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ABSTRACT

Genome-wide long non-coding RNAs
and their interaction with small RNAs
In Magnaporthe oryzae

Gobong Choi
Interdisciplinary Program in Agricultural Genomics
The Graduate School

Seoul National University

Transcription occurs in the protein-coding regions as well as the regions where any
protein-coding sequence is absent. Although these non-coding RNAs lack coding
potential, they play roles in transcriptional, post-transcriptional, translational, and post-
translational regulation by controlling protein-coding genes. Non-coding RNAS,
which are longer than 200 nucleotides, are considered as long non-coding RNAs
(IncRNAs). As the sequencing technology has advanced, a repertoire of INCRNA
transcriptomes has been accumulated and the functional characterization of each
INcRNA has been performed. LncRNAs have been reported to participate in the
development, responses to abiotic stresses, and host-microbe interaction. However,
their role in plant fungal pathogens was poorly understood due to the limited range of
studied species. In this study, we profiled IncRNAs of the rice blast fungus,

Magnaporthe oryzae, during disease development to decipher the role of IncRNAs in
i



response to the host. We identified IncRNAs and analyzed their genomic feature and
expression pattern to understand their properties, which could be related to their
functions. Moreover, specifically expressed INcRNAs in infection stages and their
target genes were identified to investigate functional InNcRNAs. The analysis of target
gene functions suggests that these INCRNAs play roles in pathogenesis such as cell wall
degradation and evasion of host immunity. LncRNAs could function solely or in
cooperation with small RNAs (SRNAs). LncRNAs generally interact with SRNAs in
three ways. LncRNAs could be precursors of SRNAs, be regulated by sRNAs, and
regulate SRNA activity. However, their interaction is not well understood in fungi.
We profiled IncRNAs and sSRNAs in the defect of SRNA biogenesis machinery genes
to unravel their interaction in M. oryzae. We selected sSRNAs processed by RNA
interference machinery to filter out the debris. The analysis of genes targeted by non-
coding RNAs suggests that two classes of non-coding RNAs be involved in different
biological processes depending on the type of interaction. This study provides a
repertoire of non-coding RNAs and a foundation for functional studies to elucidate
their biological roles. This comprehensive study helps to understand the crosstalk
between two classes of non-coding RNAs and suggests that hon-coding RNAs can
be key regulators in biological processes including pathogenesis. Taken together, this

work shed light on the complex regulatory network in plant pathogenic fungi.

Keywords: Magnaporthe oryzae, host infection, long non-coding RNA, small non-

coding RNA, rice blast disease



Student number: 2015-21805



CONTENTS

page
AB ST RACT it e e nen i
CONTENTS oottt et e et e et e st e e teesraeenneenseas iv
LISTOF TABLES ..o Vi
LISTOF FIGURES ... oottt vii
CHAPTER 1. Long non-coding RNA in fungi
AB ST RA CT e 2
INTRODUCTION oo e et rae s 3
I. LncRNA profiling in fUNgi .....ccoooviiie e 5
I1. Biological roles of INCRNAS in fuNgi ........cocoeiiiiiiiiee e 9
PERSPECTIVE ..ot 14
LITERATURE CITED ..ciiiiiiiiii ittt 15

CHAPTER I1. Genome-wide profiling of long non-coding RNA of the rice blast

fungus Magnaporthe oryzae during infection

ABSTRACT ittt ns 27
INTRODUCTION oottt e e nneaneas 28
MATERIALS AND METHODS

I. RNA extraction and strand-specific SEqUENCING ........cccccevvvvveeriiiiieeriiiiieeennine 31
I1. Collection of in planta RNA-seq data ..........cccccecveevieeiiie e 31
1. Transcriptome assembBly ......ccooiiiiiiii i 32
IV. LNCRNA identifiCation .........ccooiiiiiiiieiieiiiese e 32
V. LNncRNA conservation analysis .........ccccccieiiiiiiiiiiiic e 35

VI. Assessment of stage specificity and prediction of stage-specific IncRNAs ... 35
iv

2



VII. Target gene prediCtion  ........cooviiieiiiiieei e 36

VIII. Validation of INCRNA transcript production ..........ccccccevveiiiiieniieniieniens 37
RESULTS

I. Genome-wide identification of INCRNAS in M. 0ryzae ..........cccccoovvvvenicnnnne 39
I1. Genomic features of M. oryzae INCRNAS .......ccceiiiiiienieiee e 43
I11. Expression of INCRNA transcripts during infection ............cccccoovviieiieninne 46
IV. Prediction of stage-specifically expressed INCRNA .........ccooviiiiiiiiiiiiinens 50
V. Verification of INCRNA production ...........cccceeieiiiiiiiiieiieceec e 57
DISCUSSION ..ttt sttt 60
LITERATURE CITED oottt 63

CHAPTER I11. Comprehensive genome-wide analysis of non-coding RNAs
reveals functions of INCRNA-sRNA crosstalk in the rice blast fungus

Magnaporthe oryzae

ABSTRACT ittt ettt es 72
INTRODUCTION .ottt sneas 73
MATERIALS AND METHODS

I. Collection of RNA-seq and SRNA-seq data .........ccccccvveeviveeiieeeiiee e 76
1. RNA-Seq data analySiS ........cccoviiiiieiiiieiiec st 76
1. SRNA-5eq data analySiS .......cccccciviiiiiieiiie i 77
IV. Target gene prediction and analysis .........cccccvivieiiiiiiie e 78
RESULTS

I. Identification of INcRNAs and Dicer-dependent SRNAS .......ccccccoeeviiveeineennne, 79
I1. Identification of small RNAs originating from INCRNAS ..........ccccooiveiiieenen. 84
I11. Identification of SRNAs regulating INCRNA eXpression ..........ccccovvvvevivveennne. 89
IV. Construction of a INCRNA-SRNA-MRNA NetWOrk .........cccceevvvviivniiiniiniiens 92
DISCUSSION ..ottt et e e eneenneane e 94
LITERATURE CITED ....oiiiiiiiee ettt 97
ABSTRACT (IN KOMBAN) .vvvieiiciiieiesiiir e s siire e e s sttre e e s sire e e e snaee e e s snnne e e e nneeeeenes 104

\



LIST OF TABLES

CHAPTER I
page
Table 1. Genome-wide INcRNA profiling of in fungi ........cccccoeviiiiiiiiciiiee, 8
Table 2. Molecular functional characterization of fungal INCRNA ...................... 12
CHAPTER 11
Table 1. The primers used in this STUAY .......cooviiiiiiiiii e 38
Table 2. Classification of INCRNAS in M. OryZae ........cccccovviiiieiiiniiiiieiie s 41
Table 3. Number of stage-specifically expressed INCRNAS ........cccocovviiiiinninnne 49
Table 4. Enriched GO terms of infection stage-specifically expressed INCRNA
TAFQEL GBINES .vviiiiiiiiie ettt 52
Table 5. Enriched GO terms of mycelia-specifically expressed INCRNA target genes
............................................................................................................ 53
Table 6. Target genes of infection specifically-expressed INcRNAs matched to
0enes from PHI-DASE ......cceoiiiiiiiii e 54

Table 7. Contingency table of pathogenesis-related genes matched to PHI-base 56

CHAPTER 111

Table 1. Classification of IncRNAs under RNAi-machinery deficiency in M. oryzae

............................................................................................................. 83

Table 2. Classification of INCRNAs which are SRNA precursors ...........cceveewee. 85

Table 3. Protein-coding genes targeted by sRNAs originating from INcRNAs ... 86

Table 4. Target genes of SRNAs and INCRNAs in PHI-base .........ccccoevveeiiinnn. 87

Table 5. Target genes of INcCRNAs regulated by SRNAS .......coovveiviiiiiiiiiieen, 91
Vi



LIST OF FIGURES

CHAPTER I

page
Figure 1. Coding potential model in filamentous fungi .........cccccovvviieiiciiennnn, 34
Figure 2. Schematic pipeline for identification of IncRNAs in M. oryzae .......... 40

Figure 3. Venn diagram showing the number of IncRNAs expressed among stages

Figure 4. Genomic features of M. oryzae INCRNAS ........ccoovviiiiiiniieieieee, 44

Figure 5. Conservation of IncRNAs among Magnaporthales species and N. crassa

........................................................................................................... 45
Figure 6. LncRNA expression level and pattern ...........ccccoovviienienieniennennns 47
Figure 7. Infection stage-specific INCRNASs and their target genes ..................... 48
Figure 8. Validation of INCRNA production ............ccccoevveviiiiiiie e, 58

CHAPTER 111

Figure 1. Schematic pipeline for identifying INCRNAs and associated SRNAs under
RNAI machinery-deficient conditions in M. oryzae ............cccccoevvenee. 80

Figure 2. Pattern of IncRNA expression in the wild-type and Dicer-deleted mutant

Figure 3. Characteristics of M. oryzae Dicer-dependent AGO-enriched sSRNAs . 82

Figure 4. Functional enrichment analysis of protein-coding genes targeted by non-
COAING RNAS .ot et 88

Figure 5. Pathogenesis-related IncRNA-sRNA-mRNA co-expression network .. 93

vii



CHAPTER I

Long non-coding RNA in fungi



ABSTRACT

Even though non-coding RNAs are not translated into proteins, they participate in
diverse biological processes by regulating protein-coding genes at the transcriptional
and post-transcriptional levels. These non-coding RNAs comprise small non-coding
RNAs (SRNAs) and long non-coding RNAS (IncRNAs). LncRNASs, which are longer
than 200 nucleotides, and have been less well studied than SRNAs, which include
microRNAs, small interfering RNAs, and piwi-interacting RNAs. This review
focuses on fungal IncRNAs, specifically their role in development and stress
responses, based on molecular and functional characterizations. Novel areas of
research of the crosstalks between IncRNAs and sRNAs in regulating gene

expression are also proposed.



INTRODUCTION

Non-canonical transcripts lack the structure of protein-coding genes but account
for a considerable part of the genome in both eukaryotes and prokaryotes (Clark et
al., 2011; Wade and Grainger, 2014). These pervasive transcripts are heterogeneous
and include long non-coding RNAs (IncRNAs) and small non-coding RNAs (SRNAS)
(Laurent et al., 2015; Ma et al., 2013). LncRNAs are longer than 200 nucleotides,
often have a 5’ end cap and a poly(A) tail, and undergo splicing events similar to
MRNAs (Nojima and Proudfoot, 2022). However, they differ from mRNAs by their
smaller size, lower expression levels, and lower sequence conservation (Quinn and
Chang, 2016). LncRNAs are classified as sense, antisense, intergenic, and intronic
IncRNAs depending on their genomic context (Laurent et al., 2015; Ma et al., 2013;
Ponting et al., 2009). They can also be categorized as cis-acting and trans-acting
IncRNAs, based on their distance to regulated genes (Gil and Ulitsky, 2020).

