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Abstract: A rapidly growing number of successful genome sequencing projects in plant pathogenic fungi greatly increase the
demands for tools and methodologies to study fungal pathogenicity at genomic scale. Magnaporthe oryzae is an economically
important plant pathogenic fungus whose genome is fully sequenced. Recently we have reported the development and application
of functional genomics platform technologies in M. oryzae. This model approach would have many practical ramifications in
design and implementation of upcoming functional genomics studies of filamentous fungi aimed at understanding fungal patho-

genicity.
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INTRODUCTION

The rice blast is one of the most serious diseases
on cultivated rice (Ou, 1985). It is capable of de-
stroying enough rice to feed 60 million people every
year (Zeigler et al., 1994). Since the rice is the staple
food and accounts for a significant proportion of ca-
loric and protein intake in many countries (http://
www.irri.org/, accessed at 05/08/2008), the disease is
one of the major threats to the stable food production
worldwide. Magnaporthe oryzae (Couch and Kohn,
2002), the causal agent of rice blast disease, has
evolved the ability to penetrate and subsequently
colonize its host plants. Due to the experimental
tractability and socioeconomic impact of rice blast,
the fungus has served as an important model organism
in the studies aimed at understanding the biology of
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fungal plant pathogens (Talbot, 2003; Valent, 1990).
During the past two decades, infection-specific
morphogenesis has been well-defined in the fungus
(Dean, 1997; Howard et al., 1991; Kankanala et al.,
2007; Sesma and Osbourn, 2004), and many genes
have been identified, which are required for patho-
genicity (Talbot, 2003). Nevertherless, it is obvious
that our understanding of fungal pathogenicity is still
very limited because fungal infection is not a simple
phenotype dictated by only dozens of genes but a
complicated process that requires the regulated ex-
pression and interplay of thousands of genes within
the genome.

Recent completion of genome sequencing of M.
oryzae offered the unprecedented opportunities to
examine the genome structure of plant pathogenic
fungus and discern possible attributes that confer
pathogenicity on the fungus (Dean et al., 2005).
However, genome sequence information posed new
challenges to furthering our understanding of fungal
pathogenicity at genomic level. In this review, we
discuss these challenges briefly and describe the re-
cent efforts made in our laboratory to address them.
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INSERTIONAL MUTAGENESIS TECHNIQUES
IN THE STUDY OF FILAMENTOUS FUNGI

Analysis of genome sequences showed that only
a fraction of all genes has assigned biochemical
function. In light of this, immediate challenge is to
convert the genome sequences into meaningful bio-
logical information. This requires the ability to create
large mutant collections and to conduct comprehen-
sive screens of resulting mutants. Although system-
atic deletion of individual genes is the most efficient
and straightforward approach to genome-wide
screens of gene function, such deletion mutant library
has been reported only for the yeast, Saccharomyces
cerevisiae, as a result of the high efficacy of ho-
mologous recombination (Winzeler et al., 1999).

Therefore, insertional mutagenesis techniques
such as restriction enzyme-mediated integration
(REMI) and transposon-arrayed gene knockout
(TAGKO) had been developed to generate the mu-
tants and investigate the function of disrupted genes
in fungi (Hamer et al., 2001; Sanchez et al., 1998;
Sweigard et al., 1998). REMI is one of the most
widely used random insertional mutagenesis tech-
nique in identifying the genes and their functions
important in fungal development and pathogenicity.
A big advantage of REMI over the conventional,
chemical and radiational mutagenesis technique is
that a mutated gene is tagged by the transforming
DNA. However, REMI has serious limitations that
render it inappropriate for large-scale genomic
analysis. REMI protocol requires fungal protoplasts
to be prepared, which is time- and labor-consuming.
Furthermore, during the transformation process, un-
solicited deletion and rearrangement of DNA fre-
quently occur, complicating the analysis of mutant
(Mullins and Kang, 2001). Alternatively, Agrobacte-
rium tumefaciens-mediated transformation (ATMT),
which has long been a workhorse in plant science, has
been exploited for fungal transformation. It was
demonstrated that Agrobacterium is able to deliver its
T-DNA into chromosomes of the budding yeast, S.
cerevisiae (Piers, 1996) and filamentous fungi (Chen
et al., 2000; de Groot et al., 1998). In comparison
with REMI, ATMT does not require protoplast and
has broad spectrum of starting material to transform.
Protoplasts, hypha, spores and even the blocks of
mushroom mycelial tissues (Chen et al., 2000) could

be transformed through ATMT with a higher effi-
ciency than through REMI. During the past half a
decade, the number of successful ATMT has in-
creased up to 64 fungal species (Lacroix et al., 2006;
Michielse et al., 2005).

