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Abstract

MoSET1, an H3K4 histone methyltransferase in Pyricularia oryzae plays a key role in
infection-related morphogenesis of the fungus. Our previous study identified approximately
400 genes whose expression were possibly regulated directly by MoSET1 during appressorium
formation. In this study, we focused on five such MoSET1-dependent transcription factors (TF)
whose mRNA expression was induced during infection. A gene deletion approach was used for
three of the five TF genes (MGG 04699, MGG 06898, and MGG _07450) while a gene
silencing technique was applied to the remaining two genes (MGG 00472 and MGG 07386)
due to the difficulty in constructing a gene deletion mutant. The phenotypic characterization of
the gene knock-out and -down mutants revealed that MGG 06898 played a crucial role in
sporulation, MGG 04699 were involved in appressorium formation, and MGG 00472 and
MGG 04699 were required for the full virulence of the fungus. These results demonstrated
that MoSET]1 contributes to the pathogenicity of the fungus by controlling transcription factors

that further regulate different steps in the infection process of P. oryzae

Key words: Pyricularia oryzae, transcription factor, histone methylation
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Introduction

The filamentous fungus Pyricularia oryzae (synonym: Magnaporthe oryzae) causes
blast disease on various gramineous plants such as rice, wheat, oat and so on (Kato et al., 2000).
The blast fungus shows drastic morphological changes during the infection cycle (Talbot, 2003).
Following attachment on the host leaf surface, a spore germinates and forms an appressorium
at the tip of the germ tube. At the base of the appressorium, a penetration pore and peg are
formed to colonize a host cell with infection hyphae. These morphological changes are
accompanied with remarkable changes in gene expression (Jeon et al., 2020) that may involve
cell type-specific epigenetic control of chromatin structure.

Epigenetics describes heritable changes in gene expression caused by non-genetic
mechanisms such as chemical modifications of DNA, RNA and histone protein as well as
regulations by non-coding RNAs (Aristizabal et al., 2019). Histone methylation is a process
that methyl groups are added to lysine or arginine in histone proteins. Both histone arginine
methyltransferases (RMTs) and lysine methyltransferases (KMTs) catalyze the transfer of
methyl groups from S-adenosyl methionine to core histone proteins. In P. oryzae, gene deletion
analysis of eight possible KMTs revealed that MoSET1 responsible for H3K4 methylation
plays a pivotal role in infection-related morphogenesis of the fungus (Pham et al., 2015a). Loss
of MoSET]1 led to a deficiency in cell growth, sporulation, appressorium formation, production
of cell wall degradation enzymes, and pathogenicity (Pham et al., 2015a, b; Vu et al., 2013).
RNA-seq analysis suggested that approximately 2,000 genes were up- or down-regulated
during appressorium formation in a MoSET 1-dependent manner. However, ChIP-seq analysis
of MoSET]1 protein revealed that only approximately 400 of the MoSET1-dependent genes
were directly regulated by MoSET1 (Pham et al., 2015a), suggesting the involvement of a
signaling cascade starting from MoSET]1. In fact, the 400 genes contained possible signal
mediators such as transcription factors (TFs) and kinases.

In this study, we focused on MoSET1-dependent TFs. In fungi, TFs are key players in
the signal transduction pathways and regulatory mechanisms (Shelest, 2008). For instance,
Gomi and his coworkers (2000) stated that the deletion of AmyR, a zinc binuclear cluster DNA-
binding protein in the Gal4p TF family, led to a decrease in amylolytic enzyme activities and
vegetative growth of Aspergillus oryzae on starch medium. In Parastagonospora nodorum,
PnP{2, a TF belonging to the Zn2-Cys6 zinc finger subfamily positively regulated necrotrophic

effector proteins and played an important role in the virulence on wheat (Jones et al., 2019). In
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P. oryzae, systematic analyses of the Zn2-Cys6 TF family and the Cys2-His2 zinc finger TF
family were conducted (Cao et al., 2016; Lu et al., 2014) to reveal that 61 of 104 Zn2-Cys6
TFs and 44 of 47 Cys2-His2 TFs were involved fungal development and infection-related
morphogenesis such as growth, conidiation, appressorium formation and pathogenicity (Cao et
al., 2016; Lu et al., 2014). Among the 22 Cys2-His2 TFs required for the full virulence of the
fungus, 2 were MoSET1-dependent TFs.