Following the discovery of H19, the number of functionally characterized
IncRNAs has steadily increased (Brannan et al., 1990). LncRNAs have been shown
to modulate chromatin regulation, scaffolding, transcriptional regulation, and post-
transcriptional regulation (Statello et al., 2021). In mammals, they are involved in
cell differentiation, disease processes, and the immune response (Chen et al., 2017;
Fatica and Bozzoni, 2014; HobuR et al., 2019), and they have been explored as
biomarkers and therapeutic targets (Dhuri et al., 2020; Wang et al., 2017). In plants,
IncRNAs participate in development and pathogen resistance (Zaynab et al., 2018;

Zhang and Chen, 2013).



Advances in high-throughput sequencing (HTS) have increased the number of
available fungal transcriptomes, but studies of profiling and characterizing INcRNAs
in fungi have thus far been limited to yeast. In this review, we examine the genome-
wide profiling of IncRNAs in fungi, including yeasts, saprotrophs, animal pathogens,
and plant pathogens, and summarize the findings from molecular studies that have

led to functional characterizations of IncRNAs.



I. LncRNA profiling in fungi

As a first step in studying the role of IncRNAs, their identification is essential.
Northern blotting and reverse-transcription polymerase chain reaction are used to
detect both INcRNAs and mRNAs (Brannan et al., 1990; Furuno et al., 2006), but
these methods have limitations in terms of quantitative transcriptome analyses.
Earlier, INcRNAs were profiled on a genomic scale using expressed sequenced tags
and microarrays (Gupta et al., 2010; Jia et al., 2010). However, neither method is
appropriate for analyzing trends under different biological conditions, due to
limitations in the number of identified INcRNAs. With the introduction of HTS
technology, RNA sequencing has enabled the identification of novel IncRNAs and
the evaluation of their expression (Wang et al., 2009).

LncRNAs are expressed at low levels because they are targeted by RNA
surveillance (Nair et al., 2020). In yeast, the deletion of the exosome subunit Rrp6
enabled the detection of cryptic unstable transcripts. Cryptic unstable transcripts are
degraded in the nucleus (Wyers et al., 2005), in contrast to Xrnl-sensitive unstable
transcripts (XUTs) and stable unannotated transcripts (SUTSs), which are processed
in the cytoplasm (Garneau et al., 2007). XUTs accumulate in the absence of the 5'—
3" exonuclease Xrnl (Van Dijk et al., 2011), whereas SUTs are less affected by the
deletion of RNA surveillance components and are processed by cytoplasmic
exosomes (Xu et al., 2009). Nrd1-unterminated transcripts have been observed in
mutants lacking the RNA-binding factor Nrd1, which is related to early termination
of transcription (Schulz et al., 2013). Recently, Dicer-sensitive unstable transcripts

were detected under deficiency of RNase 1l Dicer (Atkinson et al., 2018).



Saprotrophic fungi

Many species of fungi obtain nutrients from non-living material and play essential
roles in ecosystems as decomposers (Boddy and Hiscox, 2016). Genome-wide
IncRNA profiling has been used to investigate the INCRNA transcriptome in these
saprotrophic fungi. In Neurospora crassa, a model fungus for the study of circadian
rhythms, light induces the expression of INCRNAs (Arthanari et al., 2014; Cemel et
al., 2017). In the medicinal mushroom Taiwanofungus camphoratus, INCRNAs are
differentially expressed during asexual and sexual development (Chen et al., 2022).
Differentially expressed IncRNAs were also detected in the fruiting body stage of
two mushroom-forming fungi, Pterula gracilis and Pleurotus ostreatus (Merényi et
al., 2022). In the wood-decaying fungi Coniophora puteana and Serpula lacrymans,
IncRNAs differentially expressed in response to organic matter extracts were shown

to be related to proteolysis and carbohydrate metabolism (Borgognone et al., 2019).

Pathogenic fungi

Disease-causing fungi extract nutrients from living or dead hosts (Barelli et al.,
2016; Rai and Agarkar, 2016; Rokas, 2022). Profiling studies suggest that INCRNAs
reflect the fungal lifestyle. Studies of human pathogenic fungi have largely focused
on members of the genus Candida (Table 1). LncRNAs include those specifically
expressed and co-expressed with pathogenicity genes, but across the pathogenic
species Candida albicans, C. tropicalis, C. parapsilosis, C. auris, and C. glabrata,
they are poorly conserved (Hovhannisyan and Gabaldén, 2021). The dynamics of
INcRNAs have been characterized under infection-relevant conditions in

Cryptococcus neoformans (Kalem and Panepinto, 2022). LncRNAs differentially
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expressed during sexual or asexual development were also detected in three insect
pathogens (Conidiobolus obscurus, Cordyceps militaris, and Metarhizium robertsii)
(Wang et al., 2019a; Wang et al., 2019b; Ye et al., 2021).

Fungi are the causal agents of economically important plant diseases
(Doehlemann et al., 2017). In three smut fungi (Ustilago maydis, Ustilago hordei,
and Sporisorium reilianum), the detection of conserved INCRNAs has been reported
(Donaldson et al., 2017; Donaldson and Saville, 2013). Profiling of InNcRNAs during
the sexual development of Fusarium graminearum revealed XUTs (Kim et al., 2018).
The modulated expression of INcRNAs as a regulator of protein-coding genes during
disease development was described in Magnaporthe oryzae (Choi et al., 2022; Li et
al., 2021). In Ustilaginoidea virens, a role for IncRNAs in transport-related

regulation during infection was proposed (Tang et al., 2021).



Table 1. Genome-wide profiling of fungal INcRNA

Species Life style Host Condition Reference
. . Arthanari et al., 2014;
N. crassa Saprotroph - Vegetative growth, light, temperature stress Cemel et al., 2017
T. Camphoratus Saprotroph - Mycelia, arthrospore Chen et al., 2022
P. gracilis Saprotroph - Developmental stages Merényi et al., 2021
P. ostreatus Saprotroph - Developmental stages Merényi et al., 2021
C. puteana Saprotroph - Mycelia, nutrient stress Borgognone et al., 2019
S. lacrymans Saprotroph - Mycelia, nutrient stress Borgognone et al., 2019
C. albicans Pathogen Human Infection, heat, PH, nutrient, drug stress Hovhannisyan et al., 2021
C. auris Pathogen Human Infection, drug stress Hovhannisyan et al., 2021
C. glabrata Pathogen Human Infection, nutrient, PH stress Hovhannisyan et al., 2021
C. parapsilosis Pathogen Human Infection, nutrient, temperature, oxidative stress Hovhannisyan et al., 2021
C. tropicalis Pathogen Human Infection, nutrient, PH, drug, ultrasound stress Hovhannisyan et al., 2021
C. neoformans Pathogen Human Nutrient, temperature stress Kalem et al., 2022
C. obscurus Pathogen Insect Mycelia Ye et al., 2021
C. militaris Pathogen Insect Sexual and asexual development Wang et al., 2019a
M. robertsii Pathogen Insect Conidial germination, heat stress Wang et al., 2019b
F. graminearum Pathogen Wheat, corn Sexual development Kim et al., 2018
. . . . Li et al., 2021;

M. oryzae Pathogen Rice Infection, vegetative growth, conidia Choi et al.. 2022
S. reilianum Pathogen Maize, sorghum  Haploid mycelia, dikaryon mycelia, teliospore Donaldson et al., 2017

. . . . . . . Donaldson et al., 2013;
U. maydis Pathogen Maize Haploid mycelia, dikaryon mycelia, teliospore Donaldson et al. 2017
U. hordei Pathogen Barley, oat Haploid mycelia, dikaryon mycelia, teliospore Donaldson et al., 2017
U. virens Pathogen Rice Infection Tang et al., 2021

S— |



I1. Biological functions of IncRNAs in fungi

Although thousands of fungal IncRNAs have been identified by genome-wide
profiling, only a few have been functionally characterized (Table 2). Those studies
showed that InNcRNAs are involved in diverse biological processes, including cell
differentiation, nutrient metabolism, and stress response. Specific biological

processes such as host infection have been examined.

Fungal growth and differentiation

Cell—cell adhesion is a prerequisite for tissue formation (Alberts, 2017). In
Saccharomyces cerevisiae, the FLO11 gene, encoding a cell wall glycoprotein, is
regulated by two IncRNAs: ICR1 and PWR1 (Bumgarner et al., 2009). The INCRNAs
IRT1, RME2, and RME3 control the expression of IME1l, IME4, and ZIP2,
respectively, which are involved in meiosis (Gelfand et al., 2011; Hongay et al., 2006;
Van Werven et al., 2012). The pHO IncRNA induces nucleosome repositioning and
influences the transcription of HO endonuclease, required for mating-type
interconversion (Yu et al., 2016). The antisense INCRNA SUT169 controls the relative
expression of SPS100 mRNA isoforms, which are responsible for sporulation
(Bunina et al., 2017). The antisense INcRNA ADF1 suppresses the expression of
MDF1 to influence vegetative growth (Li et al., 2010). In Schizosaccharomyces
pombe, meiRNAs localize at the sme2 locus and bind Mmil to promote meiosis
(Shichino et al., 2014). In C. neoformans, the IncRNA RZE1 controls the transcript

level of ZNF2, which regulates yeast-to-hyphal transition.



Metabolisms and nutrition

In S. cerevisiae, two IncRNAs, GAL4 and GAL10, participate in galactose
metabolism, by regulating the transcription of the GAL gene cluster, which is induced
in the absence of glucose and in the presence of galactose (Geisler et al., 2012;
Houseley et al., 2008). In S. pombe, mlonRNAs are induced in the absence of glucose
and remodel chromatin structure to promote the expression of the fbpl gene (Hirota
et al., 2008). In both S. cerevisiae and S. pombe, IncRNAs play a role in controlling
phosphate metabolism (Ard et al., 2014; Camblong et al., 2007; Chatterjee et al.,
2016; Garg et al., 2018; Shah et al., 2014; Uhler et al., 2007). In S. cerevisiae,
nitrogen starvation induces the expression of ncASP3 and facilitates access to ASP3
via histone modifications (Huang et al., 2010). The IncRNA SRG1, induced under
serine-rich conditions, suppresses the expression of the SER3 gene, involved in
serine biosynthesis (Martens et al., 2005). Beyond yeast species, INCRNAs were
shown to regulate carotenoid biosynthesis and cellulose metabolism in Fusarium
species and Trichoderma reesei, respectively (Parra-Rivero et al., 2020; Till et al.,

2020; Till et al., 2018).

Responses to abiotic stresses

In S. cerevisiae, antisense INCRNAs of the CDC28 gene interact with the stress-
responsive protein kinase Hogl during osmotic stress to enable access of chromatin
remodelers to CDC28 and in turn activate its expression (Nadal-Ribelles et al., 2014).
In S. pombe, the IncRNA SPNCRNA.1164 regulates the expression of the
transcription factor atfl in response to oxidative stress (Leong et al., 2014). In N.

crassa, the antisense IncRNA grf negatively regulates the circadian clock gene frq

10 :
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via chromatin modifications (Kramer et al., 2003). In U. virens, the antisense
IncRNAs UvIncNAT-MFS and UvMFS form an RNA duplex that regulates vegetative
growth, conidiation, and the response to osmotic and oxidative stresses (Tang et al.,

2021).

