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ABSTRACT

Functional characterization of genes encoding
putative nuclear movement and positioning -

associated proteins in Magnaporthe oryzae

Heekyung Roh

Interdisciplinary Program
In Agricultural Biotechnology

The Graduate School of Seoul National University

Rice blast pathogen, Magnaporthe oryzae, causes serious damage to
global rice production and has been emerged as a model organism for the
characterization of molecular mechanisms relevant to pathogenic
development in host plants. Nuclei migration and distribution are known as
important processes in development of infection structures called

appressorium in M. oryzae. Two genes homologous to ApsA and ApsB



in Aspergillus nidulans were selected to understand nuclear migration in
M.oryzae. In A. nidulans, ApsA and ApsB proteins are involved in the
regulation of asexual reproduction and apsA and apsB deletion mutants
showed defects in nuclear migration and positioning of the fungus.(Veith et
al., 2005) However, little is known about the molecular mechanisms
involved in nuclear distribution during conidiation in M. oryzae. Two genes
were named Abnormal Nuclear Distribution (MoAND1 and MoAND2,
respectively) and gene deletion mutant of MoAND1 was obtained by
mycelial growth and conidiation. Observation of nuclei and septa after
staining with Hoest33342 and Calcofluor White indicated that the AMoandl
mutant produced abnormal conidia such as one-, two-, four-, and five-celled
conidia compared to three-celled wild-type conidia. To elucidate nuclei
movement and positioning, RFP-tagged histones were introduced into both
wild-type and AMoandl strains. Microscopic observation of the AMoandl
strains with RFP-tagged histones revealed that nuclei distributed unevenly in
hyphae and even some cells had no nucleus. Pathogenicity of AMoandl was
significantly reduced and this might be due to defects of appressorium
formation and invasive growth in host cells. Furthermore, AMoandl and
double KO strain of MOAND1 and MoAND2 were more sensitive to

microtubule-depolymerizing agent Benomyl, indicating that the mutants are



defective in microtubule function. Taken together, these results represent that
MoAND1 and MoAND?2 are essential for pathogenicity as well as nuclei

distribution in M. oryzae.

KEYWORDS: Magnaporthe oryzae, nuclear movement, nuclear positioning

Student number:2011-21275
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INTRODUCTION

In eukaryotic cells, nuclear movement and distribution are essential for
survival. For this, exact nuclear positioning with regards to time and space is
crucial for developmental processes. A well-known example is nuclear
division and subsequent migration in the case of Saccharomyces cerevisiae.
In S. cerevisiae, nuclei migrate to the budding neck before a localized
mitosis, providing bud and mother cell with a nucleus (Brachat et al., 1998).
Several components have been shown to be involved in nuclear migration
such as Numl. A role of Numl protein is related positioning of the G2
nucleus at the budding neck of a dividing yeast cell. Nuclear movement has
also been described in cells of mammals during embryogenesis(Reeve &
Kelly, 1983). Nuclear migration is especially important in longitudinal
elongated cells that grow by apical extension like filamentous fungi. The
species that are studied well are A. nidulans. In this, nuclei migrates long
distance during hyphal growth. The analyses of the specific nuclear
movement genes have been described. ApsA and ApsB, which are
homologous to NUML1 protein in S. cerevisiae, display an aberrant nuclear
distribution phenotype when mutant (\eith et al., 2005). In these mutants,

nuclei are not evenly distributed in hyphae in contrast to wild-type.



Therefore, nuclei are clustered and some areas lack any nuclei. In addition to
this hyphal phenotype, the aps mutants severely affect conidiophore

development.

In Magnaporthe oryzae, nuclei migration and positioning are also
important for pathogenicity. After conidial attachment to host tissues, a germ
tube emerges at the conidial apex, elongates for a brief period, with a limited
number of cell divisions, and arrests polar growth upon sensing host signals.
The tip of a germ tube differentiates the dome-shaped appressorium, which
enables the fungus to penetrate host barriers through turgor pressure-
mediated mechanical disruption. For appressoria morphogenesis, it has been
studied that mitosis consistently occurred within germ tube before
appressorium development (Veneault-Fourrey et al., 2006). Moreover,
appressorium development in M. oryzae involves spatial uncoupling of
mitosis and cytokinesis. The cell division that leads to appressorium
differentiation is defined initially by formation of a heteromeric sptin ring
complex before onset of mitosis(Saunders et al., 2010). After appressoirum
formation, the appressorial nucleus migrated to the penetration hyphae and
underwent mitosis before the development of the invasive hypha. However,
the details of these mechanisms are still almost completely unknown in M.

oryzae. A key to understanding nuclear movement is the identification and



characterization of nuclear movement proteins. To understand nuclear
movement mechanisms in M. oryzae, we report that two related genes named
MoAND1 and MoAND2 (from Abnormal Nuclear Distribution) encodes
proteins  MoAND1 and MoAND2 that functions as microtubules
polymerization of M. oryzae. To unveil the functional roles of MoAND1 and
MoAND2, a gene deletion mutant was generated using a targeted gene
replacement strategy. In M. oryzae, the function of MoAND1 was related
nuclear migration and distribution. However, unlike other homologous
organisms, AMoandl represented severely affected conidia morphology
which showed increased or decreased number of nuclei and septa. Most
importantly, MoAND1 was required for asexual development and
pathogenicity, the most important means for dispersal and survival through
infectious propagules of plant pathogen. These results suggest that the
functions of MoAND1 and MoAND2 homologs have been adapted to

different patterns of growth through eukaryotic evolution.



