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ABSTRACT

Genome-wide analysis of alternative
splicing complexity in Magnaporthe

oryzae during infection

Jongbum Jeon

Interdisciplinary Program in Agricultural Genomics
The Graduate School

Seoul National University

The recent advancement of RNA sequencing technology and the accumulation
of transcriptome has enabled comprehensive transcriptome research. Transcriptomic
analysis revealed that gene is controlled by post-transcriptional regulation. One of
the post-transcriptional regulating mechanisms is alternative splicing (AS). This
mechanism is known to modulate gene expression and protein function. In human
and plant genomes, the AS mechanism was revealed to be regulated by cell
differentiation, environmental adaptation, and assorted stress cues. The pathogen
also has been understood as a cue to induce AS reprogramming of transcriptome
networks in the plant genome. However, previous study of AS diversification has
focused on plant transcriptome, and the AS mechanism of the pathogen during

microbe-plant interaction was poorly understood. Therefore, profiling of AS



diversification in the fungal genome is necessary to decipher how fungal pathogens
counteract or overcome the innated plant defense system.

This study profiled the AS repertoire of Magnaporthe oryzae during rice-
infection to understand the response of the fungal system. Especially the
identification of AS repertoire from diverse development or infection stages provides
the multifaceted transcriptome to understand the temporal infection process. These
AS repertoires increased during the whole infection compared to vegetative growth
stages. Moreover, the specific AS isoform in the early infection stages increased after
the fungus penetrated a host cell, which continued up to the biotrophic stages and
decreased in necrotrophic stages. This compositional pattern suggests that the AS
repertoire correlated to the fungal lifestyle during the infection process.

To decipher the roles of AS, understanding the post-transcriptional process of
isoforms needs to follow. This study considered the two major AS roles, the
nonsense-mediated decay (NMD) and protein diversification. In the roles of NMD,
we found that majority of intron retention could regulate transcript decay.
Subsequently, we identified proteins with domain structure transitions and alteration
of secretion structure at potential translated isoforms. These protein variations in a
functional region provide the clues of neo-functionalization in proteome during
infection.

This study provides the AS repertoire throughout the infection process and will
provide a foundation for molecular studies to unveil pathogenicity and adaptation
mechanisms to environmental cues in M. oryzae. Moreover, the ab initio proteome

analysis of the AS repertoire proposed a pleiotropic concept of the fungal genome.
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Collectively, these AS profiles will provide insights into fungal AS transcriptome

complexity during host-pathogen interaction.

Keywords: alternative splicing, pathogen-plant interaction, Magnaporthe oryzae,

transcriptome diversification, pathogenicity

Student number: 2013-31043
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CHAPTER 1

Alternative splicing in fungi



ABSTRACT

Fungi are prevalent components of most ecosystems. These organisms inhabit
a variety of ecological niches and so are effective models as models of responses to
deleterious environmental factors. Alternative splicing (AS) is one such stress-
response mechanism that is widespread in eukaryotes. Although RNA sequencing
technology enables the genome-wide profiling of AS, fewer AS studies have focused
on fungi than on plants and animals. In this chapter, we provide collective
information on AS profiling of fungi. We summarize AS profiling studies using RNA
sequencing and classify the condition-specific AS repertoire in fungi. Further, we
summarize the role of AS in controlling gene functions under different

environmental conditions.



INTRODUCTION

Alternative splicing (AS) is a key regulatory mechanism of gene expression via
the production of at least two different transcripts from a pre-mRNA by different
splicing processes (Chen and Manley, 2009). AS occurs in eukaryotes of the plant,
animal, and fungal kingdoms. Assorted transcriptional elements in the transcriptome,
including AS isoforms, modulate genomic systems to promote adaptation to a
changing environment (Jabre et al., 2019). In eukaryotes, AS modulates RNA
stability, protein localization, structure, and function as well as translational
efficiency (Park et al., 2018). Thus, AS expands the functional repertoire of the
eukaryotic genome.

In higher eukaryotes, AS modulates cell differentiation (Fiszbein and Kornblihtt,
2017) and controls responses to abiotic and biotic stresses (Ling et al., 2017; Laloum
et al., 2018), and regulates the circadian rhythm (Torres et al., 2018). As a result, the
production of alternatively spliced transcripts is subject to condition-specific
regulation and evidence obtained under multiple conditions is needed to investigate
AS. RNA-Seq enables the profiling of AS based on the transcript patterns in a single
RNA library (Stark et al., 2019). Up to 95% and 70% of human and plant genes,
respectively, are subjected to AS (Pan et al., 2008; Chamala et al., 2015). Despite the
increasing number of fungal RNA-Seq-based transcriptomes under different
environmental conditions, available, limited information is characterized and
profiled on the mechanism and patterns of AS in fungi.

We first review the advances in AS methods and fungal AS profiling (Section I).

3



Moreover, we summarize genome-scale profiles of AS in multiple fungal species—
both saprotrophs and animal and plant pathogens. We also overview AS in fungi in
response to abiotic and biotic environmental cues (Figure 1) (Section II). Finally, we
review the functions of AS in fungi as discovered by global transcriptomics and other

molecular analyses (Section III).
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I. Advances in genome-wide AS profiling of fungi

Genome-wide AS studies aim to identify gene models and evaluate transcriptome
diversified conditions. Before the advent of RNA-Seq, only a small fraction of AS
events could be identified by the available transcript assays. Reverse transcription-
polymerase chain reaction (RT-PCR) (Davis et al., 2000) and Northern blotting
(Langford and Gallwitz, 1983; Engebrecht et al., 1991) is the most simple and
powerful approach to identify the specific AS transcripts. RT-PCR enables the
identification of single alternatively spliced transcripts. However, these molecular
approaches have limitations for evaluating the genome-wide AS pattern. The earliest
attempts to profile AS were conducted in yeast using expressed sequence tags (ESTs)
(Kupfer et al., 2004) and DNA microarrays (Clark et al., 2002). However, these
methods detected only a narrow alternatively spliced region, and so could not
identify the patterns of alternatively spliced isoforms.

RNA-Seq enables the identification and quantification of transcripts by high-
throughput sequencing (HTS), improving the identification efficiency of
alternatively spliced transcripts (Wang et al., 2019). Following the first profiling of
AS by RNA-Seq—that of Fusarium graminearum (Zhao et al., 2013)—multiple AS
profiling studies of fungi have been conducted (Table 1). Moreover, a new RNA-Seq
technology based on long-read sequences has improved the identification of AS
(Steijger et al., 2013; Kuang et al., 2017). Also, long-read sequencing, including Iso-
Seq, allows the identification and characterization of AS by generating full-length

transcript sequences (Kuang et al., 2017).



I1. Environment-specified AS profiling in fungi

Fungi inhabit almost all ecological niches, including extreme environments
(Cantrell et al., 2011). To adapt to environmental transitions, they have developed
mechanisms to respond to environmental cues (Braunsdorf et al., 2016), one of
which is AS (Jabre et al., 2019). Fungi have relatively small genomes (Mohanta and
Bae, 2015) and genes with small introns (Neuveglise et al., 2011) compared to plants
or animals. For these reasons, AS mechanisms in fungi have not been investigated
extensively. However, the advent of RNA-Seq has accelerated research on AS.

Below, we summarize the genome-wide diversity of AS across fungal lifestyle (Table

1.

Saprotrophic fungi: abiotic stress and differentiation models

Fungi decompose and obtain nutrients from non-living organic material or
detritus. Saprotrophic fungi reproduce at a lower rate than pathogenic fungi
(Grutzmann et al., 2014). RNA-Seq-based AS studies enable characterization of the
AS repertoires of saprotrophic fungi. In plants, AS mediates rapid adjustment of the
expression and function of factors that respond to environmental cues (Laloum et al.,
2018). The multiple saprotrophic studies also discovered the different AS transcripts
production in surrounding abiotic stress. Abiotic stresses—including salinity,
temperature, and nutrient deficiencies—modulate the production of alternatively
spliced transcripts. Transcriptome analysis of the halophilic fungus Wallemia
ichthyophaga showed that the NaCl concentration affected the alternatively spliced

transcript profile (Zajc et al., 2013). Similarly, temperature altered alternatively



spliced transcript production in the psychrophilic fungus Mrakia psychrophile (Su et
al., 2016). Moreover, nitrogen starvation altered the list of alternatively spliced
transcripts in Aspergillus nidulans (Sibthorp et al., 2013), as did nutrient starvation
in Trichoderma longibrachiatum (Xie et al., 2015). AS modulates morphogenesis in
animals (Baralle and Giudice, 2017). In the mushroom-forming fungi Armillaria
ostoyae, Rickenella mellea, Lentinus tigrinus, Coprinopsis cinerea, Phanerochaete
chrysosporium, and Schizophyllum commune, the list of alternatively spliced
transcripts changes during vegetative growth to fruitbody development (Gehrmann

et al., 2016; Krizsan et al., 2019).

Pathogenic and symbiotic fungi: models of biotic stresses

Fungi engage in symbiotic and pathogenic interactions with their hosts
(Remmele et al., 2015). Fungi are causal agents of plant and animal diseases, in
which recognition of host cues induces adaptive transcriptional reprogramming to,
for instance, evade host immunity (Hube, 2009; van der Does and Rep, 2017).
Human pathogenic fungi have a higher tendency to produce alternatively spliced
transcripts than non-pathogens (Grutzmann et al., 2014). Studies of animal
pathogenic fungi have investigated their contribution to stress adaptation in host cells.
Differential AS is implicated in infection by five human pathogenic fungi (Candida
albicans, Candida parapsilosis, Histoplasma capsulatum, Cryptococcus neoformans,
and Lichtheimia corymbifera). However, the host response is less affected than by
other abiotic stresses (Sieber et al., 2018). Fungi are the causal agents of numerous

plant diseases. Three smut fungi (two Ustilago species and Sporisorium reilianum),



Colletotrichum  graminicola, and Pseudoperonospora cubensis generate
alternatively spliced transcripts to adapt to the host (Schliebner et al., 2014;
Burkhardt et al., 2015; Donaldson et al., 2017). The AS repertoires during infection
by Rhizoctonia solani and Sclerotinia sclerotiorum are specific to the host (Xia et al.,
2017; Ibrahim et al., 2020). The AS profiling of Magnaporthe oryzae showed that
the transcriptome is reprogrammed by AS in a manner dependent on lifestyle (Jeon
et al., this thesis). Although two studies of symbionts were conducted, the symbiotic

conditions were not considered.



