large-scale EST sequencing analysis suggests that current gene annotation might be
significantly underestimated, and the actual number of the “transcriptional units” might
be larger by an order of magnitude (The FANTOM Consortium et al., 2005).
In this work, we integrated recombinational cloning procedure with SMART
cDNA library construction technology. We showed that this method is amenable to
library normalization step, and that normalization was effective. Thus, this method
represents an efficient strategy for construction of normalized full length cDNA libraries.
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Table 2.1 BLAST analysis of non-normalized and normalized cDNA libraries
BLAST/Databasesa
BLASTN/MG_genome
BLASTX/nr
BLASTN/MG_EST

a

Non-normalized (% hit)b
43 (86)
22 (44)
36 (72)

Normalized (% hit)
46 (94)
25 (51)
15 (31)

BLAST programs and BLAST databases used for analysis. MG_genome, nr, and

MG_EST are BLAST databases that contain M. grisea genomic sequences, nonredundant GenBank sequences, and M. grisea ESTs, respectively.
b

The number of matches found with e-value cutoff of 1e-5. % hit denotes the percent of

non-normalized and normalized sequences with a significant match in their respective
databases.

Total of 99 sequences were used for BLAST analysis (50 from non-normalized and 49
from normalized cDNA libraries, respectively). Comparison of hits generated by BLAST
against genomic and EST sequences suggests that less hits were generated from EST
sequences. This suggests that normalization was effective for recovering rare messages.
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Table 2.2 BLAST analysis of cDNA sequences
Clone

a

FL

b

Genome

c

Genes

RLIB001af2_E04

F

Mg

gb|EAA47404.1| hypothetical protein MG02647.4

RLIB001af2_A05

F

Mg

gb|EAA53444.1| hypothetical protein MG07721.4

NLIB001af2_G12

F

Mg

gb|EAA54132.1| hypothetical protein MG02117.4

NLIB001af2_G11

F

Nc

sp|O47950|NUKM_NEUCR NADH-ubiquinone oxidoreductase

NLIB001af2_G06

F

Mg

gb|EAA47467.1| hypothetical protein MG02710.4

NLIB001af2_G05

F

Mg

gb|EAA52611.1| hypothetical protein MG05303.4

NLIB001af2_G04

F

Mg

gb|EAA53813.1| hypothetical protein MG09563.4

NLIB001af2_F07

F

Mg

gb|EAA54132.1| hypothetical protein MG02117.4

NLIB001af2_F03

F

Mg

gb|EAA54206.1| predicted protein

NLIB001af2_E11

F

Mg

gb|EAA51733.1| predicted protein ref|XP_360785.1|

NLIB001af2_E09

F

Mg

gb|EAA56693.1| hypothetical protein MG07048.4

NLIB001af2_E08

F

Mg

gb|EAA48691.1| hypothetical protein MG00349.4

NLIB001af2_D10

F

Mg

gb|EAA56011.1| hypothetical protein MG01662.4

NLIB001af2_D08

F

Mg

gb|EAA51565.1| hypothetical protein MG03160.4
gb|EAA52949.1| hypothetical protein MG06077.4

NLIB001af2_D05

F

Mg

NLIB001af2_D04

F

Mg

gb|EAA54688.1| hypothetical protein MG05480.4

NLIB001af2_C10

F

Mg

gb|EAA54844.1| hypothetical protein MG05635.4

NLIB001af2_B10

F

Mg

gb|EAA55090.1| hypothetical protein MG06747.4

NLIB001af2_B07

F

Mg

gb|AAW69347.1| ATP synthase oligomycin sensitivity

NLIB001af2_A12

F

Mg

gb|EAA47543.1| hypothetical protein MG02786.4

jreg001xg15.b2

F

Mg

gb|EAA56278.1| hypothetical protein MG06249.4

jreg001xg07.b2

F

Gz

gb|EAA67793.1| CALM_NEUCR Calmodulin (CaM)

jreg001xg01.b2

F

Mg

gb|EAA56000.1| hypothetical protein MG01651.4

jreg001xe13.b2

F

Mg

gb|EAA51541.1| hypothetical protein MG03136.4

jreg001xc21.b2

F

Mg

gb|EAA50345.1| hypothetical protein MG04104.4

jreg001xc09.b2

F

Mg

gb|EAA48946.1| hypothetical protein MG00604.4

jreg001xe15.b2

F

Mg

gb|EAA56278.1| hypothetical protein MG06249.4

jreg001xg21.b2

F

An

gb|EAA58337.1| hypothetical protein AN5828.2

NLIB001af2_A11

F

Nc

ref|XP_331829.1| hypothetical protein gb|EAA34819.1|

NLIB001af2_H04

?

Mg

gb|EAA56783.1| hypothetical protein MG07138.4
hypothetical protein MG11035.4

jreg001xc03.b2

?

Mg

NLIB001af2_C08

?

Mg

gb|EAA47369.1| hypothetical protein MG02612.4

jreg001xg01.b2

?

Nc

ref|XP_331643.1| predicted protein

NLIB001af2_C12

?

Mg

gb|EAA53444.1| hypothetical protein MG07721.4

jreg001xc11.b2

?

Mg

gb|EAA53963.1| hypothetical protein MG01948.4

RLIB001af2_D04

?

Nc

ref|XP_322915.1| predicted protein gb|EAA32104.1|

jreg001xe07.b2

?

Mg

gb|EAA50003.1| hypothetical protein MG03762.4

jreg001xe01.b2

?

Mg

gb|EAA48461.1| hypothetical protein MG00119.4

jreg001xg03.b2

?

Mg

gb|EAA57279.1| hypothetical protein MG08248.4

jreg001xe07.b2

?

Mg

gb|EAA57279.1| hypothetical protein MG08248.4

NLIB001af2_E04

NF

Mg

gb|EAA49307.1| hypothetical protein MG00965.4

NLIB001af2_F05

NF

Mg

gb|EAA50253.1| hypothetical protein MG04012.4

NLIB001af2_E12

NF

Gz

gb|EAA70180.1| hypothetical protein FG00101.1

RLIB001af2_F03

NF

Nc

ref|XP_326034.1| hypothetical protein gb|EAA33755.1|

RLIB001af2_G04

NF

Mg

gb|EAA51376.1| hypothetical protein MG09393.4

RLIB001af2_D03

NF

Mg

gb|EAA51376.1| hypothetical protein MG09393.4

RLIB001af2_B03

NF

Mg

gb|EAA50413.1| hypothetical protein MG04172.4
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Table 2.2 (continued)
a

Sequences with RLIB- and jreg- suffixes correspond to clones from the non-normalized

cDNA library, and NLIB sequences are from the normalized library.
b

F denotes a confirmed full length cDNA, ? corresponds to sequences that support the

evidence of full length or near full length, and NF is non-full length determined by
BLAST hits. Hits are genomes to which the sequences matched.
c

Genome from which matching sequence was found. An: Aspergillus nidulans, Mg: M.

grisea, Nc: Neurospora crassa, Gz: Gibberella zeae.
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Figure legends
Figure 2.1 cDNA synthesis scheme.
First strand cDNA is synthesized using attB2-T primer to anchor 3’end of transcripts.
During the reverse transcription reaction, template switching occurs at the 5’end of the
transcript. The template switching defines the 3’end of the cDNA. The resulting cDNA is
subject to PCR amplification using the LA-PCR procedure.

Figure 2.2 Comparison of cDNA generation.
cDNA was generated using original SMART cDNA library construction method and
recombinational SMART cDNA procedure described in methods. The first strand
synthesis mix was PCR amplified using SMART oligos and attB1 and attB2 primers.
Lane M is a size marker (Sigma D7085). Lanes 1 and 2 are original SMART and
recombinational SMART, respectively.

Figure 2.3 cDNA library normalization.
cDNA library was normalized using double strand specific nuclease (DSN) as described
in the materials and methods section. Lane M: Size marker (Sigma D7085), Lane S:
cDNA library before normalization, Lane N: cDNA library after normalization.

Figure 2.4 cDNA filter hybridization of normalized cDNA library.
A high density cDNA filter was prepared, and hybridization was done with nonnormalized and normalized cDNAs as probes. Compared to the non-normalized cDNA
(A), the normalized cDNA probe (B) showed great uniformity of signal intensities.
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Figure 2.5 The size distribution of the non-normalized and normalized cDNA
libraries.
The cDNA clones were digested with BsrGI. The restriction enzyme cuts attB1 and attB2
sequences, freeing the insert. Panel (A) and (B) is the BsrGI digestion of the clones from
the non-normalized and normalized cDNA libraries, respectively. The size distribution of
clones in each library showed little apparent differences. M indicates the size marker lane.
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Switching oligo
attB1::rGrGrG

polyA-tail

mRNA

AAAAAAAAAAAAAAAAAAA
TTTTTTTTTT::attB2

PCR amplification or
Primer extension

AAAAAAA
TTTTTTTT attB2

attB1

Figure 2.1 cDNA synthesis scheme
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1

Figure 2.2 Comparison of cDNA generation
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M

S

3.0k
2.0k
1.5k
1.0k
0.5k

Figure 2.3 cDNA library normalization
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N

Figure 2.4 cDNA filter hybridization of normalized cDNA library
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Figure 2.5 The size distribution of the non-normalized and normalized cDNA
libraries
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Chapter Three

Genome-wide microarray analysis of secretome in the rice blast fungus,
Magnaporthe grisea

Jun Seop Jeong and Ralph A. Dean
Center for Integrated Fungal Research (CIFR), North Carolina State University, Raleigh,
NC 27695
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Abstract

Proteins that are represented extracellularly such as secreted and membranebound proteins play important roles during the interaction of plant pathogenic fungi with
their hosts. Extracellular, including membrane-bound, proteins are targeted to the ER and
secretory pathways during transcription and translation. Whole genome microarrays can
be used as a functional tool to investigate this targeting. In this work, we performed
subcellular fractionation to isolate microsome-associated mRNA and free cytosolic
mRNA followed by microarray analysis. Also, predicted open reading frames were
analyzed for the presence of sequences that potentially affect secretion and membraneassociation such as signal peptide, transmembrane domains, and GPI-anchor signals.
Microarray analysis suggests that nascent proteins appear to be targeted to secretory
pathway either co-translationally or post-translationally. The hydrophobicity of the signal
peptide did not appear to be the primary determinant for routing. Fractionation was
affected by factors such as presence of a signal peptide and presence of transmembrane
domains as expected. Importantly, dynamic localization of transcripts between
microsomal and free cytosolic fraction was noticed in different growth stages. Also,
retrotransposon elements were shown to be enriched in the microsomal fraction,
suggesting the endomembrane system may be an intracellular habitat for retroviruses.
The data will be useful to identify factors that determine routing of proteins through the
secretory machinery.
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Introduction

The growth and morphological development of fungi is the outcome of
continuous communication with the environment. Availability of nutrients affects
mycelial ramification and developmental programs such as sporulation and mating. At
the interface of the communication are membrane sensors and secreted proteins. Those
proteins play important roles in sensing ambient conditions and acquisition of nutrients.
Proteins that are found in the extracellular space have been the subject of extensive
research in plant-pathogen interactions. In the rice blast fungus, Magnaporthe grisea,
secreted proteins such as a hydrophobin, MPG1, and CBP, a chitin-binding protein, were
shown to be critical factors for infection-related development (Kamakura et al., 2002;
Talbot et al., 1996). Also, integral membrane proteins, such as PTH11 putative surface
sensor (DeZwaan et al., 1999), and PLS1, a tetraspanin-like protein, were shown to be
required for the differentiation of the penetration peg during infection (Clergeot et al.,
2001).
The genome of the rice blast fungus has been sequenced recently (Dean et al.,
2005). Analysis of the genome revealed over 11,000 genes in the 40 Mbp genome. The
genome is equipped with a battery of secreted proteins that may play important roles
during the life cycle and infection process. Unlike its close relative, the saprophyte
Neurospora crassa, there appears to be more genes content that are important for signal
perception and for interaction with the environment. These include putative G-protein
coupled receptors (GPCR) possessing the CFEM domain and proteins with novel chitin
binding motifs. Interestingly, no cutinase was found in N. crassa genome while multiple
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cutinases were found in the rice blast fungus, suggesting niche-specific gene expansion
(Galagan et al., 2003). The genome of the rice blast fungus has a repertoire of repetitive
elements. The repetitive elements such as retrotransposons or transposons can create
variation in the genome and phenotypes by mobilizing and inserting into new loci, acting
as an evolutionary engine creating new phenotypes (Fudal et al., 2005; Kang et al., 2001).
As documented in many pathogens, proteins targeted to the secretory pathway such as
membrane proteins, secreted proteins, and organellar proteins play critical roles in each
step of infection and colonization. For M. grisea, the infection process begins with the
attachment of spores to the host surface. Attachment is mediated by a spore tip mucilage
(STM) which provides a tenacious binding to the surface (Hamer et al., 1988), and is
composed of glycoproteins. Shortly after attachment, germination follows. One of the
crucial features of M. grisea that appears during the infection process is the formation of
the appressorium (Dean, 1997). In contrast to the filamentous form of vegetative growth,
the appressorium is a dome-like structure, which becomes heavily melanized towards
maturation. Detailed microscopic analysis has revealed that the appressorium is enclosed
in a melanin layer with the exception of a region that is directly contacting the plant
surface. Within the appressorium, the concentration of glycerol builds up to generate
turgor pressure. The turgor is channeled so that it helps propel a penetration peg through
the host surface (Howard et al., 1991). Thus, the rice blast fungus does not appear to rely
on hydrolytic enzymes for penetration. However, hydrolytic enzymes might be important
factors in the penetration process (Dean et al., 2005). Gene expression profiling suggests
that cutinase(s) are induced during appressorium formation. Also, appressorium
formation can be induced at a nanomolar level of cutin monomers on non-inductive
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surfaces (Gilbert et al., 1996). It has been recently shown that the rice blast fungus can
undergo an alternative developmental process used by soil-borne plant pathogenic fungi
to infect through the root surface (Sesma and Osbourn, 2004). Appressorium formation
does not appear to be a prerequisite for infection on root tissue, and the pathogen adopts a
strategy exploited by root pathogens. However, the compatibility conferred by gene-forgene interaction is still operative during root infection. Secreted proteins during
pathogenesis often encode hydrolytic enzymes. So far, no critical role has been found in
this class of secreted proteins in the rice blast fungus during pathogenic interaction
(Sweigard et al., 1992; Wu et al., 1997). The effect of individual enzymes during the
pathogenesis in pathogenic fungi may not be readily apparent (Schafer, 1994; Walton,
1994). Functional redundancy may compensate such as the presence of multiple cutinases
in the genome (Dean et al., 2005). On the other hand, developmental roles for secreted
protein during pathogenic development have been reported such as MPG1, a hydrophobin
gene, and a chitin binding protein, CBP1, as mentioned earlier (Kamakura et al., 2002;
Talbot et al., 1996). Cell wall degrading enzymes produced by fungi during pathogenic
interaction may serve as virulence factors rather than represent determinants of
pathogenicity (Schafer, 1994). However, many avirulence gene products are secreted
proteins that act as pathogenic determinants in a gene-for-gene manner (Lauge and de
Wit, 1998). Thus, secreted proteins and membrane-associated proteins play important
roles during the infection process.
The DNA microarray is a central platform for functional genomics. Microarrays
have been used mainly for the comparison of gene expression profiling from different
conditions. This approach not only provides the information of genes that are
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differentially regulated but also provides a diagnostic tool for the classification of
samples. However, the level of transcription does not always correlate with the level of
proteins (Gygi et al., 1999). Multi-step regulation of protein levels such as transcriptional,
post transcriptional, translational, and post translational levels ensures that proteins are
expressed at the level that are required by the cell at a given stage. To this end,
translational profiling has been proposed (Pradet-Balade et al., 2001). Subcellular
fractionation and target specific enrichment of transcripts provide information on the
cellular localization of molecules in high throughput screening (Kopczynski et al., 1998).
Separation of polysomal fraction and free fraction has been used to identify transcripts
that are associated with ribosomes and are actively translated through microarray
experiments (Mikulits et al., 2000). Diehn et al. showed that comparison of membranebound mRNA (MBP) and free cytosolic fraction (FP) using the microarray format is a
complementary method to identify proteins that are secreted and/or membrane-bound
(Diehn et al., 2000). A similar approach taken in a mammalian system provided
information on identifying secreted proteins and correct annotation of previously known
genes (Toyoda et al., 2003). Subcellular fractionated samples help provide a clue to the
localization of translation protein products and functional information to the gene
annotation. Thus, we took the approach of subcellular fractionation and microarray
analysis to identify secreted and membrane-bound proteins in the rice blast fungus.
Samples for microarray experiment were prepared from mycelial samples grown
in synthetic minimal medium and from appressoria samples induced on an artificial
substratum. We found that microsomal fractions isolated from two different stages were
rich in transcripts encoding proteins that contain signal peptides that target to the
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extracellular space or plasma membrane (permeases and transporters) and subcellular
organelles such as ER, Golgi apparatus, and vacuole. Our data suggests that there are two
translocation pathways for secretory proteins: Co-translational and post-translational
translocation into endoplasmic reticulum (ER). Dynamic association of transcripts to
microsomal fraction was observed under different conditions, suggesting regulation of
translation and localization. Also, enrichment is affected by protein structures such as
transmembrane domains and lipid association sequences.

Materials and methods
Strains and culture
Magnaporthe grisea 70-15 strain was used in all experiments, for which the
genome sequence is available (Dean et al., 2005). Strain 70-15 was grown on Oatmeal
agar (OMA) for routine propagation and sporulation. For liquid cultures, a conidial
suspension was inoculated in complete medium (CM; Yeast extracts: 6 g, Sucrose: 20 g,
Casein: 6 g, thiamine 1 mg, biotin 5 µg, and 1ml/liter of trace element solution) and
grown for 24 hrs. The culture was collected and washed extensively with sterile distilled
water and the mycelial mass was transferred to liquid minimal medium (MM; Sucrose 10
g, A. nidulans trace element solution 1 ml, 20x nitrate salts 50 mL, thiamine 1 mg, and
biotin 5 µg per liter). The trace element solution is NaNO3 60 g, KCl 5.2 g, MgSO47H2O
5.2 g, KH2PO4 15.2 g in 500 ml, and growth was continued for an additional 48 hrs.

78

RNA sample preparation
RNA samples for microarray experiments were prepared according to the
published procedure with a slight modification (Stoltenburg et al., 1995). The overall
scheme is depicted in Figure 3.1. The culture, grown in MM liquid medium for 48 hrs
(MM48), was collected using vacuum filtration. The mycelial mass was ground with
liquid nitrogen, and resuspended in extraction buffer amended with ribonucleoside
vanadyl complex (10 mM final concentration) and cycloheximide (0.1 mg/ml). To
remove mycelial debris and particulates, low speed centrifugation was done at 7000 rpm
in Sorvall SS-34 rotor (~6000X g) to obtain a post-nuclear supernatant. The post-nuclear
supernatant was used for differential centrifugation to obtain the microsomal fraction
(MBP) and cytoplasmic fraction (FP) according to procedure described in the reference
above.
For appressorium induction, the spore suspension was spread on cellophane film
and incubated at room temperature. The formation of appressorium was monitored and
the sample was prepared when approximately 30 % of germinating conidia formed
appressoria. The cellophane film was ground with liquid nitrogen and resuspended in the
extraction buffer. To remove the cellophane film and cell debris, the resuspended sample
was passed through sterile Miracloth and subjected to differential centrifugation in the
same way as the MM48 sample. To verify results obtained from differential
centrifugation, sucrose gradient ultracentrifugation was performed for MM48 sample
(Mechler, 1987). Comparison between differential centrifugation prep and sucrose
gradient prep was done using RT-PCR analysis using selected primers.
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Polysomal RNA preparation was done following the protocol employed in
budding yeast with minor modifications (Kuhn et al., 2001). Briefly, ribonucleoside
vanadyl complex was used as RNase inhibitor (10 mM final concentration). Cell lysate
was cleared by centrifugation at 7000 rpm in Sorval SS-34 rotor (~6000X g) for 5 min.
Supernatant was taken for ultracentrifucation in FFT swinging bucket rotor. Following
centrifugation, the gradient was collected and O.D. monitored at 260 nm using a Duo-Flo
HPLC. Fractions containing monosomes and polysomes were collected.