MATERIALS AND METHODS

I. Fungal strains and culture conditions

M. oryzae wild-type strain KJ201 and gene disrupted strains ATMT
mutants used in this study were obtained from the Center for Fungal Genetic
Resources (CFGR, http://genebank.snu.ac.kr). Other strains generated in this
study were stored in the CFGR. The strain and its transformants were
steadily maintained on oatmeal agar media (OMA, 5% oat meal (w/v), 2.5%
agar powder (w/v)) or V8 juice agar media (8% V8 juice (w/v), 1.5% agar
powder (w/v), pH6.7) at 25°C under the constant fluorescent light.
Hygromycin-resistant transformants were selected using TB3 agar media
(0.3 % yeast extract (w/v), 0.3% casamino acids (w/v), 1% glucose (w/v), 20%
sucrose (w/v) and 0.8% agar powder (w/v)) supplemented with hygromycin
B (200 ppm final concentration). Mycelia of the strain and its transformants
were used for genomic DNA and RNA extraction, that cultured on liquid
complete media (LCM, 0.6% yeast extract (w/v), 0.6% casamino acid (w/v)
and 1% sucrose (w/v)) at 25°C with agitation (150-200rpm). To observe their
developmental and morphologic phenotypes and pathogenicity ability, they
cultured on V8 juice agar media for 7 days or on OMA for 10 to 15 days at

25°C under the continuous light condition.



Il. Sequence analysis

Nucleotide and protein sequences were taken and analyzed by using the
computer programs provided at the Comparative Fungal Genomics Platform
((Park et al., 2008), http://cfgp.snu.ac.kr/) and the Blast program provided at
the National Center for Biotechnology Information, Bethesda, USA
(http://www.ncbi.nlm. nih.gov/blast/) (McGinnis & Madden, 2004).
Sequences were aligned by ClustalW algorithm (Thompson et al., 1994) and
phylogenetic trees were designed using the neighbor-joining method at the
MEGA 5.0 program. Domain architectures were drawn by using

InterProScan (Mulder et al., 2005).

I11. Nucleic acid manipulation

Genomic DNA extraction was performed with two different processes in
accordance with the purpose. Genomic DNA for PCR-screening was
extracted by quick and convenient method (Chi et al., 2009). Genomic DNA
isolated by standard process was used to other general experiments such as
restriction enzyme digestion and Southern hybridization analysis (Rogers &
Bendich, 1985). Agarose gel separation, restriction enzyme
digestion and Southern hybridization analysis were performed following

standard procedures (Sambrook et al., 1989). DNA fragments for



DNA hybridization probes were labeled with **P by using Rediprime™ 11

Random Prime Labeling System kit (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) according to the manufacturer’s manuals. Total RNA
for expression analysis was extracted by using the Easy-Spin™ total RNA
extraction kit (Intron Biotechnology, Seongnam, Korea) according to the
manufacturer’s instruction. To perform the expression analysis by
quantitative real-time PCR (gRT-PCR), 5ug of total RNA was used and
cDNA synthesis was performed using the oligo dT primer with the ImProm-
II'™ Reverse Transcription System kit (Promega, Madison, WI, USA)

following the manufacturer’s instruction.

IVV. Construction of the MoAND1 deletion mutants and complemented

mutants

The gene deletion mutants were generated via the homologous
recombination. Shortly, the knock-out constructs composed of 1.4Kb of
hygromycin B phosphotranferase (HPH) cassettes fused with ~1 Kb 5’-
and 3’- flanking regions were replaced with the original sequences of
MGG_02961 (Yu, Hamari et al. 2004). Hygromycin-resistant transformants
were selected on media supplemented with hygromycin B and screened by

PCR with primers (Table 2). One mutant candidate for MGG_02961 was



found and confirmed by Southern blot analysis (Fig. 3). Complemented
mutants were generated following the similar procedures. A fragment
carrying the ORF sequence for complementation was amplified from KJ201
genomic DNA. The ORF fragment and geneticin fragment from pll9 were
co-transformed in each deletion mutant protoplasts from AMoandl.
Complemented mutants were selected on media supplemented with geneticin

and screened through the phenotype assay.

V. Fungal developmental assay — Mycelial growth, conidiation, conidial
morphology, conidial germination and appressorium formation
Mycelial growth was measured with their diameter of each three

replicates on minimal agar media and Talbot modified complete agar media

(TCM) every three days by 9 days after inoculation. The used inoculums

were from 6-day-old minimal agar media (MM) (Talbot et al., 1993).

