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Genome-wide functional analysis of pathogenicity genes

in the rice blast fungus
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Rapid translation of genome sequences into meaningful
biological information hinges on the integration of multiple
experimental and informatics methods into a cohesive
platform. Despite the explosion in the number of genome
sequences available’, such a platform does not exist for
filamentous fungi. Here we present the development and
application of a functional genomics and informatics platform
for a model plant pathogenic fungus, Magnaporthe oryzaé?®.
In total, we produced 21,070 mutants through large-scale
insertional mutagenesis using Agrobacterium tumefaciens—
mediated transformation®. We used a high-throughput
phenotype screening pipeline to detect disruption of seven
phenotypes encompassing the fungal life cycle and identified
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Comparative analysis of phenotypes and genotypes of the
2Ye) mutants uncovered 202 new pathogenicity loci. Our findings

emonstrate the effectiveness of our platform and provide new

insights on the molecular basis of fungal pathogenesis. Our
approach promises comprehensive functional genomics in
filamentous fungi and beyond.

Decoding the plethora of available genome sequence information
requires not only a diverse array of experimental and informatics
tools but also systematic approaches for the seamless integration
of such tools with the resulting data. Genome-wide high-
throughput genetic screens have been conducted in several major
model organisms using homologous recombination®?, insertional
mutagenesis®’ and RNA interference® 0. Several gene mani-
pulation tools exist for filamentous fungi, but a comprehensive
platform for large-scale, systematic genetic screens to decipher
gene function is still lacking, despite the importance and utility of

such a system.

the mutated gene and the nature of mutation for each mutant.
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Many fungal species greatly affect human welfare by destroying crop
plants!! or by causing life-threatening diseases in immunocompro-
mised individuals!?. However, our understanding of the molecular
mechanisms involved in host—pathogen interactions is limited to only
a few aspects of infection and colonization. A comprehensive under-
standing of pathogenic mechanisms based on genomic sequences
demands advanced genomics tools and infrastructures. A rapidly
increasing list of recently sequenced fungal genomes provides tremen-
dous opportunities for studying the biology and evolution underlying
the pathogenic lifestyle. Here, we describe the development and
application of a new functional genomics platform using the model
plant pathogenic fungus Magnaporthe oryzae.

M. oryzae is a filamentous heterothallic ascomycete that causes rice
blast disease. The fungus is an important model organism for
investigating fungal infection-related development and pathogenicity
owing to its genetic tractability!!. Unlike most plant-fungal pathogen
systems, the genomic sequences of both the fungus'® and rice!4!> are
available, providing a unique opportunity to study a host—parasite
interaction from both sides using functional genomic approaches. We
carried out large-scale insertional mutagenesis of the M. oryzae strain
KJ201 via Agrobacterium tumefaciens—mediated transformation
(ATMT) and obtained 21,070 hygromycin-resistant mutants, which
we tagged with transfer DNA (T-DNA). The T-DNA insertions
showed mitotic and meiotic stability, and over 80% of the mutants
were estimated to have a single copy of the T-DNA integrated into the
genome. Assuming a genome size of ~38 Mb, an average gene length
of ~1.7 kb!3 and random T-DNA insertion events, our mutant library
was large enough to saturate ~61% of the genome!®.

To facilitate a rapid and comprehensive functional analysis of the
mutants, we developed a high-throughput screening (HTS) system
(Fig. la). We designed the HTS system to rapidly catalog the
phenotypes and genotypes of the individual mutants, along with the
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Figure 1 Schematic diagram of the high- a

throughput screening system and the life cycle
of Magnaporthe oryzae. (a) ATMT was used to
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vegetative growth, asexual reproduction and infection are indicated by green, red and blue lines, respectively. (¢) Mutants were grown in 24-well plates
and their growth rates and pigmentation were measured after 3 d and 6 d, respectively. Conidial suspensions were prepared from 6-d-old cultures, and the

degrees of conidiation, conidial germination, appressorium formation and conidial morphology were subsequently examined on a green mirror under a light

microscope. The remaining conidial suspensions were sprayed onto rice seedlings to assay their pathogenicities.