Microarray analysis and validation
MBP and FP sample labeling and array processing was done according to the
Agilent manual. Microarray scanning was done by using Agilent G2565B DNA
Microarray Scanner and Agilent G2566A Feature Extraction Software (version 6.1). The
microarray data were filtered to exclude features with population outliers and
nonuniformity feature outliers. Further analysis was performed for genes with MG
numbers. Background intensities were carefully inspected, and the variation was low with
mean intensities lower than 50 and standard deviation below 20. Thus, signal intensities
above 100 were used for further analysis. Microarray experiments were performed with
one technical replicate and repeated using freshly prepared samples. Detailed analyses
were done using GeneSpring software (Agilent). Statistical analysis was done using the
JMP package (SAS institute).
To validate the microarray data, semi-quantitative RT-PCR analysis was done as
follows: RT-PCR analysis was performed using fresh samples prepared by differential
centrifugation and sucrose gradients. Approximately, 2~3 µg of RNA samples were used
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for reverse transcription reactions. Specific primers were purchased from IDT DNA
technology. The primer sequences are listed in the Table 3.1. Twenty four to twenty six
PCR cycles were performed followed by gel electrophoresis. RNA samples for semiquantitative RT-PCR were independently prepared from the samples used for microarray.
Signal peptide analysis and transmembrane domain analysis was done using SignalP
(ver.3) (Bendtsen et al., 2004) and TMHMM (ver.2) (Krogh et al., 2001). For the
generation of hydropathy plots, pepwindow software in the EMBOSS package was used
(Rice et al., 2000). GPI-anchored protein prediction was done using Big-Pi (Eisenhaber
et al., 2004) and GPI-SOM (Fankhauser and Maser, 2005a).

Immunofluorescence microscopy
Appressoria were induced for 24 hrs on cellophane film at room temperature.
Chitosan-specific antibody was a kind gift from Holger Deising. The staining procedure
used was as described in the literature (El Gueddari et al., 2002). Secondary antibody was
FITC-conjugated anti-rabbit antibody raised in goats (Sigma). The staining was done at
1:200-dilution. Chitin in appressoria and penetration pegs was stained with wheat germ
agglutinin (WGA) conjugated with TRITC (Sigma) in 2 µg/ml in PBS along with the
chitosan staining. Microscopic observation was made using FITC and Texas Red filter set
for FITC and TRITC, respectively.
Results
To identify genes that encode secreted and membrane-bound proteins in M. grisea,
subcellular fractionation and whole genome microarray analyses were performed. Since
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secretory proteins are routed to the ER during translation, transcripts that are translated
on ER-bound polysomes encode proteins that are targeted to the secretory pathway. Two
conditions were analyzed: a mycelial sample grown in synthetic liquid minimal medium
and appressoria collected from cellophane film. We hypothesized that the mycelial
sample grown in minimal media (MM48) should represent a reduced set of secreted
proteins into medium since the medium contains no complex molecules that need to be
digested before uptake for nutrition. On the other hand, since the appressorium (APP) is
formed for penetration and infection of leaf tissues, we expected that under this condition
a number of secreted/membrane-associated proteins, potentially involved in host
recognition, attachment, germination, and penetration might be identified.

Analysis of microarray data
The filtering of microarray data as described in the materials and methods resulted
in 7836 features for MM48 sample and 5740 features for APP sample. The top 25
transcripts that were enriched in MBP and FP fraction from each condition are shown in
Table 3.2 and 3.3. The list of genes in the MBP-enriched transcripts included genes
encoding proteins that are known to be targeted to the secretory pathway. Genes in the
MBP fraction include many organellar proteins such as binding protein (BiP), vacuolar
peptidases, protein disulfide isomerase (PDI), and calnexin. BiP and vacuolar peptidases
were found to be enriched in APP and MM48 samples. However, comparison of ranked
lists suggested that vacuolar proteases are induced during the apresssorium formation.
Calnexin and different PDIs were shown to be enriched in APP MBP, suggesting an
increased protein secretion. Also, several of transporters and permeases were included.
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In Bipolaris oryze, UV-1 was shown to be expressed upon UV irradiation. The protein
contains a putative signal peptide. Previous work suggested that this gene is expressed
during appressorium formation in M. grisea (Kihara et al., 2001). We found the
expression of the gene in the appressorial sample enriched in APP MBP, but no
detectable expression was seen in MM48 samples. A versicolorin B synthase homolog
was also enriched in MBP fraction in APP. The gene encodes a key enzyme in aflatoxin
B1 synthesis. In Aspergillus parasiticus, the enzyme is localized in peri-nuclear ER, and
the expression was shown to be consistent with aflatoxin production (Chiou et al., 2004).
The metabolism of trehalose in the rice blast fungus was found to be important for
pathogenicity (Foster et al., 2003). Two trehalase activities were reported. In our
microarray data, a trehalase TRE1 (AZM11513) was found to be enriched in MBP
fraction of APP, again suggesting its induction during appressorium formation. TRE1 in
the rice blast fungus is known to be located in the cell wall. In contrast to the MBP
fraction, the FP fraction was rich in protein translation machineries such as ribosomal
proteins and translational apparatus. Also, the list included proteins that play a role in
protein modification such as ubiquitination and lipid biosynthesis. However, most of the
transcripts were of unknown function. Thus, the data generated by microarray is
consistent with other experimental verified localization studies.
Ergosterol biosynthesis involves interplay between cytoplasmic and ERassociated enzymes components. To further explore this relationship, we investigated the
partitioning of the enzymes in the ergosterol biosynthesis pathway. Early steps in
ergosterol synthesis consist of mevalonate and isopentinyl pathways that reside in the
cytoplasm. However, later steps of ergosterol synthesis are present in the ER and ER
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associated lipid bodies. As shown in Figure 3.2, transcripts that are ER-associated
enzymes function in later steps of ergosterol biosynthesis were enriched in MBP while
transcripts for mevalonate and isopentinyl pathway were enriched in FP, indicating
differential level of partitioning.
Computational prediction of proteins with signal peptide and membrane-bound
proteins
We used protein sequence data to investigate the correlation between the
microarray results and presence of signal peptide and transmembrane domains. We used
MG protein sequence version 2, which has 11108 protein sequence entries. SignalP
analysis was done using both Neural Network Model (NNM) and Hidden Markov Model
(HMM) prediction algorithms. Among the protein sequences, NNM predicted 2024, and
HMM predicted 2213 protein sequences with a signal peptide; 1832 were shared by both
algorithms. Analysis of transmembrane domains using TMHMM revealed that 2011 out
of 11108 proteins possessed a transmembrane domain. Comparing the data sets obtained
using SignalP and TMHMM indicated that 1354 sequences lacked a transmembrane
domain, but contained a signal peptide sequence, representing the potential secreted
protein set. We further investigated the presence of transmembrane domains in a
previously published secreted protein set in M. grisea (Dean et al., 2005). The published
secretome set consists of 739 protein sequences. TMHMM analysis suggested that 109
sequences of this set possess a potential transmembrane domain, reducing the secretome
to 630 proteins.
To determine genes that were predominantly associated with the microsomal
fraction (MBP) compared to the free cytosolic fraction (FP), the microarray data were
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analyzed using gene annotations and computational analysis. Expression values for genes
predicted to contain a signal peptide and/or a transmembrane domain have been used to
calibrate microarray data. In yeast and human cells, calibration methods such as moving
average and arbitrary cutoff values using known genes have been used (Diehn et al., 2000;
Toyoda et al., 2003). For our analysis, we compared the MBP:FP signal between genes
with and without a predicted signal peptide or transmembrane domain.
Statistical analysis revealed that not only the signal peptide but also the
transmembrane domain affected localization of transcripts (Table 3.4). The t-test
(assuming non-equal variance) showed that the mean signal intensities were significantly
larger for sequences possessing a signal peptide or transmembrane domain compared to
genes that lack these features. Non-parametric median test gave similar results. However,
a rank-sum based non-parametric test suggested that the signal peptide may not be a
strong determinant of the partitioning compared to the transmembrane domain. The
observation that the signal peptide is not as strong an indicator for partitioning as the
transmembrane domain suggests that signal peptide translocation to the secretory
pathway may be a regulated process. Overall, our results indicate that subcellular
fractionation and microarray analysis is a powerful tool for characterization of the
secretome.

Factors affecting MBP enrichment
While enrichment of transcripts that encode secreted proteins and membranebound proteins were evident in the microsomal fraction, some exceptions were noticed.
As shown in Figure 3.3A, the distribution of transcripts with a signal peptide suggested
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that signal peptide is not the only determinant of partitioning since some transcripts that
were predicted to harbor a signal peptide were predominantly in the FP. Some transcripts
encoding experimentally verified secreted proteins were also enriched in cytoplasmic
fraction compared to microsomal fraction. Similar results were obtained from analysis of
the published secretome set for which expression signal was detected from 256 out of 739
secreted proteins (Figure 3.3B). One conspicuous feature was the presence of the
hydrophobin gene, MPG1 (MG10315), in the cytosolic fraction from both MM48 and
APP samples. Semi-quantitative RT-PCR of samples prepared independently from both
the sucrose gradient method and differential centrifugation method confirmed the
microarray result (Figure 3.4A and B). RT-PCR was performed on two differently
prepared samples. MPG1 has been extensively characterized, and is known to be secreted
(Talbot et al., 1996). Hydrophobin proteins play critical roles in fungal development and
pathogenicity (Beckerman and Ebbole, 1996; Talbot et al., 1996). The proteins have
drawn attention due to their ability to self-assemble and interact with the extracellular
matrix (ECM) (Gebbink et al., 2005).

Another example, the extracellular chitinase

(MG06594) was also enriched in the FP fraction from MM48. Interestingly, comparison
of APP and MM48 microarray data revealed that some transcripts partitioned differently,
For example, transcripts of β-glucosidase (MG04582) enriched in the FP fraction in
MM48. However, transcripts were enriched in the MBP fraction in APP. The βglucosidase protein contains a signal peptide according to SignalP analysis. RT-PCR
confirmed the microarray results (Figure 3.4C). Thus, partitioning of genes containing a
signal peptide might be a regulated process. One possible explanation is the existence of
two routes to the secretory pathway as demonstrated in yeast species: co-translational and
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post-translational translocation. In higher eukaryotes, most secretory proteins are
translocated co-translationally. However, in yeast species, both post-translational and cotranslational translocations exist. Possible existence of the two routes has been suggested
in filamentous fungi (Conesa et al., 2001). At least in budding yeast, it was noted that the
mode of translocation was controlled by the hydrophobicity of signal peptide (Ng et al.,
1996).
To test whether fractionation may be affected by the mode of translocation and to
see if the hydrophobicity of signal peptide might affect the fractionation of the transcripts,
we compared hydropathy plots using the Kyte-Doolittle algorithm (Kyte and Doolittle,
1982). The predicted signal peptide was used as input and the analysis was done using the
pepwindow program in EMBOSS package (Rice et al., 2000). The plot suggests that
there is little difference between two groups (Figure 3.5). The hydropathy ranged
between 1.5 and 2.5 in both groups. Thus, the data suggested that hydrophobicity of the
signal peptide may not be a major determinant of routing. At this time, little is known
about the secretory pathway in the rice blast fungus. Thus, secretory pathways and the
mode of secretion remains to be investigated in future research.
Another possibility to explain differential partitioning is the status of translational
activity. If the transcript is not translationally active, the transcript likely will be found in
the cytosolic fraction. To investigate the translational activity, polysomal fractionation
and Northern analysis were performed. As shown in Figure 3.6, the majority of the BiP
transcripts and a putative transcription factor (MG10660) enriched in the FP fraction
appeared to be associated with ribosomes. Similarly, MPG1 transcripts were found
associated with ribosomes, indicating that MPG1 is translationally active. Western
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analysis using epitope-tagged expression strains failed to detect MPG1 protein in mycelia.
Taken together, the data suggest that MPG1 transcripts are translationally active, and are
likely translocated to the ER post-translationally.

Prediction of GPI-anchored proteins
Among the proteins that are represented outside cell, GPI-anchored proteins are of
particular interest. In the rice blast fungus, no GPI-anchored protein has been
characterized. Big-Pi analysis yielded 187 predicted GPI-anchored proteins in M. grisea
(Eisenhaber et al., 2004). GPI-SOM analysis resulted in 305 predicted GPI-anchored
proteins (Fankhauser and Maser, 2005b). One hundred thirty one genes were found to be
common, and included proteins that function in cell wall metabolism. Analysis of GPIanchored protein yielded 103 genes with detectible expression in APP. Among these, two
encode putative chitin deacetylases (MG01868 and MG08774). Chitin deacetylases play
an important role in fungal development, and may contribute to cell wall rigidity
(Christodoulidou et al., 1996; Matsuo et al., 2005). Also, in plant pathogenic fungi,
modification of the fungal cell wall during infection has been shown (El Gueddari et al.,
2002). Thus, it appears that there is differential regulation of chitin metabolism during
vegetative growth and infection stage. The role of chitin modification during infection
and colonization has not been reported in the rice blast fungus. However, a similar role
of chitin modification may operate during infection structure formation in the rice blast
fungus. Microarray analyses comparing appressoria and mycelia grown in liquid
complete medium and nutrient starvation conditions suggested that expression of these
genes was induced during the appressorium formation and carbon starvation (unpublished
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data). This prompted us to investigate the alteration of cell wall composition during the
infection process. A conidial suspension was incubated on a cellophane film for 24 hrs at
room temperature. Using a specific antibody, chitosan was detected in the cell wall of
conidia and germ tubes as shown in Figure 3.7. Chitosan was also detected in the narrow
infectious hypha. Wheat germ agglutinin (WGA) indicated the presence of chitin in the
germ tubes while little staining was noticed in the conidia. Thus, our data suggest that
significant alterations of the cell wall occurred both during and after the penetration step.
Further analysis of appressoria development on onion epidermal peel revealed stronger
staining of the infectious hyphae compared to the hyphae on the surface. RT-PCR
analysis indicated that one of chitin deacetylase gene (MG08874) was up-regulated
during carbon starvation and late stages of appressoria (Figure 3.7I). We conclude that
cell wall alteration occurs during the infectious growth in the rice blast fungus in a
manner similar to that observed for other fungi such as Colletotrichum and rust fungi (El
Gueddari et al., 2002).

Transposable element transcripts are associated with the microsomal fraction
Approximately, 10% of the genome of M. grisea is composed of repetitive
elements. A large proportion of which are retrotransposons. We were intrigued to observe
that genes encoding gag and pol proteins, major constituents of retrotransposons, were
abundant in the MBP, particularly in MM48 sample (Figure 3.8). MAGGY, a gypsy-like
element is one of the most abundant retrotransposon in the rice blast fungus genome, and
active copies exist. It is closely related to the Ty3-element in yeast. Recently, it has been
reported that host genes are required for both viral replication and retrotransposon
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mobilization, suggesting that retrotransposons utilize the host trafficking machinery in a
similar manner to retroviral replication (Irwin et al., 2005). Many stress factors can
affect the expression of transposable elements. Transposable elements in yeast such as
Ty1, Ty3, and Ty5 are responsive to pheromone and nutrients. Ty3 LTR encodes the
binding site for Msn2 and Msn4, transcription factors that respond to stress and carbon
starvation. The analysis of MAGGY LTR with TESS software revealed a potential
binding site for nit-2 (URL: http://www.cbil.upenn.edu/tess). No comprehensive study
regarding the expression of MAGGY in M. grisea has been reported. However, a recent
study suggested that a variety of stresses such as heat shock and oxidative stress may
affect the transcription of MAGGY (Ikeda et al., 2001). Thus, it appears that possible
similar mechanisms of mobilization and trafficking operate for the propagation of
transposable elements in filamentous fungi and yeast.

Discussion
In this article, we performed a detailed analysis of mRNA following microsomal
fractionation for the rice blast fungus using DNA microarrays. Genes that encode
proteins which are secreted and/or localize to the membrane play crucial roles during
pathogenesis such as surface sensing, degradation of host cell walls, and nutrient uptake.
To define these proteins, we conducted microarray experiments using microsomeassociated RNA and free cytosolic RNA. The enrichment of transcripts in each fraction
derived from different growth conditions suggests that the enrichment may be affected by
many endogenous factors such as transcription level, translation level, post-translational
modification, as well as physical structure of proteins. Our results show that proteins with

90

a signal peptide appear to be routed to the secretory pathway by two different modes (cotranslational and post-translational translocation) in the rice blast fungus. The existence
of two translocation mechanisms has been previously postulated to exist in filamentous
fungi (Conesa et al., 2001). Diehn et al noted that many types of protein modification are
coupled to translation that may affect localization (Diehn et al., 2000). These
modifications include proteolytic cleavage by signal peptidases, myristoylation of Nterminus of proteins. In higher eukaryotes, secretory proteins are translocated while they
are being translated (co-translational translocation). However, there are two modes of
translocation in lower eukaryotes including budding yeast. If a protein takes a route to
post-translational translocation, and/or if regulation is at the level of initiation of
translation, most of the transcripts will be detected in the cytosolic fraction. In our study,
we found no relationship between signal peptide and hydropathy for predicting the
mechanism of entering the secretory pathway. In Yarrowia lipolytica, the routing
mechanism of alkaline extracellular protease can be switched without altering the overall
hydrophobicity of the signal peptide (Matoba and Ogrydziak, 1998). The authors
suggested that the factors other than the hydrophobicity of signal peptide might
contribute to the routing such as conformation and orientation of the signal peptide.
Another possible explanation of enrichment of transcripts contrary to our expectation
might be due to incomplete annotations of the genes. Gene annotation is an ongoing
process, necessitating experimental verification. In fact, Toyoda et al showed that, using a
similar approach, incomplete sequence information from EST data can be corrected, and
they were able to identify a novel seven transmembrane receptor in humans (Toyoda et
al., 2003). Also, transcripts might be associated with subcellular components (Diehn et al.,
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2000; Shepard et al., 2003). Fractionation can be affected by other targeting sequences
such as mitochondrial targeting sequences and its length (Marc et al., 2002; Sylvestre et
al., 2003). A translational profiling experiment in budding yeast suggested that there is an
inverse relationship between transcript length and ribosomal association (Arava et al.,
2003). As in Figure 6, MPG1 transcripts appeared to be fractionated in a higher polysome
fraction compared to the BiP, consistent with this observation. However, overall for our
data, we did not find a strong correlation between sequence length and targeting (data not
shown).
In our work, we observed numerous genes that exhibited different localization
patterns between MM48 and APP conditions. Transcripts for some genes were enriched
in one fraction under one growth condition, but were localized to the other fraction in the
other growth condition. One of the examples we were able to confirm was β-glucosidase.
β-glucosidase has a predicted signal peptide. In the APP condition, the transcript
localized to the microsomal fraction while the transcript was mainly found in cytosolic
fraction in MM48. This support the hypothesis that signal peptide mediated secretion is a
regulated process.
Chitin is an important component of the fungal cell wall. Also, chitin oligomers
and chitosan are strong inducers of plant responses. It has been suggested that chitinous
material is converted into less detectible material by chitinase enzymes from the host
during ectomycorrhizal colonization in order to escape activation of host defenses. Thus,
the hemibiotrophic fungus, M. grisea may have developed a similar strategy to avoid host
responses during penetration. The presence of a putative GPI-anchor in a chitin
deacetylases appears to be an efficient strategy to confine the enzyme to a specific
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location without being lost to the surrounding environment. Localization data of the
chitin deacetylases from diverse fungi suggest the presence of the proteins in periplasm
and extracellular environment (Tsigos et al., 2000), consistent with the presence of a GPIanchor. Microarray data suggest that chitin deacetylases are up-regulated by the
deprivation of carbon nutrient source and in appressoria compared to mycelia grown in
liquid complete medium as shown in Figure 7. In previous work, a putative chitin
deacetylase was found to interact with adenlyate cyclase (MAC1) in the rice blast fungus
(Kulkarni and Dean, 2004), suggesting that its activity might be regulated by the cAMP
pathway. cAMP is an inducer of appressorium formation in the rice blast fungus, and is a
central messenger in sensing nutrient starvation. Thus, chitin deacetylases will be an
interesting subject for functional analysis in future research.
In our analysis, the microsomal fraction was rich in components from
transposable elements. Early studies suggested that retroviruses are associated with the
microsomal fraction (Gielkens et al., 1974; Vecchio et al., 1973). Compared to research
on yeast transposable elements, little is known regarding the expression and regulation of
transposable elements in filamentous fungi. The replication of Ty3 in yeast requires
intracellular trafficking (Irwin et al., 2005). Hypovirulence associated virus (HAV) in
Cryphonectria parasitica is also known to require membranes for replication (Fahima et
al., 1993; Hansen et al., 1985). In addition, recent studies show that transposable
elements are transcriptionally regulated in response to external stresses (Ikeda et al.,
2001). In yeast, Ty elements are responsive to various signals including pheromone and
nutrients. In our work, we observed that LTR may serve as a promoter since it contains a
predicted nit-2 binding site. NUT1, the M. grisea homolog of nit-2, is a global nitrogen
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regulator (Froeliger and Carpenter, 1996). Thus, MAGGY might be transcriptionally
regulated by the availability of nitrogen. Other data suggest that transposable elements in
the rice blast fungus are regulated by nutrient availability and developmental stage.
In this article, we employed microarray analysis to define the secreted and membranebound proteins in the rice blast fungus. Our results showed that the microarray data is
robust, and led to a more detailed evaluation of transcript localization. Our data also
suggests that many physiological factors, one being translational, regulate localization.
Thus, interpretation of localization studies should be addressed with some caution. Our
work revealed that a simple comparison of microsome-associated and cytosolic RNA by
microarray analysis to identify secreted proteins is insufficient. We found that factors
such as routing path to ER and translational control might lead to unanticipated
observations. However, the data do provide evidence for the fine regulation of secretion
in fungi. Thus, such data can be used to help define the routing mechanisms that
determine the secretory pathway. Also, the use of the approach explored in this research
for a variety of growth and developmental conditions will provide a compendium of
potential secreted and membrane-bound proteins. Such information will greatly aid
functional annotation of genes with unknown function.
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Table 3.1 Primers used for RT-PCR analysis
Primers