Conidiation was measured by counting the number of asexual spores within

10ul conidia suspension onto hemacytometer under a microscope. Conidia

was collected from 7-day-old V8 juice agar plates with 5ml sterilized
distilled water. Conidial morphology was observed under a microscope and
the sizes of conidia were measured as their width and length. Conidial

germination and appressorium formation were performed on hydrophobic



microscope coverslips. Conidia used this assay was harvested from 7-day-old
V8 juice agar plates or 10-day-old OMA plates and passed through the two
layer mira cloth with sterilized distilled water. Conidia suspension adjusted
to 2X10* conidia per millimeter was dropped onto coverslips with three
replicates and incubated in moistened box at room temperature. Each two
and four hours after incubation, germination rate was determined within at
least a hundred of conidia per replicate under a microscope. The rate of
appressorium formation was determined within the percentage of germinated
conidia at 8 and 16 hours each after incubation. These assay processes were

performed with three replicates in three independent experiments.

V1. Conidiogenesis assay

Conidiogenesis assay was performed with scraped mycelia agar plugs
from 20-day-old OMA plates. Coverslips were placed on scraped mycelia
agar plugs and they were incubated in moistened box for 24, 36 and 42 hours
at room temperature. Conidiophore development was monitored under a

microscope at the times after incubation (Lau & Hamer, 1998).

VII. Pathogenicity and leaf sheath injection

For the pathogenicity assay by spray inoculation, conidia were collected



from 7-day-old V8 juice agar media and 10 ml of filtered conidia suspension
adjusted to 5X10* conidia per millimeter containing Tween 20 (250 ppm
final concentration) was sprayed onto the rice seedlings (Oryza sativa cv.
Nakdongbyeo) in three to four leaf stage. Inoculated rice seedlings were
placed in a dew chamber for 24 hours under the dark condition at 25°C. After
then, they were transferred to the rice growth incubator maintained 25°C, 80%
humidity and with photoperiod of 16 hours with fluorescent lights (Valent et
al., 1991). Drops of conidia suspension (10> cells per milliliter final
concentration) and mycelia agar plugs were used for the pathogenicity assay
as well. The detached rice leaves were infected with 20 pl of drops of
conidia suspension or 6 mm mycelia agar plugs and incubated in moistened
box for seven days at room temperature (Kim et al., 2009).

For the leaf sheath injection, filtered conidia suspension adjusted to
2X10* conidia per millimeter and rice sheath of four to six leaf stage were
used (Koga et al., 2004). Conidia suspension was injected in excised rice
sheaths and incubated in moistened box for 48 and 72 hours at room
temperature. After incubation, the infected rice sheaths were trimmed to
remove chlorophyll enriched plant parts. Left epidermal layers of mid vein

(three to four cell layers thick) were used for microscopic experiment.



VI11. Expression profiling of MOAND1 and MoAND?2

To analyze the expression of MOAND1 and MoAND?2 in over-expression
strains, mycelia of the strains were treated following the process. Mycelia of
each over-expression strain was cultured on CM liquid media for 4 days and
collected onto two layers of miracloth with washing by sterilized distilled
water. RNA extraction and cDNA synthesis from mycelia of the strains were
performed following previously described procedures. Quantitative real-time
PCR (gRT-PCR) reactions were performed in 10 ul solution containing 2 ul
of cDNA template (12.5 ng/ ul), 3 pl of forward and reverse primers (100
nM concentration for each) and 5 pl of Power SYBR® Green PCR Master
Mix (Applied Biosystems, Foster city, CA, USA). Samples were run for 40
cycles of 15 s at 95°C, 30 s at 60°C and 30 s at 72°C after 3 m of
denaturation at 95°C on AB7500 Real-Time PCR system (Applied
Biosystems). To compare the relative abundance of MoCOD1 transcripts, the
average of threshold cycle (Ct) was normalized to that of S-tubulin gene for
each of the treated samples as 2"**“!, where —~AACt = (Ct, target gene— Ct, p-tubuin)

test condition — (Ct, wr — C, B—tubulin) cm (Choi et al., 2009).

10



RESULTS

I. Identification of two genes involved in nuclear migration and

distribution Magnaporthe oryzae.

To understand nuclear migration and distribution in M. oryzae, two genes
MGG_02961 and MGG_10857, homologous to ApsA and ApsB in
Aspergillus nidulans were selected and named MoAND1 and MoAND2
(Abnormal Nuclear Distribution). BLAST analysis (blastp) was performed to
identify homologues in other fungi using NCBI web site. Four genes and
three genes have functionally characterized homologues for MGG_02961

and MGG_10857, respectively.

Bioinformatic analysis for MGG_02961.6 and MGG_10857.6 was
performed. The MGG_02961.6 gene was predicted to have both the
Pleckstrin homology domain (Fig. 1. yellow box) in N-terminal region and
coil-coil motif (Fig. 1. green box) in C-terminal region. The MGG_10857.6
gene was contained Spindle-associated domain and coiled-coil motif.
BLAST searches were carried out for genes homologous to the ORFs of
MGG_02961.6 and MGG_10857.6. MGG_02961 showed high similarity to

ApsA in Aspergillus nidulans and to Amil in Podospora anserine.