Recently a strain has been developed to have
increased frequency of targeted gene replacement
(Villalba et al., 2008), opening the possibility of
large-scale reverse genetics approach in M. oryzae.
However, as the results indicate, elevated homolo-
gous recombination rate might be loci-dependent. In
addition, genetic complementation through mating
experiment should follow targeted gene replacement
using this strain to make sure that no genetic interac-
tions influence the phenotypes of resulting mutants.

ATMT AS A TOOL FOR FUNCTIONAL GE-
NOMICS

We have previously showed that ATMT can be
also applicable for efficient insertional mutagenesis in
M. oryzae (Rho et al., 2001). Our laboratory produced
a total of 21070 transformants through ATMT in M.
oryzae using hygromycin B phosphotransferase as a
selectable marker. All the transformants were desic-
cated and subsequently stored in a plastic box that can
accommodate about 1000 transformants at —70 °C.
For a safe maintenance of transformants, one addi-
tional copy of library was constructed and deposited
in Center for Fungal Genetic Resource (Seoul Na-
tional University, Korea). A specific ID was assigned
to every transformant according to the plate number
and coordinates within 24-well plates to which it
belongs. Transformant ID allowed systematic man-
agement of the library and trackdown of individual
transformant from creation and phenotype assay
through final analysis of transformants. All the
transformants tested were successfully recovered
under normal culture condition, and T-DNA inser-
tions in the mutants showed both mitotic and meiotic
stability. It was estimated through Southern blot
analysis that over 80% of transformants had single
T-DNA copy within their genome. In parallel, efforts
that have been made in laboratories from USA (Betts
et al., 2007) and China (Y. Peng, personal commu-
nication) produced more than 150000 ATMT mutants,
generating the most extensive insertional mutant
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collections in plant pathogenic fungi. If combined
together, these mutant resources would be a valuable
asset for genetic analysis of M. oryzae.

In fungi, however, our knowledge on the pattern
of T-DNA integration was limited to the analysis of
so small number of T-DNA transformants that the
potential of T-DNA as an insertional mutagen in
saturating the genome had been uncertain. In an at-
tempt to gain comprehensive view of the T-DNA
integration patterns in M. oryzae, we analyzed the
T-DNA insertion sites and structures in 1246 trans-
genic strains (Choi et al., 2007). For these transfor-
mants, thermal asymmetry interlaced-PCR (TAIL-
PCR) was employed to rescue border sequences and
flanking genomic sequences of T-DNA, leading to the
rapid identification of 741 T-DNA-tagged locations
(TTLs). Analysis of TTLs showed that T-DNA inte-
gration was biased among chromosomes and favored
promoter regions of genes having AT-rich base
composition. In addition, diverse insertion patterns
including direct or inverted repeats of T-DNA,
chromosomal rearrangement and readthrough of
plasmid vectors were observed. Such diversity in
T-DNA insertion patterns had been also reported in
plants, but our analysis of junction structures between
T-DNA borders and flanking genomic sequences
showed that T-DNA integration into fungal genome
results in genetic changes such as truncation and de-
letion less frequently than that into plant counterparts.
Similar observations on the patterns of T-DNA dis-
tribution and insertion were independently reported
by groups in USA and China (Li et al., 2007; Meng et
al., 2007). These results suggest that despite the cer-
tain biases, T-DNA insertions are relatively evenly
distributed throughout all of the chromosomes and
that their canonical insertion patterns may facilitate
the genetic analysis of transformants.

HIGH THROUGHPUT PHENOTYPE SCREENING

In the forward genetics approach using random
insertional mutagenesis, the next important task for
identification of gene function is to assign phenotypes
to each mutant. To this end, large-scale nature of
functional genomics projects like ours brings two
problems at issue. First, phenotypes manifested by
genome are so numerous and diverse that detection of