Pathogenicity

IncRspl and GzmetE-AS, two IncCRNAs present in F. graminearum, which is the
causal agent of fusarium head blight, participate in sexual reproduction and host
infection (Wang et al., 2022; Wang et al., 2021). In the absence of IncRspl, the
virulence of the mutants is decreased due to their reduced ability to discharge
ascospores. IncRspl together with the adjacent sugar transporter gene Fgspl
negatively regulates the deoxynivalenol biosynthesis genes TRI4, TRI5, TRI6, and
TRI13. Similarly, the antisense INCRNA GzmetE-AS negatively regulates the HOA-
encoding gene GzmetE, required for vegetative growth, asexual and sexual
reproduction, and pathogenesis. In the common corn smut fungus U. maydis,
deletion of the IncRNA ncRNA1 and of the antisense transcript of um02151 affects
virulence, although the underlying mode of action is unknown (Donaldson and

Saville, 2013; Morrison et al., 2012).

11



Table 2. Molecular functional characterization of fungal IncRNA

Species LncRNA Target gene Condition Reference
ICR1 FLO11 Cell-cell adhesion Bumgarner et al., 2009
PWR1 ICR1 (FLO11) Cell-cell adhesion Bumgarner et al., 2009
GAL10 IncRNA GAL10, GAL1 Galactose utilization Houseley et al., 2008
GAL4 IncRNA GAL4 Galactose utilization Geisler et al., 2012
pHO-IncRNA HO genes g/la'.ung type Interconversion Yu et al., 2016

uring cell cycle re-entry

IRT1 IME1 Meiosis van Werven et al., 2012

S. cerevisiae RME2 IME4 Meiosis Hongay et al., 2006

' RME3 ZIP2 Meiosis Gelfand et al., 2011
ncASP3 ASP3 Nitrogen starvation Huang et al., 2010
as-CDC28 CDC28 Osmostress Nadal-Ribelles et al., 2014
as-PHO5 PHO5 Phosphate metabolism Uhler et al., 2007
as-PHO84 PHO84 Phosphate metabolism Camblong et al., 2007
SRG1 SER3 Serine biosynthesis Martens et al., 2004
SUT169 SPS100 Sporulation Bunina et al. 2017
ADF1 MDF1 Vegetative growth Li et al.,, 2010
mlonRNA fbpl Glucose starvation Hirota et al., 2008
meiRNA-S and L sme2 Meiosis Shichino et al., 2014
SPNCRNA.1164 atfl Oxidative stress Leong et al., 2014

S. pombe nc-tgpl tgpl Phosphate metabolism Ard et al., 2014

. Chatterjee et al., 2016;

prt / nc-phol phol Phosphate metabolism Shah et al., 2014
prt2 pho84 Phosphate metabolism Garg et al., 2018

C. neoformans RZE1 ZNF2 Yeast-to-hyphal transition Chacko et al., 2015

F. graminearum GzmetE-AS GzmetE Asexual ar!d se>_<ua| reproduction, Wang et al., 2021

and plant infection
F. graminearum IncRsp1 Deoxynivalenol Sexual reproduction Wang et al., 2022

biosynthesis genes

and plant infection

12
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carP
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HAX1

ncRNA1
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UvineNAT-MFS

CarS
frg

Cellulase genes

UVMFS

Carotenoid biosynthesis
Circadian rhythm
Cellulose metabolism

Pathogenic development
Pathogenic development
Conidiation, growth and
various stress response

Parra-Rivero et al., 2020

Kramer et al., 2003

Till et al., 2018;

Till et al., 2020

Morrison et al., 2012
Donaldson and Saville, 2013

Tang et al., 2021
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PERSPECTIVE

LncRNAs participate in biological processes by regulating protein-coding genes.
However, functional characterizations by in silico comparative analyses based on
comparisons of primary sequences have been limited, due to the low sequence
conservation level and insufficient transcriptome databases. Advanced HTS
technology has improved genome and transcriptome information both quantitatively
and qualitatively, which has led to more accurate gene models, by the inclusion of
all full-length transcript isoforms. In silico comparative analyses that incorporate
secondary/tertiary structures and genomic contexts from various species will allow
more accurate predictions of IncRNA function. However, this approach has been
applied far less often in fungi than in animals and plants. Its broader application in
fungi will provide a larger repertoire of fungal transcriptomes.

Crosstalks between IncRNAs and sRNAs have been investigated in animals and
plants (Ulitsky, 2018; Zhou et al., 2020), but due to the absence of RNA interference
(RNAI) machinery in budding yeast, few such studies have been conducted in fungi
(Drinnenberg et al., 2009). The IncRNAs of fission yeasts were recently profiled
under RNAI machinery deficiency (Atkinson et al., 2018; Szachnowski et al., 2019).
Investigations of the crosstalks among ncRNAs in fungi will fill many of the
knowledge gaps regarding gene regulatory networks and their functions under
diverse conditions. A better understanding of the biological roles of IncRNAs in
fungi will have many practical applications, including in industry, medicine, and

agriculture.
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ABSTRACT

Long non-coding RNAs (IncRNAs) play essential roles in developmental
processes and disease development at the transcriptional and post-transcriptional
levels across diverse taxa. However, only few studies have profiled fungal IncRNAs
in a genome-wide manner during host infection. Infection-associated INcRNAs were
identified using INcRNA profiling over six stages of host infection (e.g., vegetative
growth, pre-penetration, biotrophic, and necrotrophic stages) in the model
pathogenic fungus, Magnaporthe oryzae. We identified 2,601 novel IncRNAs,
including 1,286 antisense INcRNAs and 980 intergenic IncRNAs. Among the
identified IncRNAs, 755 were expressed in a stage-specific manner and 560 were
infection-specifically expressed INcRNAs (ISELs). To decipher the potential roles of
IncRNAs during infection, we identified 365 protein-coding genes that were
associated with 214 ISELs. Analysis of the predicted functions of these associated
genes suggested that INcRNAs regulate pathogenesis-related genes, including
xylanases and effectors. The ISELs and their associated genes provide a
comprehensive view of IncRNAs during fungal pathogen-plant interactions. This
study expands new insights into the role of IncRNAs in the rice blast fungus, as well

as other plant pathogenic fungi.
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INTRODUCTION

Genomes encode large numbers of non-coding transcripts, which function in gene
regulation (Clark et al., 2011; Kapranov et al., 2007; Wade and Grainger, 2014).
Non-coding RNAs longer than 200 nucleotides are considered long non-coding
RNAs (IncRNAs), in contrast to small non-coding RNAs, such as microRNAs and
small interfering RNAs (Ma et al., 2013; Mercer et al., 2009). Based on their
genomic positions and contexts within protein-coding genes, INcCRNAs are
categorized as intergenic INCRNAs, antisense INCRNAs, sense INcRNAs, and intronic
IncRNAs (Laurent et al., 2015; Ma et al., 2013; Ponting et al., 2009). LncRNAs can
also be classified as cis-acting INCRNAs, which regulate target genes at adjacent
regions, and trans-acting IncRNAs, which function at independent chromosomal loci
(Gil and Ulitsky, 2020). LncRNAs modulate the transcriptome through multiple
dimensions, including epigenetic, transcriptional, post-transcriptional, translational,
and post-translational levels (Zhang et al., 2019).

Following the discovery of H19 in humans and Xist in mice, many more INCRNAs
have been functionally characterized (Brannan et al., 1990; Brockdorff et al., 1992).
Several studies have reported that mammalian IncRNAs are associated with cell
differentiation and disease process; they also serve as biomarkers for cancer
diagnoses (Jalali et al., 2012; Li et al., 2016; Wang et al., 2017). Plant IncRNAs,
such as COLDAIR and GhIncNAT-ANX2, have roles in development and in defense
against pathogens (Zaynab et al., 2018; Zhang and Chen, 2013).

Functional analysis of INcRNAs in fungi has mainly been carried out in the yeast
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species, Saccharomyces cerevisiae and Schizosaccharomyces pombe. Yeast
InNcRNAs modulate vegetative growth, sexual reproduction, cell-cell adhesion, and
phosphate regulation (Li et al., 2021; Till et al., 2018a). LncRNAs also regulate the
circadian clock (grf) and cellulase genes (HAX1) in the saprotrophic fungi
Neurospora crassa and Trichoderma reesei, respectively (Kramer et al., 2003; Till
et al., 2020; Till et al., 2018b). LncRNA RZEL1 regulates zinc finger transcription
factor ZNF2 and affects the yeast-to-hypha transition in the human pathogenic
fungus Cryptococcus neoformans (Chacko et al., 2015). LncRNAs have also been
reported to play roles in vegetative growth (ncRNAL), metabolic processes (carP),
asexual/sexual reproduction (GzmetE-AS), and pathogenicity (as-um02151) in plant
pathogenic fungi (Donaldson and Saville, 2013; Morrison et al., 2012; Parra-Rivero
et al., 2020; Wang et al., 2021). While genome-wide profiling of IncRNAs has been
performed in some fungi during vegetative growth and sexual development, the
profiling of InNcRNAs associated with the infection process of plant pathogenic fungi
is generally incomplete and has only been studied in the rice smut fungus
Ustilaginoidea virens (Arthanari et al., 2014; Donaldson et al., 2017; Kim et al.,
2018; Tang et al., 2021).

Rice blast disease is caused by the filamentous fungus Magnaporthe oryzae,
which is responsible for an annual yield loss of 10 — 30% (Skamnioti and Gurr, 2009).
In addition to its economic importance, this fungus has served as a model of host—
pathogen interactions (Dean et al., 2012). M. oryzae undergoes morphological and
functional transitions during vegetative growth, appressorium formation, the
biotrophic stage, and the necrotrophic stage during the infection process (Fernandez

and Orth, 2018). Following the completion of whole genome sequencing of this
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fungus, transcriptome profiling was performed to understand gene regulation during
the infection process (Dean et al., 2005; Dong et al., 2015; Jeon et al., 2020;
Kawahara et al., 2012). However, functional and genome-wide IncRNA
investigations have not been performed in M. oryzae.

Here, we report the genome-wide identification of IncRNAs during specific stages
of infection, including vegetative growth, pre-penetration, the biotrophic stage, and
the necrotrophic stage. We identified infection-specifically expressed IncRNAs
(ISELs), predicted the target genes using two different methods, and predicted the
functions of ISEL-associated genes. This study expands the transcriptome-level
knowledge of M. oryzae, from protein-coding genes to long non-coding transcripts;
it also provides a novel foundation for understanding the role of non-coding RNAs

in host—pathogen interactions.
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MATERIALS AND METHODS

I. RNA extraction and strand-specific sequencing

M. oryzae strain KJ201 was obtained from the Center for Fungal Genetic
Resources at Seoul National University (Seoul, Korea). Fungal mycelia were
cultured with shaking (150 rpm) in a liquid complete medium (0.6% yeast extract,
0.6% tryptone, and 1% sucrose [w/v]) at 25 °C for 3 days. Total RNA was extracted
using an Easy-spin total RNA extraction kit (iNtRON Biotechnology, Seoul, Korea),
in accordance with the manufacturer’s instructions. Strand-specific cDNA synthesis
with NEXTflex Rapid Directional mMRNA-seq Kit (Bioo Scientific, Austin, TX, USA)
and sequencing were performed at the National Instrumentation Center for
Environmental Management at Seoul National University (Seoul, Korea). Shotgun
sequencing was used to generate 75.3 million paired-end 151-bp reads using an

Illumina HiSeq 2500.