11



MGG_10857.6 also showed similarity to Mcp6 in S. pombe. ApsA which is
MGG_02961.6 homologue in A. nidulans, has so far been implicated in
nuclear distribution and positioning in hyphae. ApsB also has been revealed

to relate nuclear distribution and migration.

12
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Figure 1. MoAND1 is a coiled-coil protein that belongs to the ApsA

family proteins found specifically among fungi.

(A) Schematic representation of MOAND1 and the ApsA family proteins. The
location of the coiled-coil motif (green) and the PH domain (yellow) are
indicated. These motifs were identified by PSORT I

(http://ch.EMBnet.org/) and (http://smart.embl-heidelberg.de/).

(B) NH2-terminal half residues of PH domains with Andl orthologs were
aligned. Gaps inserted in the alignment to attain maximal homology are
indicated by hyphens. The color of blue or light blue indicated amino

acids those are identical or similar among 12 species.

(C) The phylogenetic tree of ORF from MoAND1 orthologous proteins. The
relationships between the sequences were inferred by the Neighbour-
Jonining method. The length of the horizontal lines represents the
phylogenetic distance. Both the sequence and phylogenetic analyses were

performed by using a MEGA program.
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Figure 2. MoAND?2 is a coiled-coil protein that belongs to the ApsB

family proteins found specifically among fungi.

(A) Schematic representation of MOAND2 and the ApsB family proteins. The
location of the coiled-coil motif (green) and the Spindle-associated
domain (red) are indicated. These motifs were identified by PSORT II

(http://ch.EMBnet.org/) and (http://smart.embl-heidelberg.de/).

(B) Spindle-associated domains with MoAND2 orthologous were aligned.
Gaps inserted in the alignment to attain maximal homology are indicated
by hyphens. The color of blue or light blue indicated amino acids those

are identical or similar among 9 species.

(C) The phylogenetic tree of ORF from MoAND2 orthologous proteins. The
relationships between the sequences were inferred by the Neighbour-
Jonining method. The length of the horizontal lines represents the
phylogenetic distance. Both the sequence and phylogenetic analyses were

performed by using a MEGA program.
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II. Targeted gene replacement of AND1 gene in M. oryzae

To characterize the function of MGG_02961.6 in M. oryzae, gene deletion
vector was constructed by double joint PCR (Yu et al., 2004), in which the
hygromycin resistance gene (HPH) cassette was combined with flanking
regions (Fig. 3). This construct was introduced to wild-type KJ201 protoplast
by PEG-mediated fungal transformation. One mutant was generated and
confirmed by Southern hybridization using 5’ flanking region as a probe (Fig.
3). The functional complementation for the mutant was done. The fragment
amplified using UF/DR primers form the KJ201 genomic DNA was co-
transformed with a geneticin resistance gene fragment into protoplasts of
mutants. Functional complement transformants were confirmed by
phenotype recovery. The AMoandl mutant exhibited indistinguishable
phenotypes. The AMoandl mutant defects in conidia morphology, conidial
germination, appressorium formation and mycelial growth on both

complement and minimal agar media.

17



Wild-type AMoandl

:m 7.5kb —

5.8kb —

MGG 02961 — 5.8kb
HPH — 1.4kb

Figure 3. Targeted gene replacement of MOANDL1 gene in M. oryzae.

Schematic diagram of targeted gene replacement. MoAND1 gene ORF
(arrow) was replaced with HPH cassette. Restriction enzyme site and
flanking region (white and light gray box) is shown above the lines
representing genomic regions spanning target loci. To confirm the deletion
mutants, Southern hybridization was performed. Each band size was

identified using flanking region as probe.

18



II. Expression analysis of MOAND1 and MoAND?2

Expression levels of MGG_02961.6 and MGG_10857 in developmental
stages were examined by quantitative real-time PCR (qRT-PCR). Total RNA
samples were prepared for the four different stages in M. oryzae strain KJ201:
mycelial growth, conidiation, germination and appressrium formation (Fig.
4). Expression of each sample of development stages was calculated
compared to that of germinating conidia. The expression of MGG_02961
was increased by 1, 0.8 and 0.7-fold in mycelial growth, conidiation and
appressorium formation, respectively. Expression of MGG_10857.6 was
highly up-regulated in conidiation by 23.3-fold. From these qRT-PCR results,
it was expected that MGG_02961.6 might be involved in mycelial growth
along with conidiation and appressorim formation, and MGG_10857.6 gene

might be related to conidia development alone.

19
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Figure 4. Expression of MOAND1 and MoAND?2 in developmental stages.

Transcript levels of MOAND1 and MoAND2 during developmental stages in
M. oryzae. (A) Relative expression of MOAND1 gene during mycelial growth.
Transcript expression was quantified by gRT-PCR analysis and values were

normalized to expression of S-tubulin. Relative expression levels, presented

as fold changes (2 _AAC), were calculated by comparison with wild-type strain.

(B) Relative expression of MoAND2 gene during mycelial growth.