Table 1. Genome-wide identification of fungal alternative splicing

Species Name Life style* Host Condition Reference
Saccharomyces cerevisiae NP - Vegetative growth Schreiber et al., 2015
Armillaria ostoyae NP - Developmental stages Krizsan et al., 2019
Coprinopsis cinerea NP - Developmental stages Krizsan et al., 2019
Phanerochaete chrysosporium NP - Developmental stages Krizsan et al., 2019
Rickenella mellea NP - Developmental stages Krizsan et al., 2019
Schizophyllum commune NP - Developmental stages Gehrmann et al., 2016, Krizsan et al., 2019
Lentinus tigrinus NP - Developmental stages Krizsan et al., 2019
Wallemia ichthyophaga NP - Salinity (30% NaCl), vegetative growth Zajc et al., 2013
Mprakia psychrophila NP - Temperature (4°C Cold shock), vegetative growth Suetal., 2016
Schizosaccharomyces pombe NP - Meiosis Kuang et al., 2017
Trichoderma longibrachiatum NP - Nutrition scarse, mycelia Xie et al., 2015
Aspergillus nidulans NP - Nitrogen starvation, ammonia, mycelia Sibthorp et al., 2013
Candida albicans AP Human gi:t;on’ hydroperoxide, organic acid, vegetative Sieber et al., 2018, Muzafar et al., 2020
Candida parapsilosis AP Human Infection, hypoxia, vegetative growth Sieber et al., 2018
Candida glabrata AP Human L‘:;f;ﬁ';e er\gfv% PH(pH4, pHS), oxidative stress, ;4o o a1 2015, Sieber et al., 2018
Aspergillus fumigatus AP Human Oxidative stress, antifungal drug (caspofungin), Sieber et al., 2018
Histoplasma capsulatum AP Human Infection, hyphal growth Sieber et al., 2018
Cryptococcus neoformans AP Human Temperature, nutrition, capsule induced conditions Sieber et al., 2018
Lichtheimia corymbifera AP Human Infection, hypoxia, metal ion (iron depletion) Gonzalez-Hilarion et al., 2016, Sieber et al., 2018
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Beauveria bassiana
Cordyceps militaris
Fusarium graminearum
Rhizoctonia solani
Pseudoperonospora cubensis
Sclerotinia sclerotiorum
Colletotrichum graminicola
Verticillium dahliae
Ustilago maydis

Ustilago hordei
Sporisorium reilianum
Magnaporthe oryzae **
Trichophyton rubrum

Shiraia bambusicola

AP
AP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP

AP,Sym

Sym

Insect
Insect

Wheat

Rice, wheat,
maize

Cucumber
Dicots

Maize
Arabidopsis
Maize

Barley, oat
Maize,sorghum
Rice

Human

Bamboo

Infection, mycelia

Infection, mycelia

mycelia

Infection (3 different hosts), mycelia
Infection, sporangia

Infection (6 different hosts), mycelia
Infection

Mycelia

Haploid mycelia, infection (dikaryon)
Haploid mycelia, dikaryon mycelia
Haploid mycelia, dikaryon mycelia
Infection (5 time points), mycelia
Antifungal drug (undecanoic acid), mycelia

Chemical (Triton X-100), UV, mycelia

Dong et al., 2017
Chen et al., 2019
Zhao et al., 2013

Xia et al., 2017
Burkhardt et al., 2015
Ibrahim et al., 2020
Schliebner et al., 2014
Jinetal., 2017
Donaldson et al., 2017
Donaldson et al., 2017
Donaldson et al., 2017
Jeon et al., this thesis
Mendes et al., 2018

Liu et al., 2020

* NP : Non-pathogenic fungus, AP : Animal pathogen, PP : Plant pathogen, Sym : Symbiont
** The profiling reported in this Ph.D. thesis

11
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III. Major biological functions of the alternatively spliced

transcripts in fungi

AS allows expansion of the proteome (Nilsen and Graveley, 2010) and modulates
gene expression by nonsense-mediated decay (NMD) (Drechsel et al., 2013; Tress
et al., 2017) (Figure 1). The biological functions are being regulated through AS
mechanisms is important for deciphering how fungi respond to stress, but roles of
AS repertoires in fungi are rarely studied. However, molecular studies (Table 2) and
in silico prediction (Table 1) have provided evidence on the functions of AS in fungi

(Fang et al., 2020). In the following sections, we summarize the roles of AS.

Fungal growth and differentiation

AS modulates the outcome of pluripotent cell differentiation and somatic
reprogramming (Fiszbein and Kornblihtt, 2017). The lifecycle of fungi encompasses
vegetative, asexual, and sexual phases. Mushrooms are used as models to investigate
the link between AS and cell differentiation. The AS repertoire has been investigated
during mushroom development (Gehrmann et al., 2016; Krizsan et al., 2019). During
the development of S. commune, AS affects carbohydrate-active enzymes, metabolic
genes, transcription factors, secreted proteins, and cytochrome P450. The expression
of some alternatively spliced transcripts differed across the developmental stages
(Gehrmann et al., 2016).

To date, several genes producing alternatively spliced isoforms related to fungal
growth have been characterized. In vegetative S. cerevisiae, SRCI is modulated by

AS (Grund et al., 2008). AS of SRCI generates alternatively spliced isoforms with

12



different membrane-spanning sequences (Grund et al., 2008). Moreover, a study of
hubl showed that upstream spliceosome regulators can disrupt the fine-tuning of AS
(Mishra et al., 2011). In addition, Mer2 and Mer3 in S. cerevisiae produce
alternatively spliced isoforms during meiosis. AS also altered the localization of
YIMDHI1 (Kabran et al., 2012). Collectively, AS could affect the subcellular

localization and binding motifs of proteins during development.

Responses to abiotic stresses

Fungi inhabit diverse niches, in which they are exposed to multiple
environmental cues. These include biotic (described below section) and abiotic
(temperature, pH, salinity, metal ion) cues. In M. psychrophile, AS affects
transporters, the ribonucleoprotein complex, metal-ion-binding proteins, and
hydrolase activity at low temperatures (Su et al., 2016). Moreover, temperature
modulates AS in S. cerevisiae (Fesl, SUSI) and Lachancea kluyveri (SKI7/HBSI)
(Hossain et al., 2011; Marshall et al., 2013; Gowda et al., 2016). AS of Fes/ in
response to temperature controls protein localization by means of the nuclear
localization signal (NLS) (Gowda et al., 2016). SUS1 induces NMD under heat stress
(Hossain et al., 2011). In L. kluyveri, AS of SKI7/HBS1 results in the generation of
two functionally distinct proteins, HBS1 and SKI7, from a single gene region.
Moreover, the choice of AS and duplication of these two genes provide evidence
how AS replaces duplication mechanism in fungal species (Marshall et al., 2013).

Responses to temperature, pH, and oxygen levels involve the AS of genes

encoding DNA binding proteins and transcription factors (Sieber et al., 2018). AS

13



isoforms play roles in the responses to abiotic stresses (e.g., pH) and drug resistance.
Neurospora crassa hexl and A. nidulans palB generate alternatively spliced
transcripts depending on the phosphate concentration and pH and modulate pacC
expression (Leal et al., 2009; Trevisan et al., 2011). AS also modulates the drug
resistance mediated by YIHAC! (dithiothreitol and tunicamycin), SOD3
(amphotericin B and menadione), and s6PKS (nourseothricin) using protein domain
or structure transition (Oh et al., 2010; Liu et al., 2020; Muzafar et al., 2020).
Therefore, AS regulates the expression of genes involved in responses to a variety of

abiotic stresses; also, fine-tuning of AS modulates such responses.

Defenses against and adaptation to the host environment

Recent studies have been revealed that AS is one of key mechanisms in microbe-
host interactions (Rigo et al., 2019; Chauhan et al., 2019), but few studies have
focused on its role in the interactions of eukaryotic pathogens and symbionts (Table
2). A comparative study of six human pathogens showed that membrane regulation
genes were subjected to AS during invasion (Sieber et al., 2018). The AS profile of
the entomopathogenic fungus Beauveria bassiana was enriched in the category
protein synthesis, cell differentiation, binding protein, energy, regulatory
mechanisms, cellular communication, and cell fate. AS of BbATGS generates two
isoforms linked to conidia/blastospore formation and pathogenesis (Dong et al.,
2017).

In the causal agent of cucurbit downy mildew, P. cubensis, AS modulates protein

secretion (Burkhardt et al., 2015). Moreover, AS of P. cubensis PscRXLR1 generates

14



isoforms with signal peptide variation. AS is implicated in the control of rapid
necrosis in Nicotiana benthamiana (Savory et al., 2012). In S. sclerotiorum, AS
affects genes encoding secreted proteins, oxidoreductases, and genes linked to
carbohydrate metabolism (Ibrahim et al., 2020). Moreover, two serine and arginine-
rich (SR) proteins of FgSrpl and FgSrp2 are regulated by AS; in addition to
controlling the splicing mechanism, FgSrp1, but not FgSrp2, regulates pathogenesis
(Zhang et al., 2017; Zhang et al., 2020). These SR proteins are fine-tuned by a
specific kinase during infection (Wang et al., 2018). Studies of M. oryzae MoGrpl
and MoHMT1 showed that several genes regulate AS during infection (Gao et al.,
2019; Li et al., 2020). MoGrpl regulates genes linked to infection-related
morphology (Gao et al., 2019) and MoHMT!1 regulates genes related to
autophagosome formation (Li et al., 2020). Therefore, fungal AS studies provide

evidence that AS is essential component of the response to the host.
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Table 2. Molecular characterization of fungal alternative splicing related genes

Species Gene AS inducing cues Reference
fl.sdp;;;lgr: ilus palB pH response Trevisan et al., 2011
ZL?ZZ’:I,CM SKI7/HBS1 Temperature Marshall et al., 2013
%?oiiicus MpLaeA Secondary metabolism Zhang and Miyake, 2009

Chemical
Neurospora hexl (inorganic phosphate), pH Leal et al., 2009
crassa RRP44 Assembly of the spliceosome Zhang et al., 2015
SRC1 Growth Grund et al., 2008
Hubl Growth Mishra et al., 2011
MER2 Meiosis Engebrecht et al., 1991
Sacchg romyces MER3 Meiosis Nakagawa and Ogawa, 1999
cerevisiae
SUS1 Temperature Hossain et al., 2011
Fesl Temperature Gowda et al., 2016
PTC7 - Juneau et al., 2009
YIMDH?2 Growth Kabran et al., 2012
Y.arrovyza YIHACI qug resistance (dithiothreitol and Oh etal., 2010
lipolytica tunicamycin)
YIUPFI, YIUPF2 - Mekouar et al., 2010
ﬁ:;ﬁzf }f?; llll;)my ces crtl, crtYB Response to environment Lodato et al., 2003
Candida SOD3 Drug resistance Muzafar et al., 2020
albicans RPL30, SPR28 - Mitrovich et al., 2007
Beauveria
bassiana BbATGS Autophagy Dong et al., 2017
Epichloé Rose City salicylate . ..
festucae hydroxylase Enzymatic activity Ambrose et al., 2015
Skl Vegetative grow?h, conldlogenegls, Wang et al., 2018
sexual reproduction, pathogenesis
Fusarium . .
graminearum FgSrpl Asexual reproduction, pathogenesis ~ Zhang et al., 2017
FeSrp2 Vegetgtw; growth, perithecia Zhang et al., 2020
melanization
Cell wall intetgrity, conidiation,
Magnaporthe MoGrpl pathogenesis Gao etal., 2019
oryzae . .
MoHMTI Growth, virulence Lietal., 2020
f;zz:;i eronospora PscRXLR1 Pathogenesis Savory et al., 2012
Ustilago Gapdh Virulence Freitag et al., 2012
maydis UmRrm75 Cell morphology, pathogenesis ZRg 1d 2rlguez-Kessler etal,
Shiraia Abiotic stress .
bambusicola SbPKS (fungicide, oxidative) Liuetal,, 2020
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PERSPECTIVE

Fungi are some of the most diversified organisms and cope with environments
ranging from the mild to the extreme. These organisms control the global cycling of
nutrients and carbon sequestration in ecosystems. Moreover, some fungi cause
physiological disorders in their host or are closely connected to other species and
microbiome for benefits. These fungi have the ability to survive in a wide range of
habitats and adapt to their environment. Investigation of the underlying mechanisms
may provide insight into environmental adaptation by other organisms.

HTS has promoted AS profiling of fungi and the data from assorted conditions
provide evidence to understand the correlation between AS and environmental cues.
Studies to date have focused on AS properties and patterns. To unveil the roles of
AS, functional characterization of transcripts and proteome prediction are needed.
Recent technical advances such as Oxford Nanopore and PacBio Iso-Seq promote
the detection of AS by the identification of full-length novel isoforms (Wang et al.,
2019). Although long-read techniques provide much comprehensive data for plants
and animals, they have been applied in few fungal studies. The application of these
technological advances will enable us to more accurately predict the function of each
alternatively spliced isoform in fungi.