Here we carried out the functional analysis of five MoSET1-dependent TFs to explore
their roles in the pathogenicity of P. oryzae. The results suggested that MoSET1 orchestrates

various TFs to achieve successful infection of host plants with P. oryzae.
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Materials and methods

Fungal strains and host plants

The wheat-infecting P. oryzae strain Br48 was collected in Brazil (Urashima et al.,
1999). Fungal strains were preserved on barley seed media at 4°C for long-term storage, and
cultured on potato dextrose agar (PDA) at 25°C for working stock. “Norin 4” (N4), a cultivar

of common wheat (Triticum aestivum L.) was used as a host plant of the Br48 strain.

Construction of gene knock-out and -down mutants

The split-maker disruption method (Catlett et al., 2003) was applied to construct
deletion mutant strains (Fig. S1). First, up- and down-stream flanking regions of a target gene
were amplified by PCR using KOD-Plus-Neo polymerase (TOYOBO, Osaka, Japan) and
individually cloned by blunt-end ligation at Pvull and EcoRV sites of pSP72-hph containing a
hygromycin B phosphotransferase gene (Hph) (Morita et al., 2013). Using the resulting
plasmids, two DNA fragments containing a part of Hph and the flanking genomic region were
amplified by PCR using KOD-Plus-Neo polymerase as shown in Fig. S1. The PCR products
were purified using Wizard SV Gel and PCR Clean-up System (Promega, Madison, WI, USA)
after agarose gel electrophoresis, and used for fungal transformation. A list of primers used to
amplify the genomic fragments was given in Table S1.

A retrotransposon-based gene silencing vector, pSilent-MG (Vu et al., 2011) was used
to generate gene knock-down mutants. A target fragment was amplified by PCR using KOD-
Plus-Neo polymerase and a pair of specific primers (Table S1), and inserted at a BglII site in
pSilent-MG.

To obtain fungal transformants with a gene disruption or silencing vector, a PEG-
mediated transformation method was used as described previously (Nakayashiki et al., 1999).
The resulting fungal transformants having a gene disruption at the desired genomic location or
a silencing vector were screened by PCR with appropriate sets of primers for each target gene
(Fig. S1, Table S1).

To construct a gene complementation strain, a genomic DNA fragment containing a
target gene and its surrounding region was amplified by PCR with sets of specific primers
(Table S1) and KOD One (TOYOBO). The PCR product was introduced into the corresponding

gene deletion mutant through PEG-mediated co-transformation with the marker plasmid pII99
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carrying a geneticin-resistant cassette. Presence or absence of a target gene in the transformants

was checked by PCR using a pair of primers (Table S1) in the coding sequence (Fig. S1).

Phenotypic characterization of gene knock-out and -down mutants
Every phenotypic assay was performed with three biological replicates unless mentioned
otherwise.
1. Vegetative growth

A mycelial plug was placed at the center of CM agar medium (0.3% casamino acids,
0.3% yeast extract, 0.5% sucrose, 0.5% agar) and cultured at 25°C. The colony diameter was
measured at 9 days after incubation.
2. Conidiation, conidial germination, and appressorium formation

Fungal strains were cultured on oatmeal agar media and incubated at 25°C for 7 days,
and then, aerial mycelia were removed using the tip of a 1.5 ml microtube. The fungal strains
were further cultured under blacklight blue (BLB) light for 3 days. Conidial suspension was
prepared by adding 10 ml of distilled water per plate to fungal culture as described previously
(Hyon et al., 2012). For germination and appressorium formation assay, 10 pl conidial
suspension (12 x 10° conidia/ml) were dropped on a cover glass and incubated at 25°C in the
dark under a high humidity condition. Conidial germination was observed after 5 h incubation,
and the rate of appressorium formation was counted after 8, 12, 24 h incubation. At least 100
conidia were observed to calculate the rates of conidial germination and appressorium
formation in each replicate.
3. Plant infection assay