I1. Collection of in planta RNA-seq data

Six M. oryzae KJ201 RNA-seq libraries, including different infection stages of
rice sheath, were used to identify IncRNA during mycelial growth and disease
development (SRA accession no. SRX5076910- SRX5076915) (Jeon et al., 2020).
The RNA-seq data contained paired-end 101-bp reads and included the following
stages: vegetative mycelia, pre-penetration stage (18 hpi), biotrophic stage (27 and

36 hpi), and necrotrophic stage (45 and 72 hpi). These stages included appressorium
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formation (pre-penetration, 18 hpi), penetration and development of primary
invasive hyphae (biotrophic stage, 27 hpi), development and growth of invasive
hyphae (biotrophic stage, 36 hpi), active growth of invasive hyphae into neighboring
host cells (necrotrophic stage, 45 hpi), and extensive proliferation and killing of host

cells (necrotrophic stage, 72 hpi).

I11. Transcriptome assembly

Raw reads were processed to remove low-quality reads and trim adapter sequences
using NGS QC Toolkit v2.3.3 (Patel and Jain, 2012). The resulting reads were
mapped against the M. oryzae reference genome (MG8, Ensembl annotation 29)
using HISAT2 v2.0.4 (Dean et al., 2012; Kim et al., 2015). The transcriptome was
assembled using the genome-guided method of StringTie v1.3.3 with de novo
annotation (Pertea et al., 2015). Transcriptome assembly proceeded through two
steps. In the first step, the strand-specific RNA-seq data was used. Then, in planta
RNA-seq data and the updated transcriptome annotation from the first step were used
in the second step. We used fragments per kilobase of transcript per million mapped
read pairs (FPKM) as the expression value. If the expression value for a transcript
was <1 FPKM at all stages, the transcript was considered to be predicted, but not

detected. Detected transcripts were used for subsequent analysis.

V. LncRNA identification

We used an established computational pipeline to identify INcRNAs. Transcripts

whose spliced sequences are shorter than 200 nucleotides were first filtered out. The
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assembled transcripts were then compared with protein-coding genes and
categorized using Gffcompare (Pertea et al., 2016). We regarded antisense
transcripts (class code “x”), sense transcripts (class codes “j” and “0”), intronic

7332
1

transcripts (class code “i”), and intergenic transcripts (class codes “u” and “p”) as
novel transcripts. Known non-coding RNAs (tRNAs, rRNAs, snRNAs, and
snoRNAs) were removed using Infernal v1.1.1 based on Rfam database release 14.0
(Kalvari et al., 2018; Nawrocki and Eddy, 2013). The coding potentials of transcripts
were assessed using CPAT v.1.2.2 (Wang et al., 2013). To maximize IncRNA
detection, training was performed using transcript sequences of F. graminearum and
the coding potential cutoff was set to 0.54 (Figure 1). Transcripts with coding

potential below the cutoff were included; transcripts containing any known Pfam

domain were removed using InterProScan version 5.29-68.0 (Jones et al., 2014).
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Figure 1. Coding potential model in filamentous fungi. Performance evaluation
of non-coding transcript prediction. Two-graph receiver operating characteristic
analysis was performed to determine an optimal CPAT cutoff value for non-coding
transcript calls. The dashed curves represent 10-fold cross-validation, while solid
curves represent the mean curve from 10 validation runs. Sensitivity measures the
proportion of positives that are correctly identified. Specificity measures the

proportion of negatives that are correctly identified.
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V. LncRNA conservation analysis

The 2,601 M. oryzae IncRNAs identified in this study were BLAST searched
against known IncRNAs downloaded from RNAcentral with an E-value cutoff of 1e-
5 (Consortium, 2021). The level of conservation between M. oryzae IncRNAs and
other Magnaporthales species was assessed by BLAST searching predicted M.
oryzae IncRNAs and annotated mMRNAs against the genomes of eight
Magnaporthales species (Magnaporthe grisea, Gaeumannomyces graminis,
Magnaporthe poae, Magnaporthiopsis rhizophila, Magnaporthiopsis incrustans,
Magnaporthe salvinii, Ophioceras dolichostomum, Pseudohalonectria lignicola), as
well as Neurospora crassa as an outgroup, with an E-value cutoff of le-5. The
genomes of M. grisea, G. graminis, M. poae, and N. crassa were obtained from the
Comparative Fungal Genomics Platform (http://cfgp.riceblast.snu.ac.kr) (Choi et al.,
2013). The genomes of M. rhizophila, M. incrustans, M. salvinii, O. dolichostomum,
and P. lignicola were downloaded from the National Center for Biotechnology

Information (Zhang et al., 2018).

V1. Assessment of stage specificity and prediction of stage-

specific INCRNAs

The stage specificities of transcripts were determined using the tissue specificity
index as described previously (Yanai et al., 2005).

X (1-%) Xi
— ;xl —
n—1 max X;
1<isn

where n is the number of stages and x; is the expression level at stage i. The index
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varies from 0 (consistently expressed transcripts) to 1 (perfectly stage-specific
transcripts).

Stage-specific INcRNAs were selected based on the following criteria: Tau > 0.8
and (FPKM of stage with the highest expression)/(FPKM of stage with the second
highest expression) > 2. LncRNAs with expression during the first and second peaks
of the biotrophic stages were considered biotrophic stage-specific INCRNAS;
IncRNAs with expression during both the first and second peaks of the necrotrophic

stages were considered necrotrophic stage-specific INCRNAs.

VII. Target gene prediction

Protein-coding genes co-expressed with INCRNAs were identified using Pearson
correlation coefficients, which were calculated between each mMRNA-IncRNA pair
based on expression values. Genes with an absolute value of coefficient > 0.9 were
considered to be co-expressed. For these genes, possible target genes for cis- or trans-
regulation were predicted using two independent criteria. For cis-target gene
prediction, genes within a 10-kb window upstream or downstream of the INCRNAs
were considered. For trans-target gene prediction, transcript sequence
complementarity and RNA duplex energy were used to assess the impact of IncRNA
binding on mRNA molecules using RNAplex (parameter: 1e-60) (Tafer and
Hofacker, 2008). Target genes were then subjected to Gene Ontology (GO) term
enrichment analysis at a 5% false discovery rate using Blast2GO and AgriGO v2.0
(Gotz et al., 2008; Tian et al., 2017). Pathogenesis-related genes were identified by

querying target genes against a pathogen-host interactions database (PHI-base)
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(Urban et al., 2020).

VII11. Validation of IncRNA transcript production

The validation of IncRNA production was measured on the basis of InNCRNA
expression during vegetative mycelia and infection stages using strand-specific
reverse transcription PCR (RT-PCR). Rice cultivar Nakdong was grown in a growth
chamber at 28°C and 80% humidity with a 16/8-h light/dark photoperiod. Four-
week-old rice seedlings were inoculated with M. oryzae KJ201 conidial suspension
with 20 x 104 conidia/mL in 250 ppm Tween 20 using a sprayer. The inoculated
plants were incubated for 24 hpi, 48 hpi, and 72 hpi. cDNA was synthesized using
ImProm-II™ Reverse Transcription System (Promega, Madison, WI, USA), in
accordance with the manufacturer’s instructions. For strand-specific reverse
transcription, transcript-specific primers were designed as previously reported (Ho
et al., 2010). Reverse transcription reactions were carried out with 200 ng of total
RNA, 1 pl of 4 pmol/pul of transcript-specific primers, 2 pl of synthesized cDNA,
and 1 pl of 10 pmol/ul nested primers, which were designed to amplify only the
synthesized cDNA. I-star-max Il PCR master mix was added for a total volume per

reaction of 10 pl. Primers used in all RT-PCR experiments are listed in Table 1.
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Table 1. The primers used in this study

Primer Strand Sequence (5' — 3")

MSTRG.1141.1-F forward CAAGAGATGTGATCGGAGCCCG
MSTRG.1141.1-R reverse GAGAAACACCCCCTTCTTACCACAGAC
MSTRG.14182.1-F forward CGGTTAGATTGCGATTTCGAAGAGGG
MSTRG.14182.1-R reverse TTGCGACAAACTACGCAACAGACC
MSTRG.1314.1-F forward TGATGGATCTCGAATTCGGGGTGAC
MSTRG.1314.1-R reverse TCATTTCAACGCCCACTGGCTCTA
MSTRG.1779.3-F forward TAACCCACTGCCGGCAAATCAAG
MSTRG.1779.3-R reverse TAAATAGTCGGCGGGTAGTGTAGGG
MSTRG.7417.5-F forward CCTGGTAAGCATACACGTGCGATG
MSTRG.7417.5-R reverse TAAAACCTGCGGATTATCCCCCCAA
MSTRG.9578.3-F forward TATGTTGTCCCATCATGCCTAAGTGGC
MSTRG.9578.3-R reverse GAGCTGCCAACGTTGTAAACCAGATG
MSTRG.9719.3-F forward CTCCAGACCATAGATTGTCACAGGCA
MSTRG.9719.3-R reverse TTTCACTTACCTCGATAACCTCGCCC
MSTRG.7770.1-F forward CCGACGACTTCTTCGTGGTTTGAAC
MSTRG.7770.1-R reverse GTCGATTCTATTGCAAATCAACCGGTCC
MSTRG.10154.1-F forward GGTGTTGATGATGAACCACCAGGTTG
MSTRG.10154.1-R reverse CTATATCAGATCGCCATGCGAATTGCC
MSTRG.7581.1-F forward GAGCCGGGAATTGTATTGGGCAAAAG
MSTRG.7581.1-R reverse TACCGTAGGGACATCACCAATCCATC
MSTRG.5505.1-F forward CTCCAAGTTACCCAAACCACGAAATGG
MSTRG.5505.1-R reverse CTTGTTTCCATACGAGTTTCTGGCTGC
MSTRG.5588.1-F forward CAGAACGAGATACGAGCCAGTGAC
MSTRG.5588.1-R reverse GGCTTCTAATGTGGGAGGGTTAGATG

MSTRG.980.1-F forward CGACGACGGAACGAGAAACGATTG
MSTRG.980.1-R reverse GCGTGACATTGATGGAAATTTGCCG
Beta-tubulin-F forward ACAACTTCGTCTTCGGTCAG

Beta-tubulin-R reverse GTGATCTGGAAACCCTGGAG
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RESULTS