Investigations of these roles of AS will enhance our understanding of the
mechanisms of fungal adaptation to environmental cues. In addition, given the
importance of fungi in industry, medicine, and agriculture, the mechanisms of AS
that are active under a variety of conditions must be elucidated. Furthermore, the
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accumulation of isoform repertoires will suggest novel targets for controlling fungal

pathogens in medicine and agriculture.
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CHAPTERII

Alternative splicing diversifies the
transcriptome and proteome of the rice blast

fungus during infection
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ABSTRACT

Alternative splicing (AS) contributes to diversifying and regulating cellular
responses to environmental cues by differentially producing multiple mRNA and
protein variants from a single gene. Previous studies on AS in pathogenic fungi have
focused on profiling AS isoforms under a limited number of conditions to check if
AS occurs during host infection. To understand how AS participates in pathogenesis,
comprehensive analyses of AS patterns at multiple developmental and infection
stages are needed. Here, we performed AS profiling in the rice blast fungus
Magnaporthe oryzae, a worldwide threat to rice production, using high-quality
transcriptome data representing its vegetative growth and different host infection
stages. We identified 4,270 AS isoforms derived from 2,413 genes, including 499
genes regulated by infection-specific AS. AS appears to increase during infection,
with 32.7% of the AS isoforms being detected only during infection. Analysis of the
isoforms observed at each stage showed that 636 genes produce isoforms dominantly
during infection, especially after initial fungal penetration into host cell. Many such
isoforms were predicted to encode regulatory proteins such as transcription factors
and phospho-transferases. We also identified the genes encoding proteins with
distinct domain structures via AS and confirmed the translation of some isoforms via
proteomic analysis, suggesting potential AS-mediated neo-functionalization during
infection. This systematic study revealed the nature and regulation of AS during
plant-pathogen interactions and established a foundation data resource for validating
the role of AS during pathogenesis.
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INTRODUCTION

Alternative splicing (AS) is one of the regulatory mechanisms for gene
expression and produces multiple protein variants from a single gene by modulating
the maturation of mRNA precursors in more than one way to generate heterogeneous
transcripts (Shi, 2017). AS expands the proteome without creating or acquiring new
genes (Wang et al., 2019) and also modulates protein expression via the generation
of transcripts containing a premature termination codon (PTC). Aberrant transcripts
with PTC are degraded by the nonsense-mediated decay (NMD) process (Yu et al.,
2016; Tress et al., 2017). AS produces mRNA variants from pre-mRNAs by
removing different combinations of introns, which makes some intron(s) become
part of the coding sequence, or using alternative splice codes, causing the removal
of some exon(s). his process is carried out utilizing the specific splicing complex,
spliceosome. The spliceosome activity is modulated by cis- and trans-acting
regulatory factors and cis-acting components include 5°- and 3’-splice sites,
surrounding motif of branch point A, and polypyrimidine tracts (Kupfer et al., 2004).
AS is also modulated by the trans-acting regulators, which are members of the SR
(Ser-Arg) and heterogeneous nuclear RNP (hnRNP) protein families that function to
recognize the splicing codes (Chen and Manley, 2009; Busch and Hertel, 2012;
Jeong, 2017). Resulting mRNA isoforms may exhibit distinct stability and
translational efficiency and produce proteins with different cellular localization,
structure, and function. Accumulating evidence supports that AS plays crucial tasks

in development, tissue differentiation, and response to abiotic and biotic stresses in

33



most eukaryotes (Staiger and Brown, 2013; Scotti and Swanson, 2016; Wang et al.,
2019).

Almost 95% of the human genes appear to be regulated by AS (Pan et al., 2008;
Sultan et al., 2008). In Arabidopsis thaliana, an RNA-seq analysis showed that 61%
of the genes are subjected to AS (Syed et al., 2012). Similarly, high-throughput
transcriptome analyses revealed that 33% to 61% of the genes undergo AS in
soybean, cotton, maize, and rice (Filichkin et al., 2010; Marquez et al., 2012; Wang
et al., 2016; Dong et al., 2018; Feng et al., 2019). However, analyses of genome-
wide AS repertoires have been performed in only a few fungal species (Wang et al.,
2010; Sibthorp et al., 2013; Gehrmann et al., 2016; Kuang et al., 2017). Human
fungal pathogens appeared to increase the extent of AS during infection (Grutzmann
et al., 2014; Sieber et al., 2018). AS repertoire during plant infection has been
reported in Pseudoperonospora cubensis, Rhizoctonia solani, and Sclerotinia
sclerotiorum, but samples collected at only one time point were used (Burkhardt et
al., 2015; Jin et al., 2017; Xia et al., 2017; Ibrahim et al., 2020). Since AS is likely
subjected to condition-specific regulation, comparative analyses AS patterns under
multiple conditions are needed to understand its role and regulation during
pathogenesis.

Here, we characterized AS repertoires in the rice blast fungus Magnaporthe
oryzae during different stages of rice infection and vegetative growth. This fungus is
one of the most scientifically and economically important plant pathogens (Dean et
al., 2012) and causes up to 30% of rice yield loss every year (Talbot, 2003). The

fungus is hemibiotrophic, switching its lifestyle from biotrophy to necrotrophy
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during infection. Genome sequences of many field isolates, transcriptomes under
various conditions, and molecular research tools are available (Kim et al., 2019),
making M. oryzae an excellent model for studying fungal pathogenesis mechanisms.
The presence of several genes known to be involved in splicing, including RBP35,
MoGrpl, and MoHMTI, suggested that AS-mediated regulation of gene expression
likely plays roles in pathogenicity (Franceschetti et al., 2011; Li et al., 2020).
However, genome-wide AS profiling using RNA-seq data has not yet been
performed in M. oryzae. A previous study (Ebbole et al., 2004) only considered the
presence and absence of AS in M. oryzae due to the low sequencing depth of
transcripts.

We previously reported high-quality RNA-seq data from both M. oryzae and rice
at multiple infection stages (Jeon et al., 2020). Here, we reanalyzed this data set to
identify which genes are subjected to AS and the type, abundance, and stage-specific
pattern of resulting mRNA isoforms as a foundational resource for evaluating the
role of AS in pathogenesis. We identified AS isoforms from the transcriptomes of
vegetative tissue (mycelia) and during five infection stages, including pre-
penetration (18 hpi), biotrophy (27 hpi and 36 hpi), and necrotrophy (45 hpi and 72
hpi) (Figure 1). We applied the concept of isoform abundance to evaluate whether
transcript functionality likely changes wunder different conditions. Neo-
functionalization caused by AS-mediated changes in protein domains seems to occur
in some mRNAs during infection, suggesting the potential involvement of AS-

mediated transcriptome remodeling during pathogenesis.
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Figure 1. The schematic infection process of the rice blast fungus M. oryzae

M. oryzae is a hemibiotrophic pathogen that switches its lifestyle throughout the
host cell infection process. Here, the development of fungus is depicted at pre-
penetration (18 hpi), biotrophic stage (27-36 hpi), and necrotrophic stage (45-72

hpi).
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MATERIALS AND METHODS

I. Genome sequencing and annotation of M. oryzae strain

KJ201

Genomic DNA of KJ201 was purified using the blood and cell culture DNA
midi kit (Qiagen, Germany). Sequencing was performed using a whole-genome
shotgun strategy with Illumina Genome Analyzer IIx (Beijing Genome Institute,
Shenzhen, China). The genome was assembled using SOAPdenovo 1.05 (Luo et al.,
2012) and deposited to NCBI (Accession No. ANSL00000000). The assembled
genome was annotated using the Maker 2.31.8 pipeline (Holt and Yandell, 2011). We
used the built-in PROMER package of MUMMER v3.23 (Kurtz et al., 2004) to align

the 70-15 and KJ201 genome sequences.

II. Transcriptome data analysis

We downloaded published transcriptome datasets generated using KJ201 (Jeon
et al., 2020) from NCBI (Accession Nos. SRR8259727 to SRR8259732). The
adapter sequences were removed via Cutadapt-1.8.1 using TruSeq universal
sequences (Martin, 2011). Truncated reads with low quality at the 3* end and the
length shorter than 20 bp were removed. Only the pair mapped sequences to the
genome were used to eliminate those with false-positive splicing junctions (single
pair and discordantly mapped reads were removed, using the option of --no-mixed -

-no-discordant). The reads were aligned to the KJ201 genome using HISAT2-2.1.0
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(Pertea et al., 2016).

I11. Identification of the transcripts generated via AS

A two-step process was used for their identification. Initially, consensus
sequences of individual isoforms were identified using reference annotation-based
transcript assembly processed by StringTie 1.3.5 (the minimum isoform abundance
0f 0.01) (Pertea et al., 2015). Information for isoforms, including the type of isoforms,
was recorded as General Feature Format (GFF) using ASTALAVISTA 4.0 (Foissac
and Sammeth, 2015) and eventGenerator embedded in SUPPA2 (Trincado et al.,
2018). Subsequently, the expression value of all genes was calculated using the
default settings of Cufflinks 2.2.1 (Trapnell et al., 2010). The transcripts with FPKM

value less than one and fused to neighboring genes were eliminated.

IV. Identification of translated isoforms and their predicted

functions

The transcript sequences of whole annotated forms and isoforms were retrieved
using gffread v0.9.8¢c from constructed GFF (Pertea and Pertea, 2020). The
transcripts with low coding potential were filtered out using CPC 2.0 (Kang et al.,
2017). The isoforms with coding potential were classified into NMD candidate
transcript (PTC+) and potential protein encoding transcript (PTC-). The PTC
position, which is defined as the stop codon within 50 nt upstream of the last exon
junction or in the intronic sequence, was calculated to eliminate potential NMD

candidates. After removing the NMD candidates, the remaining isoforms were
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translated using getORF program (translation from start to stop codon) in EMBOSS
v 6.0.0 (Rice et al., 2000). There are several potential translation models which did
not start at the start codon of annotated form (Brown et al., 2015). Because we could
not determine the authentic translation start site from RNA-seq data and the
possibility of leaky scanning translation (Carpenter et al., 2014), we predicted
proteins from both the annotated start codon and the novel start codon from the
longest ORF. First, we collected the proteins which started from the same start codon
of annotated gene. Second, we used the longest ORF in transcripts without non-
overlapping upstream ORF to eliminate the isoforms covering multiple genes. These
two predicted proteomes were merged for further analysis. Putative functional
domains of the predicted proteins were identified using PFAM information of
InterProScan v68 (Mitchell et al., 2019). Functional category of each gene product
was predicted using GO term information of InterProScan v68 (Mitchell et al., 2019).
The enrichment of GO term analysis was performed using the web-based tool
WEGO 2.0 (http://wego. genomics.org.cn) (Ye et al., 2018). The protein sequences
derived from predicted isoforms were used to query the proteins archived in PHI-

base using BLASTP-2.2.26.

V. Gene family analysis

Several splicing regulatory factors (SR proteins and hnRNP) were identified.
We first identified the gene products containing RNA recognition motif (RRM) using
InterProScan v68 (Mitchell et al., 2019). Among these proteins, we collected those

carrying RS domain (SR protein) and G rich motif (hnRNP) using the following rules:
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N-terminal RRMs and downstream RS domain of at least 50 amino acids with >40%
R[S/D] sequence and G-rich motif characterized by consecutive repeats (Barta et al.,
2010; Busch and Hertel, 2012). Putative transcription factors (TFs) were identified
using the Fungal Transcription Factor Database (FTFD) pipeline (Park et al., 2008)
(Table 1). Putative kinases were identified using Hidden Markov Models of the
protein sequences from Superfamily (v1.75), Kinomer, and Microbial Kinome
(Kannan et al., 2007; Miranda-Saavedra and Barton, 2007; Wilson et al., 2009)
(Table 2). Secreted proteins were identified using the Fungal Secretome Database
(Choi et al., 2010). We collected all signal peptide-containing proteins and assessed
their likelihood of secretion using SignalP 5.0b (Almagro Armenteros et al., 2019)
and TMHMM-2.0c (Moller et al., 2001). The longest ORF sequences without
upstream uORF were used for this analysis. Identification of putative effectors,
including those with the size of <300 amino acids and excluding putative enzymes,

was performed as previously described (Kim et al., 2016).