mutant phenotypes depends on developmental stages
examined and assay conditions employed. Second,
application of phenotype assays to the large number
of samples is significantly constrained by practical,
economic and technical limitations. To overcome
these obstacles and facilitate the analysis of func-
tional genes, we developed a high throughput phe-
notype screening (HTS) system. The HTS system was
designed to identify and manage the transformants
that are affected in fungal biology and pathogenicity.
The HTS system comprises HTS pipeline for pheno-
type screens and relational database for computerized
storage, management and analysis of a vast amount of
data from our insertional mutagenesis screens. Design
of HTS pipeline was based on the fact that M. oryzae
can undergo developmental changes away from its
host, which allows visual and microscopic inspection
of each developmental stage. This, together with the
use of 24-well plate format and database, underlies
the HTS system. During HTS, all stages of transfor-
mants processing and analysis were carried out in
24-well plate format. The use of 24-well plate greatly
diminished the time and labor needed to label and
handle every transformant because a single plate
numbers automatically 24 transformants, which are
processed in HTS pipeline as a single unit.
Regeneration of transformants in 24-well plate
from the library marks the entry of transformants into
HTS system. In our screens of transformants, altera-
tions at seven phenotypes encompassing entire fungal
life cycle were monitored in a step-by-step manner.
Phenotypes of primary interest were growth rate,
pigmentation, conidiation, conidial morphology, co-
nidial germination, appressorium formation, and
pathogenicity. In each stage, phenotypes were scored
according to the assigned numerical scale. The nu-
merical scale was highly effective in rapid classifica-
tion of phenotypes, and allowed easy entry of
screening results into database. Once transformant
cultures in 24-well plate are processed in HTS pipe-
line, screening data, which are expressed in numerical
scale, on seven phenotypes are produced for each
transformant and enter database. Monitoring of phe-
notypes in HTS pipeline is synchronized with trans-
formants cultures in 24-well plate. Pigmentation and
vegetative growth rate are checked in 3- and 5-day
cultures on V8 medium, respectively. Conidiation,
conidial morphology, conidial germination, and ap-
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pressorium formation are observed on green mirror,
using conidial suspension prepared from 5-day cul-
ture. The size of green mirror is fitted to the size of
24-well plate, so that it can hold 24 drops of spore
suspension from 24-well plate cultures. Conidial
suspensions in 24-well plate are transferred onto
green mirror using multi-channel pipette, which
speeds up the process. Pathogenicity of transformants
was tested on rice plants grown on modified Mura-
shige Skoog media in test tubes. In conventional
pathogenicity assay, conidial suspension was
spray-inoculated on rice plants grown in pot soil. This
protocol requires 3 to 4 weeks of rice cultivation
period and green house facility, resulting in time and
space constraints in bulk inoculation experiment. Due
to high throughput nature of this project, pathogenic-
ity assay was adjusted to 24-well plate format. It took
only a week to obtain rice plants suitable for inocula-
tion following our protocol (for more information,
refer to the website: http://www.natureprotocols.com/
2007/03/20/high_throughput phenotype scre.php,
accessed at 10/08/2008). All the data produced dur-
ing the screens entered relational database. Our HTS
pipeline enabled a single person to deal with 100
transformants per day, suggesting the application
potential of HTS to large-scale mutagenesis program
in other filamentous fungi. Through the HPS pipeline,
the whole library of 21 070 mutants was processed as
a primary screen. An additional round of screen was
sequentially carried out to confirm the phenotypes of
putative mutants selected from the primary screen. In
combination, these screens yielded more than 180000
data points, which is the most comprehensive phe-
notypic dataset ever built up for filamentous fungi
(Jeon et al., 2007).

DEVELOPMENT OF RELATIONAL DATABASE

An enormous amount of data from large-scale
phenotype screening and genotyping of mutants ob-
viously lies far beyond the reach of manual informa-
tion processing and handling. Database is thus re-
quired for the information to be housed and managed
in a safe and effective fashion to maximize its utility
and accessibility. We designed our relational database
(ATMT database system) to meet the requirements
dictated by experimental protocols in a flexible

manner and to implement the interactive analysis
between phenotypic and genotypic data (http://atmt.
snu.ac.kr/, accessed at 10/08/2008).

ATMT database system consists of two domains:
phenotype screening (PS) domain and T-DNA proc-
essing (TP) domain. The PS domain archives and
retrieves all of the data from HTS to TTLs, connect-
ing over 180000 data points. The user interface for
HTS data registration was designed to have virtual
24-well plate format, so that the data entry into da-
tabase is simple, and parallel with experimental pro-
cedure. This ensures all the data to be entered and
handled in an identical manner, reducing introduction
of possible human errors. Database users can track
down screening records of every transformant using
specific ID given to the transformant. Apart from PS
domain, TP domain batch-processes T-DNA infor-
mation. On the receipt of flanking sequences from
TAIL-PCR and sequencing, it automatically maps out
T-DNA insertion site within the fungal genome, and
produces graphical representations of T-DNA inser-
tion. In addition, TP domain provides distribution
pattern and density of T-DNA insertions over the
whole chromosomes. The automation of tasks relat-
ing T-DNA reduced complex processes otherwise
required.