I. Genome-wide identification of IncRNAs in M. oryzae

RNA-seq data sets from vegetative mycelia, pre-penetration, biotrophic, and
necrotrophic stages were used to identify INCcRNAs during mycelial growth and
disease development in M. oryzae (Jeon et al., 2020). Previously established
pipelines were used to detect IncRNAs with some modifications (Figure 2A)
(Weirick et al., 2016). In total, 436.6 million reads were mapped to the M. oryzae
genome with 27,480 predicted transcripts originating from 16,093 genomic loci
(Figure 2B). Among these transcripts, 23,586 transcripts were detected with an
FPKM >1 in at least one developmental or infection stage and were retained for
further analysis. Novel transcripts (13,978) were identified using Gffcompare
categorization (Pertea and Pertea, 2020); known mRNAs from the Ensembl database
and non-coding RNAs from the Rfam database were removed (Kalvari et al., 2018).
Coding transcripts were filtered out by removing coding potentials of <0.54 and the
remaining transcripts were scanned by InterProScan to remove transcripts carrying
known protein domains. The resulting 2,601 IncRNA candidates were identified with
a majority of antisense INCRNAs (1,286; 49.4%), intergenic INcRNAs (980; 37.7%),
sense INcRNAs (322; 12.4%), and intronic INcRNAs (13; 0.5%) (Table 2, Figure 2C).
Of the identified 2,601 IncRNAs, 1,599 (61.5%) IncRNAs were expressed at all
stages; 2,199, 2,183, 2,025, 2,075, 2,170, and 2,352 IncRNASs were expressed at the
vegetative mycelia, 18 h post-inoculation (hpi), 27 hpi, 36 hpi, 45 hpi, and 72 hpi

stages, respectively (Figure 3).
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Figure 2. Schematic pipeline for identification of INCRNAs in M. oryzae. (A)
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Bioinformatic pipeline for IncRNA identification using RNA-seq data. CPAT,
Coding Potential Assessment Tool. (B) Number of predicted transcripts. (C) Number

of IncRNAs by different classes.
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Table 2. Classification of InCRNAs in M. oryzae

Class of transcripts Number of novel transcripts

Number of IncRNAs

Sense transcript 8,444 322
Antisense transcript 2,636 1,286
Intergenic transcript 2,876 980
Intronic transcript 22 13
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Figure 3. Venn diagram showing the number of INCRNASs expressed among

stages.
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I1. Genomic features of M. oryzae INcCRNAs

Properties such as genomic distribution, exon number, length, and GC ratio of
INcRNAs were investigated by mRNA comparisons. LncRNAs and mRNAs were
differentially distributed across chromosomes (chi-squared test: p=0.01413, test for
equality of proportions: p=5.635¢-09) (Figure 4A); IncRNAs (mean length= 1,584
nt) had shorter full-length transcripts than did mRNAs (mean length=2,108 nt)
(Figure 4B). LncRNAs had fewer exons than did mRNAs (Figure 4C); a greater
proportion of INCRNAs possessed one or two exons, and INcRNAs exhibited a
narrower range of exon numbers. The GC ratio of INCRNA (50.1%) was lower than
the GC ratio of MRNA (55.5%) (Wilcoxon—Mann—Whitney test: p=1.51153e-106)
(Figure 4D).

Conservation of M. oryzae IncRNAs was assessed by comparison to known
IncRNAs from RNAcentral (Consortium, 2021). No significantly conserved InNCRNA
was discovered. We also compared IncRNA and mRNA sequences with genomic
sequences from eight Magnaporthales species, along with N. crassa as an outgroup.
M. oryzae IncRNAs were less conserved than mRNAs in all species; fewer than 10%
of M. oryzae IncRNAs were conserved in most species, with the exception of M.

grisea (Figure 5).
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Figure 5. Conservation of INcRNAs among Magnaporthales species and N.
crassa. Proportion of mRNAs (bluish green) and IncRNAs (brown) identified using
BLASTn and M. oryzae IncRNA sequences against the genome with an e-value
cutoff < 1le-5. M. oryzae, Magnaporthe oryzae; M. grisea, Magnaporthe grisea; G.
gramininis, Gaeumannomyces graminis; M. poae, Magnaporthe poae; M. rhizophila,
Magnaporthiopsis rhizophila; M. incrustans, Magnaporthiopsis incrustans; M.
salvinii, Magnaporthe salvinii; O. dolichostomum, Ophioceras dolichostomum; P.

lignicola, Pseudohalonectria lignicola; N. crassa, Neurospora crassa.
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I11. Expression of IncCRNA transcripts during infection

The expression dynamics of INCRNAs were assessed by generating heatmaps
based on FPKM values from the 9,410 detected mMRNAs and 2,601 IncRNAs (Figure
6A, 6B). Clustered, stage-specific expression patterns were identified for both
MRNAs and IncRNAs. Mean FPKM values indicated that expression levels of
INcRNAs (4.3-7.3) were much lower than expression levels of mMRNAs (35.3-47.1)
at the vegetative stage and all infection stages (Figure 6C). LncRNAs showed the
highest mean expression level at 45 hpi (7.3), whereas mMRNAs showed the highest
mean expression level at 18 hpi (47.1). We found that IncRNAs had higher
expression levels in the infection stages, compared with the vegetative growth stage,
suggesting that IncRNAs have a role in disease development. The evaluation of
specific transcripts involved the assessment of the tissue specificity index t (Tau)
(anai et al., 2005). The larger mean tau value for InNcRNAs indicated that the
expression of IncRNAs (0.69) was more stage-specific than the expression of
mMRNAs (0.56) (Wilcoxon—-Mann—Whitney test: p=1.872375e-14) (Figure 6D).

The specificity of InCcRNA expression was assessed by categorizing 518
constitutive IncRNAs (tau<0.5), 1,328 intermediate IncRNAs (0.5 <tau <0.8), and
755 specific IncRNAs (tau > 0.8) based on the stage specificity index. Of the specific
IncRNAs, 195 mycelia-specifically expressed IncRNAs and 560 ISELs were
detected. LncRNAs identified during infection included 72 IncRNAs at the pre-
penetration stage (18 hpi), 243 IncRNAs at the biotrophic stage (27-36 hpi), and 245

IncRNAs at the necrotrophic stage (45-72 hpi) (Figure 7A, Table 3).
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Figure 6. LncRNA expression level and pattern. (A), (B) Expression heatmaps of
9,410 mRNAs and 2,601 IncRNAs, respectively. Z-score normalization was applied
to FPKM values across stages. (C) Boxplot of mRNA (bluish green) and IncRNA
(red) expression patterns across developmental and infection stages. (D) Density plot
of transcript stage specificity over six stages. t (Tau) is used as a stage specificity
index. The index varies from 0 (consistently expressed transcripts) to 1 (perfectly
stage-specific transcripts). The Wilcoxon—-Mann-Whitney test confirmed a

significant difference in tau distribution between the two groups. *** p < 0.001
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Figure 7. Infection stage-specific INcRNAs and their target genes. (A) Numbers
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and their CAZyme target genes. FPKM values were normalized across conditions
based on Z-scores. Normalizations of mRNAs and IncRNAs were performed
separately. * indicates a functionally characterized xylanase. CAZyme,

Carbohydrate-active enzyme.
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Table 3. Number of stage-specifically expressed INCRNAs

Stage Number of IncRNAs
Mycelia 195
Pre-penetration 72
Biotrophic stage 243
245

Necrotrophic stage
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IV. Prediction of stage-specifically expressed INCRNA

The functional roles of InNcRNAs were predicted by investigating target genes
using two distinct methods. ISELs were the focus of analysis because of their
biological importance during infection. In total, 157 protein-coding genes from 143
ISELs were predicted to be cis-targeted genes based on genomic proximity. Trans-
targeted genes (242) were predicted from 127 ISELs based on sequence
complementarity. Fifty-six ISELs and 34 target genes were found using both
methods, resulting in 214 predicted ISELs and 365 predicted target genes. Biological
functions were inferred by conducting GO term enrichment analysis. The most
enriched GO terms of the target genes groups included “carbohydrate metabolic
process” and “interaction with host” terms (Table 4). The terms “binding" and
“mycelium development" were enriched for the target gene set for mycelia-specific
InNcRNA expression (Table 5).

Forty-eight of the ISEL-target pairs belonged to carbohydrate-active enzyme
(CAZyme) gene families involved in carbohydrate metabolic processes. A positive
correlation was found for the majority of pairs (43 of 48), which had the highest
expression in the necrotrophic stage (Figure 7B). ISEL target genes were queried
against PHI-base to identify pathogenesis-related genes (Urban et al., 2020). As a
result, 23 target genes were matched to the gene set from PHI-base (Table 6). The
proportion of the pathogenesis-related genes from PHI-base was higher in the target
genes of ISELs than those of non-ISELSs (two-proportions z-test: p=0.01085) (Table
7). The majority of these genes were targeted by trans-acting IncRNAs, with one pair

acting through both cis- and trans-regulation. The ISEL-associated genes included 5
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catabolic metabolism-related genes (4 xylanases and MoSNF1), 2 plant avirulence

determinants (MoCDIP4, ACE1), and 1 hydrophobin gene (MPG1).
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Table 4. Enriched GO terms of infection stage-specifically expressed INcCRNA target genes

GO ID Category Description Gene number FDR Source
G0:0030248 MF cellulose binding 9 0.0000123 Blast2GO
GO0:0030247 MF polysaccharide binding 9 0.0000123 Blast2GO
GO0:0016798 MF hydrolase activity, acting on glycosyl bonds 23 0.0000123 Blast2GO
G0:0004553 MF hydrolase activity, hydrolyzing O-glycosyl compounds 23 0.0000123 Blast2GO
GO0:0051701 BP interaction with host 14 0.0001 AgriGO
G0:0052047 BP interaction with other organism 12 0.00016 AgriGO
via secreted substance during symbiotic interaction

GO0:0044046 BP interaction with host via substance released 12 0.00016 AgriGO
outside of symbiont

G0:0052048 BP interaction with host via secreted substance 12 0.00016 AgriGO
during symbiotic interaction

GO0:0052051 BP interaction with host via protein secreted 11 0.00052 AgriGO
by type Il secretion system

GO0:0052211 BP interaction with other organism via protein 11 0.00052 AgriGO

secreted by type Il secretion system during
symbiotic interaction

G0:0030246 MF carbohydrate binding 11 0.00062 Blast2GO
GO0:0005975 BP carbohydrate metabolic process 24 0.0012 Blast2GO
GO0:0051704 BP multi-organism process 16 0.005 AgriGO
G0:0044419 BP interspecies interaction between organisms 14 0.028 AgriGO
G0:0044403 BP symbiosis, encompassing mutualism through parasitism 14 0.028 AgriGO

FDR: false discovery rate; MF: molecular function; BP: biological process
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Table 5. Enriched GO terms of mycelia-specifically expressed INCRNA target genes

GO ID Category Description Gene number FDR Source
G0:0005488 MF binding 127 1.8E-09 Blast2GO
G0:0007275 BP multicellular organismal development 67 2.8E-10 AgriGO
G0:0043581 BP mycelium development 67 2.8E-10 AgriGO
G0:0032502 BP developmental process 72 2.8E-10 AgriGO
G0:0032501 BP multicellular organismal process 67 2.8E-10 AgriGO
G0:0048856 BP anatomical structure development 70 2.8E-10 AgriGO