Calculations were performed as described in (A).
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IV. MoAND1 is involved in hyphal growth, conidial shape and septum

formation

To find out the functions of MOAND1 in hyphal growth, conidial shape
and septum formation, conidia was harvested from 10-day-old OMA cultures.
Mycelial growth of the AMoandl mutant was somewhat impaired on
complete medium and was more severely impaired on minimal media, in
comparison with the wild-type strain (Fig. 7). However, this growth defect
was rescued in the Moand1c strain, in which mycelial growth was similar to
the wild-type. Conidia shape was severely affected by MoAND1 deletion
mutant (Fig. 5). In wild-type, three-cell conidia are appeared with a nuclear
in each cell. However, in AMoandl, a large number of one-, two-, four-, and
five-celled conidia were produced. Hoest33342 staining revealed that some
conidia cells abnormally had several nuclei in a cell and empty cells also
appeared. To assess whether impaired growth of the AMoandl mutant was
associated with defects in septation during hyphal growth, we stained hyphae
of each strain with calcofluor white to better visualize septa. As shown in
Figure. 5, hyphae in AMoandl mutant appeared to contain an increased
number of septa, resulting in the formation of hyphal compartments shorter
in length. These data indicated that MOAND1 was required for proper conidia

morphology as well as hyphal growth in M. oryzae.
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Figure 5. Effect of MoAND1 deletion on conidial morphology of M.

oryzae.

(A) Conidial shape and septum formation was analyzed in M. oryzae wild

type, AMoandl, and Moandlc strains. Conidia obtained from 7-day-old

cultures grown on oatmeal agar plates were stained with calcofluor white and

observed either under a light microscope (upper) or under UV (down).

(B) Distribution of conidia cell numbers in control and 4Moandl mutant

strains.
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Figure 6. Effect of MoAND1 deletion on nuclear distribution in M.

oryzae conidia.

(A) Conidial shape and the number of nuclei were analyzed in both
AMoandl and Wild-type. Conidia obtained from 7-day-old cultures grown
on oatmeal agar plates were stained with Hoest 33342 to visualize nuclei and
observed either under a light microscope (upper) or under UV (middle). Five

conidia of AMoandl indicated representative morphology of mutant conidia.

(B) Germination rate of each conidia type was measured.
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V. MoAND1 is involved in conidiophore development and conidial

production.

To assess the functions of MoANDL1 in conidiation, conidial production
was measured quantitatively by harvesting conidia from 10-day-old OMA
cultures. As shown in Figure.7, conidial production was significantly reduced

in AMoand1 mutant, compared with the wild-type strain.

However, this defect in conidial production was fully rescued, to wild-type
levels, by complementation with MoAND1 in the AMoand1 strain. To better
characterize the effects of MoAND1 deletion on conidial formation,
microscopic observation was performed (Fig.7). This analysis revealed that
the wild-type strain formed dense conidiophores bearing pear-shaped conidia
in a sympodial pattern, while the AMoandl strain produced very few
conidiophores, primarily consisting of one conidium or a couple of conidia in
a chain. These result indicated that MoAND1 was required for both

conidiophore and conidium development.
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Figure 7. Conidia development of MOAND1.

(A) Conidia and conidiophore development of AMoandl were observed at
16 and 24 hours after incubation. Light microscopic images of conidia and

conidiophore development from 10-day-old oatmeal agar block.

(B) Number of conidia harvested from 10-days-old cultures on oatmeal agar
plates. Percentages of appressorium formation among germinated conidia

were measured on a hydrophobic surface after 24h.
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VI. Nuclear distribution in hyphae and appressorium

Histone 1: RFP (red fluorescent protein) gene fusion was introduced into
both wild-type strain and MoAND1 deletion mutant strain of M. oryzae to
observe nuclei movement and distribution. Microscopic observation of H1:
RFP indicated that a MoAND1 mutant is defective in nuclear distribution in
hyphae. Clusters of nuclei (Fig. 8) are separated by large gaps without
nuclear in a cell in mutant hyphae. In merge image with calcofluor white, red
arrow showed two nuclei in a cell and green arrows represent empty cells

without nuclear.

Moreover, conidial germination and appressorium formation were
observed on a hydrophobic surface for AMoandl mutant and its
complemented strains (Fig. 7). At four hours after incubation, 95% of wild-
type conidia germinated, while only 38% of conidia developed germ tubes in
AMoandl mutant, (Fig. 7). More than 93% of wild-type conidia formed
melanized appressorium at the end of conidial germ tube within eight hours
after incubation. At the same time, only 35% of AMoandl conidia formed
appressorium. AMoandl conidia formed a germ tube and appressorium
developed a second germ tube and appressoirum at the same or opposite

orientation, and subsequently a third, having total of three
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appressoria (Fig. 9). At 24h, 22% of conidia from AMoandl possessed two
appressoria; these percentages became 26% at 48h. A small percentage of
AMoandl conidia formed a third appressorium after germination. Nuclear
distribution of the conidia producing two or three appressorium was
observed using histone-tagged RFP strains. In multiple appressoriua, nuclei
were distributed abnormally as shown Fig. 9. In wild-type strain, one nuclear
was distributed at a appressoria but two or three nuclei was located near
appressoria or in appressoria in AMoandl conidia. Such multiple formation
of appressorium in AMoandl mutant was markedly recovered in Moand1c.
This result indicated that MOANDL is important for correct development of
the germ tube and appressorium by regulating nuclear migration and

positioning in M. oryzae.
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Figure 8. Nuclear distribution in hyphae of wild-type and MoAND1

deletion mutant.