In our relational database system, two hetero-
geneous datasets, phenotypes of mutants and genes
tagged by T-DNA, are linked in an interactive way so
that contributions of mutation in corresponding genes
to phenotypes can be inferred. In light of this, our
database system takes large advantage over previ-
ously reported databases that have been built for
analysis and storage of biological data (Baker et al.,
2004; Donofrio et al., 2005).

SELECTION  AND
PATHOGENICITY LOCI

IDENTIFICATION  OF

A total of 21070 transformants corresponding to
878 plates was processed through HTS pipeline as a
primary screen. An additional round of screen was
carried out in a sequential way that selected trans-
formants in the primary screen are processed in the
secondary. In both primary and secondary screens,
transformants of interest were selected with the aid of
ATMT database system that provided data retrieval
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and grouping analysis. In the primary screen, a total
of 2424 transformants were selected from the whole
library of 21070 transformants, and in the secondary
screen, 559 transformants were finally selected for
further characterization.

HTS was designed to assess the phenotypes of
transformants by comparing with those of wild type
on a qualitative basis. This was appropriate for a
large-scale screening scheme. However, qualitative
analysis of phenotypes is not sufficient to evaluate the
contribution of mutation to phenotypic alterations in
corresponding transformant. For an accurate assess-
ment of phenotype, in-depth phenotype analysis was
conducted on a quantitative basis for 559 transfor-
mants. Basically, the same scheme used in high
throughput screening was applied to in-depth phe-
notype analysis except that the 6-well, instead of
24-well, plate was used and that each phenotype was
assessed not only by visual inspection but also by
direct, quantitative measurement. The quantitative
approach provided phenotype analysis with a higher
resolution. A phenotype, which is apparently equal in
numerical scale, could be distinguished in in-depth
phenotype analysis.

Combined analysis of phenotype and genotype
data from our pathogenicity-defective transformants
revealed 203 independent loci involved in fungal
pathogenicity, presenting the largest, unbiased set of
putative pathogenicity genes for a single species.
T-DNA insertions in these loci resulted in a broad
spectrum of pathogenicity defects ranging from a
reduced number and/or size of lesions to no visible
symptoms. The pathogenicity genes tagged by
T-DNA in our study could be divided into four cate-
gories. The first one is NTHI, the known patho-
genicity gene in M. oryzae (Foster et al., 2003). The
second contains the genes functionally related to the
known pathogenicity genes in M. oryzae. The third
comprises the orthologs of the known pathogenicity
genes in other plant pathogens (based on PHI-base
search) (Winnenburg et al., 2006). The last involves
many novel genes and orthologs of genes identified in
non-pathogens, accounting for most of genes tagged
by T-DNA. Comparison of gene ontology (GO)
analysis for pathogenicity genes identified in our
study and all genes in M. oryzae showed no signifi-
cant differences between them, indicating the re-
quirement of diverse cellular processes for fungal

pathogenicity. To determine whether the T-DNA
insertion is linked to mutant phenotypes, we per-
formed targeted disruption for 15 pathogenic-
ity-defective mutants. Linkage was confirmed for 14
mutants, and in only one case, T-DNA insertion does
not appear to be responsible for mutant phenotypes
(Jeon et al., 2007).

SUMMARY AND PERSPECTIVE

Considerable progress has been made during the
past decade in elucidating the molecular basis of in-
fection-specific morphogenesis, host penetration, and
invasive growth. These advances, however, have not
met the growing need for system-level understanding
of fungal pathogenesis. Through our work, we have
demonstrated how genomics and informatics tech-
nologies can be integrated to uncover the genes in-
volved in pathogenicity of M. oryzae at genomic scale.
We anticipate that our approach will serve as a model
for functional genomics in numerous plant pathogenic
fungi. Yet one formidable challenge in functional
genomics study is to detect as many phenotypes as
possible and measure them in a rigorous manner,
since no traditional cellular and visual phenotypes
were detected in large proportion of mutants. To ad-
dress this challenge, significant efforts have to be
made in developing multi-well plate-based and
automated phenotype assays. Collective endeavors of
laboratories around the world, when combined with
expression profiling, proteomics, and mathematical
modeling, would provide the basis of systems biology
in M. oryzae. System-level understanding of fungal
pathogenicity would lead to the paradigm-shift in
development of sustainable and environment-friendly
control strategy as well as rational breeding strategy.
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