VI. Validation of the production of AS transcripts and their

translation

We validated the production of highly expressed isoforms in infected rice plants
and also checked that they are translated to produce proteins. Rice plants were grown
in a growth chamber set at 28°C and 80% humidity with 16 h-light/8 h-dark
photoperiod. Four-week-old rice cultivar Nakdong was inoculated with KJ201
conidial suspension (5x104 conidia/mL in 250 ppm tween20) using a sprayer. The
inoculated plants were incubated for 3 and 6 days, including 12 hours in dew
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chamber. Total RNAs were isolated from infected leaves using the Easy-spin total
RNA extraction kit (iNtRON Biotechnology, Korea) according to the manufacturer's
instructions. First-strand cDNA was synthesized from 2 pg of total RNAs using the
ImProm-II Reverse Transcription System (Promega) with oligo (dT) primers. Real-
time PCR (RT-PCR) reactions were performed using i-star-max II premix (iNtRON
Biotechnology, Korea) and primers designed to amplify tested isoforms (Table 3).
Each reaction consisted of PCR master mix, 25 ng of cDNA, and 15 pmol of each
primer. The thermal cycling conditions were 10 min at 94°C followed by 30 cycles
of 15 s at 94°C and 1 min at 60°C. Poly-Acrylamide Gel Electrophoresis (PAGE)

was performed to analyze RT-PCR products.

We analyzed the proteomes extracted from infected rice leaves (7 dpi) and mock
sample (0 hpi). Protein digestion was conducted using a filter-aided sample
preparation (FASP) approach as previously reported (Wisniewski et al., 2009). The
collected peptides were dissolved in solvent-A (2% acetonitrile (ACN) in water (v/v)
with 0.1% formic acid). The solution separation conducted by reversed-phase
chromatography using a UHPLC Dionex UltiMate ® 3000 (Thermo Fisher Scientific,
MA, USA). The LC analytical gradient was run 90 min at 2% to 35% solvent B (100%
ACN and 0.1% formic acid). Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was performed with an electrospray ionization using QExactive™
Hybrid Quadrupole-Orbitrap High-Resolution Mass Spectrometer (Thermo Fisher
Scientific, MA, USA). The peptides were electro-sprayed through a coated silica tip
(Scientific Instrument Service, NJ, USA) at an ion spray voltage of 2000 eV, and MS
spectra were collected at a resolution of 70,000 (200 m/z) in a mass range of 350-
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1650 m/z. The MaxQuant (version 1.5.3.30) program was used for database
searching (Tyanova et al., 2016; Gupta et al., 2018). All three technical replicates

were merged to profile the proteins.
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Table 1. Classification of transcriptional factors identified in this study

No of genes Family
131 Zn2Cys6
118 Zinc finger, CCHC-type
79 C2H2 zinc finger
44 Nucleic acid-binding, OB-fold
43 HMG
31 Homeodomain-like
23 Winged helix repressor DNA-binding
18 bZIP
17 Myb
bHLH

_— = = = = = = = = = = = NN NN WW W WW W W R A 0 0

Transcription factor jumonji
Heteromeric CCAAT factors

Zinc finger, DHHC-type

p53-like transcription factor

Lambda repressor-like, DNA-binding
APSES

NDT80/PhoG like DNA-binding
Zinc finger, MIZ-type

AT-rich interaction region
Helix-turn-helix, AraC type

Zinc finger, Rad18-type putative
Bromodomain transcription factor
Centromere protein B, DNA-binding region
ssDNA-binding transcriptional regulator
Zinc finger, GRF-type

Transcription factor TFIIS
Grainyhead/CP2

YL1 nuclear protein

Negative transcriptional regulator
Tubby transcription factors

SGT1

SARTI1

RFX DNA-binding domain

Zinc finger, NF-X1-type

Zinc finger, BED-type predicted
CCR4-Not complex component, Not1
DDT

Helix-turn-helix type 3

Iron dependent repressor
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Table 2. Classification of kinases identified in this study

No of genes Subfam Family Kinomer
51 Protein kinase-like (PK-like) Protein kinases, catalytic subunit TKL
34 Protein kinase-like (PK-like) Protein kinases, catalytic subunit CAMK
25 Protein kinase-like (PK-like) Protein kinases, catalytic subunit CMGC
19 Protein kinase-like (PK-like) Protein kinases, catalytic subunit Alpha
18 Protein kinase-like (PK-like) Protein kinases, catalytic subunit STE
16 Protein kinase-like (PK-like) Protein kinases, catalytic subunit AGC
11 P-loop containing nucleoside triphosphate hydrolases Nucleotide and nucleoside kinases Alpha
7 Protein kinase-like (PK-like) APH phosphotransferases TKL
7 Homodimeric domain of signal transducing histidine kinase Signal transducing histidine kinase Alpha
6 P-loop containing nucleoside triphosphate hydrolases Nucleotide and nucleoside kinases TKL
4 Protein kinase-like (PK-like) Phoshoinositide 3-kinase (PI3K), catalytic domain PIKK
4 P-loop containing nucleoside triphosphate hydrolases Nucleotide and nucleoside kinases gélé/llfr,KC MGC,
4 P-loop containing nucleoside triphosphate hydrolases Phosphoribulokinase/pantothenate kinase Alpha, TKL
4 Cysteine-rich domain Protein kinase cysteine-rich (cys2, phorbol-binding) AGC, Alpha, TKL
3 Homodimeric domain of signal transducing histidine kinase Signal transducing histidine kinase TKL
3 P-loop containing nucleoside triphosphate hydrolases Gluconate kinase TKL
3 P-loop containing nucleoside triphosphate hydrolases Shikimate kinase (AroK) TKL
3 ATI.Jage.dom_ain of HSP90 chaperone/DNA topoisomerase alpha-.ketoacid dehydrogenase kinase, C-terminal PDHK
II/histidine kinase domain
3 P-loop containing nucleoside triphosphate hydrolases Phosphoribulokinase/pantothenate kinase CAMK, CMGC, TK
3 P-loop containing nucleoside triphosphate hydrolases E;ﬁisoesphofructo-z- /fructose-2,6-bisphosphatase, Alpha, RIO, TKL
3 Ribokinase-like Ribokinase-like Alpha, RIO, TK

44

S K |

i



— = = N NN NN NN NN NN N DNN NN N W WW

ARM repeat

NAD kinase/diacylglycerol kinase-like

Protein kinase-like (PK-like)

Actin-like ATPase domain

DAK1/DegV-like

Ribokinase-like

Ribokinase-like

Ribosomal protein S5 domain 2-like

SAICAR synthase-like

Protein kinase-like (PK-like)

P-loop containing nucleoside triphosphate hydrolases
Casein kinase II beta subunit

Protein kinase-like (PK-like)

Riboflavin kinase-like

Carbamate kinase-like

Protein kinase-like (PK-like)

SAICAR synthase-like

P-loop containing nucleoside triphosphate hydrolases
GHMP Kinase, C-terminal domain

Actin-like ATPase domain

NAD kinase/diacylglycerol kinase-like

P-loop containing nucleoside triphosphate hydrolases
Protein kinase-like (PK-like)

Actin-like ATPase domain

Nucleoside diphosphate kinase, NDK
Phosphoglycerate kinase

Phoshoinositide 3-kinase (PI3K) helical domain
NAD kinase-like

MHCK/EF2 kinase

Glycerol kinase

DAKI1

Ribokinase-like

Thiamin biosynthesis kinases

GHMP Kinase, N-terminal domain
Phosphatidylinositol phosphate kinase IIbeta
Protein kinases, catalytic subunit

Nucleotide and nucleoside kinases

Casein kinase II beta subunit

Protein kinases, catalytic subunit
ATP-dependent riboflavin kinase-like
PyrH-like

Choline kinase

Inositol polyphosphate kinase (IPK)
Adenosine-5'phosphosulfate kinase (APS kinase)
Mevalonate kinase

Glycerol kinase

Diacylglycerol kinase-like

Shikimate kinase (AroK)

APH phosphotransferases

Acetokinase-like

Nucleoside diphosphate kinase, NDK
Phosphoglycerate kinase
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Alpha, PIKK, TKL
Alpha, PDHK, TKL
Alpha

TKL

TKL

TKL

TKL

TKL

TKL

TK

STE

CKI,TK

CK1

CAMK, TKL
Alpha, TKL
Alpha, TKL
Alpha, TKL
Alpha, STE
Alpha, RIO
Alpha, PDHK
Alpha, CAMK
Alpha

Alpha

TKL

TKL

TKL
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Ribokinase-like

Ribokinase-like

Protein kinase-like (PK-like)

Protein kinase-like (PK-like)

Winged helix DNA-binding domain

KAl-like

P-loop containing nucleoside triphosphate hydrolases
Carbamate kinase-like

Glycerate kinase |

HAD-like

PK beta-barrel domain-like

P-loop containing nucleoside triphosphate hydrolases
Ribosomal protein S5 domain 2-like

SAICAR synthase-like

AMPKBI-like

AraD/HMP-PK domain-like

Protein kinase-like (PK-like)

PfkB-like kinase

YjeF C-terminal domain-like

APH phosphotransferases

RIO1-like kinases

Rio2 serine protein kinase N-terminal domain
Kinase associated domain 1, KA1

Shikimate kinase (AroK)
N-acetyl-l-glutamate kinase

Glycerate kinase |

phosphatase domain of polynucleotide kinase
Pyruvate kinase beta-barrel domain
Gluconate kinase

GHMP Kinase, N-terminal domain
Phosphatidylinositol phosphate kinase IIbeta
AMPKBI-like

Phosphomethylpyrimidine kinase C-terminal domain
MHCK/EF2 kinase

TKL
TKL
TK
RIO
RIO

CAMK
CAMK

Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
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Table 3. The primers used in this study

Primer Strand Sequence

(MGG _08019T0) maker-scaffold000032-augustus-gene-22.85-mRNA-1 forward ~ GCCAGCTGCTTCTGACTATGGAAA
Total.5386.4 reverse TTCTCCACAGTGCTCGTCCTG
maker-scaffold000094-snap-gene-8.57-mRNA-1 forward TGGACAGGATAACACCCACGATAC
Total.10136.2 reverse GATGCGGCAAACGTCGAATAAGAG
maker-scaffold000032-snap-gene-16.0-mRNA-1 forward GGCCACGGACATGTTCCTCATCTA
Total.5261.3 reverse CGTACCAGTAGGTCATGAGAAGGAG
(MGG _11426T0) maker-scaffold000002-augustus-gene-3.119-mRNA-1 forward ~ AAGCCAAATCCAAATGGCGAAGAG
Total.685.3 reverse GCGATCGTTGCTGGTTCATTTTGG
maker-scaffold000062-snap-gene-6.62-mRNA-1 forward ~CAACACGGTCGCCATCTCGTTAAA
Total.7087.8 reverse CGTATCCTGTGCCTTGCGAGTAA
(MGG_07681T0) maker-scaffold000077-snap-gene-2.60-mRNA-1 forward ~ CAGCACTGGGGTAGCTGCTTA
Total.8570.2 reverse CCGTGGTGATGTCCAGCGTAA
(MGG_01368T0) maker-scaffold000097-augustus-gene-8.41-mRNA-1 forward ~ GCCTCAGCCGATAAGCTCATCAAG
Total.12011.2 reverse AGGTGCTGTCTGGGTGGTTC
maker-scaffold000096-augustus-gene-3.128-mRNA-1 forward CTCCGAGGTACCTGTTGACGA
Total.11556.3 reverse CGGTTGGAAGGTCGTTGTAGTCG
(MGG _11132T0) maker-scaftold000060-augustus-gene-5.73-mRNA-1 forward ~ GTAGCCTCGGGGAATCTGGTA
Total.6116.2 reverse CGAGGTCTATGCTCTGCACAAGTA
(MGG _17060T0) maker-scaffold000061-snap-gene-12.79-mRNA-1 forward ~CGATGAGCACAATCGCCATAAGCGA
Total.6717.5 reverse GACGCAGTGGAGCTTAAGCCTA
B-tublin_F forward ~ACAACTTCGTCTTCGGTCAG
B-tublin R reverse GTGATCTGGAAACCCTGGAG

MGG gene numbers represent ortholog gene in 70-15 genome v8
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RESULTS

