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List of abbreviations

Abbreviations Description

AGO Argonaute

bp Base pair

cDNA Complementary DNA
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DCL Dicer-like
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qPCR Quantitative polymerase chain reaction

qRT-PCR Quantitative real time-polymerase chain reaction

RdRP RNA-dependent RNA polymerase
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RNA Ribonucleic acid

RNAi RNA interference

rRNA Ribosomal RNA

siRNA Small interference RNA

sRNA Small RNA

sRNA-seq Small RNA sequencing

ssRNA Single strand RNA

STC Sucrose Tris Calcium

TE Transposable element

tiRNAs tRNA-derived stress-induced RNAs

tRFs tRNA-derived RNA fragments

tRNA Transfer RNA

tsRNA tRNA-derived small RNA
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BACKGROUND INFORMATION
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1. Epigenetics

Epigenetics refers to mechanisms that can induce heritable phenotypic

changes without alterations in DNA sequence (Eccleston et al., 2007, Reik,

2007, Berger et al., 2009, Dupont et al., 2009). Specific epigenetic processes

include post-transcriptional silencing, DNA modifications, maternal effects, X

chromosome inactivation, histone modifications, transvection, the progress

of carcinogenesis, as well as regulations by non-coding RNAs (Aristizabal et

al., 2019) and so on. These mechanisms could activate or suppress gene

expression, which leads to the proper differentiation of cells in multicellular

organisms. Such impacts on the physiological characteristics of cells can be

part of natural growth in response to external environmental factors.

2. Histone methylation

Histone methylation is a process in that methyl groups are added to lysine

or arginine in histone proteins. Both histone arginine methyltransferases

(RMTs) and lysine methyltransferases (KMTs) catalyze the transfer of methyl

groups from S-adenosyl methionine to core histone proteins. Histone

methylation is found on the amino termini of histones H1, H2A, H2B, H3,

and H4. DNA genes are turned on and off by the methylation of the histones.

Transcriptional factors and other proteins can access the target DNA region

by losing the tails or encompassing the tails of histones (Jenuwein and Allis

2001). On histone arginine residues (R) usually occurs in mono- or

di-methylated states while on histone lysine residues (K) are mono-, di- or tri-

methylated. Methylated at histones H3 and H4 methylation gives the most

biological influence (Jenuwein and Allis 2001). The number of methyl groups

attached to histones greatly affects the transcription of DNA genes in that

region (Zentner & Henikoff, 2013), for example, active transcription of the

gene is usually associated with methylation of H3K4, H3K36, and H3K79

https://en.wikipedia.org/wiki/Maternal_effect
https://en.wikipedia.org/wiki/X-inactivation
https://en.wikipedia.org/wiki/X-inactivation
https://en.wikipedia.org/wiki/Histone
https://en.wikipedia.org/wiki/Transvection_(genetics)
https://en.wikipedia.org/wiki/Carcinogenesis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/histone
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whereas the silencing is usually associated with methylation of H3K9, H3K27,

and H4K20 (Black, Van Rechem, et al., 2012).

3. RNA interference

RNAi is an important epigenetic regulator in most eukaryotes. Initially, it

describes post-transcriptional gene silencing by mRNA cleavage or

translational inhibition. This phenomenon is known as co-suppression in

plants, quelling in Neurospora crassa, and RNA interference in C. elegans

and other animals (Lee et al., 1993; Napoli et al., 1990; Romano and Macino,

1992). Recently, it has been known that RNAi is involved in very dynamic

crosstalk between transcription, histone modifications, and DNA methylation

using small RNAs as a molecular guide for sequence specificity (Matzke et al.,

2006; Slotkin and Martienssen, 2007; Moazed, 2009; Grewal, 2010).

Today RNAi is considered one of the new areas of research in the field of

biology. Its importance has been evidenced by the 2006 Nobel Prize in

Medicine for two American scientists, Dr. Andrew Z. Fire at Stanford

University and Dr. Craig C.Mello at the Massachusetts University of

Medicine. The molecular mechanism of gene silencing is divided into two

stages based on genetic studies on C. elegans nematodes, plants, and

biochemical research on Drosophila fruit flies (Bass, 2000). At the first stage,

the dsRNA is decomposed by an enzyme belonging to RNase-III or DICER

(Bernstein et al., 2001; Hammond et al., 2000; Kadotani et al., 2004) into

shorter sections with a length of about 21-25 nucleotide sequences called

small interfering RNA (Elbashir et al., 2001; Zamore et al., 2000). In the later

stage, siRNA is incorporated into the protein complex called RISC

(Hammond, 2000). Activated RISC uses single-stranded siRNA molecules to

direct target messenger RNA molecules for degradation (Hammond, 2001).

RNA silencing components such as Dicer, RdRP, and AGO are widely

conserved in plants, animals, fungi, and protists (Cerutti and Casas-Mollano,
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2006; Chen, 2009; Kim et al., 2009; Castel and Martienssen, 2013). In the

genome of the fungus P. oryzae, three RdRPs, MoRdRP1 (MGG_13453),

MoRdRP2 (MGG_02748), MoRdRP3 (MGG_06205); two Dicer-like,

MoDCL1 (MGG_01541), MoDCL2 (MGG_12357); and three Argonautes,

MoAGO1 (MGG_01294), MoAGO2 (MGG_14873), MoAGO3

(MGG_13617) were identified. In P. oryzae, siRNAs sized from 19 to 23 nt

were detected during gene silencing induced by hairpin RNA-producing

constructs (Kadotani et al., 2003). This silencing was supposed to be due to

post-transcriptional RNA degradation since no DNA methylation on the

promoter and coding sequences were detected (Kadotani et al., 2003).