Sequence

MG01472F
MG01472R
MG01931F
MG01931R
MG02503F
MG02503R
MG02647F
MG02647R
MG03416F
MG03416R
MG05110F
MG05110R
MG06432F
MG06432R
MG06594F
MG06594R
MG07975F
MG07975R
MG08164F
MG08164R
MG08264F
MG08264R
MG09736F
MG09736R
MG10315F
MG10315R
MG10660F
MG10660R

5'-ATGGCTGCGCTCGCAAGCAA-3'
5'-GCTGCCGAGATAGCTGCGAA-3'
5'-ATGACCTCCAACGCAGCTCC-3'
5'-TCCTCATCAACCTTCCTGACG-3'
5'-CCTCGCGTTTGTCAAGACCG-3'
5'-TAGCTCATCGTGGGAACGAGG-3'
5'-ATGCAGTTCTCCATCACCAA-3'
5'-GACACGGAGGGCGGCGCG-3'
5'-ATGACTGCCGCTAGAGGTCC-3'
5'-TCGCAAATATGTGCTATCCACCC-3'
5'-TTGTACAAAAAAGCAGGCTTAATGAGATGGCTTTTGGTGGAC-3'
5'-TTTGTACAAGAAAGCTGGGTCATTGTCCTTGGCCTTGTGCTT-3'
5'-GTTACGAAGAACAGGCGAACC-3'
5'-TTATGGGGGTATCGACGGTGG-3'
5'-ATGAAGTTTTCACTCTCTGCTTTGG-3'
5'-AGCCTTGCACTTCTTCTTCAGG-3'
5'-ATGCAGATCCCCACCGTCTG-3'
5'-CGCAAAGAAGCTGCCCACC-3'
5'-ATGGGTAACCTTAGGAGCCT-3'
5'-CAACTCGTCCTTGCCAGTGA-3'
5'-TTGTACAAAAAAGCAGGCTTAATGCAGCTCGCAACAGTTTTC-3'
5'-TTTGTACAAGAAAGCTGGGTCAATTTTGGTCTTGGAATCTCCC-3'
5'-ATGGTTTCCTCTCTGGCCATC-3'
5'-CAAAGCCAGGACAGCGAGAG-3'
5'-GAAGAACCCGGGGATCCCCGCCCCTGGTGAG-3'
5'-GAAGAACTGCAGGTCAAGGGGATAGGAGTGC-3'
5'-ATGGCGCGGGTGAACACATTC-3'
5'-CTTCTTCCCCATTAGCATCTCC-3'
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Table 3.2 List of Top 25 transcripts enriched in MBP and FP fraction in MM48
condition
(A) MBP enriched transcripts
IDa
AZM04039
AZM13403
AZM05215
AZM12287
AZM08774
AZM11244
AZM08292
AZM06431
AZM08528
AZM04055
AZM02769
AZM03813
AZM00220
AZM07293
AZM06777
AZM04911
AZM04843
AZM00221
AZM04628
AZM08512

MBP/FPb
12.967709
5.55403
4.633237
4.50943
4.1050754
4.0950184
4.090344
4.074249
3.9035997
3.882538
3.855157
3.8466437
3.71775
3.716761
3.6144938
3.5928197
3.5545497
3.543917
3.4986262
3.4897518

MBPc
221.125
14397.7
926.7205
5211.9927
2897.955
247.23325
416.193
746.806
254.563
268.92877
349.138
558.72754
695.4177
384.702
2596.335
100.09475
2095.9175
297.431
6418.097
1475.185

AZM00174
AZM12598
AZM11813
AZM12761
AZM03424

3.4377732
3.4184365
3.387078
3.3712056
3.3671718

30104.648
355.2115
158.88324
335.04047
567.03174

Description
(MG00565.1) predicted protein
heat shock 70kD protein 5 [Rattus norvegicus] (BIP)
NADPH-cytochrome P450 reductase (CPR) [A. niger]
delta-9 fatty acid desaturase[Ajellomyces capsulatus]
predicted protein [N. crassa]
hypothetical protein [N. crassa]
predicted protein [N. crassa]
(MG05689.1) hypothetical protein
Dcr2p [S. cerevisiae]
DNA J protein [S. pombe]
putative calcium P-type ATPase [N. crassa]
hypothetical protein [N. crassa]
isoamyl alcohol oxidase [A. oryzae]
(MG05746.1) hypothetical protein
CAN1 [S. castellii]
probable zinc metallo-protease [N. crassa]
yeast ero1 homolog [S. pombe]
putative 5' nucleotidase family protein [S. pombe]
related to ubiquitin-activating enzyme UBA2 [N. crassa]
conserved hypothetical protein [N. crassa]
related to n-alkane-inducible cytochrome P450 [N.
crassa]
oleate delta-12 desaturase [E. nidulans]
membrane drug transporter [S. pombe]
hypothetical protein [N. crassa]
predicted protein [N. crassa]
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Table 3.2 (continued)
(B) FP-enriched transcripts
IDa
AZM07835
AZM08794
AZM10704
AZM06557
AZM07319
AZM01795
AZM04220
AZM08632
AZM09190
AZM06551
AZM07407
AZM11324
AZM06044
AZM12877
AZM10225
AZM06674
AZM08603
AZM11078
AZM00435
AZM05701
AZM04545
AZM09326
AZM08800
AZM05302
AZM13533

MBP/FPb
0.17259425
0.19288206
0.1981571
0.19855645
0.217739
0.21867003
0.22324422
0.22492199
0.2270839
0.23422275
0.2370141
0.2432253
0.25260064
0.2526331
0.2596041
0.26697424
0.26746973
0.27011558
0.27707633
0.27752396
0.28288916
0.2866588
0.28800836
0.28830865
0.2901562

MBPc
277.4985
395.5735
2749.0352
5802.6924
753.1502
220.53125
551.4535
651.1362
447.98776
314.9025
127.2575
1782.26
287.37402
897.9897
401.677
2006.2825
1133.4222
8100.155
532.6305
3592.4749
204.08275
11511.732
417.5095
236.198
209.91699

Description
(MG08817.1) predicted protein
(MG09385.1) predicted protein
(MG10660.1) predicted transcription factor
(MG07975.1) predicted protein
(MG08480.1) hypothetical protein
(MG03865.1) predicted protein
(MG05405.1) predicted protein
(MG09270.1) predicted protein
predicted protein [N. crassa]
(MG07969.1) predicted protein
(MG08532.1) predicted protein
(MG11035.1) predicted protein
(MG07632.1) hypothetical protein
(MG02165.1) predicted protein
MPG1 precursor hydrophobin-like protein [M. grisea]
predicted protein [N. crassa]
predicted protein
(MG01197.1) predicted protein
predicted protein
(MG05638.1) predicted protein
(MG05556.1) predicted protein
(MG09736.1) predicted protein
(MG09389.1) predicted protein
(MG07177.1) predicted protein
predicted protein

a

Agilent probe ID
Ratio of MBP/FP
c
MBP signal intensity
b
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Table 3.3 List of Top 25 transcripts enriched in MBP and FP fraction in APP
condition
(A) MBP-enriched transcripts
IDa
AZM07039
AZM13403
AZM03638
AZM01518
AZM11244
AZM03716
AZM06278
AZM07391
AZM06094
AZM03451

MBP/FPb
19.78929
6.227844
6.054921
5.7955
5.761551
5.290731
5.177973
5.005079
4.721647
4.719541

MBPc
18560.6
5289.79
23819.85
23867.75
229.0108
2958.905
6399.167
6298.96
1706.587
198.7645

AZM03373
AZM06847
AZM06207
AZM11014
AZM00221
AZM13388
AZM10002
AZM08774
AZM09260
AZM07633
AZM01156
AZM12034
AZM08292
AZM09149
AZM05267

4.67437
4.644655
4.448503
4.408891
4.406614
4.325295
4.310957
4.296306
4.256019
4.188554
4.143649
4.104717
4.081607
4.064821
4.050938

4596.95
1471.14
1176.006
3350.708
423.8058
1895.057
1676.503
718.8707
717.5427
1600.765
337.2945
7817.407
344.7683
13695.54
885.689

Description
(MG08296.1) predicted protein
heat shock 70kD protein 5 [Rattus norvegicus] (BIP)
versicolorin B synthase [A. parasiticus]
Subtilisin-like proteinase Spm1 (Serine protease of M. 1)
hypothetical protein [N. crassa]
(MG05110.1) predicted protein
(MG07790.1) hypothetical protein
Protein disulfide isomerase precursor [Humicola insolens]
serine-type carboxypeptidase homolog [A. nidulans]
(MG04925.1) predicted protein
putative membrane glycoprotein; possible vacuolar protein
sorting /targeting [S. pombe]
probable protein disulfide-isomerase precursor [N. crassa]
dipeptidyl aminopeptidase type IV [A. niger]
(MG10869.1) predicted protein
putative 5' nucleotidase family protein [S. pombe]
cephalosporin esterase [Rhodosporidium toruloides]
(MG10168.1) predicted protein
predicted protein [N. crassa]
Aminopeptidase Y precursor [S. cerevisiae]
Glycolipid 2-alpha-mannosyltransferase [Candida albicans]
hypothetical protein [N. crassa]
calnexin [A. niger]
predicted protein [N. crassa]
(MG09618.1) predicted protein
(MG07153.1) predicted protein
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Table 3.3 (continued)
(B) FP-enriched transcripts
IDa
AZM06992
AZM10225
AZM04518
AZM07319
AZM12924
AZM09729
AZM12877
AZM06557
AZM02176
AZM10796
AZM07407
AZM07827
AZM02359
AZM06674
AZM06521
AZM03121
AZM12465
AZM11078
AZM09190
AZM09130
AZM11324
AZM07369
AZM12252
AZM12638
AZM10704

MBP/FPb
0.100331
0.1005621
0.1246823
0.1351433
0.1781336
0.2163313
0.2279341
0.2304961
0.2365489
0.2365564
0.240192
0.245085
0.2483728
0.249723
0.250198
0.2610821
0.261983
0.2634089
0.2639213
0.266747
0.2739945
0.2836464
0.2927858
0.3039556
0.3187566

MBPc
1384.5995
568.0483
107.69645
586.162
156.41525
505.1833
492.04922
1221.6002
171.53075
336.37726
132.29425
571.3735
315.29724
240.58202
288.88998
1583.2899
306.15497
7221.6597
118.02548
1276.148
681.0815
267.172
432.838
731.7153
7121.4653

Description
(MG08264.1) predicted protein
MPG1 precursor hydrophobin-like protein [M. grisea]
(MG06665.1) predicted protein
(MG08480.1) hypothetical protein
secreted aspartic proteinase precursor
(MG10010.1) predicted protein
(MG02165.1) predicted protein
(MG07975.1) predicted protein
YOL080c [S. cerevisiae]
(MG10705.1) predicted protein
(MG08532.1) predicted protein
oxidoreductase, aldo/keto reductase[E. faecalis V583]
reverse transcriptase [M. grisea]
predicted protein [N. crassa]
(MG07951.1) predicted protein
endochitinase [Amanita muscaria]
predicted protein [N. crassa]
(MG01197.1) predicted protein
predicted protein [N. crassa]
(MG09610.1) hypothetical protein
(MG11035.1) predicted protein
(MG08506.1) predicted protein
clathrin coat assembly protein [S. pombe]
predicted protein [N. crassa]
(MG10660.1) predicted transcription factor

a

Agilent probe ID
Ratio of MBP/FP
c
MBP signal intensity
b
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Table 3.4 Statistical significance for signal ratio for signal peptide and
transmembrane domains
A. Mean signal ratio
Samples
MM48
APP

SIG+a
1.12823
1.39492

SIG- b
1.07479
1.08706

TM+ c
1.31374
1.51451

TM- d
1.02616
1.04043

B. Statistical analysis of signal ratio on signal peptide and TM domains
Samples
MM48 (SP)
MM48 (TM)
APP (SP)
APP (TM)

a,b

p value e
0.0004
0
0
0

Non-parametric p f
0.3371
<0.0001
<0.0001
<0.0001

Mean signal ratios (MBP/FP) of transcripts with (SIG+) or without (SIG-) signal

peptide, respectively.
c,d

Mean signal ratios (MBP/FP) of transcripts with (TM+) or without (TM-)

transmembrane domains, respectively.
e

p-values of t-test (assuming unequal variance) when transcripts are grouped by the

presence or absence of a signal peptide.
f

p-values of rank-sum-based non-parametric test when transcripts are grouped by the

presence or absence of a transmembrane domains.
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Table 3.5 List of GPI-anchored proteins in the rice blast fungus genome
IDa
AZM09074
AZM09067
AZM09326
AZM09322
AZM09189
AZM08590
AZM08913
AZM08807
AZM08844
AZM09982
AZM10171
AZM10069
AZM10050
AZM09574
AZM09431
AZM09476
AZM07639
AZM07152
AZM07129
AZM07126
AZM08289
AZM08206
AZM08364
AZM07829
AZM07828
AZM07843
AZM07841
AZM07814
AZM07711
AZM07781
AZM07775
AZM12395
AZM12410
AZM12405
AZM12795
AZM12787
AZM12134
AZM12036
AZM12030
AZM12231
AZM13388
AZM13295
AZM13602

MGIDb
MG09575
MG09570
MG09736
MG01051
MG09640
MG01009
MG09460
MG09395
MG09412
MG05913
MG01134
MG05483
MG10206
MG09918
MG09804
MG09840
MG08698
MG08370
MG08354
MG08351
MG09079
MG09054
MG09115
MG08812
MG08811
MG08824
MG08823
MG08798
MG08754
MG08774
MG05464
MG01861
MG01872
MG01868
MG02112
MG02106
MG01678
MG01609
MG01603
MG01750
MG02497
MG02431
MG06189

Description
hypothetical protein [N. crassa]
(MG09570.1) predicted protein
(MG09736.1) predicted protein
related to PET8 protein [N. crassa]
Taka-amylase A (Taa-G1) precursor
(MG01009.1) predicted protein
(MG09460.1) predicted protein
(MG09395.1) predicted protein
predicted protein [N. crassa]
(MG05913.1) predicted protein
UTR2 PROTEIN (UNKNOWN TRANSCRIPT 2 PROTEIN)
putative membrane-associated or secreted protein [M. grisea]
(MG10206.1) predicted protein
rAsp f 9 [A. fumigatus]
(MG09804.1) predicted protein
hypothetical protein [N. crassa]
Candidapepsin 8 precursor (Aspartate protease 8) [C. albicans]
beta (1-3) glucanosyltransferase Gel3p [A. fumigatus]
(MG08354.1) predicted protein
(MG08351.1) predicted protein
hypothetical protein B24B19.340 [N. crassa]
(MG09054.1) predicted protein
(MG09115.1) predicted protein
(MG08812.1) predicted protein
(MG08811.1) predicted protein
(MG08824.1) predicted protein
predicted protein [N. crassa]
(MG08798.1) predicted protein
(MG08754.1) predicted protein
chitin deacetylase [Blumeria graminis]
endo-beta-1,4-D-xylanase [M. grisea]
(MG01861.1) predicted protein
(MG01872.1) predicted protein
chitin deacetylase [Blumeria graminis]
(MG02112.1) predicted protein
(MG02106.1) predicted protein
infection structure specific protein [M. grisea]
(MG01609.1) predicted protein
predicted protein [N. crassa]
(MG01750.1) predicted protein
cephalosporin esterase precursor [Rhodosporidium toruloides]
(MG02431.1) predicted protein
probable cell wall biogenesis protein - fission yeast [S. pombe]
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Table 3.5 (continued)
AZM13184
AZM13183
AZM13075
AZM13031
AZM10813
AZM10789
AZM10800
AZM10735
AZM11007
AZM11023
AZM10957
AZM10372
AZM10458
AZM10421
AZM10615
AZM10512
AZM10474
AZM11535
AZM11874
AZM11787
AZM02333
AZM02456
AZM01843
AZM01918
AZM02009
AZM01992
AZM03126
AZM03012
AZM03344
AZM03293
AZM02748
AZM02823
AZM02803
AZM02843
AZM00566
AZM00552
AZM00818
AZM00127
AZM00082
AZM00263
AZM00313
AZM01347
AZM01627
AZM01545
AZM01047

MG00210
MG06155
MG02288
MG02257
MG10720
MG10699
MG10708
MG10679
MG10865
MG10876
MG10824
MG10423
MG10471
MG10460
MG10586
MG05954
MG10484
MG01275
MG01495
MG01444
MG04237
MG00374
MG03891
MG06327
MG04015
MG04001
MG04737
MG04689
MG04880
MG04841
MG04541
MG04583
MG04572
MG04599
MG03043
MG03042
MG03208
MG02756
MG02720
MG02849
MG02884
MG03575
MG00319
MG03691
MG03368

predicted protein [N. crassa]
(MG06155.1) predicted protein
(MG02288.1) predicted protein
hypothetical protein [N. crassa]
ribonuclease F1 [Gibberella fujikuroi]
hypothetical protein [N. crassa]
(MG10708.1) predicted protein
(MG10679.1) predicted protein
(MG10865.1) predicted protein
hypothetical protein [N. crassa]
(MG10824.1) predicted protein
glycosyl hydrolase family 5/cellulase; At3g26140.1 [A. thaliana]
(MG10471.1) predicted protein
(MG10460.1) predicted protein
predicted protein [N. crassa]
(MG05954.1) hypothetical protein
(MG10484.1) predicted protein
(MG01275.1) predicted protein
(MG01495.1) predicted protein
(MG01444.1) predicted protein
(MG04237.1) predicted protein
predicted protein [N. crassa]
(MG03891.1) predicted protein
aspartic protease [A. oryzae]
related to DFG5 protein [N. crassa]
related to MID1 protein [N. crassa]
(MG04737.1) predicted protein
hypothetical protein [N. crassa]
related to spore coat protein SP96 precursor [N. crassa]
(MG04841.1) predicted protein
(MG04541.1) predicted protein
(MG04583.1) predicted protein
(MG04572.1) predicted protein
(MG04599.1) predicted protein
(MG03043.1) hypothetical protein
(MG03042.1) predicted protein
related to beta (1-3) glucanosyltransferase [N. crassa]
(MG02756.1) predicted protein
(MG02720.1) predicted protein
aspartic protease [A. oryzae]
putative membrane-associated or secreted protein [M. grisea]
(MG03575.1) predicted protein
Endoglucanase EG-II (Endo-1,4-beta-glucanase) [T. reesei]
(MG03691.1) predicted protein
(MG03368.1) predicted protein
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Table 3.5 (continued)
AZM01027
AZM01115
AZM01158
AZM05701
AZM05668
AZM05567
AZM05635
AZM05619
AZM05890
AZM05980
AZM05292
AZM05306
AZM05189
AZM05470
AZM05531
AZM05507
AZM05379
AZM05385
AZM06557
AZM06616
AZM06609
AZM06793
AZM06401
AZM06301
AZM06261
AZM03988
AZM03856
AZM04203
AZM04222
AZM04142
AZM03543
AZM03755
AZM03843
AZM03814
AZM03660
AZM03681
AZM03732
AZM05053
AZM05014
AZM04609
AZM04519
AZM04533