I. Identification of the M. oryzae genes containing multi-exons

We previously reported RNA-seq datasets derived from KJ201, an M. oryzae
field isolate from infected rice, during infection (Jeon et al., 2020). Because we used
the genome of 70-15, a laboratory strain created through a series of genetic crosses
(Dean et al., 2005), as a reference for mapping transcript sequences of KJ201 in this
study, we may have failed to identify some KJ201 transcripts due to genome
differences between the two strains. To support a more accurate transcriptome
analysis of KJ201, we sequenced the genome of KJ201. The assembled genome,
represented by 123 scaffolds with a total length of 41.7 Mb and N50 values of 2.3
Mb, contains 13,306 genes (Table 4). Synteny comparison revealed that the genomes
of KJ201 and 70-15 are mostly conserved with a few segmental differences (Figure
2A). However, only 9,951 KJ201 genes (78.6%) have orthologs in 70-15 when their
predicted proteomes were compared with >90% sequence identity and coverage as
the threshold. Moreover, only 62.5% of the genes showed the same number of
intron(s) as their orthologs in 70-15 (Figure 2B). Based on the annotated gene model
of KJ201, 10,178 (76.5%) genes are predicted to contain multi-exons. Among other
M. oryzae isolates, the proportion of multi-exon genes ranged from 64.5 to 80.7%

(Figure 3).
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Table 4. Statistics of KJ201 genome

Genome statistics KJ201
Genome size (Mb) 41.7
N50 (bp) 2,318,557
L50 14
No. of scaffolds 123
Number of protein coding genes 13,306
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KJ201 specific

25.2% (3,355)
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Figure 2. Genome synteny and ortholog between KJ201 and 70-15

(A) Synteny dot plot showing the aligned genomes of KJ201 and 70-15. The x-axis
corresponds to the 70-15 genome, and the y-axis denotes the KJ201 genome. (B) A
summary of results from bidirectional blast between the KJ201 and 70-15 proteomes.
The pie graph shows three classes of 13,306 KJ201 annotations, including orthologs
with identical intron(s) (Orthologs), orthologs with different intron numbers
(Orthologs with different intron(s)), and proteins displaying lower than 90% identity

(KJ201 specific).
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Figure 3. Single- and multi-exon gene distribution patterns among the genomes
of diverse Magnaporthe isolates

The proportions of single- and multi-exon genes in the genomes of selected isolates
of M. oryzae (Mo) and M. grisea (Mg) are shown. The grey and black boxes indicate

single- and multi-exon genes, respectively.
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I1. Analysis of AS patterns in KJ201 during vegetative growth

and infection

We analyzed AS profiles in KJ201 using our published RNA-seq data (Jeon et
al., 2020) with the KJ201 genome as the reference (Table 5). The transcripts
potentially generated via AS were identified using a two-step pipeline (Figure 4)
(Angelini et al., 2014). We initially identified 2,772 candidate genes with their
transcripts undergoing AS under one or more conditions. After filtering out those
expressed at a very low level and chimeric transcripts, we found 4,270 novel mRNA
isoforms from 2,413 annotated genes (18.1%) (Figure 5A). AS patterns in mycelia
are distinct from those in infected rice at all expression thresholds (Figure 5B; Figure
6). In total, 1,914 genes produced AS isoforms in mycelia. AS was observed in
transcripts of 2,135 genes at the stage of appressorium formation (18 hpi), 2,153 and
2,127 genes at two time points during the biotrophic stage (27 and 36 hpi,
respectively), and 2,118 and 2,127 genes at 45 and 72 hpi, respectively (necrotrophic
stage). A Principal Component Analysis (PCA) of the annotated transcripts and their

isoforms (Figure 6) resulted in three distinct clusters.
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Table S. Statistics of KJ201 transcripts analyzed

Mycelia 18 hpi 27 hpi 36 hpi 45 hpi 72 hpi
Proportion
of fungal 93.33 6.83 4.08 4.41 7.43 25.65
reads (%)
No. of
mapped 40,608 15,763 8,378 9,441 16,565 53,444
Reads
(x1,000)
Depth (X) 204.6 90.5 54.2 60.9 96.2 247.8
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Figure 4. Two-step pipeline used for identifying and analyzing transcripts
generated via AS

In the first step, all RNA-seq reads from the samples representing different stages of
M. oryzae life cycle are mapped to the genome of KJ201 to detect novel transcript
variants using HISAT2. From the mapping data, consensus isoforms are identified
using StringTie, and AS is detected using SUPPA2. In the second step, expression
levels of individual isoforms as FPKM (Fragments Per Kilobase of transcripts per
Million mapped reads) are calculated using Cufflinks2. After filtering out those
expressed low levels (the ones with FPKM <1), the resulting data were subjected to

comparative analyses.
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Figure 5. Characteristics of AS in M. oryzae KJ201 under different conditions

(A) The numbers and proportions of predicted AS genes expressed under different
conditions are shown. The total number of annotated genes in KJ201 is 13,306.
Among 2,413 AS genes, transcript variants from 29 and 499 genes were detected
only in mycelia and during infection, respectively. The remaining 1,883 genes
produced AS transcripts under both conditions. (B) The number of AS genes in each

sample predicted using three FPKM values for cutoff.

56

_H {l 1_'_” el

I

n’



Annotated transcript Transcript Isoforms

b A 72hpi A
p! A
) A
45 hpi 45 hpi ®
40 25 36 hpi
9 36npi @ s tissue
'; ; [ ] Biotrophic stage
& 0 & 0 A Necrotrophic stage
o o~ Prepenetration stage
E 8 + Vegetative stage
+ Mycelia
-25 Mycelia
o +
27 hpi 27 hpi
18 hpi @ 18 hpi g
-150 -100 -50 0 05 -100 =50 0
PC1 (51.85 %) PC1 (44.06 %)

Figure 6. PCA analysis of the annotated transcripts and their isoforms
The log2 FPKM values of individual transcripts within each sample are used to

calculate PCA distances. Each sample calculated using standard PCA function

implemented in prcomp was used.
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III. Vegetative- and infection-specific AS isoforms and the

expression pattern of putative AS regulators

We compared the AS isoforms detected under different conditions to determine
how the production of transcript variants is regulated at different growth and
infection stages (Figure 7A). Among the 4,270 isoforms identified, 2,095 (49.1%)
isoforms produced from 1,610 genes were present under all conditions. The total
number of isoforms produced during infection was 1,368 (32.7%) from 955 genes,
including 696 isoforms of 499 genes that were solely produced during infection. The
number of vegetative stage-specific isoforms was 149, which were produced by 125
genes. The highest numbers of stage-specific isoforms were detected during the
biotrophic stage (109 (104 genes) and 102 (98 genes) isoforms at 27 and 36 hpi,
respectively). It was found that the proportion of infection specific isoforms was
increased with the application of robust criteria (Table 6; Figure 8)

We also analyzed how the genes for putative AS regulators, including seven SR
and 11 hnRNP proteins, are transcribed and processed under these conditions to
explore how AS regulates their expression at each stage. Among these AS regulator
genes, ten and six were up- and down-regulated at one or more infection stages,
respectively, compared to the vegetative stage (Figure 7B). Five AS regulator genes
produced isoforms, and isoforms of three genes displayed different expression

patterns (Figure 9).
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Figure 7. The mycelial growth/infection stage-specific AS repertoires and those
produced under both conditions and expression patterns of putative AS
regulator genes

(A) Venn diagram showing the number of AS isoforms and genes (in parenthesis) at
each stage. The light grey region denotes the AS isoforms produced in mycelia and
during infection (2,095). Each stage is color-coded: mycelia (grey), pre-penetration
(yellow), biotrophic (red and green), and necrotrophic (blue and brown). The AS
isoforms detected only during infection are shown in a dashed red line. (B) Heatmap
showing the expression of SR and hnRNP protein-coding genes under different

conditions.
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Mycelia 72 hpi

Figure 8. Distribution of AS repertoire by different criteria

Venn diagram showing the number of AS isoforms at each stage. The light grey
region denotes the AS isoforms produced in mycelia and during infection. Each stage
is color-coded: mycelia (grey), pre-penetration (yellow), biotrophic (red and green),
and necrotrophic (blue and brown) (A) Isoforms over 3 FPKM and (B) over 5 FPKM.
Venn diagram represents the comparison of vegetative and three representative
infection stages (Mycelia; vegetative,18 hpi; pre-penetration, 36 hpi; biotroph, 72hpi;

necrotroph) (C) Isoforms over 3 FPKM and (D) over 5 FPKM.
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Table 6. Distribution of AS isoforms in different FPKM cutoff criteria

Filtering The number of stage-specific AS isoforms . . .
o . . Core ratio Infection ratio
Criteria Core Infection Total (%) (%)
(FPKM) Mycelia 18 hpi 27 hpi 36hpi 45hpi 72 hpi ° °
1 149 66 102 109 67 76 2,095 1,368 4270  49.06% 32.04%
2 173 66 98 102 50 62 1,673 1,268 3,637  46.00% 34.86%
3 174 61 92 121 47 47 1,412 1,142 3,230 43.72% 35.36%
4 183 61 82 119 41 53 1,208 1,074 2,928  41.26% 36.68%
5 179 54 81 117 42 52 1,052 1,021 2,667  39.45% 38.28%
6 196 49 80 86 34 51 913 954 2,460  37.11% 38.78%
7 188 54 74 73 30 50 816 892 2,275  35.87% 39.21%
8 178 42 67 79 31 48 749 839 2,118  35.36% 39.61%
9 163 43 57 74 33 49 685 812 1,979  34.61% 41.03%
10 158 39 43 67 29 51 621 761 1,858  33.42% 40.96%
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Figure 9. Expression patterns of alternatively spliced transcripts of SR and
hnRNP genes

The heatmap shows the expression patterns of putative AS regulatory genes and their
isoforms calculated using Z-score normalization across vegetative and infection

stages.



Relative expression levels of AS transcripts at each stage were analyzed (Figure
10). We applied the concept of transcript usage, which describes the relative
abundance of individual isoforms in a sample relative to one another, to predict
which AS genes and isoforms are likely important for infection. The relative
abundance of isoforms compared to corresponding annotated mRNAs was
calculated using the formula (Fragment Per Kilobase of transcript per Million
mapped reads (FPKM) of the isoform)/(FPKM of isoform + FPKM of the annotated
form). We group them into three clusters based on their relative abundance pattern:
(1) Constitutive AS (0.5 < relative abundance < 1), those that are highly abundant
under all conditions, (2) Switching AS, those that fluctuate under these conditions,
and (3) Low-frequency AS (relative abundance < 0.5), those that are not abundant
under all conditions (Figure 11A). We found that 658 isoforms (559 genes) belong
to Constitutive AS. Switching AS included 868 isoforms (636 genes), which were
relatively higher at the infection stages than the vegetative stage. Low-frequency AS
included 1,949 isoforms. For Switching AS, 126 isoforms (109 genes) were abundant
throughout all infection stages. During infection, 200 isoforms (179 genes) at the
biotrophic stage (27 — 36 hpi), 117 isoforms (108 genes) at the necrotrophic stage
(45 — 72 hpi), and 66 isoforms (65 genes) at the pre-penetration stage (18 hpi) were
identified (Figure 11B; Table 7). The most abundant isoforms during the biotrophic
stage belonged to Switching AS. Furthermore, the result of Tau (t) coefficient value
to confirm time specificity at infection stage the value of AS isoforms showed little

different value in all samples (Figure 12).