Seeds of the wheat cultivar Norin 4 were sown in vermiculite supplied with Hyponex
(Hyponex Japan, Osaka, Japan) in plastic seedling pots (5.5 cm x 15 cm x 10 cm), and grown
in a plant growth chamber at 23°C with a 12 h-photoperiod for 8 days. Tween 20 (0.01%) was
added to conidia suspension, and sprayed onto the adaxial side of the 8-day-old primary wheat
leaves. The inoculated seedlings were incubated in a dark and high humidity box for 24 h, and
then moved to a plant growth chamber at 23°C with a 12 h-photoperiod for 4-5 days. The
disease symptoms were graded by a combination of lesions size (0 to 5) and color (brown [B]
or green [G]) as described previously (Hyon et al., 2012). 0, no visible lesion; 1, pinpoints
spots; 2, small size (< 1.5 mm); 3, intermediate size (< 3 mm); 4, large and typical blast lesion;

5, whole blighting of leaf blades.
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Cytological assay

Cytological observation was performed as described by Hyon et al. (2012) with a slight
modification. The inoculated leaves were collected for observation of appressorium formation
at 12 hpi and of infection hyphae in host cells at 24 hpi. The samples were bleached by deeply
boiled in alcoholic lactophenol (lactic acid/phenol/glycerol/distilled water/ethanol, 1:1:1:1:8 in
volume) at 98°C for 5 min. Then, microscopic observation was performed using an

epifluorescent microscope under bright and fluorescent fields.

RNA isolation and qRT-PCR analysis

For RNA extraction, approximately, 50-120 mg of vegetative mycelia, spores or
infected leaves were ground to a fine powder in liquid nitrogen with a mortar and pestle. Total
RNA was isolated from frozen samples using Sepasol RNA I Super G (Nacalai Tesque, Kyoto,
Japan). Total RNA was further cleaned up using the NucleoSpin RNA Clean-up Kit (Macherey-
Nagel, Diiren, Germany) following manufacture’s instruction.

For RT-qPCR analysis, 1 pg of total RNA was subjected to cDNA synthesis using the
ReverTra Ace qPCR RT Master Mix with gDNA Remover kit (TOYOBO). RT-qPCR assay
was carried out with GeneAce SYBR qPCR Mix a (Nippon Gene, Tokyo, Japan) using pairs
of primers listed in Table S1. The actin gene (MGG _03982) was used as an internal control.
The level of target mRNA, relative to the mean of the internal control was calculated by the

comparative Ct method.
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Results

Transcriptional analysis of MoSET1-dependent TFs during plant infection by P. oryzae
Among approximately 400 genes that were potentially regulated directly by MoSET1
(Pham et al., 2015a), 18 genes exhibited a typical characteristic of TFs. In this study, we chose
5 of the 18 putative TFs, MGG _00472, MGG _04699, MGG 06898, MGG 07386 and
MGG 07450 for functional analysis. First, to gain insight into the functions of these TFs, their
gene expression profile at hyphal, conidial and infectious stages was examined by qRT-PCR.
At the conidial stage, the mRNA abundance of MGG 04699, MGG 07386 and MGG 07450
was decreased while that of MGG 06898 was significantly increased compared to the hyphal
stage (Fig. 1). Interestingly, the expression of the MoSET1-dependent TFs was generally
increased in infection stages relative to the hyphal stage, especially at an early stage (5 hpi).
The abundance of MGG 04699 and MGG 06898 mRNA was increased by approximately 8-
fold and 16-fold, respectively, at 5 hpi (Fig. 1). In contrast, the mRNA abundance of
MGG 07386 was significantly decreased at 5 hpi but increased later at 12 hpi (Fig. 1). These
results were consistent with the idea that these TFs play roles in the infection process of P.

oryzae.

Gene silencing of MGG_00472 and MGG_07386

Despite several trials, we were not able to obtain a gene deletion mutant of MGG_ 00472
or MGG _07386. This might be due to a lethality of the gene deletion mutants. Indeed, the
knock-out mutant of NCUO00116, the ortholog of MGG 00472 in Neurospora crassa, is
maintained only in the form of a heterokaryon (Chen et al, 1998;
https://www.fgsc.net/fgsc/strain_detail.php?OrglD=22094). Thus, we decided to use pSilent-
MG to analyze the function of MGG 00472 and MGG 07386. pSilent-MG is a gene silencing
vector that triggers retrotransposon-induced gene silencing. In this system, a target gene
fragment inserted at a cloning site in the LTR-retrotransposon MAGGY induces both
transcriptional and post-transcriptional gene silencing together with the element in P. oryzae
(Vuetal., 2011).