MG03354
MG03417
MG03442
MG05638
MG05635
MG07331
MG05632
MG07362
MG00047
MG07598
MG07172
MG07179
MG07100
MG07264
MG07306
MG07287
MG00742
MG00737
MG07975
MG05705
MG08014
MG05456
MG00815
MG07807
MG07775
MG05270
MG00539
MG05393
MG05406
MG00592
MG04991
MG05120
MG00552
MG05165
MG05069
MG05083
MG00527
MG07005
MG00721
MG06722
MG06663
MG06653

(MG03354.1) predicted protein
(MG03417.1) predicted protein
predicted protein [N. crassa]
(MG05638.1) predicted protein
(MG05635.1) predicted protein
probable GEL1 protein [N. crassa]
(MG05632.1) predicted protein
(MG07362.1) predicted protein
(MG00047.1) predicted protein
(MG07598.1) predicted protein
(MG07172.1) predicted protein
Chain A, Pepsin Hydrolase (Acid Proteinase) (E.C.3.4.23.1)
(MG07100.1) predicted protein
glutaminase A [A. oryzae]
related to mixed-linked glucanase precursor MLG1 [N. crassa]
lysophospholipase [N. crassa]
(MG00742.1) predicted protein
(MG00737.1) predicted protein
(MG07975.1) predicted protein
(MG05705.1) predicted protein
hypothetical protein [N. crassa]
(MG05456.1) predicted protein
(MG00815.1) predicted protein
(MG07807.1) predicted protein
(MG07775.1) predicted protein
(MG05270.1) predicted protein
(MG00539.1) predicted protein
(MG05393.1) predicted protein
(MG05406.1) predicted protein
Crh-like protein [A. fumigatus]
hypothetical protein [N. crassa]
(MG05120.1) predicted protein
acid phosphatase PHOa [A. fumigatus]
(MG05165.1) predicted protein
(MG05069.1) predicted protein
(MG05083.1) predicted protein
(MG00527.1) predicted protein
(MG07005.1) predicted protein
(MG00721.1) predicted protein
probable beta (1-3) glucanosyltransferase [N. crassa]
endo-1,4-beta-glucanase [A. oryzae]
hypothetical protein [N. crassa]

a

Agilent probe ID

b

Magnapothe grisea gene ID
114

Figure legends
Figure 3.1 Sample preparation for microarray analysis.
Microsome-bound RNA (MBP) and free cytosolic RNA (FP) were prepared using both
differential centrifugation and sucrose gradient centrifugation. Microarray analysis was
performed using differential centrifugation preparation as described in the materials and
methods. The microarray data was confirmed using samples prepared by both methods
for MM48. RT-PCR analysis was performed using differential centrifugation preparation
for APP.

Figure 3.2 Partitioning of the genes in ergosterol biosynthesis pathway.
Enzymes in ergosterol biosynthetic pathways are listed in the figure. The data was taken
from appressorial microarray experiment. The locations of the enzymes are from GO
cellular component. Compared to the early steps of ergosterol biosynthetic steps, late
steps are mainly suggested to be associated with the membrane. Enrichment level is
shown in red-blue scale. Red colors indicate transcripts predominantly in MBP, and blue
colors represent transcripts that are predominantly found in FP.

Figure 3.3 The distribution of MBP:FP signal ratio for transcripts encoding proteins
with signal peptide.
(A) All genes containing a predicted signal peptide. The graph indicates that the majority
of genes with a predicted signal peptide exhibited MBP:FP ratio >1. (B) Genes predicted
by Dean et al. (2005) to be secreted. Similar results to (A) are observed.
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Figure 3.4 RT-PCR analysis of microarray result.
Semi-quantitative RT-PCR was done to confirm microarray data. The presence and
absence of predicted signal peptide and enrichment of the transcripts in MBP or FP are
indicated. (A) RT-PCR analysis of MM48 samples. RNA samples were prepared using
differential centrifugation method (left panel) and sucrose gradient method (right panel).
The results show a similar trend. (B) RT-PCR analysis of APP sample. RNA sample was
prepared using differential centrifugation method. The MG identifications, their
corresponding probe IDs, and description of the genes are as follows: MG06432
(AZM03364) predicted protein, MG06594 (AZM04426) extracellular chitinase,
MG02503 (AZM13403) heat shock 70kD protein 5 (BiP), MG09736 (AZM09326)
predicted protein, MG07975(AZM06557) predicted protein, MG01931 (AZM12495)
MFS efflux transporter of unknown specificity in S. pombe, MG3416 (AZM01114)
predicted protein, MG10315 (AZM10225) MPG1 hydrophobin, MG5110 (AZM03716),
MG08264 (AZM06992) predicted protein, MG09082 (AZM08292) predicted protein
with homology in N. crassa, MG10660 (AZM10704) predicted transcription factor,
MG08164 (AZM06847) probable protein disulfide-isomerase precursor in N. crassa,
MG01472 (AZM11841) ArfGAP(GTPase-activating protein) in S. cerevisiae.

(C)

MG04582 β-glucosidase (AZM02821) is differentially enriched in MBP in APP and FP
in MM48.

Figure 3.5 Comparison of hydropathy plot of signal peptides.
Hydropathy plots were generated using the signal peptides from 3 transcripts that are
enriched in each fraction were taken for signalP analysis. To generate the hydropathy plot,
EMBOSS package was used using pepwindow program using the default setting as
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described in the methods. The hydropathy plots suggest that the enrichment may not be
due to the strength of signal peptide (hydrophobicity) as reported in S. cerevisiae.

Figure 3.6 Translational activities of select M. grisea transcripts.
Total RNA from MM48 was subject to polysomal separation using a sucrose gradient.
Panel (A) shows the MM48 polysomal profile. Panel (B) is Northern analysis of select
transcripts. The RNA samples are loaded in the order of free to polysome-bound RNAs
(lane 1~6) and separated on denaturing gel, and Northern analysis was performed using
the probes indicated. MPG1 transcripts are enriched in the FP fraction for both MM48
and APP conditions. In contrast, BiP is enriched in the MBP fraction in both condition.
MG10660, a putative transcription factor, lacking a signal peptide, was used as a control
for FP enriched transcripts. The result indicates that all three transcripts are associated
with ribosomes to a varying degree, and translationally active.

Figure 3.7 Differential staining of chitin and chitosan during infection.
Appressorium formation was induced on cellophane film (A~D) and onion skin (E~H)
for staining of chitin and chitosan. Incipient penetration peg was stained with WGATRICT for chitin (B and F) and chitosan-specific antiserum was used to stain chitosan (A
and E) followed by incubation with anti-rabbit FITC-conjugated antibody. The composite
image and bright field image are shown in C and D for cellophane film and G and H on
onion skin, respectively. Compared to the staining of germ tubes and conidium, infection
hyphae showed more intense staining with chitosan-specific antibody while less intense
staining was observed for chitin by WGA. (I) RT-PCR analysis of chitin deacetylase
suggested that the expression of chitin deacetylase was sensitive to nutrient, and slight up
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regulation was also noticed during the late stage of infection 24 hours and 48 hours after
incubation (MM: minimal medium, -N: MM-N, -C, MM-C, A7: appressorium after 7
hours of induction, A24: appressorium 24 hours of induction, A48: appressorium 48
hours of induction).

Figure 3.8 The distribution of MBP:FP signal ratio for MAGGY components (gag
and pol) grown for 48 hrs in minimal medium.
The ratio of MBP:FP is shown in a log scale. The distribution of MBP:FP ratio indicates
that the retrotransposon, MAGGY, is associated with (endo)membrane fraction in M.
grisea.
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Figure 3.1 Sample preparation for microarray analysis

119

Free
cytosolic
RNA (FP)

AZM04916: Mevalonate kinase

Cytosol

AZM08497: phosphomevalonate kinase (ERG8)

cytosol

AZM01144: Geranylpyrophosphate synthase (ERG20)

Unknown

AZM05361: Geranylpyrophosphate synthase (ERG20)

unkown

AZM07571: Farnesyl pyrophosphoate synthase (ERG20) unknown
AZM08569: Squalene synthase (ERG9)

Intergal to membrane

AZM12943: Squalene epoxidase (ERG1)

ER/lipid particle

AZM11693: ERG11

ER

AZM01757: ERG11

ER

AZM01049: sterol C-4 methyloxidase (ERG25-28)

ER/PM

AZM02538: Sterol C-3 dehydrogenase

ER membrane

AZM02496: Sterol C-24 methyl transferase (ERG6)

ER/lipid particle

AZM03422: Sterol C-24 methyl transferase (ERG6)

ER/lipid particle

AZM07542: Sterol C-8 isomerase (ERG2)

ER

AZM07856: Sterol C-5 desaturase (ERG3)

ER

AZM11708: Sterol C-22 desaturase (ERG5)

ER?

AZM13350: Sterol C-24 reductase (ERG4)

ER membrane

Figure 3.2 Partitioning of the genes in ergosterol biosynthesis pathway
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Figure 3.4 (continued)
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Figure 3.4 RT-PCR analysis of microarray result
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Chapter Four
14-3-3 homolog, MgFTT1, in Magnaporthe grisea affects carbon
metabolism and is required for growth in planta

Jun Seop Jeong and Ralph A. Dean
Center for Integrated Fungal Research (CIFR), North Carolina State University,
Raleigh, NC 27695
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Abstract

14-3-3 is a ubiquitously found protein family in eukaryotes. Despite extensive
research in a variety of organisms, definitive roles for 14-3-3 remain elusive. In yeast-like
fungi, 14-3-3 proteins are known to regulate several aspects of growth and metabolism
including polarized growth and nutrient sensing. Studies of 14-3-3 in many fungi have
been hampered by the inability to recover gene knockout mutants and/or apparent
functional redundancy. In this work, we characterized a 14-3-3 homolog in the rice blast
fungus, Magnaporthe grisea. Two copies of 14-3-3 were identified in the genome, and
one copy, MgFTT1, was functionally evaluated. Deletion strains of MgFTT1 created
through double homologous recombination exhibited alterations in extracellular carbonsensitive enzymatic activities. Mutants also exhibited reduced pathogenicity to host
plants which in part were due to an impaired ability to colonize host tissue. Localization
studies using a translational fusion of MgFTT1 with GFP revealed nuclear cytoplasmic
shuttling under different conditions, indicative of dynamic subcellular localization.
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Introduction

Rice blast is the most important disease in rice production world-wide. The
disease is caused by the ascomycetous filamentous fungus Magnaporthe grisea. The
genome of the rice blast fungus was recently sequenced, revealing a wealth of
information regarding potential pathogenicity genes (Dean et al., 2005). For example, the
presence of batteries of hydrolytic enzymes such as cutinases suggests a genomic
adaptation to its ecological niche as a pathogen compared to the saprophytic fungus
Neurospora crassa (Galagan et al., 2003). The infection process of the rice blast fungus
is initiated by the formation of anisotropic structures, called appressoria. Appressoria
develop from the narrow germ tube following conidial germination on the leaf surface.
Appressorium development is accompanied by the generation of hydrostatic turgor
pressure resulting from glycerol accumulation (de Jong et al., 1997). The turgor pressure
enables a penetration peg to breach the host surface mechanically.
Mobilization of internal storage molecules for the generation of glycerol appears
to be the result of several signal transduction pathways (Dixon et al., 1999). cAMP
signaling and MAP kinase pathways have been extensively studied in M. grisea.
Application of exogenous cAMP and its analogs were shown to induce the appressorium
development (Lee and Dean, 1993). The main target of cAMP is the protein kinase A
(PKA). Deletion of PKA catalytic subunit results in abnormal appressorium formation
that fail to penetrate the host surface, resulting in a complete loss of pathogenicity
(Mitchell and Dean, 1995; Xu et al., 1997). A MAC1 (adenylate cyclase) mutant showed
pleiotropic effects in development and loss of pathogenicity, corroborating the role of
cAMP in pathogenicity (Choi and Dean, 1997). The MAP kinase cascade is a canonical
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phosphorylation cascade with three kinases in distinct modules responding to different
environmental signals in eukaryotes (Garrington and Johnson, 1999). For example, loss
of function of FUS/KSS1-related MAP kinase results in defects in appressorium
formation and infectious growth in M. grisea (Xu and Hamer, 1996). The MAP kinase
pathway has been shown to have a fundamental importance in pathogenesis in M. grisea
and other fungal pathogens (Xu, 2000).
14-3-3 is a conserved protein family found in all eukaryotes examined, and is a
potential downstream target of signal pathways (Fu et al., 2000). However, despite
intensive research on the role of 14-3-3 proteins in higher eukaryotes, their definitive
function remains elusive. One of the well-established roles of 14-3-3 proteins is the
binding of interaction partners and modulation of protein activity (Yaffe and Elia, 2001).
The interaction is mainly mediated by binding to phophorylated targets which participate
in a variety of signal transduction pathways (Yaffe, 2002). 14-3-3 proteins bind a diverse
array of targets including protein kinases, transcription factors, structural proteins, and
enzymes (Yaffe, 2002). In Saccharomyces cerevisiae, the 14-3-3 protein homologs,
BMH1 and BMH2, mediate signal transduction in the FUS3/KSS1 MAPK pathway,
which participates in invasive growth and pseudohyphal growth (Roberts and Mosch,
1997). The binding of 14-3-3 proteins to interacting partners is known to modulate
enzymatic activity or subcellular localization. 14-3-3 also plays an important role in
transcriptional regulation (Beck and Hall, 1999; Igarashi et al., 2001). BMH1 and BMH2
bind to stress related transcription factors, and sequester them in the cytoplasm. In
addition, 14-3-3 proteins function through the masking of important motifs in interacting
partners such as phosphorylation sites, nuclear export signals (NES), and other regulatory
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sequences (Lopez-Girona et al., 1999). Furthermore, 14-3-3 protein mediates intracellular
trafficking (Gelperin et al., 1995; Roth et al., 1999). Despite the universal presence of 143-3 proteins in eukaryotes and its diverse role in cell biology, in most studies, the
phenotypes of deletion of either BMH1 and BMH2 are subtle considering the
fundamental and critical cellular processes the proteins are involved in (van Heusden et
al., 1992; Roberts and Mosch, 1997). Functional redundancy of 14-3-3 proteins in a
genome may account for the observations. However, characterization of 14-3-3 in yeast
provided evidence that 14-3-3s are linked to nutrient utilization and signaling pathways
(van Heusden et al., 1992; Bertram et al., 1998; Roberts and Mosch, 1997).
In addition to extensive characterization in S. cerevisiae, the function of 14-3-3
has been studied in some detail in other yeast-like fungi. 14-3-3 protein homologs in
fission yeast were found to bind Byr2 (MAPKKK) (Ozoe et al., 2002), supporting its
regulatory role in the MAP kinase pathway. A similar role was found in Yarrowia
lipolytica (Hurtado and Rachubinski, 2002) and Candida albicans (Cognetti et al., 2002).
Interestingly, 14-3-3 protein was identified in Y. lipolytica as a suppressor of a small
GTPase Rac-mediated defect in filamentous growth (Hurtado and Rachubinski, 2002).
GTPase modules such as heterotrimeric G-proteins, ras, Rho, Rac and cdc42 are located
upstream of the protein kinase pathways including PKA and PKC, and MAPK pathways
(Banuett, 1998).
Compared to work in yeast species, relatively little is known in filamentous fungi.
In Aspergillus nidulans, 14-3-3 functions in polarized hyphal growth (Kraus et al., 2002).
Other studies using Trichoderma reesei (Vasara et al., 2002) have suggested that the
protein is involved in protein secretion, suggesting a conserved function in cytoskeleton
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reorganization for protein secretion in as observed in yeast (Roth et al., 1999). Studies in
filamentous fungi have been primarily limited to the controlled over-expression strategy
due to difficulties with knockout of 14-3-3 gene, presumably resulting from the apparent
essential nature of 14-3-3. In this study, we identified two 14-3-3 homologs in the M.
grisea genome, and successfully deleted one, MgFTT1. Phenotypic analyses suggested
that the protein plays a regulatory role in response to stress. The capacity of deletion
mutants to form appressorium was not altered, and the germinating conidia were
responsive to inducers, including hydrophobicity, cutin monomer, and cAMP regulators.
However, the deletion of the gene did affect the ability of the fungus to colonize
susceptible host tissue, suggesting its importance as a general regulatory factor.
Investigation of intracellular localization using a GFP fusion suggested a dynamic
subcellular localization.

Materials and methods
Fungal strains and culture condition
Magnaporthe grisea 70-15 was recently sequenced (Dean et al., 2005), and used
for this study. 70-15 was grown on oatmeal agar (OMA) medium for routine propagation
under constant light. For nucleic acids preparation, the culture was grown in liquid
complete media (CM; 6g yeast extracts, 6 g casein, 10 g sucrose per liter). The
composition of minimal medium (MM) was as follows: sucrose 10 g, A. nidulans trace
element solution 1 ml, 20x nitrate salts 50 mL, thiamine 1 mg, and biotin 5 ug per liter.
The trace element solution was NaNO3 60 g, KCl 5.2 g, MgSO47H2O 5.2 g, KH2PO4 15.2
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g in 500 ml. For the preparation of MM-C and MM-N, sucrose and NaNO3 were omitted,
respectively.

Identification of MgFTT in the genome
One 14-3-3 protein domain containing open reading frame was annotated in
Broad Institute database (www. broad.mit.edu/annotation/fungi/Magnaporthe/) which we
named MgFTT1. 14-3-3 homologs from fungal species were retrieved from RefSeq
GenBank database. BLAST analysis (Altschul et al., 1997) was done to identify an
additional 14-3-3 paralog in the rice blast fungus genome. Sequence alignment was done
using ClustalW (Chenna et al., 2003) software and phylogenetic analysis was performed
using MEGA software (version 3) (Kumar et al., 2004). The alignment was carefully
inspected, and the phylogenetic tree was generated using the maximum parsimony
method. Bootstrap was performed for 1000 iterations.