63



Mycelia 27 hpi 45 hpi

18 hpi

Isoform expression (log(FPKM+1))

Gene expression (log(FPKM+1))

Figure 10. Relative expression levels of AS transcripts under each condition

The scatterplots show the patterns of expression between annotated transcripts and
isoforms in each sample. The X-axis shows the values calculated using log(FPKM
of annotated form +1), and the Y-axis shows the values calculated using log(FPKM

of isoform +1). The red dots represent the isoforms with a ratio of >0.5.
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Figure 11. Expression types of AS isoforms and characteristics of Switching AS

isoforms

(A) The diagrams show three types of AS transcripts categorized based on their
relative abundance during the growth stages analyzed. The abundance indicates the
ratio between isoforms and annotated forms. Constitutive AS and Low-frequency AS
isoforms are classified based on relative abundances of > 0.5 and < 0.5, respectively.
Switching AS isoforms include the isoforms with relative abundance > 0.5 and solely
expressed during one or more infection stages. (B) Four groups of Switching AS
isoforms and their expression patterns during infection. Grey box (the isoforms
abundantly produced in all infection stages), yellow box (those produced higher than
corresponding annotated forms only during the pre-penetration stage, 18 hpi)), green
box (those produced higher than corresponding annotated forms only during the
biotrophic stage, 25 hpi or 36 hpi), and red box (those produced higher than
corresponding annotated forms only during the necrotrophic stage, 45 hpi or 72 hpi).

(C) The GO terms enriched among the Switching AS genes (P-value < 0.05).
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Figure 12. Distribution of tau coefficient of AS producing genes and other genes

(A) Boxplot representing the Tau coefficient value of each transcript. Tau value
calculated ((Number of sample - Sum of expression in all stages)/Maximum of
expression value)/(Number of sample -1) in each transcript. Switching AS isoforms
include the isoforms with relative abundance > 0.5 and are solely expressed during

one or more infection stages. Non AS represents genes which were not identified

isoforms. Statistically significant differences between group means of tau

distribution were determined by Wilcoxon—Mann—Whitney test (p < 0.01). (B) Tau

value distribution of Switching AS (red) and Non AS genes (green).
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Gene Ontology (GO) enrichment analysis was performed to predict likely
functions of the genes belonging to Switching AS. They are mostly predicted to be
involved in heterocyclic compound binding, ion binding, and/or hydrolase activity
(Table 7). Significantly enriched GO terms, compared to the whole gene set, included
phospho-transferase, transcription regulator activities, and cyclic compound
biosynthetic processes (Figure 11C). We investigated the GO term-associated
patterns at each stage. Only the necrotrophic stage showed enriched terms
(heterocyclic compound and ion bindings) (Table 8). We performed an in-depth
analysis of those associated with infection-enriched phospho-transferases and
transcription regulator activities by mining representative gene families. We found
70 kinase genes belonging to phospho-transferases produce AS isoforms. Among
them, 20 genes generate Switching AS isoforms (Figure 13A), but no subfamilies
were enriched compared to the total kinases (Figure 13B). Among 139 genes that
were predicted to encode TFs and also produced AS isoforms (Figure 14A), C,H,
zinc finger (28.1%, p=0.04415) and High Mobility Group (HMG; 18.8%, p=0.04427)
were enriched in 35 Switching AS isoforms (Figure 14B). We checked whether the
proteins encoded by those belonging to Switching AS likely participate in
pathogenesis by matching them to the pathogenicity-related genes in PHI-base
(Urban et al., 2020) (Table 9). Homologs of 39 genes have been functionally studied
(Table 10). Among them, 22 genes, including oxidative stress-related (4BC1, RanBP,
TIG1, MoARK1) and autophagy-related (MoAtgl, MoAtg2), have been shown to be

involved in pathogenesis.
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Table 7. Distribution of gene ontology (GO) in infection-switching genes of M.

oryzae
GO ID No. of genes P-value Function
GO0:1901363 74 0.849  heterocyclic compound binding
GO:0097159 74 0.849  organic cyclic compound binding
GO0:0043167 72 0.718  ion binding
GO0:0016787 43 0.584  hydrolase activity
G0:0016740 41 0.006 transferase activity™
GO:0036094 40 0.947  small molecule binding
GO:0097367 32 0.513  carbohydrate derivative binding
GO0:0005515 30 0.551  protein binding
GO0:0016491 29 0.699  oxidoreductase activity
GO0:0008144 26 0.833  drug binding
G0:0140096 24 0.142  catalytic activity, acting on a protein
G0:0048037 18 0.491  cofactor binding
G0:0003700 14 0.064  DNA-binding transcription factor*
G0:0022857 13 0.899  transmembrane transporter activity
G0:0140098 5 0.99  catalytic activity, acting on RNA
G0:0016829 5 - lyase activity
G0O:0016874 3 - ligase activity
GO0:0140097 3 - catalytic activity, acting on DNA
G0:0030234 2 - enzyme regulator activity
G0:0005085 2 - guanyl-nucleotide exchange factor
GO:0008289 1 - lipid binding
GO0:0072341 1 - modified amino acid binding
GO0:0033218 1 - amide binding
G0:0005199 1 - structural constituent of cell wall
G0:0003712 1 - transcription coregulator activity
G0:0005319 1 - lipid transporter activity
G0:0004362 1 - glutathione-disulfide reductase activity

Asterisk represents enriched GO terms compared to total proteome



Table 8. Distribution of gene ontology (GO) in Switching AS genes of
necrotrophic stages

GOID No. of genes  P-value Function
GO:0097159 25 0.002  organic cyclic compound binding*
GO:1901363 25 0.002  heterocyclic compound binding*
GO:0043167 21 0.024  ion binding*

G0:0036094 11 0.234  small molecule binding
GO:0005515 10 0.164  protein binding

G0:0016787 9 0.687  hydrolase activity

GO:0097367 9 0.148  carbohydrate derivative binding
G0:0016740 7 0.481  transferase activity

GO:0008144 6 0.637  drug binding

GO0:0003700 5 - DNA-binding transcription factor
G0:0140096 4 - catalytic activity, acting on a protein
GO0:0016491 4 - oxidoreductase activity
GO:0140098 3 - catalytic activity, acting on RNA
GO:0048037 3 - cofactor binding

G0:0016874 1 - ligase activity

G0:0022857 1 - transmembrane transporter activity
G0:0030234 1 - enzyme regulator activity
GO0:0005085 1 - guanyl-nucleotide exchange factor
GO0:0003712 1 - transcription coregulator activity

Asterisk represents enriched GO term compared to total proteome
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Table 9. PHI-base assigned genes in total AS repertoire

PHI-base Alias Phenotype

PHI:2051* COS1 increased virulence (hypervirulence)
PHI:8893 RGS1 increased virulence (hypervirulence), reduced virulence
PHI:2161* SEP1 loss of pathogenicity

PHI:2176* ASD4 loss of pathogenicity

PHI:2114 Calnexin loss of pathogenicity

PHI:2098 Ca-transporting ATPase3 loss of pathogenicity

PHI:2302 CHSS5 loss of pathogenicity

PHI:36 CPKA loss of pathogenicity

PHI:3307 gpfl loss of pathogenicity

PHI:777 MGG_00883 loss of pathogenicity

PHI:5232 MoARG1 loss of pathogenicity

PHI:2035* Moatgl loss of pathogenicity

PHI:2070* Moatg?2 loss of pathogenicity

PHI:2071 Moatg3 loss of pathogenicity

PHI:2182 Moatg4 loss of pathogenicity

PHI:2078 Moatgl0 loss of pathogenicity

PHI:7117 MoGSK1 loss of pathogenicity

PHI:9494 MoGT?2 loss of pathogenicity

PHI:3161 Mohik5 loss of pathogenicity

PHI:3975 Mollv2 loss of pathogenicity

PHI:8928 MoSCAD?2 loss of pathogenicity

PHI:3174 MoSip2 loss of pathogenicity

PHI:3175 MoSnf4 loss of pathogenicity

PHI:2180 MoTea4 loss of pathogenicity

PHI:4736 MoYpt7 loss of pathogenicity

PHI:113 MPS1 loss of pathogenicity

PHI:417 MST7 loss of pathogenicity

PHI:2050 OMO!I loss of pathogenicity

PHI:56 PMKI loss of pathogenicity

PHI:120 PTH? loss of pathogenicity

PHI:4492* RanBP loss of pathogenicity

PHI:2002* TIGI loss of pathogenicity

PHI:2115 AnnA7 loss of pathogenicity, reduced virulence
PHI:2142 MoAPI loss of pathogenicity, reduced virulence
PHI:2122 MoHox8, MST12 loss of pathogenicity, reduced virulence
PHI:2200 MoSLNI loss of pathogenicity, reduced virulence
PHI:2044 MoSOM1 loss of pathogenicity, unaffected pathogenicity
PHI:132* ABCI reduced virulence

71



PHI:6607
PHI:519
PHI:2116*
PHI:3309*
PHI:2017
PHI:35
PHI:3315*
PHI:2167*
PHI:256
PHI:3816*
PHI:305
PHI:9356
PHI:81
PHI:83
PHI:2034
PHI:805
PHI:888
PHI:873
PHI:795*
PHI:799*
PHI:881
PHI:2996
PHI:807
PHI:819
PHI:790
PHI:883
PHI:800*
PHI:5083
PHI:3014
PHI:8039
PHI:2940*
PHI:6928
PHI:2158
PHI:6780
PHI:6634
PHI:7223
PHI:7112
PHI:5047
PHI:2189
PHI:7149
PHI:2128

ARRDCI
CHM1

CHS7

cnf2

CoM1
CON7

conx1

EXP5

GAS1

GSNI

ICLI

leud

MACI
MAGB
MFPI1

MGG 00124
MGG 01707
MGG 02443
MGG 03451
MGG 03530
MGG 04556
MGG 06507
MGG 06951
MGG _07061
MGG 07259
MGG 08560
MGG 13324
MoAcat2
MoANDI1
Moaosl
MoARK1
MoBRE1
MoCMK1
MoCreC
MoDnml
Moend3
MOoERRI1
MoFisl
MoGIS?2
Moglo3
MoHox1

reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence
reduced virulence

reduced virulence
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PHI:2133*
PHI:2130
PHI:2134
PHI:5188
PHI:8695
PHI:5189
PHI:3234
PHI:7793
PHI:8754
PHI:7134
PHI:4616
PHI:2405
PHI:5366
PHI:8041
PHI:4112*
PHI:7385
PHI:5041%*
PHI:860
PHI:404
PHI:9290
PHI:2154
PHI:8752
PHI:8049
PHI:2117
PHI:7194*
PHI:1017
PHI:2113*
PHI:2188
PHI:776
PHI:3316
PHI:2994
PHI:2983
PHI:9199*
PHI:9032
PHI:3701
PHI:2183
PHI:5601
PHI:5603
PHI:5607
PHI:5609*
PHI:5612

MoHox3
MoHox4
MoHox5
MoHPX1
Molmd4
MoLDS1
MoLYS20
Momyo?2
MoPerl
MoRab5B
MoSFAI
MoSSK1
MoSyn8
Moubc9
MoVELB
MoVpsl7
MoYAKI
MSPI
PTHII
RAM1
RBP35
RHO2
Sizl
SPM1
WISH
ABCH4
Kin4
MoMCM1
Mstul
GCCI
FZCl4
FZC34
MoCKbl1
Mocrnl
PacC
CPXB
FZCl11
FZCI13
FZCl6
FZC18
FZC20

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence

reduced virulence, loss of pathogenicity
reduced virulence, loss of pathogenicity
reduced virulence, loss of pathogenicity
reduced virulence, loss of pathogenicity
reduced virulence, unaffected pathogenicity
reduced virulence, unaffected pathogenicity
reduced virulence, unaffected pathogenicity
reduced virulence, unaffected pathogenicity
reduced virulence, unaffected pathogenicity
reduced virulence, unaffected pathogenicity
unaffected pathogenicity

unaffected pathogenicity

unaffected pathogenicity

unaffected pathogenicity

unaffected pathogenicity

unaffected pathogenicity
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PHI:5618*
PHI:5621
PHI:5622
PHI:5625
PHI:5631
PHI:5632
PHI:5634
PHI:5635
PHI:5638
PHI:5640
PHI:5643
PHI:5651
PHI:5656*
PHI:5657*
PHI:5662*
PHI:5664
PHI:5672
PHI:5673*
PHI:5676
PHI:5681
PHI:5686*
PHI:5690
PHI:5692
PHI:4056
PHI:2488
PHI:2103
PHI:6613
PHI:2978*
PHI:6638
PHI:7113
PHI:5591
PHI:5666
PHI:3062
PHI:3063
PHI:3065*
PHI:3066
PHI:2197
PHI:2199
PHI:3039*
PHI:4110
PHI:7322%*