After initial screening, two candidate transformants each for MGG 00472 or
MGG 07386 were subjected to qRT-PCR analysis to assess levels of gene silencing. The

candidates showed silencing of the target gene at varying degrees in vegetative mycelia (Fig.
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2). Consequently, the transformants, KD mgg00472-12 and KD mgg07386-13, were selected

for further phenotypic analyses.

Phenotypic characterization of gene knock-out and -down mutants of MoSETI1-
dependent TF's

Three gene knock-out mutants, Amgg 04699, Amgg 06898 and Amgg 07450, and two
knock-down mutants, KD _mgg00472-12 and KD mgg07386-13 were subjected to phenotypic
analyses with respect to growth, sporulation, germination, appressorium formation, and
pathogenicity on the host plant.

First, the growth rates of the mutants on rich media (CM agar media) were assessed.
Amgg 04699, Amgg 06898, and KD mgg00472-12 showed a slower growth while,
interestingly, the growth rate of KD mgg07386-13 was a little faster than the WT strain (Fig.
3a).

With an exception of Amgg 07450, all the mutant examined displayed a decrease in
conidiation compared to WT at varying degrees (Fig. 3b). Especially, Amgg 06898 produced
almost no conidia, suggesting that MGG 06898 plays a crucial role in conidiogenesis in P.
oryzae. Meanwhile, due to this, further phenotypic assays that use conidia were not applicable
to Amgg 06898.

The rates of germination and appressorium formation were assessed using conidial
suspension dropped on a cover glass. The conidia were incubated in the dark at 25°C up to 24
h. The germination rates of the mutants did not differ much from that of WT except that
Amgg 04699 exhibited a rate less than 60% relative to WT (Fig 3c). In addition, only
Amgg 04699 showed a deficiency in appressorium formation. At 24 hpi, approximately 50%
of conidia formed an appressorium in Amgg 04699 while more than 90% of conidia did it in
the WT and other mutant strains (Fig. 3d). The deficiency of Amgg 04699 in germination and
appressorium formation was restored to the WT levels in the gene complementation strain,
indicating that MGG_04699 is responsible for the phenotypic alterations in the mutant.

In infection assay, KD mgg00472-12 and Amgg 04699 showed significantly reduced
virulence on the host plant (Fig. 4a). The infection types of KD mgg00472-12 and
Amgg 04699 were 3-4BG and 23BG, respectively. Cytological observation of infected leaves
indicated that both KD _mgg00472-12 and Amgg 04699 exhibited a delay in invasion to plant
cells compared to WT. At 24 hpi, the rates of appressoria that successfully formed infection

hyphae in the host cell were 45% and 31% with KD mgg00472-12 and Amgg 04699,
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respectively, while that with WT were approximately 80% (Fig. 4b). These results suggested
that MGG_00472 and MGG_ 04699 contributed to the full virulence of P. oryzae by regulating
their downstream genes.

The infection type of KD mgg07386-13 was 5B. Lesions appeared in almost the whole
leave (Fig. 4a). However, in contrast to leaves infected with the WT strain, the color of lesions
was mostly brown, indicating that this mutant induced more resistant reaction than did the WT
strain. Thus, MGG 07386 may be required for suppressing a part of resistant reactions by the
host plant.

10



219

220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

Dangetal. p.11

Discussion

Among the MoSETI1-dependent TFs examined in this study, MGG 00472 and
MGG 04699 considerably contributed to the virulence of P. oryzae. MGG 04699 named as
MOoFLBC (Cao et al., 2016) is a homolog of FIbC, C2H2 transcription factor in Aspergillus
nidulans (Kwon et al., 2010). FIbC is necessary for conidiation, conidial germination and,
proper development in A. nidulans. Possible orthologs of FIbC were present in a wide range of
fungal species. In Fusarium verticillioides, the FIbC ortholog negatively regulated the
production of conidia (Malapi-Wight et al., 2014). More recently, Boni et al. (2018) reported
that FLB-3, an ortholog of FIbC in Neurospora crassa, was essential for fungal development.
Thus, FIbC homologs play roles in regulating various stages of fungal development in a wide
range of ascomycetes.