Generation of Knockout mutants
For generation of deletion mutants, sequence flanking MgFTT1 was amplified
using 1433speI primer (GAAGAAACTAGTCCTGGGAGCTACTAATTCG) and 14335ORFout primer (GGCCGGCCGAATTCGTAAACGGCATCTTCGTGACCCAT) for
the flanking sequence on the left side and 1433sal (GAAGAAGTCGACGGCACCTAA
CTTATCTTGGC) and 3’ORFout (CACGGCGCGCCTAGCAGCGGAATTCCTGGTA
TCGATGGTGGATTG) primers for the cloning of the right border. The left flanking
sequence was ligated to pCB1179 which contains a copy of the hygromycin gene (Carroll
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et al., 1994) using SpeI and EcoRI sites, generating pFTT1-1. The right flanking
sequence was ligated into pFTT1-1 using end-polished SacII site after blunt-ending of the
PCR product, generating pFTT1-2. The vector was linearized using SpeI restriction
enzyme before transformation. Approximately, 5 µg of DNA was used for each
transformation using the PEG-mediated transformation method (Leung et al., 1990).
Hygromycin resistant colonies were selected on TB3 agar amended with 400 µg/ml
hygromycin. The outgrowing colonies were transferred to complete media amended with
400 µg/ml of hygromycin for secondary selection. Colonies with confirmed growth on
antibiotic media were screened for deletion events by PCR. For detection of the deletion
event, primers 14-3-3NcoF (GAAGGAGATAGAACCATGGGTCACGAAGATGCCG)
and 14-3-3EcoR (CAAGAAAGCTGGGTCGAATTCCTCAGCAGGCTTCGG) primers
were used. The confirmation of the deletion event was done using genomic DNA
Southern hybridization using PCR product from 14-3-3NcoF and 14-3-3EcoR primers as
a probe. For the cloning of the MgFTT1 ORF into the GATEWAY cloning system, the
ORF PCR product was amplified with attB1univ (GGGGACAAGTTTGTACAAAAA
AGCAGGCTTCGAAGGAGATAGAAACCATG) and attB2univ (GGGGACCACTTT
GTACAAGAAAGCTGGGT) primers. The expression vector pLD2 was a kind gift from
Dan Ebbole at Texas A&M University. Expression is directed under the PR27 promoter,
and the construct harbors the RGSHHHHHH epitope and the GFP coding region. The
vector was modified to be compatible with the GATEWAY cloning system by inserting
the GATEWAY vector conversion cassette into the SwaI site in frame according to the
manufacturer’s instruction. The vector was designated pLD2-GW. MgFTT1 ORF was
cloned in a donor vector pDONR221 using the BP reaction and the insert was
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subsequently transferred to pLD2-GW using the LR reaction. The resulting construct,
pLD2-FTT1 was used for MgFTT1::GFP fusion overexpression and localization studies.

Microscopic studies
To determine the subcellular localization of the protein in vivo, the GFP fusion
construct was transformed into the wild type strain. GFP expression was observed using
Zeiss fluorescence microscope using the FITC filter. Microscopic observation of
glycogen body was made by staining cells with Lugol solution, and Nile red was used to
stain the lipid body, and observation was made using the FITC filter set (Both et al.,
2005).

For fluorescence microscopy, wheat germ agglutinin (WGA)-TRITC or

Calcofluor were used to stain chitin and nuclei respectively, and observation was made
using texas-red and DAPI filters.

Appressorium assays
Appressorium assays using GelBond and inducers were performed as described
previously (Lee and Dean, 1993). Appressorium induction using cutin monomers
followed published methods (Gilbert et al., 1996). The cellophane penetration assay was
done as follows: Fifty microliters of spore suspension (105 conidia/ml) was spotted on
sterilized cellophane film placed on OMA. After incubation for 48 hrs, the cellophane
film was removed, and the OMA plate was further incubated until visible fungal growth
was seen. A pth11 deletion strain was generated by J. Marui, FGL, and was a kind gift
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for this research. The phenotype of pth11 is described elsewhere (DeZwaan et al., 1999).
Each experiment was repeated at least three times with three replicates.

Enzymatic assay
The invertase assay was done following an established method using chromogenic
o-dianisine (Darsow, Odorizzi, et al. 2000 113 /id). The activity of invertase was
measured spectrophotometrically by reading O.D. at 540 nm. β-Galactosidase and β–
glucosidase activity were measured using o-nitrophenyl-β-D-galgactopyranoside (ONPG)
(Ausubel et al., 1987) and p-nitrophenyl β-D-glucopyranoside (Lee et al., 1996),
respectively, at a wavelength of 410 nm. For enzyme assays, conidial suspension was
inoculated in MM liquid medium. The culture was grown with with gentle shaking for 24
hrs at room temperature. The culture filtrate was collected and assayed for invertase, βgalactosidase, and β–glucosidase. The experiment was repeated three times with five
replicates, similar pattern of color development was observed in all experiments.

Pathogenicity assay
Conidial suspension was collected from cultures grown on OMA plates, adjusting
to 105 conidia/ml, and was spray inoculated onto 2 weeks old rice seedling of the
susceptible cultivar Maratelli with five replicates. The progress of the infection was
monitored through 2 weeks. Pathogenicity was also tested on barley in a similar manner.
For wound assays, two weeks old detached barley seedlings were pricked with sterile
pipette tips, and 50 µl of 104 conidia/ml suspensions were inoculated on the wounded
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sites. The progression of the symptoms was photographed 1 week after inoculation. Tests
were repeated at least three times.

Results
Identification of MgFTT1
A 14-3-3 homolog (MG01588) was identified in M. grisea genome and named
MgFTT1. BLASTP search using the MgFTT1 protein sequence retrieved homologs of
14-3-3 proteins in other fungi with the closest homologs found in Hypocrea jecorina
(CAC20377.1: 96% identity), 14-3-3TRIHA 14-3-3 protein homolog in Gibberella zeae
(EAA76369.1: 96% identity), and 14-3-3 protein homolog in Neurospora crassa
(XP_329994.1: 93% identity). BLAST analysis of the rice blast genome and TIGR Index
EST database revealed the presence of another copy of 14-3-3 gene, named MgFTT2.
The presence of this gene was confirmed by RT-PCR. Pair-wise sequence alignment of
MgFTT1 and MgFTT2 revealed in 69% identity and 83% similarity by PAM250. A
phylogenetic tree generated using maximum parsimony method using available 14-3-3
fungal sequences indicated a clear separation of 14-3-3 sequences between Ascomycetes
and Basidiomycetes (Figure 4.1). The 14-3-3 homologs from S. cerevisiae BMH1 and
BMH2 formed a distinct branch from other Ascomycetes. The results also clearly
revealed two distinct isoforms of 14-3-3 proteins in filamentous fungi. For example,
MgFTT1 and MgFTT2 were located in separate branches, suggesting isoform-specific
function.
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Expression analysis of MgFTT1
The expression pattern of MgFTT1 was analyzed by Northern analysis (Figure
4.2). RNA samples were prepared from conidia, germinating conidia, and mycelia grown
in CM, MM, and MM without either carbon (MM-C) or nitrogen sources (MM-N).
Transcripts analysis showed that expression of MgFTT1 was detectable under all
conditions tested. However, transcript levels were higher in germlings compared to
conidia and the appressorial stage. We also observed fluctuations in transcripts level in
mycelia grown in rich versus minimal media and in response to nutritional stress,
suggesting MgFTT1 might be linked to polar growth and nutrient control. This is
consistent with proposed roles of the protein in other fungal species.

Generation of knockout mutants
Genomes of higher eukaryotes typically contain many copies of 14-3-3 homologs.
Fungi, on the other hand, typically contain 2 copies. Deletion of either BMH1 or BMH2,
14-3-3 homologs in S. cerevisiae, is not lethal. However, in most genetic backgrounds,
the double mutation is lethal. In other yeast species such as C. albicans and Y. lypolitica,
14-3-3 appears to be essential for viability (Cognetti et al., 2002; Hurtado and
Rachubinski, 2002). C. albicans only appears to contain a single copy of 14-3-3 whereas
Y. lypolitica contains two copies of 14-3-3 homologs. However, attempted deletion of a
14-3-3 homolog, YlBMH1 was not successful in Y. lipolytica, suggesting that this gene is
essential for viability.

In T. reesei, the function of the gene was characterized by

complementation of a truncated cDNA fragment in budding yeast for a secretion defect
(Vasara et al., 2002). Work in A. nidulans also suggested that the 14-3-3 homolog, ArtA,
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may be essential for viability (Kraus et al., 2002). To further the knowledge of 14-3-3 in
filamentous fungi, we attempted to delete MgFTT1 from the M. grisea genome. Three
independent deletion mutants were obtained by the homologous recombination strategy
depicted in Figure 4.3A. To confirm deletion of the gene, genomic Southern
hybridization analysis was performed using the ORF as a probe (Figure 4.3B upper
panel). The hybridization data showed the absence of the signal in ∆MgFTT1-1, 2 and 3,
and hybridization with hph probe showed integration of hph in all strains except for wild
type (Figure 4.3B lower panel). PCR analysis confirmed the deletion of MgFTT1 from
strains ∆MgFTT1-1, 2, and 3. The growth of deletion strains on OMA was comparable to
wild type in terms of growth rate and pigmentation. Conidiation level appeared to be
indistinguishable from the wild type with the exception of ∆MgFTT1-3 which appeared
to have a slightly reduced ability to conidiate.

Deletion of 14-3-3 affects the expression of hydrolytic enzymes
14-3-3 is known to regulate starvation responses in yeast (Bertram et al., 1998;
Beck and Hall, 1999) . In yeast, BMH1 and BMH2 binds to the stress responsive
transcription factor MSN2 and MSN4, sequesters them in the cytoplasm, and only
releases the transcription factors upon a nutrient deprivation signal (Beck and Hall, 1999).
The two transcription factors are known to be activated by stress such as nutrient
starvation. Invertase activity is affected by the expression of T. reesei 14-3-3 homolog in
yeast (Vasara et al., 2002). To see if the deletion of MgFTT1 affects the expression of the
enzymatic activities that may be under catabolite repression, enzymatic activity was
measured in the culture filtrates. We choose invertase, β-galactosidase, and β-glucosidase
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activities. In yeast, invertase and β-galactosidase are repressed in the presence of good
carbon sources (Gancedo, 1998). Also, β-glucosidase activity has been shown to be
regulated by carbon catabolite repression in filamentous fungi (Lee et al., 1996). The
results are summarized in Figure 4.4. Knockout of MgFTT1 resulted in a 5-10 fold
increase in invertase activity in the culture filtrate compared to the wild type and ectopic
mutant (Figure 4.4A). Similar effects were seen with the β-galactosidase (Figure 4.4B)
and β-glucosidase (Figure 4.4C) activities. Thus, the data indicate that MgFTT1 regulate
a number of extracellular hydrolases, potentially through a nutrient sensitive mechanism.

Deletion of MgFTT1 deos not affect the ability to form appressorium or to penetrate
One of the proposed roles of 14-3-3 in a variety of fungi is the regulation of
polarized growth. Also, BMH1 and BMH2 in yeast play a central role in the RAS/cAMP
pathway. In the rice blast fungus, appressorium formation is essential for infection, and is
known to be mediated by cAMP. Thus, we investigated the effect of MgFTT1 deletion on
appressorium formation in M. grisea. Deletion mutants retained the capacity to form
appressoria on a hydrophobic surface. Induction of appressoria with cAMP, a cyclic
nucleotide

phosphodiesterase

inhibitor,

IBMX,

and

a

cutin

monomer

1,16-

hexadecanediol induced appressorium on non-inductive surface indistinguishable from
wild type. Staining of lipid body and glycogen by Nile red and Lugol solution did not
show difference between wild type and the deletion strains. Thus, the ability to form
appressorium does not appear to be affected by deletion of MgFTT1.
Genetic and physical interaction of 14-3-3 with Rac1 and PAKs has been reported
in other fungi (Hurtado and Rachubinski, 2002; Szabo, 2001; Leveleki et al., 2004). In
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Ustilago maydis, deletion of a PAK kinase resulted in alteration of chitin metabolism.
Thus, we were interested to determine whether deletion of MgFTT1 altered the cell wall
of M. grisea. Staining of germinating M. grisea conidia with a lectin, wheat germ
agglutinin (WGA) TRICT, conjugate showed differences (Figure 4.5A). In the wild type
strain, the cell walls of germ tubes and incipient appressorium were intensely stained.
However, mutant strains showed a reduced level of staining. To see if the appressorium
formed by the deletion mutants was defective in some way, the ability to penetrate an
artificial substratum was tested (Figure 4.5B). An agar block containing fungal material
was placed face-down on sterile cellophane film overlaid on OMA, and incubated for 48
hrs. After incubation, the cellophane was removed and the plates were further incubated
until clear colony growth was visible. Clear growth was seen for all of the deletion strains,
indicating penetration of the cellophane film. However, no growth for pmk1, cpka, magb,
and mac1 mutants was observed. However, growth of pth11 deletion mutant was seen,
suggesting that the penetration of cellophane film is strongly correlated to the formation
of a functional appressorium and invasive growth. Thus, the data suggest that MgFTT1
deletion mutants form functional appressorium. We further investigated the ability of
MgFTT1 deletion mutants to penetrate onion peel epidermal cells. We were able to
observe infectious hyphae when inoculated with the deletion mutants (data not shown).

MgFTT1 is required for growth in planta
To investigate whether the deletion of the gene may affect the ability to cause
disease, pathogenicity assays were done on rice and barley. Pathogenicity was assessed
using two week old rice seedlings. Symptoms were evaluated two weeks after inoculation.
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Even with an apparent absence of defects in appressorium formation and penetration,
differences in pathogenicity was noticed in the deletion strains compared to the wild type.
Wild type and the ectopic strain produced disease lesions that spread rapidly. However,
the deletion mutants exhibited reduced symptom development as evidenced by the
formation of fewer numbers and smaller lesions compared to the wild type (Figure 4.6A
for rice and 4.6B for barley). To investigate whether the deletion strains were defective in
invasion of host tissues, detached barley leaves were inoculated after wounding. In
contrast to the lesions produced by the wild type and the ectopic mutant, which showed
spreading lesions, the deletion strains exhibited limited symptom development on
wounded barley leaves (Figure 4.6C). Thus, the data suggests that MgFTT1 is required
for normal growth in planta.

14-3-3 GFP fusion protein localizes to the nucleus
PSORTII predicted a subcellular localization for MgFTT1, and suggested nuclear
localization (Nakai and Horton, 1999). To investigate this, GFP was fused to the Cterminal of full length MgFTT1 under the constitutive RP27 promoter (Bourett et al.,
2002). In Arabidopsis, a similar translational fusion of 14-3-3s exhibited a distinct
subcellular localization, suggesting that translational fusion of GFP was functional (Paul
et al., 2005). In M. grisea, the GFP signal was observed throughout the cytoplasm when
the culture was grown in nutrient rich liquid medium. However, when transferred to CM
amended with hygromycin, the GFP signal localized to the nucleus (Figure 4.7A and
Figure 4.7B). The strain that contain multi-copy of the 14-3-3::GFP fusion showed some
interesting phenotypes. Colony morphology and the growth characteristics were not
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distinguishable in terms of growth rate and conidiation compared to the wild type on
solid media. However, no development of pigmentation was seen in liquid culture of the
overexpression strain whereas wild type cultures became pigmented after a prolonged
growth. Strong subcellular localization was also seen in conidia. In fresh conidia, the
GFP signal was absent from the tapered end of a conidium (Figure 4.7C upper panels).
Prolonged incubation of conidia in water resulted in a concentrated punctuate localization
in the cytoplasm. Interestingly, when the conidia became immobilized on the surface, a
transient localization of the GFP fluorescence was observed in the nucleus (Figure 4.7C
lower panels). This might to be coincident with the germination. These results suggest
that the localization of MgFTT1 is dynamic and responsive to environmental stimuli.
To evaluate whether the over-expression affects infection-related development,
conidia were incubated on glass cover slips and on onion peels (Figure 4.8). Appressoria
were evident. However, some formed balloon like structures which were not melanized.
Many of these resumed polarized growth (Figure 4.8A). Appressoria appeared to be
larger than wild type, and presented more chitinous material compared to the wild type as
evidenced by calcofluor staining (Figure 4.8B and 4.8C). Similar structures were also
observed on onion peels. Thus, MgFTT1 appears to be involved in the initiation of
germination and maintenance of filamentous growth, which is supported by both
Northern analysis and intracellular localization studies in addition to being involved in
nutrient sensing.
Discussion
14-3-3 proteins mediate various cellular processes. Despite the presence of the
gene in all eukaryotes studied so far, its role is not clearly defined. In higher eukaryotes,
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this, in part, may be due to functional redundancy. In work presented here, we
characterized a 14-3-3 homolog (MgFTT1) in the rice blast fungus. The phylogenetic
analysis and protein domain information confirm that MgFTT1 is a 14-3-3 protein. The
phylogenetic analysis showed the presence of two putative isoforms in genomes of
filamentous fungi, which may suggests isoform specific function (Rosenquist et al., 2000;
Roberts and de Bruxelles, 2002; Daugherty et al., 1996). Thus, it could be anticipated that
functional analysis of the other copy of the gene in the rice blast fungus might reveal
different phenotypes.
The expression pattern of the transcript appears to be finely tuned. However,
evidence of transcriptional regulation of 14-3-3 is limited (van Hemert et al., 2001;
Hurtado and Rachubinski, 2002). In our study, transcript levels of MgFTT1 were higher
in polarized growth stages such as germination and mycelial growth than in conidia and
appressoria. The transcriptional variation detected in our Northern analysis is consistent
with the functions of this gene we observed in M. grisea. YlBMH1, a 14-3-3 gene in Y.
lipolytica, was shown to be upregulated during yeast-to-hyphal transition and
germination (Hurtado and Rachubinski, 2002). Thus, 14-3-3 appears to regulate polarized
growth. Also, the transcription of MgFTT1 was regulated by starvation stress. Consistent
with the role of the 14-3-3 proteins in other organisms, transcription was affected by
carbon starvation. Multi-copy overexpression of yeast BMH1 in S. cerevisiae resulted in
poor growth in a medium with a poor carbon source (van Heusden et al., 1992). Similar
to observations in budding yeast, 14-3-3 regulates carbon nutrient utilization in gene copy
number dependent manner in C. albicans (Wang et al., 2004). Thus, it is possible that
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stoichiometric balance of 14-3-3 protein with interacting partners is necessary for the
appropriate physiological response.

The effect on the nutrient metabolism
Deletion of MgFTT1 from the rice blast fungus resulted in increased activities for
some hydrolytic enzymes that may be under transcriptional induction or catabolite
repression. Higher β-galactosidase, β-glucosidase, and invertase activities were shown in
the culture filtrate of deletion mutants compared to the wild type strain. In budding yeast,
β-galactosidase and invertase are under catabolite repression. These results suggest that
MgFTT1 is involved in catabolite repression mediated gene regulation. In budding yeast,
treatment of rapamycin which mimics nutrient deprivation triggered the dissociation of
MSN2/4 transcription factors from 14-3-3, and caused the transcription factors to
translocate into the nucleus where they bind stress response element (SRE). The role of
14-3-3 protein in yeast species in nutrient sensitive regulation has been shown in other
studies (van Heusden et al., 1992; Beck and Hall, 1999; Bertram et al., 1998; Wang et al.,
2004; Ichimura et al., 2004). A large scale proteomic and expression profiling study
showed that the deletion events led to the increased expression level of genes that are
under carbon and nitrogen regulatory pathways (Ichimura, Kubota, et al. 2004 115 /id).
The authors also noted the possible negative regulation of ste20 pathway by BMH1 and
BMH2, affecting downstream processes of intermediary metabolism and cell wall
integrity. A similar study also suggested that 14-3-3 may affect downstream targets by
negative regulation in budding yeast (Bruckmann et al., 2004). Also, the study indicated
that 14-3-3s regulate stress-sensitive gene expression, suggesting 14-3-3s’ role in general
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stress response. In Cochliobolus carbonum, deletion of the SNF kinase did not affect
invertase activity suggesting it is not under catabolite repression (Tonukari et al., 2000).
In our experiments, deletion of MgFTT1 resulted in higher invertase activity than the
wild type. Since sucrose is one of the main sugars for transport in plants, invertase
activity might not be under strict regulation of catabolite repression or different isozymes
that are under catabolite repression may contribute to the total invertase activity for plant
pathogens.

Appressorium formation
The deletion of MgFTT1 did not appear to affect appressorium formation on an
inductive surface. Also, chemical inducers such as cAMP, IBMX, and cutin monomers
were effective in inducing appressoria in the deletion mutants. The deletion mutants also
formed appressoria on plant surfaces such as onion skin and rice leaves. Thus, it appears
that even though the gene is involved in polarized growth, the ability to form appressoria
was not hampered by the deletion of the gene. This might be ascribed to functional
redundancy of another copy of 14-3-3 in the rice blast fungus genome. In the rice blast
fungus, PMK1 MAP kinase is essential for the formation of the appressorium (Xu and
Hamer, 1996). In budding yeast, both copies of 14-3-3 proteins were shown to bind
STE20. The physical interaction of MAPKKK with 14-3-3 proteins appears to be a
common mechanism in eukaryotes. Recent work to dissect PMK1 MAPK pathway
suggests that there might be divergent input and output of the signals despite the
conserved structural modules. The characterization of MST12, the STE12 homolog of
budding yeast, in the rice blast fungus revealed the presence of possible PKA
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phosphorylation site and divergence of gene structure in filamentous fungi compared to
the budding yeast (Park et al., 2004). Also, deletion of the PAK kinase homologs in the
rice blast fungus MST20 and CHM1, homologs of STE20 and CLA4 in budding yeast,
respectively, showed phenotypes that are different from the PMK1 mutant (Li et al.,
2004). Thus, it appears appressorium formation in the rice blast fungus is regulated by the
cooperation of cAMP and PMK1-related MAPK pathways that is conserved in
filamentous fungi. However, the role of 14-3-3 proteins in the regulation of MAPK
pathway in M. grisea remains to be established.