FZC26
Fzc27
FzZC28
FZC31
FZC36
FzC37
FZC39
FZC40
FzZC41
FZC43
FzZC46
FZC54
FZC58
FZC59
FZC62
FZC64
FZC69
FZC70
FZC73
FzC77
FZC82
FZC85
FzC87
Ldpl
Manl
MGG _08710
Mocapni4
MoCell24
Modnm?2
MoERR?2
MoNIT4
MoPRO1
MoRga2
MoRga3
MoRga5
MoRgab6
MoRgs6
MoRgs8
MoSPA2
MoVOSA
PEBP2

unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
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PHI:2185*
PHI:2027
PHI:2028*
PHI:2029
PHI:5610
PHI:7228
PHI:2032
PHI:568
PHI:2138

PHI:2201

PHI:2105
PHI:7724*
PHI:9259*
PHI:6612

PICI
TGLI-1
TGLI-2
TGL2
TRAI
trel
VTLI
XYL2
SGAI

MopdeL

Ca?* permease
cpk2

MoBIR1
Mocapn9

unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity
unaffected pathogenicity

unaffected pathogenicity, loss of pathogenicity

unaffected pathogenicity, loss of pathogenicity,

reduced virulence
unaffected pathogenicity, reduced virulence

unaffected pathogenicity, reduced virulence
unaffected pathogenicity, reduced virulence

unaffected pathogenicity, reduced virulence

*Found in Swiching AS genes
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Table 10. PHI-base assigned Switching AS genes

Gene Name Alias Phenotype
maker-scaffold000011-augustus-gene-18.11-mRNA-1 COS1 increased virulence (hypervirulence)
maker-scaffold000002-augustus-gene-28.131-mRNA-1 RanBP loss of pathogenicity
maker-scaffold000011-augustus-gene-14.80-mRNA-1 SEPI loss of pathogenicity
maker-scaffold000094-augustus-gene-12.5-mRNA-1 Moatgl loss of pathogenicity
maker-scaffold000094-augustus-gene-24.88-mRNA-1 TiG1 loss of pathogenicity
maker-scaffold000095-augustus-gene-3.145-mRNA-1 Moatg?2 loss of pathogenicity
maker-scaffold000095-augustus-gene-4.9-mRNA-1 ASD4 loss of pathogenicity
augustus-scaffold000032-processed-gene-11.58-mRNA-1 conxl reduced virulence
augustus-scaffold000061-processed-gene-17.88-mRNA-1 MGG 03451 reduced virulence
maker-scaffold000060-augustus-gene-8.98-mRNA-1 MoHox3 reduced virulence
maker-scaffold000060-snap-gene-13.200-mRNA-1 MoVELB reduced virulence
maker-scaffold000061-snap-gene-16.66-mRNA-1 MGG _03530 reduced virulence
maker-scaffold000062-augustus-gene-5.77-mRNA-1 MoARK] reduced virulence
maker-scaffold000093-snap-gene-17.53-mRNA-1 cnf2 reduced virulence
maker-scaffold000094-augustus-gene-0.108-mRNA-1 ABCI reduced virulence
maker-scaffold000094-augustus-gene-12.18-mRNA-1 MoYAK1 reduced virulence
snap-scaffold000077-processed-gene-12.249-mRNA-1 MGG_13324 reduced virulence
maker-scaffold000064-augustus-gene-1.175-mRNA-1 WISH reduced virulence
maker-scaffold000095-augustus-gene-5.2-mRNA-1 CHS7 reduced virulence
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maker-scaffold000095-snap-gene-11.72-mRNA-1 EXPS5 reduced virulence

snap-scaffold000032-processed-gene-4.80-mRNA-1 GSNI reduced virulence
augustus-scaffold000097-processed-gene-15.117-mRNA-1 Kin4 reduced virulence, loss of pathogenicity
augustus-scaffold000002-processed-gene-28.58-mRNA-1 MoCKbl1 reduced virulence, unaffected pathogenicity
maker-scaffold000002-snap-gene-44.15-mRNA-1 FzC62 unaffected pathogenicity
maker-scaffold00003 1-augustus-gene-35.144-mRNA-1 MoRga5 unaffected pathogenicity
maker-scaffold000032-augustus-gene-12.12-mRNA-1 FZC82 unaffected pathogenicity
maker-scaffold000060-augustus-gene-10.65-mRNA-1 PICI unaffected pathogenicity
maker-scaffold000061-augustus-gene-6.80-mRNA-1 FzZC26 unaffected pathogenicity
maker-scaffold000061-augustus-gene-9.9-mRNA-1 MoSPA2 unaffected pathogenicity
maker-scaffold000063-augustus-gene-11.91-mRNA-1 FZC18 unaffected pathogenicity
maker-scaffold000077-snap-gene-8.115-mRNA-1 FZC58 unaffected pathogenicity
maker-scaffold000096-augustus-gene-5.107-mRNA-1 MoCell24 unaffected pathogenicity
maker-scaffold000098-snap-gene-0.131-mRNA-1 FZC59 unaffected pathogenicity
augustus-scaffold000110-processed-gene-3.202-mRNA-1 PEBP?2 unaffected pathogenicity
maker-scaffold000002-augustus-gene-25.5-mRNA-1 TGLI-2 unaffected pathogenicity
maker-scaffold000062-augustus-gene-27.130-mRNA-1 FZC73 unaffected pathogenicity
maker-scaffold000062-augustus-gene-19.134-mRNA-1 MoBIR1 unaffected pathogenicity, reduced virulence
maker-scaffold000093-augustus-gene-11.4-mRNA-1 cpk2 unaffected pathogenicity, reduced virulence
maker-scaffold000002-augustus-gene-5.88-mRNA-1 Mocapn9 unaffected pathogenicity, reduced virulence

KJ201 genome annotation has been deposited in CFGP(http://cfgp.riceblast.snu.ac.kr/main.php)
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Figure 13. Expression patterns of alternatively spliced kinase genes

(A) The heatmap shows the expression patterns of AS isoforms produced by kinase-
encoding genes. The rows are clustered by the Pearson correlation method, and Z-
score normalization was applied to illustrate the expression levels across all stages.
(B) The number of isoforms produced by each kinase-encoding gene is highlighted
using relative color density. Switching AS isoforms include the isoforms with

relative abundance > 0.5 and solely expressed during one or more infection stages.
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Figure 14. Expression patterns of alternatively spliced TF genes

(A) The heatmap shows the expression patterns of AS isoforms produced by TF-
encoding genes. The rows are clustered by the Pearson correlation method, and Z-
score normalization was applied to illustrate the expression levels across all stages.
(B) The number of isoforms produced by each TF-encoding gene is highlighted using
relative color density. Switching AS isoforms include the isoforms with relative

abundance > 0.5 and solely expressed during one or more infection stages.
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IV. Intron retention is the most common type of AS in M.

oryzae

The number of isoforms produced from 2,413 AS genes ranged from one to ten,
with 1,365 genes expressing one novel isoform and 1,048 genes expressing more
than one novel isoform (Table 11). These genes showed multiple isoforms with
differential expression patterns (Figure 15). Intron retention (IR) was the
predominant type under all conditions (Figure 16). Alternative donor (A3SS),
alternative acceptor (ASSS), and exon skipping (ES) were also observed. We
compared intron splicing sites between annotated mRNAs and their isoforms to
determine variation in their splicing sites. The pattern of AS in other fungal species
showed the same order of type. Moreover, the order of type is preserved in the plant
kingdom, whereas exon skipping is predominant in AS type of human (Figure 17).
In annotated mRNAs, 6,362 introns have conserved di-nucleotides (GT|AG) at their
splicing sites, and only two introns have alternative splicing sites (GC|AG) (Figure
18). In contrast, 269 introns had alternative splicing sites (GC|AG) among the

isoforms.
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Table 11. Distribution of novel isoform transcripts of M. oryzae

No. of novel isoforms

Number of genes
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(=]
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1
5
6
9
19
57
97
244

610
1,365
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Figure 15. Example of AS type in the variable gene and pathogenicity genes

Occurrence patterns of four types of AS, including intron retention (IR), exon
skipping (ES), alternative 3’ splice site (A3SS), and alternative 5’ splice site (ASSS)
existing in one gene (MGG_00789TO0). Illustration of two ATG genes depicts the AS
type of functionally studied genes. The red box represents the annotated isoforms.
The grey box represents identified novel transcripts in this study. The heatmap
represents the expression patterns of AS isoforms, and Z-score normalization was

applied to represent the expression levels across all stages.
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Figure 17. Distribution of different types of AS in the other organisms

Simplified diagram of four major isoform structures: Intron retention (IR), exon
skipping (ES), alternative 3’ splice site (A3SS), and alternative 5’ splice site (A5SS).
The relative abundance of AS patterns in four major internal events of AS in M.

oryzae and the average proportion of other species from previous studies
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V. AS-mediated changes in protein domain structure

We evaluated the protein-coding ability of individual AS isoforms using two
methods, including coding potential and Premature Termination Codon (PTC)
(Figure 19A). The coding potential was used to remove potentially non-coding
transcripts. Among the 4,270 isoforms examined, 3,926 (91.9%) have the protein-
coding potential. Some mRNAs produced via AS are unlikely to be translated
because of NMD. Among the isoforms with coding potential, 2,344 isoforms had
PTC. Whereas 71.6% of IR generated PTC, less than 60% of the other splicing
patterns (exon skipping, alternative 3’ or 5’ splice site) created PTC (Figure 19B). A
GO analysis based on the presence (PTC+) or absence (PTC-) of PTC showed
distinct patterns. The PTC+ group contained five enriched terms, whereas 18
enriched terms were predicted in the PTC- group (Table 12). The remaining 1,582
isoforms did not have PTC, suggesting their translation (Table 13). These transcripts
were contained more Kozak sequence, which was nucleic acid motif that functions
as the protein translation initiation site in eukaryotic mRNA transcripts (Figure 20).
Among the merged ab initio protein predictions, 1,220 (77%) isoforms were
translated without PFAM domain change. However, 368 (22%) isoforms were
predicted to encode proteins with altered PFAM domain(s) (Figure 19C) and could
be categorized into multiple types. The most frequent one was the loss of domain(s)
(263 isoforms). Domain copy variation (52 isoforms), gaining a domain (44

isoforms), and domain alteration (3 isoforms) were also observed (Figure 19C).
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Figure 19. Domain transition patterns among the translated isoforms

(A) Filtration pipeline to remove non-translated isoforms and isoforms with low
coding potential (B) Distribution patterns of NMD candidates (PTC+) in four major
isoform types: Intron retention (IR), exon skipping (ES), alternative 3’ splice site
(A3SS), and alternative 5’ splice site (AS5SS). (C) The pie graphs show the
distribution patterns of domain transition patterns among translated AS transcripts of

M. oryzae
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Table 12. Distribution of gene ontology (GO) in PTC+ and PTC- genes

GO ID No. of genes P-value Function Isoform type
GO0:0140110 45 <0.001 transcription regulator activity* PTC-
G0:0003700 42 0.001 DNA-binding transcription factor activity™* PTC-
GO0:0009058 142 0.001 biosynthetic process PTC-
G0:0009889 52 0.001 regulation of biosynthetic process PTC-
G0:0019222 55 0.002 regulation of metabolic process PTC-
G0:0080090 53 0.002 regulation of primary metabolic process PTC-
GO:0051171 53 0.002 regulation of nitrogen compound metabolic process PTC-
G0:0060255 55 0.002 regulation of macromolecule metabolic process PTC-
G0:0031323 52 0.003 regulation of cellular metabolic process PTC-
G0:0000981 32 0.004 DNA-binding transcription factor activity, RNA polymerase II-specific* PTC-
GO0:1901576 132 0.004 organic substance biosynthetic process PTC-
G0:0044249 131 0.004 cellular biosynthetic process PTC-
G0:0065007 74 0.015 biological regulation PTC-
GO0:0050789 69 0.015 regulation of biological process PTC-
GO0:0034641 148 0.018 cellular nitrogen compound metabolic process PTC-
GO:0019637 29 0.019 organophosphate metabolic process PTC-
G0:0050794 66 0.02 regulation of cellular process PTC-
G0:0006139 116 0.044 nucleobase-containing compound metabolic process PTC-
G0:0009058 226 <0.001 biosynthetic process PTC+
G0:0009987 419 0.006 cellular process PTC+
G0:0044237 353 0.022 cellular metabolic process PTC+
GO:0051179 156 0.045 localization PTC+
GO:0051234 153 0.046 establishment of localization PTC+