FDR: false discovery rate; MF: molecular function; BP: biological process
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Table 6. Target genes of infection specifically-expressed IncRNAs matched to genes from PHI-base

ISEL

Mode of action

Target gene

Description

MSTRG.14853.1
MSTRG.8963.1
MSTRG.14634.1
MSTRG.10882.1
MSTRG.5151.2
MSTRG.12783.1
MSTRG.14270.3
MSTRG.1779.3
MSTRG.8913.3
MSTRG.14270.1
MSTRG.14270.2
MSTRG.14853.1
MSTRG.4487.2
MSTRG.4487.3
MSTRG.8648.1
MSTRG.8648.2
MSTRG.8648.1
MSTRG.8648.2
MSTRG.8655.2
MSTRG.14853.1
MSTRG.8407.2
MSTRG.8648.1
MSTRG.8648.2
MSTRG.14853.1
MSTRG.13745.1
MSTRG.2819.1
MSTRG.12783.1
MSTRG.10882.1

Trans
Trans
Trans
Trans
Cis
Trans
Cis/trans
Cis
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Trans
Cis

MoCDIP4

ACE1
MoSNF1
MET12
MoSOM1
MoSSK1
MoCOD1
MoPER1

MGG_08331T0

MGG_08424T0

MPG1

MGG_10730T0
MoLDS1

SSM2
MGG_15019T0
MoRGS4

Plant cell death inducer

Polyketide synthase
AMP-activated protein kinase
Methylenetetrahydrofolate reductase
Transcriptional regulator
Response regulator
Zn,Cysg transcription factor
GPI anchored-related gene

Endo-1,4-beta-xylanase

Endo-1,4-beta-xylanase

Hydrophobin

Na*-ATPase
Animal peroxidase
Non-ribosomal peptide synthetase
Peroxisomal copper amine oxidase
G-protein signaling regulator
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MSTRG.8407.2
MSTRG.13998.6
MSTRG.1930.1
MSTRG.1930.3
MSTRG.8389.1
MSTRG.13915.1
MSTRG.10882.1
MSTRG.14853.1
MSTRG.1930.1
MSTRG.1930.3

Cis
Trans
Trans
Trans

Cis
Trans
Trans
Trans

Trans

Pmcl

MST12

XYL1
XYL-6
FzC87
FzC12

FzC42

Vacuolar membrane-located Ca?* pump

STE-like transcription factor

Endo-1,4-beta-xylanase
Endo-1,4-beta-xylanase
Zn,Cysg transcription factor
Zn,Cysg transcription factor

Zn,Cysg transcription factor
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Table 7. Contingency table of pathogenesis-related genes matched to PHI-base

Target genes Target genes

of ISELs of non-1SELs
Genes matched to PHI-base 23 18
Genes not matched to PHI-base 342 581
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V. Verification of IncRNA production

LncRNA production was verified using RNA samples from vegetative mycelia
and infected rice leaves (Figure 8). The infection process was covered by collecting
rice leaves at 24, 48, and 72 hpi for RNA extraction. Five antisense INcRNAs and 8
intergenic INCRNAs were selected for transcript-specific RT-PCR, which can
distinguish the exact transcript of interest from overlapping transcripts, including
antisense transcripts and alternatively spliced transcripts. All tested INCRNAs were

confirmed to be expressed in either the mycelia or during infection.
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Figure 8. Validation of IncRNA production. Validation of IncRNAs was performed
with strand-specific RT-PCR. Templates were cDNAs synthesized from the RNA of
mycelia, 24 h post-inoculation (hpi), 48 hpi, and 72 hpi on infected rice leaves. *
indicates an antisense INCRNA. # indicates an intergenic IncRNA. g-tubulin gene

was used as a control.
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DISCUSSION

LncRNAs modulate gene expression at the transcriptional and post-
transcriptional levels; they have important roles in various metabolic pathways
throughout eukaryotic species (Marchese et al., 2017). Most IncRNA studies have
been performed in model yeasts, while the functional characterization and profiling
of plant pathogen IncRNAs have been rarely studied (Li et al., 2021; Till et al.,
2018a). Genome-wide profiling of plant pathogen IncRNAs in the disease process
has been performed in the rice smut fungus U. virens (Tang et al., 2021). The lack of
IncRNA studies during disease development limits the understanding of the role of
pathogen IncRNAs during infection. In this study, we performed comprehensive
profiling of INcRNAs over several infection stages and validated their production
(Figure 5). High-throughput sequencing data yielded 437 million mapped reads,
which enabled us to capture non-coding transcripts with low expression levels, as
well as transcripts that were actively expressed. While some IncRNAs without a
poly(A) tail may have been missed because of poly(A)-capturing library preparation,
the impact was presumably minimal because of the large number of INCRNAs
transcribed by RNA polymerase 1l (Quinn and Chang, 2016). Specifically expressed
transcripts at infection stages would also be underrepresented due to low sequencing
depth and ambiguity of strand specificity (Zhao et al., 2015).

M. oryzae IncRNAs had shorter transcript lengths, fewer exons, lower GC ratios,
and temporal-specific expression patterns, suggesting that functional INcRNAs exist
in M. oryzae, because these features were observed in multiple eukaryotic organisms
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(Figure 2, Figure 3) (Quinn and Chang, 2016). Low GC content of IncRNAs would
be related to their temporal-specific expression and low stability. The positive
correlation between the GC content and stability of transcripts was also reported
(Clark et al., 2012). The roles of IncRNAs are presumed to depend on the protein-
coding genes with which they interact. Therefore, the prediction of INcCRNA function
depends on target gene prediction. Functional characterization of IncRNAs has
revealed that both cis- and trans-acting INCRNAs have roles in gene regulation (Till
et al., 2020; Wang et al., 2021). However, previous fungal InCRNA profiling studies
considered only cis-acting INcRNAs (Kim et al., 2018; Tang et al., 2021). Here, we
performed target gene prediction for both cis- and trans-acting IncRNAs; we found
more trans-acting InCRNA target genes than cis-acting INCRNA target genes. This
extended prediction of target genes enabled us to identify a pool of unbiased
IncRNA-associated genes that await further functional characterization of infection-
related INCRNAs.

The mean level of INcCRNA expression increased for all infection stages,
compared with the vegetative growth stage, and a stage-specific pattern was
observed. In this study, tau value was used to identify IncRNAs highly expressed
only in particular infection stages, providing a well-defined stage-specifically
expressed IncRNAs. As expected, we identified more ISELs than mycelia-
specifically expressed IncRNAs. Increased expression levels of INcCRNAs during the
developmental process were also observed in Fusarium graminearum sexual
reproduction and U. virens disease development (Kim et al., 2018; Tang et al., 2021).

Our findings and other observations suggest that IncRNAs have roles in the
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pathogenesis of plant pathogenic fungi.

GO term enrichment analysis revealed that terms related to carbohydrate
metabolism were enriched in ISEL-associated genes in M. oryzae (Additional file 4:
Table S2). In U. virens, transport-related GO terms were enriched during all stages
(Tang et al., 2021). This difference may be relevant to the distinct lifestyles of
biotrophs (U. virens) and hemibiotrophs (M. oryzae), although both species infect
the same host. PHI-based analysis showed that M. oryzae INcRNAs may target genes
encoding CAZymes, including plant cell wall-degrading enzymes (PCWDES)
(Figure 4, Table 2). Notably, PCWDEs play important roles in rice blast disease
progression by helping to overcome the physical barrier complex composed of
cellulose, hemicellulose, pectin, lignin, and xylan (Quoc and Bao Chau, 2017). A
cellulase-regulating IncRNA was reported in the saprophyte T. reesei, where
cellulases are essential for trophism (Till et al., 2018b). Effectors such as ACE1 and
MoCDIP4 were also found in M. oryzae IncRNA-associated genes. Effectors
secreted from the pathogen act as major virulence determinants (Dodds and Rathjen,
2010). Taken together, the findings thus far suggest that IncRNAs function in the
pathogenesis of M. oryzae by regulating associated genes.

In summary, this study reports the first genome-wide IncRNA profile in the model
fungal pathogen, M. oryzae. The profiling of infection-specific IncRNAs and their
associated genes suggests that IncRNA may regulate the infection process. Overall,
this study provides extensive profiling of INcRNAs and the associated gene repertoire;
it also demonstrates the potential roles of InNCRNAs involved in rice blast disease

development.
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CHAPTER Il

Comprehensive genome-wide analysis of non-coding
RNAs reveals functions of INcRNA-sRNA crosstalk in

the rice blast fungus Magnaporthe oryzae

This chapter is in preparation for publication.
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ABSTRACT

The crosstalks between two classes of non-coding RNAs, small non-coding
RNAs (sSRNAs) and long non-coding RNAs (IncRNAs), involve diverse biological
pathways. However, these crosstalks have not been investigated in the context of
plant pathogenic fungi. Therefore, we profiled SRNAs and IncRNAs under Dicer
deficiency and detected 1,022 Dicer-dependent Argonaute (AGO)-enriched SRNAs
from 348 loci in the model fungus Magnaporthe oryzae. We identified 29 SRNA loci
originating from 38 IncRNAs and 100 IncRNAs regulated by SRNAs from 61 SRNA
loci. Functional enrichment analysis showed that different biological pathways were
involved in non-coding RNAs depending on the type of crosstalk between sSRNAs
and IncRNAs. In addition, we constructed a INCRNA-SRNA-mRNA network and
identified pathogenesis-related subnetworks. This study provides a comprehensive

view of non-coding RNAs in the rice blast fungus, as well as plant pathogenic fungi.
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INTRODUCTION

As high-throughput sequencing technology has advanced, the repertoire of
transcripts has expanded (Lowe et al., 2017). A large proportion of these transcripts
have low protein-coding potential (Zhao et al., 2021). Non-coding RNAs are
classified into small non-coding RNAs (SRNAs) and long non-coding RNAs
(IncRNAs), with 200 nucleotides commonly being used as the cutoff length (Laurent
et al., 2015; Ma et al., 2013).

SRNAs are involved in gene regulation in the RNA interference (RNAI) pathway
at the transcriptional and post-transcriptional levels (Hannon, 2002; Wilson and
Doudna, 2013). Dicer cleaves long double-stranded RNA (dsRNA) and hairpin-
structured RNA into short single-stranded RNAs (ssSRNAs). Argonaute (AGO) binds
these ssRNAs for incoporation into the RNA-induced silencing complex (RISC).
RISC functions as a key regulator via mMRNA degradation, translation repression, or
heterochromatin formation.

LncRNAs modulate the transcriptome through multiple pathways, including
epigenetic, transcriptional, post-transcriptional, translational, and post-translational
pathways (Mercer et al., 2009; Ponting et al., 2009). LncRNAs are transcribed by
RNA polymerase II and are often 5’-end capped, spliced, and polyadenylated
(Nojima and Proudfoot, 2022). Although they are transcribed similarly to mRNAs,
they have different characteristics. LncRNAs have shorter lengths, lower expression,
and a lower sequence conservation level than mRNAs (Quinn and Chang, 2016).