subsequently identified gene functions, using a relational database.
During the screen, every stage of mutant processing and analysis was
performed in a 24-well plate format, which greatly diminished the
time and labor needed to label and handle the individual mutants.
Assigning phenotypes to mutants is one of the key steps in
elucidating gene functions. Phenotypes manifested by genome, how-
ever, are so numerous and diverse that the detection of mutant
phenotypes depends on the developmental stages examined and the
assay conditions used. To address this issue, we used high-throughput
phenotype screening (HPS) to assay alterations in seven traits
(Fig. 1b,c) encompassing the entire life cycle of the fungus (Fig. 1c
la.l and Supplementary Methods online). Using HPS, we processed the
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ntire library of 21,070 mutants as a primary screen. Next, we carried

Figure 2 Composition and pairing analysis of a
phenotypes among pathogenicity-defective

mutants. (a) The pathogenicity-defective mutants

showed a wide spectrum of pathogenicity. The

wild-type strain KJ201 developed typical spindle-

shaped lesions that often coalesced, whereas the

mutants showed reduced numbers of lesions that
sometimes failed to proliferate, small specks or

no signs of infection. (b) A Venn diagram showing

the number of mutants with defects in vegetative

growth (growth rate, pigmentation and conidial b
germination), asexual reproduction (conidiation
and conidial morphology) and infection
(appressorium formation, penetration, and
invasive growth). (c) Pairing analysis of the
mutant phenotypes, showing the percentage of
mutants with a combination of defects (as a ratio
of column to row). The ratio of mutants with
defects in only one trait is shaded in colors
corresponding to the colors used in b. GR, growth
rate; PG, pigmentation; CN, conidiation; GM,
conidial germination; AP, appressorium
formation; CM, conidial morphology.
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out an additional round of screening to confirm the phenotypes of the
putative mutants selected during the primary screen. In combination,
these screens yielded more than 180,000 data points—the most
comprehensive phenotypic data set ever built for a filamentous
fungus. In particular, we explored fungal pathogenicity extensively
on a genomic scale using our miniaturized pathogenicity assay
protocol (Supplementary Methods), which enabled us to circumvent
the time and space constraints of typical large-scale inoculation assays
(for example, 3—4 weeks of rice cultivation and a large greenhouse
facility). Considering the emerging theme of conserved genes and
functionalities between plant and animal pathogens'’, our interaction
phenome data could provide new insights into the mechanisms
involved in human and animal mycoses.

284C3 651C6 763C6 591D1 767C1

c GR PG GM CN CM AP
Infection GR | 00 00 250 250 250 250
PG | 00 273 182 409 91 63.6
Rpressorium GM | 12 47 35 988 224 988

formation
CN | 07 60 556 219 132 733
CM | 14 27 260 274 315 945

Appressorium function and

post-penetration phase AP | 0.3 47 283 370 232 421
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From the pathogenicity-driven mutant screen, we selected 559
putative pathogenicity-defective mutants for further characterization
(Fig. 2a and Supplementary Table 1 online). We examined the
remaining six traits in these mutants. This analysis showed that
most of the mutants were defective in infection, asexual reproduction
or both (Fig. 2b). Among the six phenotypes, growth rate and
pigmentation showed limited association with pathogenicity, but
defects in appressorium formation and conidiation were strongly
correlated with defects in pathogenicity, providing genome-scale
support for the importance of these two developmental stages in
pathogenicity. Furthermore, many mutants had defects in multiple
phenotypes (Fig. 2¢). Except for growth rate and pigmentation, each
trait showed various degrees of association with the other traits,
suggesting the involvement of common genes in multiple cellular
processes. However, a considerable number of mutants (32.4%) had
defects only in pathogenicity (Fig. 2b). These mutants may be
defective in appressorium functionality before cuticle penetration or
during the post-penetration phase when the fungus suppresses plant
defenses and establishes invasive growth.

To complement the HPS system, we performed in-depth pheno-
typic assays on selected mutants to quantify the altered phenotypes. In
parallel with the phenotype screening, characterization of the nature
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Figure 3 Distribution of T-DNA insertions over the chromosomes and
functional categorization of the T-DNA-tagged genes. (a) Distribution of
T-DNA insertions over the chromosomes. The genome was divided into
windows of 100 kb. The numbers of T-DNA insertions in each window are
plotted as bars perpendicular to the chromosomes (represented by horizontal
gray lines). Red bars indicate the insertion frequency in each gene (where a
gene is defined as the sequence ranging from 1,000 bp upstream to 500 bp
downstream of the ORF), and black bars represent the insertion frequency in
the intergenic regions. The blue lines represent the best-fitting function for
the gene distribution. ‘Unassigned area’ indicates the collection of genomic
contigs that cannot be mapped onto chromosomes. The x axis of each graph
indicates the length of each chromosome in Mb. The left and right y axes
indicate the number of genes and T-DNA insertions, respectively. (b) Gene
ontology (GO) categorization of genes tagged by the T-DNA. The percentage
of hits to GO categories with a ‘molecular function’ annotation is indicated.