Cell wall remodeling
14-3-3 proteins appear to be involved in cell wall integrity in fungi, which may be
mediated by various signaling components. When MgFTT1 was deleted, we detected less
staining of chitinous material by WGA staining. On the other hand, the over-expression
strain showed an increased staining of chitininous material compared to the wild type.
One of the important pathways for cell wall remodeling in fungi is through protein kinase
C and Rac1. A recent finding in fission yeast suggests that rad25 plays a repressor of cell
wall defectiveness, and multicopy expression affects cell morphology and cell wall
properties (Ishiguro et al., 2001). Interestingly, a deletion mutant of Cla4, a PAK kinase
homolog in U. maydis, showed delocalized chitin deposition in the cell wall (Leveleki et
al., 2004). Also, 14-3-3 homologs in fission yeast, rad24 and rad25, were shown to
interact with Byr2, a MAPKKK, and act as negative regulators by affecting the
localization of the BYR2 protein (Ozoe et al., 2002). Thus, there appears to be a common
mechanism of the regulation of the MAPK pathway by 14-3-3 proteins. Preliminary yeast
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two hybrid analysis with MgFTT1 as bait and MST11, a STE11 homolog of budding
yeast, suggested no physical interaction in the rice blast fungus (Jeong and Dean,
Unpublished data). The genetic and physical interactions of 14-3-3 with STE20 PAK
kinase and MAPKKKs suggest that the role of the 14-3-3 protein in the signaling cascade
is to bring the components into proximity for interaction, acting as a scaffold. PAK
kinases are downstream effecters of Rac and Cdc42 through actin cytoskeleton
reorganization (Eby et al., 1998; Holly and Blumer, 1999). Interestingly, BMH2 and
BMH1, to a lesser degree, can rescue the clathrin heavy chain mediated vesicular
transport in yeast (Gelperin et al., 1995). These results suggest that 14-3-3 protein is a
critical regulator of the actin cytoskeleton. The different routes by which the 14-3-3
proteins were identified further support this conserved role. As mentioned previously,
YlBMH1 was cloned as a complementation to the Rac1 deficient phenotype in Y.
lipopytica (Hurtado and Rachubinski, 2002). Also, Cla4 was suggested to be the
downstream target of Rac1 in U.maydis (Leveleki et al., 2004). Rac1 is known to interact
with CRIB domain in PAK kinases. Although the physical interaction of 14-3-3 proteins
and STE20 PAK kinase was shown in yeast, genetic interaction of 14-3-3 proteins and
Rac1/cdc42 appears to be indirect (Zenke et al., 2004).

Pathogenicity
Disease assays showed that the deletion of MgFTT1 resulted in reduced
pathogenicity. Occasional lesions were observed on inoculated rice plants. However,
lesions were localized, and progressed more slowly compared to the lesions caused by the
wild type. Deletion mutants were able to penetrate an artificial surface. The ability to
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penetrate cellophane film appears to represent the ability to form functional appressorium
since mac1 (no appressorium formation), cpka (delayed and non-functional appressorium
formation), and pmk1 (no appressorium formation and no invasive growth) were not able
to penetrate and grow. This was further corroborated by the wounded barley leaf assay. In
contrast to the wild type, the deletion mutant strains showed limited symptom
development in wounded barley leaves, suggesting a defect in post-penetration growth.
Thus, it appears that the deletion of the gene affects in planta growth. As described
previously, deletion of MgFTT1 resulted in the alteration of cell wall property. Chitin is
an important component of fungal cell wall. In fission yeast, one of 14-3-3 homolog,
rad25, was isolated as by complementing a mutant strain with defects in cell wall
integrity (Ishiguro et al., 2001). Interestingly, overexpression of rad25 resulted in more
intense staining of septum with calcofluor, also the overexpression strain exhibited
abnormal elongation of cell morphology. Thus, it is reasonable to assume that deletion of
MgFTT1 results in a cell wall defect that affects in planta growth. Also, MgFTT1
deletion strains exhibited alteration in the activity of some carbohydrate hydrolyzing
enzymes. Some of these enzymes or enzymatic product might represent pathogenassociated molecular pattern (PAMP). Chitin metabolism appears to be elevated during
appressorium formation compared to mycelium grown in rich medium and carbon
starvation condition (unpublished data). Chitin deacetylases are up-regulated during
carbon starvation and toward late stages of appressoria on an artificial surface which
might represent the penetration stage. In fact, carbon utilization pathways may be primary
targets of MgFTT1 as shown in this work. Thus, MgFTT1 deletion strains might present
more PAMPs, which can be recognized by host defense systems. Deletion of MgFTT1
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resulted in less intense staining with WGA compared to wild type, suggesting reduced
level of chitin in the cell wall. Chitin binding domain proteins have been proposed to
protect the fungal cell wall from chitinases produced by plant host. Also, chitin
derivatives such as chitosan have been proposed to be an effective way to protect the
fungal cell wall from host chitinases during penetration (Mendgen et al., 1996). Thus,
alteration in chitin metabolism may not only weaken the cell wall, but may also make the
fungus more susceptible to host defense responses, resulting in greatly reduced ability to
grow in planta.

Localization of MgFTT1 GFP fusion
To examine the temporal and spatial localization of 14-3-3, we created
transformants in which MgFTT1 was tagged at the C-terminus with GFP. In many
organisms, 14-3-3 localizes to the nucleus. In a large scale protein localization analysis in
yeast, BMH2 was found to localize to the nucleus under certain conditions (Huh et al.,
2003). Also, in tobacco, a 14-3-3 protein localizes to the nucleus (Igarashi et al., 2001).
Our finding that MgFTT1 is excluded from the nucleus in conidia and exhibit transient
nuclear localization, presumably, before germination may suggest that it shuttles
repressor activity out of the nucleus. This appears to be the case in tobacco. A bZIP
transcription factor RSG is negatively regulated by a 14-3-3 protein via its intracellular
localization. Also, one of the proposed roles of 14-3-3 protein is in nuclear export by
masking nuclear localizing signals (NLS), thus reducing the rate of nuclear import of
target proteins (MacKintosh, 2004). In Arabidopsis, 14-3-3 proteins show isotypespecific and tissue-specific localization. Some isotypes show nuclear localization (Paul et
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al., 2005; Bihn et al., 1997). However, a detailed localization study in Arabidopsis
suggests that the subcellular localization of 14-3-3 proteins is modulated by interaction
partners rather than by 14-3-3 protein itself (Paul et al., 2005). Detailed studies support a
complementary role of 14-3-3 in nucleocytoplasmic shuttling of interacting proteins
through physical binding (Brunet et al., 2002). Thus, the biological significance of the
nuclear cytoplasmic shuttling remains to be determined.

Interaction with other signal pathways
In many organisms, 14-3-3 appears to regulate polarized growth and reinitiation
of growth or germination in a variety of contexts (Morton et al., 2002; Roberts and
Mosch, 1997; Igarashi et al., 2001; Kraus et al., 2002; Benton et al., 2002). A variety of
evidence indicate that 14-3-3 is involved in cross-talk between signal transduction
pathways (Dumaz and Marais, 2005). Physical interactions of 14-3-3 with MAPK
component such as MAPKKK, raf, which is an established MAPKKK, and its upstream
component, a PAK, Ste20 have been shown (Irie et al., 1994; Roberts and Mosch, 1997;
Ozoe et al., 2002). 14-3-3 is known to be located as a down stream regulator of the TOR
pathway (Bertram et al., 1998). TOR is a key regulator of cell growth, and interacts with
other signaling pathway such as cAMP/PKA. In this work, we noted alterations of the
cell wall properties of the mutants compared to wild type. Also, an aberrant morphology
was seen in the overexpression strain. Recent microarray study suggested that 14-3-3s
play regulatory roles in carbon and nitrogen responsive cellular responses through PKA,
SNF1, and TOR pathways in yeast (Ichimura et al., 2004). Proteomic studies also
suggested roles of 14-3-3 proteins in cytoskeleton dynamics, intracellular trafficking, and
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signaling pathways (Jin et al., 2004; Pozuelo et al., 2004). Considering the cellular
processes that 14-3-3s are involved in, phenotypes of knockout strains of individual 14-33 genes in yeast and the rice blast fungus appear to be relatively subtle. This suggests that
there might be functional overlap between 14-3-3s in particular organisms. However,
various lines of evidence suggest independent roles exist for individual 14-3-3s.
In this work, we characterized MgFTT1, a 14-3-3 homolog in the rice blast
fungus. Our results showed that 14-3-3 protein is an important component of cellular
morphogenesis and physiology. MgFTT1 was shown to play a critical role in establishing
pathogenic interaction with host plant. Also, MgFTT1 affects cellular physiology which
might affect the overall infection process. Considering the possible existence of two
isoforms in filamentous fungi, functional analysis of the other isoform awaits further
investigation.
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Figure legends
Figure 4.1 Phylogenetic tree using fungal 14-3-3 RefSeq sequences retrieved from
GenBank.
Maximum parsimony tree was constructed from alignment generated using CLUSTALW
integrated in MEGA3 software, and the consensus tree is presented. Bootstrap values are
indicated on each node (1000 iterations). Separation of yeasts, Ascomycetes, and
Basidiomyctes were noted. The tree suggests that two different isoforms may exist in
ascomycetous filamentous fungi (An: A. nidulans, Af: A. fumigatus, Cn: Cryptococcus
neoformans, Gz: G. zeae, MgFTT1/2: M. grisea, Nc: N. crassa, Hj: H. jerconi, Sc:
Saccahromyces cerevisiae, Um: Ustilagos maydis).

Figure 4.2 Expression pattern of MgFTT1 in different growth stages and conditions.

The expression pattern of MgFTT1 was investigated using Northern hybridization. Total
RNA was extracted from conidia (lane 1), germlings (lane 2), appressoria (lane 3),
complete medium (CM) (lane 4), minimal medium (MM) (lane 5), MM-Carbon (lane 6),
and MM-Nitrogen (lane 7). The expression pattern suggests that the transcription is
sensitive to polarized growth and nutrients. Panel (A): Northern blot probed with
MgFTT1 ORF fragment, Panel (B) ribosomal banding.

Figure 4.3 Targeted deletion of MgFTT1.
(A) Deletion strategy. Deletion plasmid pFTT3 was constructed in pCB1004 by ligation
of left flanking sequence (Lf: ~1.7 kb) and right flanking sequence (Rf: ~0.5kb) from
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MgFTT1. (B) Confirmation of deletion. Southern blot analysis was done using MgFTT1
ORF as probe (upper panel). Genomic DNA from each strain was digested with KpnI
(lane 1: wt 70-15, lane 2: ∆MgFTT1-1, lane 3: ∆MgFTT1-2, lane 4: ∆MgFTT1-3, lane 5:
ectopic 1, and lane 6: ectopic 2). In the deletion mutants, no signal was seen. In wild type
and ectopic mutants, signal was present. Hybridization with hygromycin probe shows
signals in all transformants except for wild type (lower panel).

Figure 4.4 Enzymatic activities in culture filtrates.
Each strain was grown in MM liquid culture with sucrose as a carbon source. Culture
filtrate was taken after 24 hrs for the measurement of the enzymatic activities. Wt and ect
represent wild type and ectopic transformant, respectively. (A) Invertase activity, (C) βgalactosidase activity, (C) β-glucosidase activity

Figure 4.5 Deletion of MgFTT1 affects cell wall properties.
(A) Cell wall chitin staining with WGA-TRITC conjugate. In comparison to wild type
and ectopic integration strains, the deletion mutant strains showed reduced staining with
WGA, suggesting lower amount of chitin in the cell wall. Similar staining properties
were shown in the other deletion mutants (B) Penetration of cellophane film. In the wild
type and deletion strain, growth was seen, indicating the successful penetration of the
film. No growth was observed for CPKA, MAC1 and PMK1 mutants, indicating
defective non-functional appressorium formation and/or penetration.
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Figure 4.6 Pathogenicity assays of wild type and mutant strains.
Two milliliter of 1X105/ml conidial suspension was inoculated by spraying on two weeks
old rice (A) and barley (B) seedlings. The picture was taken 2 weeks post inoculation.
Wild type produced well-developed spreading symptoms on rice and barley plants.
However, the deletion mutants (∆MgFTT1-1, ∆MgFTT1-2, and ∆MgFTT1-3) showed
greatly reduced symptoms with lesions showing limited development compared to the
wild type. A similar pattern of the disease progression was seen in barley. (C) Barley
plants were drop inoculated after wounding with sterile pipette tip. In contrast to wild
type and ectopic transformants which produced rapid progression of symptom
development, deletion strains showed a reduced symptom development, suggesting
impaired in planta growth.

Figure 4.7 The localization of MgFTT1::GFP fusion protein.
The subcellular localization of the fusion protein was determined using a fluorescence
microscope. (A) The localization of nucleus and septum was determined using calcofluor
and DAPI staining. (B) The localization of the GFP fusion protein was seen throughout
the cytoplasm. The arrows indicate nuclei. The GFP signal coincides with nucleus,
suggesting the nuclear localization of the protein. (C) Localization of fluorescence in the
conidium. The arrow in the upper left panel shows the absence of GFP signal, and the
same conidium observed by DAPI stain appear to colocalize to region devoid of GFP. In
contrast, the arrow in the lower panel indicates localized concentration of GFP which
colocalizes to the nucleus (left panel: FITC channel for GFP signal, right panel: DAPI
channel for the nucleus).
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Figure 4.8 Over-expression of MgFTT1::GFP affects appressorial development.
(A) Appressorium formation by the MgFTT1::GFP strain. Most germinating conidia
formed appressoria. However, some formed a balloon like structures (indicated by arrows)
which were not melanized, and re-initiated polarized growth. (B) Appressorium produced
by wild type on onion epidermal peels. Fully melanized appressoria were observed. (C)
Appressorial produced by MgFTT1::GFP strain on onion epidermal peels. Appressoria
appeared to be fully melanized. However, the appressorium cell wall appeared to stain
more heavily for chitin compared to the wild type (appressoria are indicated by arrows in
(B) and (C)). (Left panels: bright field, right panels: (A) FITC channel, (B) and (C) DAPI
channel).
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Figure 4.2 Expression pattern of MgFTT1 in different growth stages and conditions.
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Figure 4.3 Targeted deletion of MgFTT1.
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Figure 4.7 The localization of MgFTT1::GFP fusion protein.
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Figure 4.8 Over-expression of MgFTT1::GFP affects appressorial development.
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Abstract

A number of strategies have been devised to inactivate genes in filamentous fungi.
Gene knockout is a key tool for functional analysis of genes. Typically, gene deletion
involves double homologous recombination replacing the gene of interest with a
selectable marker. Gene deletion experiments involve creation of knockout vector with
sequences flanking the gene of interest and the screening of a large number of
transformants for homologous recombination. These steps can be a major bottle neck in
functional gene analysis. Recently, PCR-mediated cloning-free strategies have been
developed for creating constructs for gene deletion in fungi. In this work, we exploited a
split-marker system for gene replacement of the snodprot1 homolog in the rice blast
fungus, Magnaporthe grisea. The protein is present in many filamentous fungi including
Neurospora crassa and Fusarium spp.. We show that the use of split-marker approach
was more efficient for the generation of deletion mutants compared to the use of
traditional gene knockout constructs. Significantly, the deletion mutants showed greatly
reduced pathogenicity on host plants. The reduced pathogenicity might be due to
impaired growth in planta. Snodprot1 homologs have been shown to be phytotoxic in
other systems, and suggested to have characteristics of hydrophobins. However, our data
suggested that the purified protein did not show apparent phytotoxicity when applied to
wounded barley leaves. This is the first report, to our knowledge, directly implicating a
snodprot1 homolog as a phytopathogenic factor.
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Introduction

High throughput analyses are essential in functional genomics. The function of
genes can be assessed through over-expression of target genes, misscheduled expression,
and targeted disruption. Recently, gene silencing using the RNAi approach has been used
extensively in mammalian systems. In contrast to the knockout deletion strategy, the
RNAi knockdown strategy requires careful target site selection since this greatly
influence efficacy. RNAi has been used in the rice blast fungus as a tool to knock down
the expression of several target proteins (Kadotani et al., 2003; Nakayashiki et al., 2005).
However, the level of effectiveness varied. Thus, targeted gene deletion strategy remains
the most reliable tool for the functional analysis of candidate genes. However, for most
eukaryotes, gene deletion is not as facile as in budding yeast. In filamentous fungi, the
rate of gene deletion by homologous double recombination ranges from less than 1% to
20% of marker selected transformants, depending on the length of flanking sequences. To
increase the rate of homologous recombination, a strategy termed TAG-KO using long
flanking sequences has been used with some success in a large insert DNA libraries
(Hamer et al., 2001). The generation of knockout constructs is also cumbersome. In
budding yeast, short flanking sequences (~40bp) can be used for gene targeting due to the
high rate of homologous recombination, thus facilitating the process of gene deletion
construct generation. An adapatmer strategy which employs PCR-based cloning free
deletion amplicon generation was shown to be effective for gene deletion in yeast (Reid
et al., 2002). A strategy that uses a split marker gene was developed in yeast for efficient
generation of target gene deletion strains (Fairhead et al., 1996). Since antibiotic
resistance is obtained only through homologous recombination of overlapping selectable
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marker gene in vivo in split-marker system, it should reduce the number of transformants
that need to be screened to identify those that have undergone homologous recombination
at the site of target gene. This strategy was tested in the rice blast fungus for gene
deletion.
Snodprot1 is a member of a family of small secreted proteins identified in a
number of fungal species (Skinner et al., 2001). The protein shows homology to a
phytotoxic protein; its founding member is the biochemically characterized phytotoxic
protein cerato-platanin (Pazzagli et al., 1999b), and contains the PFAM domain PF07249.
Snodprot1 was first identified in Phaeosphaeria (Septoria) nodorum as a protein that is
highly expressed during wheat infection (Hall et al., 1999). In the animal infecting fungus,
Aspergillus fumigatus, the snodprot1 homolog is antigenic. Characterization of a
snodprot1 homolog, CS-Ag, from the animal pathogen, Coccioides immitis, showed that
the protein is secreted and glycosylated (Pan and Cole, 1995). Interestingly, CS-Ag
protein has been suggested to have serine proteinase activity. A homolog in Neurospora
crassa was identified as a clock-controlled gene (Zhu et al., 2001). Similar light
controlled expression was observed in Leptosphaeria maculans, the blackleg pathogen in
Brassica napus (Wilson et al., 2002). Purified cerato-platanin protein from Ceratocystic
fimbriata f. sp. platani caused autofluorescence and necrosis on tobacco leaves.
Treatment of bacterially expressed and purified SP1 protein from L. maculans caused
autofluorocence on B. napus leaves. Thus, members of this protein family appear to be
phytotoxic in general. The spacing of Cys residues and similar motifs found in ceratoplatanin and certo-ulmin led to the suggestion that the protein family may constitute a
new family of hydrophobins. However, unlike typical hydrophobins, which have 8
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cysteine residues that participate in intramolecular disulfide bond formation, the ceratoplatanin and snodprot1 protein family have 4 cysteine residues (Wosten, 2001). Although
these proteins have been identified in a variety of ascomycetous fungi, functional analysis
has been only recently investigated, and SP1 from L. maculans has a clearly identifiable
signal peptide at the N-terminus, suggesting the protein is secreted (Wilson et al., 2002).
Protein homologs were detected also in culture filtrate. Recent immunological evidence
suggested that the protein was found on the cell wall, consistent with its possible role as a
hydrophobin (Boddi et al., 2004).
In the work presented here, we knocked out the snodprot1 homolog in the rice
blast fungus using the split marker strategy. Our results showed that split marker system
is more efficient in generating deletion strains than conventional approaches. Analysis of
two independent deletion strains revealed no apparent effect on vegetative growth and
appressorium formation. However, the deletion mutants exhibited reduced pathogenicity
on susceptible host plants. Epitope-tagged protein expression suggested no posttranslational modification, and the protein was mainly detected in the culture filtrate.