(A) Nuclei and septa distribution were analyzed in Wild-type. Conidia
obtained from 10-day-old cultures grown on oatmeal agar plates. Nuclei in
wild-type hyphae are evenly distributed. Nuclei were visualized by

constructing H1:RFP gene fusions in M. oryzea.

(B) Nuclei and septa distribution were analyzed in AMoandl1. White arrow
indicated septa. Clusters of nuclei (red arrow) are separated by large gaps
(green arrow) in mutant hyphae. In merge image, red arrow showed two

nuclei in a cell and green arrows represent empty cells without nuclear.
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Figure 9. Formation of multiple appressoria.

(A) Conidial suspension was incubated on a coverslip to induce appressorial

formation. The numbers of appressoria per conidium were measured after 12

and 24 hour of incubation.
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(B) White portions of the bars represent the percentage of conidia that
formed one appressorium, and grey portions represent the percentages of

conidia that had two appressoria along with germ tubes.
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VIL. Pathogenicity and penetration of the AMoandl mutant

To determine the function of MoANDL1 in the plant infection, susceptible
rice seedlings were sprayed with the AMoandl mutant, its complemented
strain conidia and wild-type (Fig. 10). The wild-type developed typical
necrotic lesions that mostly fused with other lesions, but AMoandl almost
failed in disease development, only causing a few small necrotic lesions
while Moandlc fully recovered the pathogenicity defect (Fig. 10). To
characterize whether changes in pathogenicity in the AMoandl strain was
due to defects in plant penetration and invasive growth, rice sheath tissues
were inoculated with conidial suspension (5X10° conidia/ml). While the wild
type penetrated into host cells through appressoria and developed invasive
hyphae (Fig. 10), majority of appressoria in AMoandl penetrated only one
cell. Their invasive growth appeared to be retarded (Fig. 10). Abnormalities
in appressorium-mediated penetration and invasive growth of AMoand1 were
rescued by expression of MoANDL1 in the Moandlc strain. These results
indicate that AMoandl mutant exhibit defects in penetration and invasive

growth.
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Figure 10. Pathogenicity and invasive growth of MOANDL1 in rice.

(A) Spray inoculation for pathogenicity assay of MOAND1 deletion mutant.
Susceptible rice seedlings were sprayed with conidia suspension of each

strain and harvested at 7 day post inoculation.

(B) Leaf sheath injection of MOANDL1 deletion mutant. Excised rice leaves
were injected with conidia suspension of wild-type and MoAND1 deletion
mutant. Infection hyphae were observed with light microscopic at 48 hours

after incubation.
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VII. Conidia viability of AMoand1

AMoandl showed significantly reduced germination and appressorium
rate. To understand whether the conidia produced by AMoand1l mutant were
inherently defective in germination or they lose their viability quickly, the
ability of conidia to germinate was examined. About 19% of 8-day-old
AMoandl mutant conidia germinated, while 95% of conidia germinated in
the wild-type strain. With increasing incubation time of conidial cultures, the
frequency of conidial germination maintained to 92% in the wild-type strain,
but the germination rates increased to 25% in AMoandl mutant. The
frequency of conidial germination in AMoandl mutant was again decreased
to 22%, while the wild-type strain maintained germination rates at a high
level when conidia from 16-day-old culture plates were tested (Fig. 11).
Since conidial germination rate of AMoand1 maintained steadily, incubation
time did not affect conidial viability. As shown in Figure. 11, wild-type

conidia maintained their germination ability up to 4 days after incubation at

4°C. However, the number of viable conidia able to germinated decreased
rapidly in the AMoandl mutant, and only 8% of their conidia germinated 4

days after incubation at 4°C. These results suggest that AMoandl mutant

conidia become more susceptible at 4°C stress and not in incubation time.
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Conidia viability of AMoandl mutant was further confirmed by FUN-1
staining, the yeast viability stain that requires both plasma membrane
integrity and metabolic capability to differentiate living and dead
cells(Millard et al., 1997). The 5% of defective conidia of AMoandl mutant
were not stained with FUN-1(data not shown), while 95% of AMoandl
conidia showed orange-red intravaculolar inclusions called cylindrical
intravacuolar structures(CIVS) in metabolically active conidia same as wild-

type conidia.

Conidia viability was also measured by staining dead cells with Phloxine
B. Conidia were stained with 20ug/ml phloxine B for 1hr at room
temperature. As control for dead cells, wild-type cells were incubated for

10min at 65C. Although wild-type cells maintained original status, controls
for dead cells (wild-type incubated at 65°C) showed pink colored conidia

which means conidia lost their viability. In case of AMoand1, 97% of conidia
showed viability as wild-type cells and only 3% of conidia lost their viability
in conidia of AMoandl. These results suggest that deletion of MoAND1 did

not affect conidia viability.
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Figure 11. viability and germination of conidia formed by wild-type and

MoANDL1 deletion mutant.