of the mutations in isolated mutants was carried out using a high-
throughput genomic DNA extraction protocol (see Methods), thermal
asymmetric interlaced (TAIL) PCR!8 and sequencing. We verified the
accuracy of TAIL-PCR in identifying the T-DNA insertion sites in the
mutants by inverse PCR. After we determined the sequences flanking a
given T-DNA, our database automatically located the T-DNA inser-
tion site within the fungal genome. Using TAIL-PCR, we identified a
total of 741 T-DNA-tagged locations (TTLs) from the mutants to date
(Supplementary Tables 2 and 3 online). In most cases (~72%), the
flanking sequences of right border were amplified. We characterized
both ends of T-DNA insertion in 41 mutants, indicating that the
mutation is the result of insertion rather than translocation. Although
many of the TTLs were in pathogenicity-defective mutants, analysis of
the TTLs showed that the T-DNA insertions were relatively evenly
distributed throughout all of the chromosomes (Fig. 3a). Further-
more, we found little correlation between the T-DNA insertion
frequency and gene density.

In-depth phenotypic and genotypic analysis of pathogenicity-
defective mutants uncovered 203 independent loci involved in patho-
genicity, creating the largest unbiased set of putative pathogenicity
genes for a single species (Supplementary Table 4 online). T-DNA
insertions in these loci reduced or abolished the ability of the fungus to
cause disease, resulting in a reduced number and/or size of lesions or
no visible symptoms. Our inventory of pathogenicity genes included
one previously known gene, NTHI (ref. 19), encoding neutral treha-
lase, and genes putatively involved in the MAP kinase pathway or
carnitine metabolism, both of which have been shown to be required
for pathogenicity?®?! in M. oryzae. Searching PHI-base (see URLs
section of Methods) for possible orthologs (maximum e value cutoff:
1 x 10719 of pathogenicity genes from other plant pathogens
uncovered an additional 11 matches (~6.9%), supporting the robust-
ness of our HTS system (data not shown). Most of the ORFs identified,
however, had little or no homology with genes whose functions are
known. Gene ontology (GO) analysis showed diverse predicted func-
tions, such as signal transducer, structural molecule, transporter and
transcriptional regulator, with no preferential enrichment in any
category in comparison with the analysis of all genes in M. oryzae
(Fig. 3b). These results suggest a genetic basis for fungal pathogenicity,
which requires complex coordination of cellular processes and
mobilization of many cellular components and structures. Targeted
disruption of the ORFs (see Methods) for 15 pathogenicity-defective
mutants confirmed the linkage between the T-DNA insertions and the
observed phenotypes in 14 mutants (Supplementary Table 5 online).

Abnormalities in the pathogenicity-defective mutants included,
but were not limited to, aberrant conidial morphology (Fig. 4a),
failure to produce appressoria (Fig. 4b) and the inability to penetrate
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B, branch; C, conidium; G, germ tube; I, invasive hyphae.
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767C1 (Type IV)

Figure 4 Representative phenotypes of the mutants. (a) Five types of conidial morphology shown by
KJ201 and its mutants. KJ201 shows typical conidia (Type 1); 651C6, short conidia (Type I1); 552C6,
deformed conidia (Type I11); 767C1, elongated conidia (Type IV) and 506A1, short conidia lacking
septa (Type V). (b) Response of the germ tube to a hydrophobic surface. KJ201 shows normal
appressorium formation; 413B5, delay in appressorium formation; 100A5, long, meandering germ
tube; 396D6, branching germ tube and 661B4, long germ tube. (c) Penetration into onion epidermal
cells. The upper panel indicates the surface of the plant cells, and the lower panel shows the inside
of the plant cells. KJ201 shows penetration and invasive growth; 279D5 and 651A4, inability to
penetrate; 396D6, failure to form appressoria and 495B2, lack of germination. A, appressorium;

retain their roles in M. oryzae as regulators of
carbon use and cell wall integrity, but our
analysis showed that the ORFs are required
for appressorium formation on hydrophobic
surfaces. As M. oryzae evolved to become a
successful plant pathogen, the function of
these genes, which are shared by a group
of fungal species, may have changed in
order to aid in establishing infection-
specific morphogenesis.