Materials and methods
Culture, gene identification, and sequence analysis
Magnaporthe grisea 70-15 strain was used for this study. Cultures were grown on
Oatmeal agar (OMA) for routine propagation under constant light. Liquid cultures were
grown in synthetic complete medium (CM; 6 g yeast extracts, 6 g casein, 10 g sucrose,
and 1 ml of A. nidulans trace element solution per liter). For expression analysis, culture
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was grown in synthetic minimal medium (MM; Sucrose 10 g, A. nidulans trace element
solution 1 ml, 20x nitrate salts 50 mL, thiamine 1mg, and biotin 5 µg per liter). The 20x
nitrate salt solution was NaNO3 60 g, KCl 5.2 g, MgSO47H2O 5.2 g, KH2PO4 15.2 g in
500 ml. Cultures were grown with shaking in the dark. The snodprot1 homolog was
identified from M. grisea proteins sequence (MG05344) using N. crassa snodprot1
homolog as a query. We named the rice blast homolog as MgSPH1 (Magnaporthe grisea
Snodprot1 Homolog 1). BLAST analysis was done using MgSPH1 protein sequence to
retrieve other fungal homologs (Altschul et al., 1997), and retrieved 13 protein sequences.
A multiple sequence alignment was generated using ClustalX (Jeanmougin et al., 1998).
The alignment was used for phylogenetic analysis using Neighbor joining tree algorithm
in MEGA3 software (Kumar et al., 2004). The sequence logo was generated using
Weblogo (Crooks et al., 2004). Sequence logo is a graphical representation of conserved
amino acids or nucleotide using multiple sequence alignment. The hydrophobicity plot
was generated using the EMBOSS package (Rice et al., 2000). The hydrophobin protein
sequences and alignment were downloaded from the PFAM database (accession number:
PF01185), and used for hydropathy plot analysis (Bateman et al., 2004). Hydrophobin
data consisted of 30 protein sequences.

Gene deletion by split marker
The split-marker strategy is depicted in Figure 5.1. The deletion amplicon was
generated as follows: Primer sequences were modified from the yeast protocol (Reid et
al., 2002).

The hygromycin cassette was amplified using primers AdHPHAscI (5'-

CCGCTGCTAGGCGCGCCTAGCTGGAGCTAGTGGAGGTCA-3') and AdHPHFseI
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(5'-GCAGGGATGGCCGGCCTTGGTCGGCATCTACTCTATTC-3') from pCB1004
(Carroll et al., 1994). Left flanking sequence was generated using SPL (5'GCCATGGACAAGTTGGTCG-3') and SPLAd (5'-AGGCGCGCCTAGCTGCGGCA
GAGGAGGCGATTTTGGC-3'). The right flanking sequence was amplified using SPR
(5'-CTTACCCTCGGACCTTCGG-3')

and

SPRAd

(5'-AGGCCGGCCATCCCTGC

GGTGGTATTAGAGCGAGAGGC-3'). The two PCR fragments were about 500 bp.
After amplification of each component, approximately 10 ng of left flank, right flank, and
the hygromycin cassette was mixed in a 50 µl reaction with the SPL and SPR primers
(0.5µM final concentration for each). The PCR conditions for adaptamer fusion PCR was
94 °C for 1 min followed by 30 cycles of 94 °C for 30 sec, 55 °C for 30 sec, and 68 °C
for 3 min with a final extension at 68 °C for 5 min. To amplify the split marker amplicons,
SLP::∆C-HYG was amplified using HY (5'-GGATGCCTCCGCTCGAAGTA-3') and
SPL primers, SPR::∆N-HYG was generated using YG (5'-CGTTGCAAGACCTGCCT
GAA-3') and SPR primers. Transformation was done using approximately 2 µg of PCR
products without purification (Leung et al., 1990). Transformants were selected in
regeneration medium with 400 µg/ml of hygromycin B. Transformants growing on the
selection medium were transferred to fresh complete medium amended with 400 µg/ml of
hygromycin B. Transformants were screened by PCR using the SPL and SPR primers.
Gene knockouts were expected to produce a PCR product of approximately 2.4 kb
compared to 1.2 kb for ectopic mutants. Integration of the hygromycin cassette was
confirmed by PCR using hygromycin specific primers outside HY and YG primer
binding sites described elsewhere (Xu and Hamer, 1996) .
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Appressorium and pathogenicity assays
The appressorium assay was performed as described elsewhere (Choi and Dean,
1997; Mitchell and Dean, 1995). Pathogenicity of deletion strains was tested as follows.
Two week old rice and two week old barley plant were spray inoculated with 2 ml of a
conidial suspension adjusted to 1 X 105 /ml in 0.25% gelatin. Inoculated plants were
incubated in a light regulated growth chamber with high humidity. Disease symptoms
were rated one and two weeks after inoculation. The assay was repeated at least three
times. Wound assays were performed using detached barley leaves. Barley leaves were
wounded with sterile pipette tips, and 20 µl of spore suspension was applied. Symptom
development was monitored, and rated a week after inoculation.

Expression studies
RT-PCR analysis was performed on RNA isolated from following tissues.
Conidial suspension was inoculated in liquid CM for 48 hrs. The fungal mycelium was
collected by vacuum filtration, and was divided into liquid MM, MM-C, and MM-N,
where carbon (sucrose) and nitrogen sources (NaNO3) were omitted, respectively. The
culture was grown for an additional 6 hrs, and mycelia were collected using vacuum
filtration. RNA was prepared using TRIZOL reagent (Invitrogen). RNA samples were
also prepared from cells grown on cellophane film for 8 hrs to induce appressoria
formation. For the reverse transcription reaction, 5 µg of total RNA was used in a 20 µl
reaction using Superscript III RT (Invitrogen). Two microliters of the RT mix was used
for

quantitative

RT-PCR

in

a

50

µl

volume

using

primers

snodprot1F

(AAAAAAGCAGGCTTCACCATGCAGTTCTCCAACATCC) and snodprot1R (GTA
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CAAGAAAGCTGGGTCCAGGCCGCAGGCGTTGAG). PCR condition was 94 °C for
1 min for initial denaturation followed by 26 cycles of 94 °C for 30 sec, 53 °C for 30 sec,
and 72 °C for 1 min. And, final extension was at 72 °C for 3 min. PCR products were
analyzed on a regular agarose gel.
MgSPH1 over-expression strain was a kind gift from Daniel Ebbole at Texas
A&M University. The strain harbors the RGSHHHHHH epitope tag at the C-terminus of
MgSPH1. Gene expression was under the control of RP27 promoter (Bourett et al., 2002).
The strain was grown in CM liquid culture for 3 days, and the mycelial mass was
removed by vacuum filtration. Proteins were purified from the culture filtrate using NiNTA beads according to the manufacturer’s instructions (Qiagen). Purified protein was
resolved on a 4-20% SDS-PAGE gel, and blotted to a PVDF membrane. Western
analysis was performed using an anti-RGSHis antibody (Qiagen) and anti-mouse
antibody alkaline phosphatase conjugate (Sigma). Signal was detected either using
chromogenic BCIP/NBT solution (Sigma) or chemiluminescence (Roche).

Results
Sequence characterization of MgSPH1
A snodprot1 homolog MgSPH1 in the rice blast fungus was identified as
MG05344.4 in the M. grisea genome database by BLAST using N. crassa snodprot1
homolog

(GenBank

accession

number:

CAC28585)

as

a

query

(http://www.broad.mit.edu/annotation/fungi/ magnaporthe/) with the GenBank accession
number XP_359969.1. BLASTP was run using the MgSPH1 predicted protein sequence.
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BLAST analysis retrieved homologous sequences in a variety of fungi with the two
closest hits being a probable snodprot1 homolog precursor in Neurospora crassa
(CAC28585) with e-value of 2e-52 and hypothetical protein FG11205.1 in Gibberella
zeae (EAA75415) with e-value of 2e-47. Other matches were to proteins from animal
pathogens such as the allergen Aspf13 from Aspergillus fumigatus Af293 (EAL93557),
CS-antigen from Coccidioides posadasii (AAN73410). Also, cerato-platanin, a
phytotoxic protein in Ceratocystis fimbriata f. sp. platani (CAC84090) showed a
significant homology (2e-17).

Despite being linked to phytotoxicity, snodprot1

homologs are present in saprophytes such as N. crassa. The homolog in N. crassa was
identified as a clock-controlled gene (Zhu et al., 2001). A similar light-regulated
expression pattern was also noted for the snodprot1 homolog in Leptosphaeria maculans
(Wilson et al., 2002), suggesting a general transcription pattern/profile in filamentous
fungi. As shown in Figure 5.2A, sequence alignment of MgSPH1 homologs suggested
that four Cys residues were conserved, and might be important for proper confirmation
through the formation of intramolecular disulfide bonds. Also, the phylogenetic analysis
showed that homologs in N. crassa and Fusarium spp. were mostly related to MgSPH1
(Figure 5.2B). Pazzagli et al noted that cerato-platanin and cerato-ulmin may have a
conserved signature of Cys-Ser-Asn and Cys-Cys-Asn, respectively (Pazzagli et al.,
1999a). Our analysis indicated that Cys-Ser-Asp was prevalent over Cys-Ser-Asn in the
protein sequences examined (Figure 5.2A). Thus, the biological importance of the
signature remains to be determined. Hydropathy plots of fungal hydrophobins and
MgSPH1 homologs from sequence alignment using pepwindowall software in EMBOSS
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package revealed that overall hydrophobicity was higher in the hydrophobin protein
family than for MgSPH1 homologs (Figure 5.3).

Split-marker was efficient in in vivo gene deletion
In many filamentous fungal systems, the generation of knockout strains is a major
bottle neck for analyzing the function of a gene under investigation. Gene deletion by
homologous recombination within the genome has been the traditional strategy. In this
study, we developed a split marker system to replace the snodprot1 homolog in the rice
blast fungus genome with a hygromycin expression cassette, and compared the efficiency
of the method with a classical strategy using the intact hygromycin cassette.
Results are summarized in Table 5.1. First of all, the number of transformants
arising from split marker was smaller compared to the classical method. In a typical
experiment, we were able to obtain 50~100 hygromycin resistant transformants from the
transformation with intact hygromycin expression construct. In contrast, we observed 520 hygromycin resistant colonies from split marker transformation, suggesting
homologous recombination between the overlapping marker sequences and flanking
sequences occurred less frequently. Two batches of transformations were done for split
marker transformation. From 25 transformants obtained by split marker, we identified 2
transformants that had undergone gene replacement of MgSPH1. In contrast, no deletion
strains were obtained from analysis of >120 transformants obtained using the classical
strategy. The deletion strains were named as ∆SPH1-1 and ∆SPH1-2. An ectopic strain
was selected as a control, and was designated as SPect. As shown in Figure 5.4A, PCR
analysis of wild type and hygromycin-resistant strain indicated that MgSPH1 was
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replaced by hygromycin cassette in ∆SPH1-1 and ∆SPH1-2, and SPect had ectopic
integration of hygromycin cassette. As expected, two bands were observed in SP3.
Integration of hygromycin cassette was confirmed by hygromycin primers as described in
materials and methods (Figure 5.4B). These strains along with the wild type recipient
strain were selected for further analysis. Our data strongly suggests that the split marker
strategy is a useful tool for homologous recombination mediated gene deletion in the rice
blast fungus.

MgSPH1 is dispensable for appressorium formation
Growth characteristics of deletion strains indicated that one of the strains,
∆SPH1-1, showed a slightly reduced growth and sporulation on OMA while ∆SPH1-2
was indistinguishable from wild type and ectopic integration strain, SPect. Even though
the exact role of the MgSPH1 homologs in many fungi is unknown, it has been suggested
that the protein might be a hydrophobin. Functional analysis of MPG1, a hydrophobin in
M. grisea supports a role in surface sensing. Deletion of the hydrophobin gene MPH1 in
M. grisea manifests pleiotropic effects, including decreased conidiation and in planta
growth (Kim et al., 2005). Deletion of MgSPH1 did not affect the ability to form
appressoria on hydrophobic surface of GelBond. Also, the mutants formed appressoria
indistinguishable from wild type in response to inducers such as cAMP, 1,16hexdecanediol, and IBMX (data not shown). Examination of inoculated barley leaves
revealed the presence of normal looking appressoria (data not shown). Thus, MgSPH1 is
dispensable for appressorium formation under the conditions we investigated.
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MgSPH1 is required for pathogenicity
Work with snodprot1 homologs in other fungi suggested that this protein may
play a role in disease. To investigate the role of MgSPH1 in pathogenicity, we spray
inoculated young rice and barley plants. Evaluation of plants one week after the
inoculation revealed that deletion mutants ∆SPH1-1 and ∆SPH1-2 were greatly reduced
in their ability to cause disease (Figure 5.5A). The ectopic mutant SPect and wild type
strains showed a similar degree of disease development in both rice and barley. Both
strains showed extensive and rapid development of disease symptoms. Both ∆SPH1-1
and ∆SPH1-2 mutants produced considerably fewer and smaller lesions compared to the
wild type and SPect ectopic strain. To further investigate if the reduced pathogenicity was
caused by a defect in in planta growth, we performed wounded leaf assays (Figure 5.5B).
Barley leaves were wounded with sterile pipette tips, and inoculated with 20 µl of spore
suspension (105 conidia/ml). Again, the ectopic strain SPect exhibited a similar degree of
symptom development as the wild type. However, the deletion mutants ∆SPH1-1 and
∆SPH1-2 showed little development of disease, suggesting that MgSPH1 is required for
invasive in planta growth.

MgSPH1 recombinant protein does not appear to be phytotoxic
To further investigate the role of the protein in host-fungal pathogen interaction,
we purified RGSHHHHHH epitope tagged MgSPH1 under the control of constitutive
promoter in the rice blast fungus grown in CM. The protein was mainly detected in the
culture filtrate. SDS-PAGE and Western analysis are shown in Figure 5.6. The MW of
epitope-tagged MgSPH1p is 12~13 KDa, very similar to the predicted MW of mature
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MgSPH1, suggesting that the protein was not glycosylated. This contrasts with the
homolog in C. immitis, which was shown to be glycosylated. We were not able to detect
signal following digestion of the cell wall with β-glucanase, suggesting that MgSPH1 is
not associated with cell wall under the conditions we used.
For phytotoxicity assays, approximately 400 ng of purified and de-salted protein
was injected into wound sites on detached barley leaves. As a control, wild type culture
filtrate was processed the same way as the filtrate of MgSPH1 over-expression strain.
Also, 400 ng of BSA and water were added as controls. In contrast to the phytotoxicity
exhibited by purified cerato-platanin from C. fimbriata f. sp. platani and SP1 from L.
maculans, no apparent necrosis was visible on barley after 48 hrs inoculation. In this case,
30 ng of purified SP1 from L. maculans was sufficient to cause a plant response.
However, SP1 from S. nodorum did not show any biological activity, including protease
activity and phytotoxicity (Hall et al., 1999). Thus, the mechanism of action of MgSPH1
during the pathogenic interaction remains to be determined.

Expression of MgSPH1 is sensitive to nutrient starvation
We investigated the expression of MgSPH1 using RNA samples from different
conditions. As shown in Figure 5.7, we observed increased transcription levels during
nitrogen deprivation compared to growth in synthetic minimal medium and carbon
deprivation. RT-PCR analysis also indicated that MgSPH1 was not up-regulated during
appressorium formation under the conditions we investigated, consistent with its
dispensable role of MgSPH1 during appressorium formation. Elevated expression levels
of MgSPH1 during nitrogen-starvation and no changes in expression during appressorium
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compared to mycelium was confirmed by whole genome microarray analysis
(unpublished data). This expression pattern is consistent with its probable role in in
planta growth during colonization.

Discussion
In this work, we characterized MgSPH1, a snodprot1 homolog in M. grisea.
MgSPH1 shows homology to cerato-platanin, a phytotoxic protein found in C. fimbriata f.
sp. platani. Further analysis revealed homologs in N. crassa as well as in other animal
and plant pathogenic fungi. To date, the role of this protein remains elusive. However, all
homologs harbor a signal peptide, suggesting an extracellular function. In some cases,
secretion has been demonstrated. Amino acids alignment analysis revealed that Cys
residues, which are likely to be involved in intramolecular disulfide bonds formation,
appear to be highly conserved, suggesting the formation of disulfide bond might be
essential for function. For example, MPG1, a hydrophobin gene in the rice blast fungus,
has eight cysteine residues, all of which participate in intramolecular disulfide bonds. The
substitution of Cys->Ala in MPG1 resulted in a defect in secretion and cell wall
localization in M. grisea (Kershaw et al., 2005). Pazzagli et al. suggested that Cys-SerAsn in cerato-platanin and Cys-Cys-Asn in cerato-ulmin might constitute a hydrophobin
signature (Boddi et al., 2004; Pazzagli et al., 1999b). Sequence alignment of fungal
snodprot1 homologs and the inspection of the sequence logo indicated that Asn was
predominant over Asp. Currently, it is not known well whether the signature sequence is
important for function. Interestingly, unlike fungal hydrophobins such as MPG1, which
are highly divergent, BLAST analysis of the snodprot1 homologs retrieved thirteen
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putative homologs, suggesting the sequence divergence is more restricted compared to
authentic hydrophobins. The stringent sequence conservation suggests that the role of
snodprot1 homologs might be more specific than hydrophobins.
Functional analysis of MgSPH1 from M. grisea contrasts with observation made
for SP1, the snodprot1 homolog in L. maculans. Deletion of SP1 in L. maculans had no
effect on pathogenicity. Also, localization studies suggested that the homologous protein
in other fungi localizes to the fungal cell wall. However, in our work, MgSPH1 protein
was primarily detected in the culture filtrate. A cell wall digest by β-glucanase did not
reveal detectable amounts of MgSPH1 protein, suggesting MgSPH1p is secreted into
medium and does not associate to cell wall. Hydrophobin assembly requires a
hydrophobic-hydrophillic interface or water-air interface (Wessels, 1994). McCabe et al.
suggested that Cryparin, a fungal hydrophobin from Cryphonectria parasitica, is secreted
into medium, binds to, and remains on the cell wall in submerged culture (McCabe and
Van Alfen, 1999). There is no report on self-assembly of snodprot1 homologs as reported
for other hydrophobins. MHP1, a class II hydrophobin in M. grisea, was isolated from
cDNA library prepared from infected rice (Kim et al., 2005). Deletion of MHP1 resulted
in impaired in planta growth. Also, studies of SP1 from S. nodorum indicated that mRNA
expression and protein increased during tissue colonization. However, these results may
simply represent increase in fungal biomass rather than elevated expression. Many
pathogenicity determinants are known to be nutrient responsive (Lau and Hamer, 1996;
Van den Ackerveken et al., 1994). Expression of MgSPH1 showed that its expression is
also nutrient-sensitive and induced upon nitrogen starvation. Nitrogen starvation
conditions have been proposed to mimic the in planta environment. Thus, it appears that
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MgSPH1 might be required for efficient growth in planta. However, no apparent
enzymatic activity or biological function of the snodprot1 homologs has been identified
with the exception of Cs-Ag in C. immitis.
In this work, we developed and demonstrated the utility of the split-marker
knockout strategy for functional analysis of gene in M. grisea. Using a relatively short
stretch of flanking sequences, it was possible to recover homologous recombinant
transformants. Other strategies such as positive-negative selection using a suicide gene
have been devised to increase the rate of homologous recombination (Khang et al., 2005).
Such a strategy offers an attractive advantage over traditional single dominant marker
system. However, the method requires construction of transformation vector. In the
method we developed for M. grisea, the transforming PCR product can be easily
generated by two step PCR reaction either using ligation based fusion PCR or
recombination fusion PCR strategy, obviating the need for the cloning step. Thus, this
method offers considerable potential for high throughput manner for generating PCR
products for use in transformation. We recognize that although the strategy yielded an
obvious increase in deletion mutant generation, it is possible that some genes, potentially
essential genes, might be recalcitrant to homologous recombination.
In conclusion, we applied the split-marker system for a gene replacement in the
rice blast fungus. The split-marker system resulted in at least a 10-fold increase in rate of
homologous recombination compared to the fusion PCR strategy using an intact
hygromycin cassette. This suggests that split-marker can be generally applied to the rice
blast fungus as a viable strategy for gene deletion. This strategy was used to characterize
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MgSHP1, a snodprot1 homolog. We demonstrated that MgSPH1 is an important
pathogenicity gene in M. grisea, and is required for growth in planta.
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Table 5.1 Screening of transformants for homologous recombination
split marker
# transformants screenedb
# deletion generatedc
% deletion strains

a

#1a
20
1
5%

Whole construct
#2
5
1
20%

>120
0
0

Two transformation experiments were conducted using split-marker (#1 and #2), and one

experiment using intact hygromycin expression cassette (whole construct).
b

Indicates number of transformants screened by PCR.

c

Indicates number of transformants in which MgSPH1 was deleted.
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Figure legends
Figure 5.1 The strategy for the deletion of MgSPH1 by split-marker gene
replacement system.
Genomic regions of left flanking (LF) and right flanking (RF) sequences of MgSPH1
were PCR amplified. The chimeric PCR products corresponding to LF::∆C-hyg and ∆Nhyg::RF were amplified using SPL and HY primer pair and SPR and YG primer pair,
respectively. The resulting PCR products were mixed together for transformation into M.
grisea.