They are classified as sense InNCRNAs, antisense INCRNAs, intergenic IncRNAs, or
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intronic INcRNAs depending on their genomic location and context (Laurent et al.,
2015; Ma et al., 2013).

Crosstalks between sRNAs and IncRNAs have categorized into three types. First,
IncRNAs can be precursors for SRNAs. For example, some Dicer-like-1-dependent
SRNAs originate from IncRNAs in Arabidopsis thaliana to regulate the expression
of mMRNAs (Ma et al., 2014). Second, SRNAs regulate the expression of INCRNAs.
CDR1-AS circular RNA is cleaved, and downregulated, by miR-671 (Hansen et al.,
2011). Finally, IncRNAs regulate the activity of sRNAs. In the competing
endogenous RNAs (ceRNASs) hypothesis, INcRNAs compete with other transcripts,
including mRNAs, for SRNA targets (Salmena et al., 2011). For instance, PTENP1
transcribed from a pseudogene of tumor suppressor PTEN has the potential to
stabilize homologous mRNAs through competition (Tay et al., 2011). While several
studies have been conducted on the genome-wide identification and functional
characterization of INcRNAs or sSRNAs in fungi, there is little research on crosstalks
between these two classes of non-coding RNAs (Li et al., 2021a; Torres-Martiez
and Ruiz-Véazquez, 2017). Genome-wide INCRNA profiling was performed of RNAI
machinery gene deletion in two fission yeast species (Schizosaccharomyces pombe,
Naumovozyma castellii), without SRNA analysis (Atkinson et al., 2018;
Szachnowski et al., 2019). In Fusarium graminearum, sRNA-enriched loci
overlapping with IncRNAs were identified and the expression levels of two classes
of non-coding RNAs were correlated during sexual development (Kim et al., 2018).

Magnaporthe oryzae causes rice blast disease, which is responsible for severe
yield losses in cultivated rice worldwide (Nalley et al., 2016; Skamnioti and Gurr,

2009). M. oryzae and rice have been studied as a model of the interactions between
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fungal pathogens and plant hosts (Dean et al., 2012).. SRNA profiling has been
performed under diverse conditions including starvation, infection, and RNAI
machinery deficiency (Lee et al., 2022; Nguyen et al., 2018; Nunes et al., 2011;
Raman et al., 2017; Raman et al., 2013). LncRNA profiling was also performed
during disease development (Choi et al., 2022; Li et al., 2021b). However, an
integrative analysis of the two non-coding RNA classes has not been performed.

In this study, we profiled INcRNAs and sSRNAs in the context of RNAi machinery
gene deficiency in M. oryzae. We identified Dicer-dependent SRNAs and their
associated IncRNAs, performed functional enrichment analysis of their target genes,
and found pathogenesis-related genes. We constructed a ceRNA network based on
RNA-seq and sSRNA-seq to reveal the function of INCRNA-sSRNA-MmRNA crosstalk.
This study provides novel insight into the role of non-coding RNAs in host-pathogen

interactions.
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MATERIALS AND METHODS

I. Collection of RNA-seq and sRNA-seq data

M. oryzae RNA-seq and SRNA-seq data sets of wild-type, Dicer-deleted mutants,
and MoERI-1-deleted mutants were used to identify IncRNAs and sRNAs in the
absence of RNAI machinery genes in M.(BioProject accession no. PRINA856435)
(Leeetal., 2022). The AGO-associated SRNA-seq sets for AGO enrichment analysis
were retrieved from DDBJ Sequence Read Archive (SRA accession no. DRA005932)

(Nguyen et al., 2018).

1. RNA-seq data analysis

Low-quality reads were removed and adapter sequences were trimmed from raw
reads using NGS QC Toolkit v2.3.3 (Patel and Jain, 2012). The resulting reads were
mapped against the M. oryzae 70-15 reference genome (MG8, Ensembl annotation
29) using HISAT2 v2.0.4 (Dean et al., 2005; Kim et al., 2015). The transcriptome
was assembled using the genome-guided method of StringTie v1.3.3 with de novo
annotation (Pertea et al., 2015). We used fragments per kilobase of transcripts per
million mapped reads (FPKM) as the expression index. If the FPKM was < 1 under
all conditions, the transcript was considered to be predicted, but not detected.
Detected transcripts were used in the subsequent analysis.

We used an established computational pipeline to identify IncRNAs (Choi et al.,

2022). First, transcripts whose spliced sequences are shorter than 200 nucleotides
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were filtered out. The assembled transcripts were then compared with protein-coding
genes and categorized using Gffcompare (Pertea and Pertea, 2020). We regarded
antisense transcripts (class code “x”), sense transcripts (class codes “j” and “0”),

I73th
1

intronic transcripts (class code “i”’), and intergenic transcripts (class codes “u” and
“p”) as novel transcripts. Known non-coding RNAs (tRNAs, rRNAs, snRNAs, and
snoRNAs) were removed using Infernal v1.1.1 based on Rfam database release 14.0
(Kalvari et al., 2018; Nawrocki and Eddy, 2013). The coding potentials of transcripts
were assessed using CPAT v1.2.2 (Wang et al., 2013). Transcripts with coding

potential below the cutoff were included; transcripts containing any known Pfam

domain were removed using InterProScan v5.29-68.0 (Jones et al., 2014).

I11. SRNA-seq data analysis

Adapter sequences were removed by Cutadapt v1.8.1 (Martin, 2011). Reads were
filtered by quality and size using Sickle v1.33 (Joshi and Fass, 2011). Processed
reads were mapped to the reference genome of the M. oryzae strain 70-15 (MGS8,
Ensembl annotation 29) using bowtie v1.2.2 (Dean et al., 2005; Langmead et al.,
2009). To compare the different libraries, the coordinates were fixed and SRNA loci
were clustered by ShortStack3 (Johnson et al., 2016). The abundance of each locus
was normalized to reads per kilobase per million reads (RPKM). Dicer-dependent
SRNA loci were defined as follows: RPKM > 1 in at least one condition and fold-
change > 2 in the wild-type compared to the Dicer-deleted mutant. AGO-enriched
sRNAs were selected based on the following criteria: RPKM > 3 in at least one

AGO-binding library and fold-change > 3 compared to the control set.
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IV. Target gene prediction and analysis

Prediction of transcripts targeted by SRNA was performed using psRNATarget
and TargetFinder (Dai et al., 2018; Fahlgren and Carrington, 2010). If a small RNA
was predicted to target the same target transcript by both tools and the Pearson
correlation coefficient was below —0.3, the SRNA-target transcript pair was used in
further analysis. Genes within a 10-kb window upstream or downstream of INcCRNAS
and an absolute value of Pearson correlation coefficient > 0.9 were predicted to be
targeted by IncRNAs. Target genes were then subjected to Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment analysis (5%
false discovery rate) using g:Profiler (Raudvere et al., 2019). Pathogenesis-related
genes were identified by querying target genes against a pathogen-host interactions
database (PHI-base) (Urban et al., 2020). A INCRNA-sSRNA-mMRNA network was

constructed using Cytoscape v3.9.1 (Smoot et al., 2011).
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RESULTS

I. Identification of IncRNAs and Dicer-dependent SRNAS

We used sRNA-seq and RNA-seq data from Dicer-deleted mutants, MoERI-1-
deleted mutants, and wild-type as the control to identify IncRNA-associated SRNAs
(Figure 1A). In total, we predicted 28,335 transcripts, 15,580 of which were
identified as novel transcripts. A total of 2,171 IncRNAs were identified, with the
largest proportion being antisense transcripts (n = 1,001; 46.1%), followed by
intergenic INcRNAs (n = 816; 37.6%) and sense IncRNAs (n = 352; 16.2%) (Table
1). LncRNAs showed a tendency toward low overall expression compared with
MRNAs in both the wild-type and Dicer-deleted mutant (Figure 2A). The average
expression level of INCRNAs in the Dicer-deleted mutant was similar to that of the
wild-type (Figure 2B).

We constructed 7,397 sRNA loci using Shortstack3 for comparison among
conditions (Johnson et al., 2016). We identified Dicer-dependent SRNAs based on
changes in expression level. We identified 1,695 Dicer-dependent sRNA loci with
more than two-fold decrease in expression of the Dicer-deleted mutant. We then
selected AGO-enriched SRNAs that were likely to regulate gene expression (because
loading into AGO proteins is a prerequisite for the functioning of sSRNAs). We
identified 1,022 Dicer-dependent AGO-enriched SRNAs from among 348 loci. They
showed U preferences at 5°-ends and peaks at 19~20 nt, regardless of the type of

AGO protein (Figure 3A and 3B).
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Table 1. Classification of InCRNAs in M. oryzae

Class of IncRNA Number of IncRNAs
Sense InNcRNA 352
Antisense InNcRNA 1,001
Intergenic INcRNA 816
Intronic IncRNA 2
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I1. Identification of small RNAs originating from IncRNAs

We aimed to identify INcRNAs serving as precursors of Dicer-dependent AGO-
enriched SRNAs. We identified 72 IncRNAs overlapping with 59 sRNA loci, and
selected pairs from among 38 IncRNAs and 29 sRNA loci with positive correlations
(Pearson correlation coefficient > 0.3) (Figure 1B). LncRNAs serving as sSRNA
precursors were mainly antisense transcripts (19; 50.0%), followed by sense
INcRNASs (15; 39.5%) and intergenic IncRNAs (3; 7.9%) (Table 2). The IncRNA
classes differed compared to those for total INCRNAs. sRNAs originating from
IncRNAs were predicted to target 35 protein-coding genes (Table 3). GO and KEGG
term enrichment analysis revealed that terms related to glycosyltransferase were
enriched in SRNA target genes (Figure 4). Target genes were queried against PHI-
base to identify pathogenesis-related genes (Urban et al., 2020). Two target genes
were matched to the gene set from PHI-base: the MoCKDb regulatory subunit

homolog and Som1 homolog (Table 4).