Asterisk represents GO of molecular function
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Table 13. Statistics of domain distribution of two different ab initio translation method

Domain changed

Ab initio Statistics  No domain Domain upstream D . D .
translation unchanged ~ uORF Domain altered ~ Domain appeared _oomam omain copy
disappeared variation
Isoform
Same start  number 304 934 0 3 44 250 47
codon ORF 5,;‘;"0“1"“ 19.22%  59.04%  0.00% 0.19% 2.78% 15.80% 2.97%
0
Isoform
The longest ~ number 252 803 313 3 33 131 47
ORF Proportion 5 g3, 50.76% 19.79% 0.19% 2.09% 8.28% 2.97%
(%)
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Figure 20. Sequence contexts of Kozak sequences

The sequence LOGO diagrams show the probability of base composition for
sequence contexts of Kozak sequence (5 bp upstream and 1 bp downstream from the
start codon). (A) sequence contexts of start codon region in the annotated gene model
(B) sequence contexts of start codon in total isoforms (C) sequence contexts of start

codon in subset of isoforms which removed PTC+ isoforms.
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VI. Structural changes caused by AS among secreted proteins

Pathogenic fungi secrete some proteins as virulence factors. We assessed whether
AS affects the production of any secreted proteins. The genome of KJ201 contains
1,340 genes predicted to encode secreted proteins. Among 168 genes that produced
AS isoforms, 71 genes (42.3%) did not have PTC. The ability of secretion for 44
proteins seems to be affected by AS (Figure 21A), with 43 isoforms being predicted
to produce proteins without the signal peptide and one gaining the signal peptide.
Additionally, proteins produced from 23 isoforms were predicted to gain a
transmembrane motif without any change in their signal peptide. We also identified
that 28 genes encoding small secreted proteins, candidate effectors, produce AS

isoforms. They were expressed at specific stages of infection (Figure 21B).
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Figure 21. Predicted modifications of secreted proteins due to AS

(A) Three types of changes that potentially affect protein secretion. Two types, the
loss of signal peptide (SP) and the gain of transmembrane motifs (TM), are expected
to disrupt protein secretion. The gain of SP was also observed. (B) The expression

pattern of AS isoforms of secreted protein-coding genes.
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VII. Validation of the production and translation of some AS

isoforms

We used RNA samples from mycelia and infected rice leaves (3 dpi and 6 dpi)
to validate the production of predicted mRNA isoforms. Both annotated and isoforms
were detected for six out of 10 genes tested (Figure 22). RT-PCR confirmed intron
retention in the isoforms of five genes (orthologs of MGG 07681T0,
MGG 11426T0, MGG 01368T0, MGG 011132T0, and MGG _08019T0) and exon
skipping in one gene (MGG_17060T0). We also conducted a label-free quantitative
mass spectrometry to validate the translation of some isoforms. We identified the
proteins encoded by 266 genes in the proteome data. Most of the proteins were
produced from annotated transcripts, but 24 proteins were translated from isoforms

(Table 14).
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Figure 22. Validation of the transcripts produced via AS and resulting

structural changes

AS of randomly selected genes was validated using RT-PCR. The samples analyzed

are mycelia and rice leaves collected at 3 days post-inoculation (dpi) and 6 dpi.

Genomic DNA was used as the control. The structural differences between the

annotated form (grey) and isoform (orange) are shown. The red boxes indicate the

amplified regions of DNA and cDNA.
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Table 14. Detected protein list of label-free quantitative proteome analysis

# of detected proteins

RNA-dependent RNA polymerase
UAA transporter family
Oxysterol-binding protein

Function
Annotation  Isoform
- 1 Uncharacterized
- 1 HECT-like Ubiquitin-conjugating enzyme (E2)
- 1 Chitin recognition protein
1 1 Uncharacterized
- 1 Tyrosinase 65
1 2 Ras family
- 1 Ras family
- 1 U6 snRNA phosphodiesterase
- 1 Uncharacterized
- 1 Uncharacterized
- 1 Uncharacterized
- 1 Uncharacterized
- 1 Ribosome-associated complex
- 1 G-protein alpha subunit 14
- 1 Uncharacterized
- 1 Ubiquitin system component Cue
- 1 Peroxidase
1 1 Helicase
1 1 Histidyl-tRNA synthetase
1 1 Tetrahydrofolate dehydrogenase
1
2
3
3

Calreticulin/calnexin

96



DISCUSSION

AS occurs widely in eukaryotes and expands the transcriptomic and proteomic
diversity without increasing the number of genes. AS in plants is known to get
involved in regulating disease resistance (Yang et al., 2014). Fungal transcriptome
can also be diversified via AS during host invasion (Sieber et al., 2018). In this study,
we performed comprehensive profiling of mRNAs generated via AS in the rice blast
fungus to investigate if and how AS operates during plant infection. Instead of using
70-15, a widely employed laboratory strain, we used a field strain KJ201 to analyze
the type and production pattern of AS isoforms. The RNA-seq data used in this study
are highly enriched with fungal reads compared to the transcriptome data derived
from plants infected with other M. oryzae isolates, enabling us to dissect AS profiles
at multiple stages of infection in depth.

A previous study based on sequencing of Expressed Sequence Tags (ESTs) found
AS isoforms in M. oryzae (Ebbole et al., 2004, Kim et al., 2010). However, because
only a very limited number of transcripts were sequenced, this analysis could not
fully reveal the global patterns of AS. We used high-depth RNA-seq data (Table 5)
and a two-step AS profiling pipeline (Figure 4) to identify more AS isoforms
accurately. Compared to recent studies on AS in other fungi (Burkhardt et al., 2015;
Xia et al., 2017; Ibrahim et al., 2020), our analysis involved AS profiling at multiple
time-points during infection. Because AS is known to be regulated by environmental
conditions (Johnson and Vilardell, 2012), it is critical to analyze transcripts produced
under diverse conditions to reveal the full spectrum of AS and resulting products.

Our analysis identified 4,270 novel isoforms derived from 2,413 genes in M. orzyae
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KJ201. Moreover, 87.3% of the annotated gene model transcript was confirmed by
expression in AS repertoire. Among them, 696 isoforms transcribed from 499 genes
were only produced during infection (Figure 5).

Plants undergo AS during pathogen and symbiotic microbes interactions (Rigo
et al., 2019). Plant AS repertoire is known to be reprogrammed by fungal and
oomyecete infections (Huang et al., 2017), suggesting that both plants and pathogens
respond to each other via AS. During infection, the extent of AS appears to increase,
and the production of AS isoforms is regulated differentially depending on infection
stage (Figure 7). The low depth of reads corresponding to M. oryzae transcripts
during the biotrophic stage (27 and 36 hpi) likely caused the underestimation of the
extent of AS (Liu et al., 2013). Detection of more genes subjected to AS during this
stage than those undergoing during the vegetative stage suggested more active AS
during infection (Figure 11B). During the biotrophic stage, molecular interactions
occur between rice and M. oryzae. Since the outcome of such interactions determines
whether infection can progress or not, the AS repertoire diversification in M. oryzae
may modulate its adaptability by increasing the complexity of both transcriptome
and proteome.

To assess the potential role of AS during infection and identify pathogenesis-
associated genes regulated via AS, we queried PHI-base (Urban et al., 2020) using
the identified genes subjected to AS. The genes for two autophagy-related proteins
and four oxidative stress regulators in M. oryzae were identified to undergo AS. The
anti-oxidation defense mechanism in M. oryzae is known to confer tolerance to host
oxidative burst (Samalova et al., 2014). Autophagy is another adaptation strategy to

low nutrient availability during the early stage of infection (Deng and Naqvi, 2019).
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These findings suggest that the function of stress regulators could be modulated via
AS. Moreover, the genes subjected to AS are enriched with TFs and phospho-
transferases (Figure 11C, Table 7). The human pathogen Candida albicans utilizes
TFs and kinases (one of the most well-characterized groups of phospho-transferases)
to manage stresses and environmental adaptation (Brown et al., 2014). Considering
the well-established role of TFs and phospho-transferases in regulating infection
processes (Turra et al., 2014), the observed regulation of their transcription via AS
also supports the role of AS in managing stresses in hosts.

AS is regulated by regulatory factors such as SR proteins and trans-acting
hnRNP proteins (Chen and Manley, 2009), and the complexity of AS has been
proposed to correlate with the number of these regulatory factors (Busch and Hertel,
2012). Relative to seven genes encoding SR proteins in M. oryzae, Saccharomyces
cerevisiae has only one gene, and Schizosaccharomyces pombe carries two
(Grutzmann et al., 2014). These regulatory factors are known to function in tissue
and stress-specific manners (Duque, 2011). For example, two Fusarium
graminearum SR proteins, FgSrpl and FgSrp2, modulate AS at different stages of
growth. FgSrpl is involved in infection, whereas FgSrp2 is only involved in
vegetative growth. (Zhang et al., 2017; Zhang et al., 2020) The genes encoding
splicing regulatory factors of M. oryzae were also differently expressed at the
vegetative and infection stages (Figure 7B), which is consistent with the distinct AS
patterns observed (Figure 9).

The dominant AS mechanism in M. oryzayzaesaaye was intron retention (IR),
and exon skipping did not occur frequently throughout all stages analyzed (Figure

15). This pattern has also been observed in other fungi and plants (Janbon et al., 2014;
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Gonzalez-Hilarion et al., 2016). IR prevalently produces mRNAs containing PTC in
plants (Chaudhary et al., 2019). IR generates nonsense isoforms harboring premature
terminal codons (PTC+) subjected to NMD pathway or nuclear sequestration (Syed
et al., 2012; Chaudhary et al., 2019). Three-fourth of the isoforms generated via IR
contained PTC, and the proportion of PTC containing isoforms produced via other
types of AS was less than that of IR (Figure 19B). The genes generating NMD-
sensitive AS isoforms perform diverse functions in plants (Drechsel et al., 2013).
The predicted functions of the genes producing isoforms harboring PTC were only
enriched in localization, whereas the genes producing isoforms without PTC perform
more diversified biological functions (Table 12).

AS isoforms are known to cause NMD or increase the proteome complexity.
Production of alternative proteins created via AS was observed in Lachancea
kluyveri and P. cubensis (Savory et al., 2012; Marshall et al., 2013). We found that
24 proteins were translated from the isoforms using a label-free quantitative mass
spectrometry analysis, confirming the production of heterogeneous proteins from a
single gene. Our in silico analysis of the domains of predicted proteins (Figure 19C)
indicated that functional changes might occur due to AS, suggesting that protein
complexity may increase during host infection.

During infection, secreted proteins play diverse critical roles, including the
regulation and modification of host-associated environments and processes (Rep,
2005). The signal peptide and transmembrane motifs affect the secretion of
individual proteins. Their modification via AS could alter their secretion, serving as
one of the regulatory mechanisms for their function. This type of alteration of a small

secreted protein by AS was previously reported in cucurbit downy mildew fungus P,
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cubensis (Savory et al., 2012). In M. oryzae, 28 small secreted protein-encoding
genes generated isoforms, including the gene encoding the well-known effector
BAS3 (Mosquera et al., 2009). The alteration of protein secretion via AS suggests
the involvement of AS in modulating effector secretion during infection.

In summary, our study revealed the temporal patterns of AS while M. oryzae
infects rice. Functional analyses of the infection stage-specific AS isoforms and their
products will advance our understating of how M. oryzae regulates the production of

various factors to infect rice.
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