In P. oryzae, Cao et al. (2016) showed that a deletion mutant of MGG 04699 had a severe
defect in sporulation and its virulence to the host plant as shown in this study. However,
contrary to our study, the rates of germination and appressorium formation were 96.9% and
94.9%, respectively, relative to WT in their study. This apparent discrepancy may be due to a
difference in the strains and/or experimental conditions.

To date, MGG 00472 as well as MGG_07386 and MGG_(07450, have not been well-
characterized in P. oryzae. MGG _00472 is an ortholog of the Aab-1 gene of N. crassa
(NCUO00116) encoding a CCAAT-binding TF subunit. Aab-1 was reported to regulate a
glutamate dehydrogenase gene and have pleiotropic effects on growth and development (Chen
et al., 1998). Consistently, KD mgg00472-12 showed defects in growth, sporulation, and
virulence to the host plant. Thus, MGG 00472 may also have pleiotropic effects on growth and
development in P. oryzae. Possible orthologs of MGG 07386 and MGG 07450 were
conserved in ascomycete fungi but their biological functions were so far not well-understood.

MGG 06898, namely MoMybl, encodes a TF belonging to the Myb protein family.
Consistent with our results, Dong et al. (2015) previously revealed that a deletion mutant of
MoMyb1 showed defects in vegetative growth, conidiation and conidiophore development. In
the MoMybl1 deletion mutant, several conidiogenesis-related genes such as MOMSN2, MoF1bC
(MGG _04699), MoGLUS, MoSTUA, and MoCONS were significantly down-regulated (Dong
et al., 2015). Thus, MoSET1-dependent MoMyb1 plays a key role in conidiogenesis.

Based on the literatures and this work, at least fifteen MoSET1-dependent TF genes in
P. oryzae have been characterized to date, which includes MGG 00472, MGG_07386,
MGG 07450, MGG 01414 (XIrl), MGG 01518 (MoNIT4), MGG 01486 (FZC2),

11
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MGG 02880 (FZC9), MGG 04699 (MoFLBC), MGG 06898 (MoMybl), MGG 08199
(FAR2), MGG 09200 (TDGI), MGG 09950 (FZC54), MGG 00617 (MoVOSA),
MGG 01734, and MGG 13778 (MoGIS2) (Cao et al., 2016; Dong et al., 2015; Kim et al.,
2014; Lu et al., 2014). Among those, three (MGG 00472, MGG 06898, MGG 09950), ten
(MGG _00472, MGG 01518, MGG 01486, MGG 02880, MGG 04699, MGG 06898,
MGG 08199, MGG 09200, MGG 01734, MGG _07386), two (MGG _ 01486, MGG_04699),
and four MGG_00472, MGG_04699, MGG 09200, MGG _13778) TFs were shown to play a
role in vegetative growth, sporulation, appressorium formation and virulence to the host plant,
respectively (Fig. 5). Thus, MoSET1 may function as a key regulator of the pathogenicity of P.
oryzae by controlling TFs that further regulate various steps in the infection process such as

sporulation, appressorium formation, and invasion to the host cell.

12
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Figure legends

Fig. 1 Quantitative RT-PCR analysis of five MoSET1-dependent transcription factors
at hyphal, conidial and infectious stages in P. oryzae. Actin was used to normalize
mRNA expression level. Data show fold change (relative to mRNA quantity in hyphae)
+ standard error (n = 3). Asterisks are given to indicate significant difference at p <0.05

(*)and p <0.01 (**) (two-tailed t-test).

Fig. 2 Quantitative RT-PCR analysis of MGG 00472 and MGG 07386 mRNA in
candidates of their knock-down mutants. Actin was used to normalize mRNA
expression level. Data show fold change (relative to mRNA quantity in the wild-type
strain) + standard error (n = 3). Different characters indicate significant differences by

Tukey's HSD (p < 0.05).

Fig. 3 Phenotypic characterization of knock-out and -down mutants of MoSETI-
dependent TFs in P. oryzae. a Diameters of fungal colonies were measured at 9 days
after inoculation on rich agar medium. b Conidiation was evaluated by counting the
number of conidia under a light microscopy as described in details in Materials and
methods. ¢-d The rates of conidial germination (¢) and appressorium formation (d) were
measured by observing conidial suspension on hydrophobic surface under a light
microscope after 5 h (conidial germination) and 24 h (appressorium formation)
incubation at 25C.