Figure 5.2 Sequence and phylogenetic analyses of MgSPH1 homologs.
Sequence alignment was performed using Clustalx software from which a sequence logo
was generated (panel (A)) using sequences listed in panel (B). The alignment of the
sequences suggests that 4 cysteine residues (marked by asterisks) are conserved and may
participate in disulfide bond formation. Also, the sequence Cys-Ser-(Asn/Asp) is
highlighted by dashed line on top. A phylogenetic tree was generated using the
Neighbor-joining algorithm (panel (B)). Bootstrap values are indicated at each node.

Figure 5.3 Kyte-Doolittle hydropathy plots of hydrophobins and MgSPH1
homologs.
Thirty hydrophobin protein sequences and alignment downloaded from PFAM database
(PF01185) were used for the generation of hydropathy profile (panel A). Thirteen
snodprot1 homologs (shown in Figure 2) identified by BLAST search were used to create
hydropathy profile (panel B). Arrows indicate positions of conserved cysteine residues.
The comparison of the profile suggests that MgSPH1 homologs exhibit less
hydrophobicity compared to hydrophobin proteins.
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Figure 5.4 Deletion of MgSPH1 was confirmed by PCR.
The deletion of MgSPH1 was confirmed by PCR analysis. (A) For identification of
deletion mutants, SPL and SPR primers were used to screen transformants. The PCR
product (2.2 kb) in which MgSPH1 ORF was replaced by hygromycin-resistance cassette
indicates legitimate transformants while WT and ectopic transformants had a 1.1 kb PCR
product. The PCR analysis using primers immediately flanking the region showed two
bands in SPect strain, suggesting recombination of hygromycin cassette and loss of SPL
and SPR primer binding sites during ectopic integration (data not shown). M: marker
(lambda\HindIII), WT: wild type 70-15, ∆SPH1-1 and ∆SPH1-2: MgSP1 deletion strains,
SPect: ectopic strain. (B) PCR analysis to confirm the integration of hygromycin marker
in the transformants.

Figure 5.5 MgSPH1 is required for fungal pathogenicity.
(A) Spore suspension of wild type, two deletion strains (∆SPH1-1 and ∆SPH1-2), and
ectopic strain SPect was sprayed on to two weeks old susceptible barley. Progression of
disease was monitored two weeks after inoculation. Wild type and ectopic strains caused
rapidly developing symptoms. However, plants inoculated with deletion strains showed
limited lesion development. (B) Detached barley leaves were drop inoculated with spore
suspension with or without wounding with sterile tips. Wounding treatment is indicated
by (w) following strain identifier. In contrast to the clearly identifiable lesion produced
by wild type and SPect, ∆SPH1-1 and ∆SPH1-2 exhibited limited lesion development.

Figure 5.6 Purification of recombinant MgSPH1 protein.
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Recombinant MgSPH1p with RGSHHHHHH tag was purified using Ni-NTA agarose
beads from culture filtrate. Purified recombinant MgSPH1 protein was resolved on
4~20% SDS-PAGE (panel A). Apparent molecular weight was approximately 12~13
kDa, similar to the expected molecular weight 12.3 kDa. Panel (B) Western blot analysis
of MgSPH1 performed on a SDS-PAGE gel. Samples are loaded as follows: Lane 1:
purified MgSPH1p, lane 2: culture filtrate from MgSPH1 over-expression strain, lane 3:
wild type culture filtrate, lane 4: cell wall digest, lane 5: mock (MgSPH1 overexpression
strain incubated in 1 M sorbitol without addition of β–glucanase). Lower section of panel
B shows Western blot probed with anti-RGSHis antibody. Western blot suggests that
MgSPH1 is not associated with the cell wall.

Figure 5.7 Expression of MgSPH1 is nutrient-sensitive.
RT-PCR analysis was performed using RNA samples from different conditions. RNA
samples from cultures grown in MM, MM-C, MM-N, and appressorial sample were
subjected to RT-PCR. RT-PCR analysis showed that MgSPH1 was slightly up-regulated
upon nitrogen starvation compared to synthetic minimal medium, carbon starvation and
appressorial stage. MW: Molecular weight marker, M: synthetic minimal medium, -C:
synthetic minimal medium without sucrose, -N: synthetic minimal medium without
NaNO3 as a nitrogen source, A: appressorium.
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Figure 5.7 Expression of MgSPH1 is nutrient-sensitive
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General Conclusion
In this work, we explored the functional genomics of the rice blast fungus, M.
grisea. Rice blast disease causes enormous annual losses in rice production world-wide
(Zeigler et al., 1994). Much research on M. grisea has focused on identifying genetic
determinants of infection structure formation, revealing important signal transduction
pathways (Dean, 1997; Xu, 2000). However, relatively little research has been performed
regarding the post-penetration process. Moreover, recent work has indicated that the
formation of appressorium may not be the prerequisite for host colonization of roots,
which operates in gene-for-gene relationship (Sesma and Osbourn, 2004). This indicates
that there may be a general mechanism of pathogenesis by plant pathogens whether they
attack above or below ground, and highlights the importance of post-penetration studies.
Work presented here in previous chapters indicates that post-penetration stages may
represent important targets to thwart rice blast disease. A 14-3-3 homolog in M. grisea,
MgFTT1, was characterized. Deletion of the MgFTT1 resulted in a greatly reduced
pathogenicity, which was ascribed to impaired growth in planta. 14-3-3 proteins
participate in a numerous signal transduction pathways where they bind phosphoproteins.
Protein kinases which operate in signal transduction pathways are modulated by
phosphorylation. Large scale proteomic and genomic studies have indicated that 14-3-3
binding partners function in diverse functions. Thus, proteomic approaches such as coimmunoprecipitation and yeast two hybrid analysis might lead to better understanding of
in vivo role of 14-3-3. Also, elucidation of signal pathways involving MgFTT1 might
unveil key components of post-penetration growth in M. grisea. In addition, relatively
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unexplored is the crosstalk between signal pathways in the rice blast fungus. Biochemical
studies are needed to provide a bridge to proteomic research. Proteomic studies will
provide deeper insight into the pathogenic process since function of genes, in most part,
is executed at the protein level. Thus, protein-protein interaction studies and
identification of 14-3-3 binding partners will likely reveal a detailed picture of
biochemical function exerted by MgFTT1 in pathogenesis. Deletion of a snodprot1
homolog, MgSPH1, resulted in reduced pathogenicity. Other studies conducted on the
homologs of snodprot1 gene suggested that the transcription of snodprot1 homologs is
under circadian control, hinting that snodprot1 homologs might play a developmental role.
Its expression pattern suggested that transcript level is influenced by nutrient availability
and growth stages. Currently, the exact physiological role of snodprot1 homologs is
undetermined. The data presented in this work suggested that the gene might be required
for efficient growth in planta.
Large scale EST sequencing has revealed a plethora of genetic information and
dynamics of transcriptome in response to growth conditions in the rice blast fungus
(Jantasuriyarat et al., 2005; Kim et al., 2001). Relatively unexplored is the postpenetration transcriptome. This might reflect difficulties in obtaining pure fungal biomass
separated from plant tissues or detecting pathogen gene expression in planta. A recent
study in the flax rust fungus, Melampsora lini, highlights the importance of postpenetration transcriptome studies, and suggested a way to obtain fungal biomass
preparation during in planta growth (Catanzariti et al., 2006). Cytological studies have
suggested that in planta growth may be different from in vitro growth. Thus, future
transcriptome analysis of the post-penetration stages may be enlightening. The cDNA
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library generation method presented in this work may be utilized for the generation of
cDNA libraries targeted for post-penetration growth. Also, genome-wide microarray
analysis of post-penetration transcriptome dynamics might reveal key physiological
players in pathogenesis. However, this presents some technical issues to be resolved.
First, microarray analysis of host-pathogen interaction requires a reference sample that
can be compared with mixed biomass of pathogen and host tissues. As of now, this
appears to be the main issue to be resolved. Also, limiting biomass of pathogen at the
early stage of infection poses another problem, which directly affects the quality of
microarray data. In this regard, the combination of laser capture microdissection (LCM)
and gene expression profiling is attractive to address this issue, and may provide a more
targeted approach (Rubin, 2001). Since only selected cells are culled from tissues under
direct observation, LCM may provide a more precisely defined sample of tissues. Second,
efficient detection of pathogen gene expression in planta might provide a better
understanding of transcriptome dynamics through genomic tools such as serial analysis of
gene expression (SAGE) (Velculescu et al., 1995; Irie et al., 2003), massively parallel
signature sequencing (MPSS) (Brenner et al., 2000) or cDNA library generation and EST
sequencing if the fungal tissue can be enriched as illustrated by the work in the M. lini
and Uromyces fabae (Catanzariti et al., 2006; Hahn and Mendgen, 1997). Third, devising
an in vitro system that mimics host tissues may provide an efficient way of obtaining
appropriate tissue. Currently, efficient formation of infection structures by M. grisea
occurs in vitro on a hydrophobic surface and by the application of chemical inducers (Lee
and Dean, 1994; Lee and Dean, 1993). Finally, development of high throughput
functional assay platforms is imperative. The genome-wide level functional genomic
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study in budding yeast employed small sequence tags for identification of each deletion
strains (Shoemaker et al., 1996). This provided a great advantage for en mass functional
studies of deletion strains for fitness assessment in certain environments and sensitivity to
toxic compounds, the latter might lead to the identification of novel target of antimycotic
compounds using mutant pools. Also, efficient and parallel generation of expression
constructs may be facilitated by the utilization of recombinational cloning in a variety of
formats such as GATEWAY, cre-lox, and yeast gap-repair cloning systems, collectively
termed as recombineering (Copeland et al., 2001).
In conclusion, with a wealth of genomic information and resources, M. grisea has
emerged as a premier model organism to study fungal pathogen-host interaction. In
contrast to the extensive research performed on the infection structure formation,
relatively little attention has been paid to the interface of the interaction and the postpenetration growth. This apparent lack of attention may be due to technical experimental
challenges such as difficulty of obtaining materials and assessment of expression. An
integrated genomic approach will lead to a better understanding of the mechanisms of
pathogenesis in the rice blast fungus.
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Secretome display
Objective
A method was developed based on the yeast surface display system to identify
secreted protein from eukaryotes. In the yeast display system, aga2p, a subunit of
agglutinin receptor, is normally expressed as an N-terminal fusion (Colby et al., 2004).
Aga1p is a GPI-anchored surface protein in budding yeast, to which Aga2p is covalently
bound by two disulfide bonds. We found that aga2p can be expressed, and displayed as a
C-terminal fusion on the yeast surface (Figure A.1A). Fluorescence Activated Cell
Sorting (FACS) and Magnetic Activated Cell Sorting (MACS) strategies were used for
the selection and enrichment of yeast cells expressing cDNAs encoding a signal peptide
which were tagged at C-terminus with Aga2p. This method provides a potential strategy
for the enrichment of secreted proteins from a complex cDNA library.

Materials and Methods
The secretome display vector is based on pYD1 yeast display vector (Invitrogen).
Using the pYD1 as a template, PCR was done using primers (promoter 5'-GAAGAACC
GCGGGAAAATGTATGAAGTAGAATTGC-3' and aga2 mature protein sequence 5'ATCATCCCGCGGCAGGAACTGACAACTATATGC-3') to eliminate the signal
peptide sequence from Aga2 coding region. The PCR product was digested with SacII
restriction enzyme (Promega), self-ligated, and transformed into E. coli, generating
pSECDIS. The functionality of markers such as the ampicillin cassette and the Trp yeast
nutritional marker were functionally tested. pSECDIS777 was constructed by inserting
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FLAG and spacer region of pSPDK777 (a kind gift from Dr. Dinesh-Kumar at Yale
University) in to the SacII site of pSECDIS depicted in Figure A.1B. The FLAG and
spacer region were PCR amplified using the primers 777F (GACGAACCGCGG
CCCGGGGAGCTCAAGCTTCTCGAGGAT) and 777R (GAACCACCGCGGTACCG
AGCTCGAATTCGCGTC). A GATEWAY-compatible vector was constructed by
inserting the GATE- WAY conversion cassette into the SmaI site (the sequence in bold
character in the 777F primer) of pSECDIS777 in frame; we named the resulting vector
pSECDIS777RC. MPG1 coding sequence with and without signal peptide was cloned
into pSECDIS777 (A: pSECDIS777-MPG+SIG, B: pSECDIS777-MPG1-SIG). Cells
were incubated with anti-V5 antibody (Invitrogen) and anti-FLAG antibody (Sigma) after
blocking with Bovine serum albumin (BSA) (1mg/ml) in phosphate buffered saline
(PBS). To minimize the false positive selection, two colors fluorescence activated cell
sorting (FACS) was done using secondary antibodies conjugated to R-phycoerythrin (PE)
for FLAG tag and fluorescein isothicyanate (FITC) for V5 tag. Cells were extensively
washed with PBS. FACS was performed using DakoCytomation MoFlo cell sorter. A
cDNA library was prepared from appressoria of the rice blast fungus, Magnaporthe
grisea 70-15 strain using random hexanucleotide priming. The plasmid library in E. coli
DH10B was prepared and transformed into S. cerevisiae EBY1000. The yeast culture was
grown in synthetic media without Trp/Ura with glucose as a carbon source (SC-GLU(Trp/Ura)) to log phase, and collected by centrifugation at room temperature. The cell
pellet was washed two times with sterile distilled water. Induction of gene expression was
done in SC+GAL-(Trp/Ura) at 20C for 12-36 hrs. Magnetic bead enrichment was done as
follows: Induced cells were treated with anti-V5 antibody followed by treatment with
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DSB-X-biotin-conjugated secondary antibody. DSB-X-biotin conjugation, unlike biotinstreptavidin binding, provides a reversible binding to streptavidin. Cells were washed
with PBS and binding to streptavidin magnetic beads were performed at room
temperature with gentle shaking. Unbound cells were washed by extensive washing with
PBS, and bound cells were released by adding biotin solution (10 mM final). The
released cells were plated on SC-GLU-(Trp/Ura) medium.

Results and discussion
To develop a yeast display system to detect secreted and membrane-associated
proteins from M. grisea, we first constructed a vector expressing Aga2p as a C-terminal
fusion, pSECDIS777 (without signal peptide). MPG1 coding sequence with or without
the signal peptide was cloned into the vector. Two selection strategies were tested.
Staining of positive (pYD1) and negative (pSECDIS) controls with anti-V5 antibody and
secondary staining with FITC-conjugated antibody resulted in a clear distinction (Figure
A.2A). Fluorescence from cells harboring the MPG1 constructs with a signal peptide was
readily observed under the fluorescence microscope. No fluorescence was detected from
cells in which the signal peptide has been deleted from MPG1. FACS analysis also
showed that MPG1+Sig construct produced a distinct population of yeast cells compared
to cells transformed with MPG1-Sig construct, clearly indicating that MPG1::Aga2p
fusion protein is expressed and correctly displayed on the yeast cell wall (Figure A.2B).
Encouraged by the results obtained, we constructed an appressoria cDNA library
in pSECDIS777. Yeast cells transformed with the cDNA library was subjected to FACS
analysis. For the first round of FACS selection, no distinct population was observed.
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However, second round selection of FACS using cells obtained from the terminal tip of
first round selection produced a distinct population (Figure A.3A). The cells were
collected, and induced again to confirm the expression of fusion protein by
immunostaining (anti-V5). Selected cells were stained brightly with anti-V5 antibody. In
contrast, residual cells exhibited poor staining. We explored enrichment based on affinity
separation using magnetic bead. Cells were incubated with anti-V5 antibody followed by
biotin-conjugated antibody. Finally, streptavidin-coated magnetic beads were added to
antibody-treated cells. As shown in Figure A.3B, cells recovered from magnetic beads
following induction resulted in significantly more yeast colonies compared to uninduced
cells, strongly suggesting the utility of the enrichment strategy for recovering yeast cells
displaying fusion proteins. Thus, our data indicates that aga2p can be expressed and
anchored on the yeast cell wall as a C-terminal fusion, and can be a powerful tool for
genome-wide screens to identify secreted proteins. The use of yeast as a host for protein
expression may be most applicable to the study of eukaryotic proteins. However, caution
should be exercised since eukaryotic protein secretion is under strict quality control such
as unfolded protein response (UPR), and may not efficiently produce foreign proteins. In
addition, signal peptides from heterologous genes may not be recognized by yeast
secretion system. Thus, UPR and properties of signal peptide might be technical issues to
be resolved (Mattanovich et al., 2004).
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Figure legends
Figure A.1 Expression of Aga2p as a C-terminal fusion.
(A) Aga2p coding sequence without start codon and signal peptide is translationally fused
to a foreign cDNA sequence. If the foreign cDNA provides a start codon and a signal
peptide, cDNA::Aga2p is expressed and exported to the cell surface. Aga1p is a GPIanchor protein to which Aga2p is covalently linked by two disulfide bonds (indicated by
red bars). (B) Configuration of pSECDIS777.

Figure A.2 Expression of MPG1 test constructs and FACS analysis.
(A) MPG1 coding sequences with or without a signal peptide (MPG1+Sig and MPG1-Sig,
respectively) were cloned into pSECDIS777. Induced cells were stained with FITCconjugated antibody. In the positive control (pYD1) and MPG1+Sig, bright staining is
observed. In the negative control and MPG1-Sig, background fluorescence is observed,
indicating that MPG1 with a signal peptide fusion protein is expressed and displayed on
the cell wall. Upper panels are picture of cells observed under bright field microscope,
and lower panels are cells observed with FITC. (B) FACS analysis after staining the
MPG1+Sig and MPG1-Sig transformed cells with R-PE. Formation of a distinct
population is shown in MPG1+Sig (left panel) compared to MPG1-Sig (right panel).

Figure A.3 Enrichment of cells expressing proteins with signal peptide by FACS and
MACS.
A complex cDNA library was generated from appressoria produced by M. grisea. Yeast
cells were transformed with the library, and expression was induced. (A) No apparent
distinct population is visible in the first round of FACS. However, in the second round, a
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distinct population is clearly evident. (B) Cells obtained from the second round of FACS
selection was induced, and compared with the residual cells. In selected cells,
fluorescence is evident after staining with anti-V5 antibody followed by FITC-conjugated
antibody staining. However, background level of staining is observed in residual cells.
(C) MACS strategy was tested for the enrichment of cells displaying cDNA::Aga2p
fusion proteins. Over 100-fold more colonies are observed in the induced cells (right side)
compared to uninduced cells (left side),
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