(A) Conidia were collected from indicated day-old cultures, and used in

germination assays. (B) Conidia were collected from 12-day-old cultures,

stored 4C and used in germination assays.
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Figure 12. Viability test of AMoand1

(A) Ten-day-old conidia from wild-type and AMoandl mutant were stained with
fluorescent dye FUN-1 (live/dead yeast viability stain). Conidia were observed by
light or UV microscope. In dead cells, FUN-1 due to the loss of plasma membrane

was depicted with ovoid.

(B) Ten-day-old conidia from wild-type and AMoand1l mutant were stained with
fluorescent dye Phloxine B. And also dead cells are stained by Phloxine B showing

a pink color.
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IX. Double KO mutant of MoAND1and MoAND2

To find relationship between MoAND1 and MoAND2, double KO mutant
was constructed. Usually, the phenotype of the double mutants could be
mainly predicted from the phenotypes of the single mutants, interesting
interaction and more precise gene action can be revealed by double KO. The
double KO mutant of MoAND1 and MoAND2 was produced by using
targeted gene replacement method as described before. For double KO
mutant, the MOAND?2 gene deletion vector constructs were transformed into
protoplasts of MoAND1 deletion mutant (Fig. 13). In the Double KO
mutant, conidia morphology was similar with AMoand1 mutant, but hyphal
growth was severely affected in complement and minimal agar media as
shown in Figure 14. Especially, in minimal agar media, hyphal growth of
double mutant reduced about three times compared with wild-type.
Moreover, pathogenicity was significantly reduced since double KO mutant
showed significantly reduced germination and appressorium rate and more
importantly appressorium of double KO mutant did not penetrate tissue
surface of rice causing loss of pathogenicity (Fig.15). Taken together, these
results indicated that deletion of MOAND1 and MoAND2 caused more severe
cellular mechanisms of developmental stages such as hyphal growth,

germination and pathogenicity.
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Figure 13. Targeted gene replacement for double KO in M. oryzae.

Schematic diagram of targeted gene replacement. MoAND2 gene ORF
(arrow) was replaced with GENETICIN cassette in background of MoAND1
gene deletion protoplast. Restriction enzyme site and flanking region (white
and light gray box) is shown above the lines representing genomic regions
spanning target loci. To confirm the deletion mutants, Southern hybridization

was performed. Each band size was identified using flanking region as probe.
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Figure 14. Characterization of developmental characteristics in wild-

type, AMoandl and double KO mutant.

(A) Conidia obtained from 7-day-old cultures grown on oatmeal agar plates

and conidia shapes were observed under a light microscope

(B) Growth rate was measured in wild-type and double KO mutant in

Complement agar and Minimal agar from 10-days-old media.
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Figure 15. Pathogenicity and invasive growth Double KO mutant in rice.

(A) Spray inoculation for pathogenicity assay of Double KO mutant.
Susceptible rice seedlings were sprayed with conidia suspension of each

strains and harvested at 7 day post inoculation.

(B) Leaf sheath injection of Double KO mutant. Excised rice leaves were
injected with conidia suspension of wild-type and Double KO mutant.

Infection hyphae were observed with light microscopic at 48 after incubation.
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X. Benomyl resistance of wild-type, AMoandl and Double KO mutant.

The observed phenotypes in AMoandl and Double KO mutants
suggested possibility that defects of microtubule functions same as
homologous genes such as ApsA and ApsB  in Aspergillus nidulans or Mcp5
and Mcp6 in Schzoscharromyces pombe. It is well known a fact that mutants
are defective in microtubule function often sensitive to microtubule-
depolymerizing agents such as Benomyl. We determined resistance to
benomyl by culturing onto complement agar media containing 0.5ug/ml
concentration of the inhibitor. Indeed, growth of Double KO mutant was
more sensitive than wild-type, although less so than AMoandl mutant.
Interestingly, AMoandl showed significantly reduced growth pattern and
only 30% growth of AMoandl was restored. From these results, it can be
explained that the phenotypes of abnormal nuclear distribution in conidia,
hyphae and even appressorium in AMoandl and Double KO mutant caused
by defects of microtubules subsequently affecting nuclear migration in

development stages.
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Figure 16. Benomyl resistance of wild-type, AMoandl and Double KO

mutant.

(A) Each type of strains was cultured on Complement agar media containing
the concentration of Benomyl indicated. Plates were incubated for 10 days.
(B) Growth pattern was represented by graph with percentages of growth
compared with wild-type.
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Table 1. Oligo sequences used in this study

Name Sequence (5’ — 3°)
HPH_F GGCTTGGCTGGAGCTAGTGGAGG
HPH_R GTTGGTGTCGATGTCAGCTCCGGAG

MGG_02961.6_UF
MGG_02961.6_UR
MGG_02961.6_DF
MGG_02961.6 DR
MGG_02961.6_NST_F
MGG_02961.6_NST_R
MGG_02961.6_gRT_F
MGG_02961.6_gRT_R