Black bars indicate the wild-type strain Br48 (WT) and grey bars represent knock-out
and -down mutants of MoSET1-dependent TFs and their gene complemented strains
(cAmgg 04699 and cAmgg 06898). Data show fold change (relative to the wild-type
strain) + standard error (n = 3). Different characters in the graphs indicate significant

differences by Tukey's HSD (p < 0.05) ND, not determined.

Fig. 4 Inoculation test of knock-out and -down mutants of MoSET1-dependent TFs in
P. oryzae. a Infection assay was performed on the wheat cultivar Norin 4 at 23C. Four

to five days after inoculation, symptoms on the inoculated plants were evaluated. Letters
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under pictures of infected leaves indicate disease index values by a grading method
(Hyon et al., 2012). This experiment was repeated at least three times, and
representative samples are presented. b The rates of infection hyphae formation in
infected leaves. The black bar indicates the wild-type strain Br48 (WT) and grey bars
represent knock-out and —down mutants of MoSET1-dependent TFs and a gene
complemented strain (cAmgg 04699). Error bars represent standard errors of the mean
(n = 10). Different characters in the graph indicate significant differences by Tukey's
HSD (p < 0.05).

Fig. 5 Schematic diagram of putative MoSET1 regulatory network during infection-

related morphogenesis in P. oryzae.
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Fig 1. Quantitative RT-PCR analysis of five MoSET1-dependent
transcription factors at hyphal, conidial and infectious stages in P. oryzae.
Actin was used to normalize mRNA expression level. Data show fold
change (relative to mRNA quantity in hyphae) % standard error (n = 3).
Asterisks are given to indicate significant difference at p< 0.05 (*) and p<
0.01 (**) (two-tailed t-test).
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Fig 2. Quantitative RT-PCR analysis of MGG_00472 and MGG_07386
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Fig 3. Phenotypic characterization of knock-out and -down mutants of MoSET1-
dependent TFs in P. oryzae. a, Diameters of fungal colonies were measured at 9
days after inoculation on rich agar medium. b, Conidiation was evaluated by
counting the number of conidia under a light microscopy as described in details
in Materials and method. c¢-d, The rates of conidial germination (c) and
appressorium formation (d) were measured by observing conidial suspension on
hydrophobic surface under a light microscope after 5 h (conidial germination)
and 24 h (appressorium formation) incubation at 25C.

Black bars indicate the wild-type strain Br48 (WT) and grey bars represent knock-
out and —down mutants of MoSET1-dependent TFs and their gene
complemented strains (cAmgg_04699 and cAmgg 06898). Data show fold
change (relative to the wild-type strain) *standard error (n = 3). a-d, Different
characters in the graphs indicate significant differences by Tukey's HSD (P <
0.05). ND, not determined.



Dang et al. p.22

(%)
b 100
§5 & a a ab
35 ]
L e 60
C —
..5 L I C
o5 40 Id
L£E
©
xz 2
0
& a > S
AN S N N &
ch b/‘\q/ /\(b%Q) Qﬁ\
&Qq/ Q,QQ QQ @%Q/
PSS
& @

Fig. 4. Inoculation test of knock-out and -down mutants of MoSET1-
dependent TFs in P. oryzae. a, Infection assay was performed on the
wheat cultivar Norin 4 at 23C. Four to five days after inoculation,
symptoms on the inoculated plants were evaluated. Letters under
pictures of infected leaves indicate disease index values by a grading
method (Hyon et al., 2012). This experiment was repeated at least three
times, and representative samples are presented. b, The rates of
infection hyphae formation in infected leaves. The black bar indicates
the wild-type strain Br48 (WT) and grey bars represent knock-out and —
down mutants of MoSET1-dependent TFs and a gene complemented
strain (cAmgg_04699). Error bars represent standard errors of the mean
(n =10). a-d, Different characters in the graph indicate significant
differences by Tukey's HSD (P < 0.05).
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Fig. 5. Schematic diagram of putative MoSET1 regulatory network
during infection-related morphogenesis in P. oryzae.
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