84



Table 2. Classification of IncRNAs which are SRNA precursors

Class of IncRNA Number of IncRNAs

Sense INCRNA 15
Antisense InNcRNA 19
Intergenic INcRNA 3
Intronic IncRNA 1
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Table 3. Protein-coding genes targeted by SRNAs originating from IncRNAs

Gene ID

Description

MGG_17026T0
MGG_05654T0
MGG_04708T1
MGG_04773T0
MGG_07572T0
MGG_13483T0
MGG_05035T0
MGG_17648T0
MGG_01385T0
MGG_10751T0
MGG_02351T0
MGG_15622T0
MGG_17294T0
MGG_08548T0
MGG_16813T0
MGG_00602T0

MGG_02821T0

MGG_05008T0
MGG_09985T0
MGG_01933TO0
MGG_09907TO0

MGG_13020T0

MGG_16018T0
MGG_05651T0
MGG_07481T0
MGG_03041T0
MGG_09003T0
MGG_09991T0
MGG_11888T0
MGG._06360T0
MGG_11518T0
MGG_01068T0
MGG_01815T0
MGG_00374T0
MGG_04708T0

hypothetical protein

hypothetical protein

hypothetical protein

oligosaccharyl transferase STT3 subunit
high-affinity nickel transporter nicl
glutamyl-tRNA (GIn) amidotransferase subunit A
hypothetical protein

hypothetical protein

choline transporter

peroxisomal copper amine oxidase
tyrocidine synthetase 1

hypothetical protein

hypothetical protein

proline-specific permease

hypothetical protein

cross-pathway control protein 1
dolichyl-di-phosphooligosaccharide-protein
glycotransferase

aldehyde dehydrogenase

hypothetical protein

hypothetical protein

ubiquitin carboxyl-terminal hydrolase 13
glucose-repressible alcohol dehydrogenase
transcriptional effector

hypothetical protein

MoCKb2, MoCKb regulatory subunit homolog
AP-3 complex subunit delta

glucokinase

hypothetical protein

phosphatidylinositol transfer protein SFH5
hypothetical protein

hypothetical protein

G/U mismatch-specific uracil DNA glycosylase
JmjC domain-containing protein

spindle pole body component alp6
hypothetical protein

MoSOM1, Soml homolog
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Table 4. Target genes of SRNAs and IncRNAs in PHI-base

NCcRNA type Target gene Description

l0-sRNA MGG_05651 MoCKb2, MoCKb regulatory subunit homolog

lo-sSRNA MGG_04708  MoSOM1, Soml homolog

st-IncRNA MGG_01481 MoPEX?7, peroxisomal targeting
signal 2 receptor

st-IncRNA MGG_02773  MoMCM1, MADS-box transcription factor

st-IncRNA MGG_12655 AVR-PIi9, avirulence effector

ce-sRNA MGG_00365 MagB, G protein o subunit

ce-SRNA MGG_09523  TRAL, transcription factor

ce-sSRNA MGG 12349  CONXx1, transcription factor

ce-SRNA MGG_12814 MoAP1, transcription factor

ce-sSRNA MGG_14767 SSM2, non-ribosomal peptide synthetase related to
siderophore synthesis

ce-sSRNA MGG_15972 AVR-Pik, avirulence effector

lo-sRNA: IncRNA-originating IncRNA; st-IncRNA: sRNA-targeted IncRNA,
ce-SRNA: sRNA in ceRNA (competing endogenous RNA) regulatory cascades.
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I11. Identification of SRNAs regulating INCRNA expression

We investigated IncRNAs that could be regulated by sSRNAs. We identified 329
IncRNAs targeted by 275 Dicer-dependent SRNAs from among 102 loci using
psRNATarget and TargetFinder (Dai et al., 2018; Fahlgren and Carrington, 2010).
Among them, we selected pairs of ncRNAs with negative correlations (Pearson
correlation coefficient < —0.3) (Figure 1B). We identified 100 possible target
IncRNAs and 54 protein-coding genes targeted by these INCRNAs (Table 5). GO and
KEGG term enrichment analysis revealed that the term “terpenoid-quinone
biosynthesis” was enriched in IncRNA target genes (Figure 4). Three target genes
were matched to the gene set from PHI-base, including a peroxisomal targeting
signal 2 receptor, a MADS-box transcription factor, and an avirulence effector (Table

4).
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Table 5. Target genes of INcRNAs regulated by SRNAs

Gene ID

Description

MGG_02287T0
MGG_16152T0
MGG_14587T0
MGG_06769T0
MGG_06858T0
MGG_16203T0
MGG_09918T0
MGG_09919T0
MGG_16432T0
MGG_05650T0
MGG_04738T0
MGG_04737T0
MGG_04736T0
MGG_04543T0
MGG_04567T0
MGG_04740T0
MGG_08888T0
MGG_11317T0
MGG_08891T0
MGG_08892T0
MGG_01481T0
MGG_01859T0
MGG_01863T0
MGG_01866T0
MGG_01867T0
MGG_08118T0
MGG_08121T0
MGG_08123T0
MGG_08206T0
MGG_12316T0
MGG_08208T0
MGG_15211T0
MGG_05283T0
MGG_03290T0
MGG_01138T0
MGG_17312T0
MGG_01070T0

O-methyltransferase
hypothetical protein

Ser/Thr protein phosphatase

hypothetical protein
hypothetical protein
SMCI1A protein
hypothetical protein
amino transferase
hypothetical protein

PAP2 domain-containing protein
short chain dehydrogenase/oxidoreductase

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

long chain fatty acid oxidase

maltose permease
hypothetical protein

MoPEX7, peroxisomal targeting signal 2 receptor

hypothetical protein
aminopeptidase Y
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
beta-glucosidase
amidohydrolase
hypothetical protein
hypothetical protein
hypothetical protein
uricase

N-(5-amino-5-carboxypentanoyl)-L-cysteinyl-D-valine synthase

cytochrome P450 2C31

hypothetical protein
hypothetical protein

MGG_01068T0
MGG_01067T0
MGG_14701T0
MGG_00220T0
MGG_11682T0
MGG_00041T0
MGG_17699T0

JmjC domain-containing protein

monothiol glutaredoxin-5

hypothetical protein

NADP-dependent alcohol dehydrogenase 6
phenylacetone monooxygenase
O-methyltransferase

aminodeoxychorismate synthase

MGG_03914T1
MGG_17729T0
MGG._09417T0
MGG_17812T0

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
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MGG_09795T0 hypothetical protein

MGG_17934T0 hypothetical protein

MGG_17967T0 hypothetical protein

MGG_02775T0 hypothetical protein

MGG_02773T0 MoMcm1, MADS-box transcription factor
MGG_12655T0 avirulence effector Avr-Pi9
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IV. Construction of a IncRNA-sRNA-mRNA network

Based on the ceRNA hypothesis, we constructed a IncCRNA-sRNA-mRNA
network. We predicted mRNAs targeted by Dicer-dependent AGO-enriched SRNAs
for network construction. The network consisted of 47 InNcRNAs, 25 sRNA loci, and
208 mRNAs (Figure 1B). GO and KEGG enrichment analysis showed that binding-
related terms were enriched in SRNA target genes (Figure 4). We identified five
subnetworks including genes extracted from PHI-base within a pathogenesis-related
network (Figure 5). This pathogenesis-related network contained 13 IncRNAs, 5
sRNA loci, and 61 mRNAs. Six genes matched to the PHI-base included a G protein
a subunit, three transcription factors, a non-ribosomal peptide synthetase related to

siderophore synthesis, and an avirulence effector (Table 4).
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93



DISCUSSION

In plants and animals, INCRNAs serving as SRNA precursors, and sSRNAs as
transcription regulators of INcRNAs, have been studied using RNA-seq and sSRNA-
seq under Dicer deficiency conditions (Ma et al., 2014; Zheng et al., 2014). In fungi,
genome-wide profiling and functional analysis of IncRNAs and sRNAs have
recently been carried out (Li et al., 2021a; Torres-Martinez and Ruiz-Vazquez, 2017).
However, integrative analyses of IncRNAs and SRNAs have not been reported under
Dicer deficiency conditions in the context of plant pathogenic fungi. Because both
MoDCL2 and MoDCL1 participate in SRNA biogenesis, we profiled the entire
transcriptome using RNA-seq and sSRNA-seq data from AModcl1/2 to detect Dicer-
dependent sSRNAs and associated INcRNAs (Lee et al., 2022; Raman et al., 2017).
We may have missed non-coding RNAs expressed at particular disease stages,
including INcRNAs expressed under conditions of infection (Choi et al., 2022). This
profiling based on bioinformatic approaches could identify INcRNAs and sRNAs on
a genomic scale. However, this study has limitations in functional characterization.
Molecular biological techniques such as polysome profiling and degradome
sequencing would clarify their functional characteristics. Nevertheless, our results
shed light on the crosstalk between INcRNAs and SRNAs.

Dicer-dependent AGO-enriched sRNAs showed a 20-nt peak and 5-end U
preference in the wild-type but not AModcl1/2 (Figure 3) (Raman et al., 2017).
Another study reported that a major 23-nt peak and minor 20-nt peak in the wild-
type were not present in AModcl1/2, and speculated that 23-nt SRNAs might be
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processed into 20-nt SRNAs to function (Lee et al., 2022). According to this
hypothesis, we identified Dicer-dependent AGO-enriched SRNAs likely to regulate
transcripts.

It was reported that microRNA-like RNAs regulated genes including
MGG_07848, MGG_06375, and MGG_17707 in M. oryzae (Li et al., 2020). These
genes were not among the target genes identified in this study (Supplementary Table
2 and 3), which might be due to a different combination of tools being used for target
gene prediction. Sequence complementarity between SRNAs and these genes was
predicted when psRNATarget or TargetFinder was used alone. Target genes in this
study predicted by both tools were filtered out. Sampling conditions, which differed
between the present and previous studies, might also influence the expression of
sRNAs and IncRNAs due to their tendency to be stage-specific (Choi et al., 2022;
Mohorianu et al., 2011).

Our functional enrichment analysis of target genes showed that different GO and
KEGG terms were related to different types of crosstalk between sRNAs and
IncRNAs (Figure 4). LncRNAs acting as precursors of SRNAs, INcRNAs targeted by
sRNAs, and sRNAs targeting protein-coding genes competing with INCRNAs were
involved in glycosyl transfer, terpenoid-quinone biosynthesis and diverse binding,
respectively. The network of the last group included pathogenesis-related
transcription factors and an avirulence effector. A common target gene of the first
and second groups, MGG_01068, was identified (Supplementary Table 2 and 3).
Although functional analysis of this gene was not performed, the same histone

methylase, MoJMJ1, is known to be related to vegetative growth, asexual
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reproduction, appressorium formation, and invasive growth in M. oryzae (Huh et al.,
2017). This common target gene may be regulated through a feedback loop in which
IncRNASs interact with SRNASs.

We constructed a INcRNA-sSRNA-mRNA network and identified a pathogenesis-
related subnetwork based on PHI-base (Figure 5) (Urban et al., 2020). In this ceRNA
network, INcRNAs could indirectly regulate the expression of genes by competing
for SRNA targets (Salmena et al., 2011). Genes in this pathogenesis-related network
showed enrichment in binding-related terms, including nucleic acid binding. Three
transcription factor genes known to be involved in pathogenicity were also included
in this network. This network may provide pathogenesis-related candidate genes. For
example, MOMAS5 (MGG _02253) and the transcription factor TRAL (MGG_09523)
were observed in the same sub-network. It has recently been shown that MoMas5 is
required for the suppression of host innate immunity (Gong et al., 2022).

In summary, we performed genome-wide IncRNA and sRNA profiling under
Dicer deficiency conditions and comprehensively analyzed their crosstalks in M.
oryzae. Dicer-dependent AGO-enriched SRNAs and their associated INCRNAs were
identified. Functional enrichment analysis and construction of the InNCRNA-sRNA-
MRNA network showed that different biological pathways were involved in different
types of crosstalks between IncRNAs and sRNAs. This study provides a foundation

for investigating the roles of SRNAs and INcCRNAs in rice blast disease development.
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