Our web-based ATMT database (see URLSs
section of Methods) houses all of the data
from HPS, in-depth screening and TTLs,
connecting over 180,000 data points. The
system links the phenotypes of the mutants
to the genes tagged by T-DNA in an inter-
active way so that database users can infer the
functions of affected genes. The phenotypic
data can be searched and retrieved selec-
tively from the system based on user-defined
criteria, which consequently guides the selec-
tion of mutants with specific phenotypes.
Although many databases have been built
for tracking and storing biological data?®?7,
our database is unique and versatile in that it
is capable of relating and analyzing hetero-
geneous data sets in multiple contexts.

Our functional genomics and informatics
platform provides a model that demonstrates
how technologies can be integrated to
uncover gene functions on a genomic scale.
Further studies of the candidate pathogeni-
city genes identified in this work will allow
breakthroughs in our understanding of the
mechanisms and evolution underlying fungal
pathogenicity, as only a handful of patho-

506A1 (Type V)

661B4

pment showed multifarious conidial lengths, numbers of cells and
=" morphologies (Fig. 4a). In these mutants, some T-DNA insertions
occurred in ORFs homologous with RAC from Colletotrichum trifolii
(552C6: MGG_02731)*2 and ERD2 from Saccharomyces cerevisiae®®
(659D4: MGG_02423). The conidial morphology shown by the 552C6
mutant was especially noteworthy because its length and shape
showed a marked contrast to that of KJ201 (Fig. 4a, Type III). In
addition, conidia of the 552C6 mutant did not produce appressoria,
implying a wide-ranging role for the putative GTPase in the develop-
ment of M. oryzae. The roles of yeast ERD2 in protein transport and
secretion through the Golgi network?® suggest the importance of these
cellular processes in the asexual and pathogenic development of
filamentous fungi. Among the mutants defective in appressorium
formation, the degree of defect ranged from a complete inability to
form appressoria to the production of a significantly reduced number
of appressoria (Fig. 4b). We also identified several ORFs in those
mutants with known homologs. For example, disruption of
MGG_05343 (661B4) and MGG_00883 (413B5), homologs of amyR
from Aspergillus nidulans** and BCK1 from S. cerevisiae?®, respectively,
blocked or delayed appressorium formation. The amyR gene encodes a
transcription factor that regulates the production of enzymes for
carbon use, and BCKI encodes a MAP kinase kinase kinase regulating
cell wall integrity. It remains to be determined whether both genes

g. .I the plant cuticle layer (Fig. 4c). Mutants defective in asexual devel-

genicity genes are known in fungil’.
We anticipate that our model approach will be applied to other
fungi, thus contributing to the speed and feasibility with which
functional genomic analysis of microbial eukaryotes are achieved.
Finally, our mutant library will be an invaluable resource through
the distribution of mutants and easy access to our phenotypic and
genotypic data.

METHODS

Fungal strain, culture conditions and insertional mutagenesis. M. oryzae
strain KJ201, obtained from the National Institute of Crop Science (Korea), was
used as the wild-type strain throughout this work. Fungal cultures were grown
on V8 agar medium in 24-well plates at 25 °C under continuous fluorescent
light. Agrobacterium tumefaciens strain AGL-1 harboring the pBHt2 vector?®
was used for transforming KJ201 as previously described®.

Mutant library construction. For single-spore isolation, spores from
12 mutants were spread onto the surface of 2% water agar in a Petri
plate (50 mm in diameter) that was partitioned into 12 fan-shaped
sections. We obtained single conidial isolates by picking germinating conidia
under a light microscope at 40x to 100x magnification and transferring
them onto fresh 24-well plates containing V8 agar medium. For long-term
storage, all isolates were transferred into additional 24-well plates
(two replicates) and dried with finely hashed filter paper after being
cultured for 5 d at 25 °C under constant fluorescent light. To prevent
cross-contamination, the 24-well plates containing the desiccated mutants were
sealed with a tape sheet (Qiagen). The mutants were stored at —=70 °C in the
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