MGG_10857.6_UF
MGG_10857.6_UR

MGG_10857.6_DF
MGG_10857.6_DR

MGG_10857.6_NST_F
MGG_10857.6_NST_R
MGG_10857.6_qRT_F

MGG_10857.6_gRT_R

GCTTTTGGGACTACTGTTGTTCGC
CGGCGACCATCAAGCGTGTTT
CGACATTCGCTCAACCATTCTTTCACA
GCTGGGCGGAGTTCTTTTCAATGG
ACGAGGCGCCACATGAT
GGGAGGCGGCTGTAGTAAGTATCAT
GTTGGTCGGTCAGAGGCAAGG
GAACTTGATAGCACGGCCGG

ACAGCCTCATGAAAACCGGACG
CGGGACAAATGACGCGCTCG
CAACCGCTACTGACCCCACC
AGGAGGGCCGACTAGAACAG
TGGACCACTCACAGGACGTTGC
GTCCCAGACCCCAAGACCAG
GTCCTTCACCCAGCATACCGA

GCTCCGGTCCTGTACTCGC
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DISCUSSTION

Eukaryotes possess a wide variety of conserved nuclear migration
systems by microtubule related proteins, but the functions of these proteins
were not identified across different species. In the course of our study to
determine the molecular mechanism(s) underlying nuclear migration in M.
oryzae, MoAND1 and MoAND2, were identified and characterized. In
Aspergillus nidulans, the ApsA and ApsB proteins which are homologous to
MoAND1 and MoAND?2 in M. oryzae, affect nuclear migration by defecting
astral and cytoplasmic microtubules (Fischer & Timberlake, 1995),
(Suelmann et al., 1998). Mutations in A.nidulans ApsA lead to curved and
thinner microtubules and in ApsB mutation showed reduction of astral
microtubules affecting abnormal nuclear migration and positioning. In
Saccharomyeces cerevisiea, Num1 protein affects nuclei migration. Moreover,
microtubule forces are involved in anchoring the nucleus at bud neck and in
early stages of nuclear elongation through the neck (Kormanec et al., 1991).
As shown the results before, function of MoAND1 protein could explained if
we assume that MOAND1 serves a similar function as ApsA in Aspergillus
nidulans. ApsA interacts with MT-plus end localized dynein is activated, it

tugs at MTs and pulls attached nuclei. The situation could
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similar in M. oryzae where MOAND1 could serve as a docking place for
microtubules. In MoAND1 deletion mutant, the contact might not be
established and nuclear migration was affected. This can be proved by
benomyl compounds that promote microtubule depolymerization and reflect
the intrinsic stability of cellular microtubules (Cottingham & Hoyt, 1997). In
benomyl media, growth of MoOAND1 deletion mutant and double KO mutant
of MoAND1 and MoAND2 were more severely affected compared with wild-
type. This phenomenon usually showed in mutants that are defective in

function of microtubules.

Unlike other organisms such as A. nidulas, S. cerevisiae, nuclear migration
and positioning is especially important to a plant pathogenic fungus, M.
oryzae for development specialized structure called appressoria. Previous
analysis has shown that development of appressoria in the rice blast fungus
requires a morphogenetic program regulated by the cAMP response pathway
and the Pmk1 MAK kinase cascade in response to the hard, hydrophobic rice
leaf surface(Dean, 1997),(Wilson & Talbot, 2009). In response to these
signals, a germinating conidium undergoes a single round of mitosis, which
IS a necessary prerequisite for appressorium differentiation (Veneault-

Fourrey et al., 2006).
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We have found that deletion of MOANDL1 causes pleotropic phenotypes
spanning M. oryzae development: namely conidial morphology,
appressorium formation and invasive growth. Each of these features
contributes to pathogenic fitness. Normal shape of three-celled conidia
affects proper germination development on hydrophobic surface of host cell.
It is conceivable that the abnormal conidial morphology in MOAND1 deletion
mutant predominantly blocks subsequent development of conidial
germination, because nuclei were absent or abnormally distributed in conidia
cells. After conidia germination, successful appressoria formation is essential
for pathogenicity. In this study, we showed that MoAND1 deletion mutant
and double KO mutant of MoOAND1 and MoAND2 are incapable of
producing functional appressoria. In MoAND1 deletion mutant and double
KO mutant of MOAND1 and MoAND?2, conidia formed a germ tube and
appressorium developed a second germ tube and appressorium at the same or
opposite orientation, and subsequently a third, having total of three
appressoria. These results caused by abnormal nuclear distribution at conidia
and germ tube in MoANDL1 deletion mutant and double KO mutant. In these
mutants, only about 30% and 50% appresorria from germinated conidia was

produced respectively but penetration to rice surface was unsuccessful.
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MoAND1 deletion mutant showed slower hyphal growth and invasive
growth in planta resulting only a few invasive growths successfully moved
next cells. Moreover, in double KO mutant, appressoria even penetrate host

cell surface resulting significantly reduced pathogenicity.

Together, these results suggest that further studies characterizing MoOAND1
and MoAND2 mediated regulation of nuclear movement well help to dissect
the evolutionary mechanisms underlying these key processes, potentially

leading to novel strategies for crop protection.
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