4. RNAi components

4.1. DCL

Dicer is a ribonuclease III-like enzyme that plays a crucial function in th

e RNA silencing pathway. The genome sequencing programs have shown that

eukaryotic genomes range from one (human) to four (Arabidopsis) in the

number of DCLproteins. The smallest and shortest RNase III proteins are

present in bacteria, bacteriophages with a single domain of ribonuclease (RIII)

and a dsRBD.

Being a part of the RNase III family, Dicer cleaves dsRNA and

pre-microRNA (pre-miRNA) into short dsRNA fragments referred to as

siRNA and miRNA, respectively. These fragments are about 19-25 base pairs

in length with a two-base overhang at the 3' ends. Dicer allows the activation

of RISC that contains a catalytic factor Argonaute, an endonuclease able to

degrade target mRNA.

4.2. RdRP

An enzyme catalyzing RNA replication from an RNA substrate is the

RNA-dependent polymerase RNA or RNA replicase. The RNA transcription
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process is a two-stage cycle. First, the initiation stage of RNA synthesis starts

at or near the 3' end of the RNA template, using either a primer-independent

(de novo) or a primer-dependent mechanism that uses RNA-binding protein

such as viral protein genome-linked. De novo activation involves adding a

triphosphate nucleoside to the 3'-OH of the first initiating NTP. The transition

of nucleotidyl is repeated with subsequent NTPs during the following

elongation stage to generate the complementary RNA strand (Kao et al.,

2001). In the early 1960s, viral RdRPs were discovered from experiments on

the mengovirus and poliovirus, where it was found that these viruses were

insensitive to actinomycin D, a drug that inhibits RNA synthesis guided by

cellular DNA. This lack of sensitivity indicated there is a virus-specific

enzyme that may replicate RNA from an RNA template. In 2003, Iyer

reported that several eukaryotes do have RdRPs functioning in the RNA

interference pathway in which double-stranded RNA works as a trigger to

induce the pathway and as a substrate for siRNA biogenesis. In early studies

on transgene associated RNA silencing, it was proposed that cellular RdRP

generates dsRNA using target mRNAs as a template, which is further

processed into siRNA to provide the sequence specificity of the silencing

(Lindbo et al, 1993). The unexpected potency, distribution, and durability of

RNA silencing indicated potential amplification of the triggering RNA signals

by RdRP. RNA silencing can be caused by injecting a small number of

dsRNA molecules per cell but it spreads systemically to other parts of the

body in animals and plants and persists in untreated progeny from treated

parents (Bernstein et al., 2001).

4.3. Ago

The protein family Argonaute is a group of proteins that play key roles in

RNA interference and its associated pathways. The existence of conserved

domains such as PAZ, MID, and PIWI distinguishes its members (Tolia and
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Joshua-Tor, 2007). In downstream gene silencing activities such as mRNA

degradation, translational inhibition, and/or heterochromatinization, an AGO

protein usually forms a protein complex containing sRNA as a specificity

determinant (Moazed, 2009; Siomi et al., 2011).

AGO proteins in the three domains of life are evolutionarily conserved.

For instance, there are 27 in Caenorhabditis elegans, while there is 1 AGO

gene in Schizosaccharomyces pombe, and are 8 in Homo sapiens (Hock and

Meister, 2008), indicating that pathways for the regulation of AGO-mediated

genes may be diverse among species. Numerous AGO proteins in an

organism with certain degrees of similarity between members often have

distinct functions in the protection of growth and/or genomes. Both AGO4

and AGO6 are involved in the RNA-directed DNA-methylation pathway in

Arabidopsis. Recent experiments, however, have shown that AGO4 and

AGO6 are spatially distributed differently within the nucleus, and have

distinct but cooperative roles in RdDM. AGO1 and AGO10 participate in the

binding of target miRNA (Mallory et al., 2009). The competitive binding for

miR166/165 between AGO1 and AGO10 is important for regulating shoot

apical meristem development (Zhu et al., 2011). Therefore, the relationship

among AGO proteins may be independent, mutual, or competitive.

5. Pyricularia oryzae

Rice is one of the five most important food crops in addition to wheat,

corn, cassava, and potatoes. Rice is a very ancient crop in Asia, Africa, and

Latin America. Currently, rice is the main food that feeds about 3.5 billion

people, accounting for 50% of the world's population. According to FAO, in

2015, world rice production reached 749.1 million tons, of which Asian

countries produced 677.7 million tons, accounting for 90.5% of the world's

production. Due to the trend of expanding the area and intensive farming for a

long time, pests on rice are widespread and difficult to control. One of the
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most dangerous pests on rice is blast disease caused by Pyricularia oryzae

(synonym: Magnaporthe oryzae). Blast disease causes an average yield loss

of 0.7 to 17.5% but severe disease damage can be up to 80% (Bonman et al.,

1986). This means rice blast can cause food shortage for several hundred

million to several billion people a year. This disease is reported to occur in

more than 80 rice-growing countries around the world. Elucidation of the

pathogenesis of the rice blast fungus is crucial to the development of a new

management method.

The infection cycle of P. oryzae consists of several steps. Vegetative

hypha is easily grown in the laboratory and can be used to produce

three-celled asexual spores, called conidia. Conidia are the principal source of

inoculum in the field. A sequence of developmental events takes place after

the landing of conidia on the surface of host leaves. These activities include

germination of conidia, germ tube formation, and appressorium formation. A

penetration peg arises from mature appressoria, which penetrates physically

into host cells (Galhano and Talbot, 2011). After penetration, primary hyphae

in the host cell can be classified into bulbous invasive hyphae and

extra-invasive hyphal membranes.
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MORPHOGENESIS IN PYRICULARIA
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1. Introduction

The blast fungus, P. oryzae shows drastic morphological changes

during the infection cycle (Talbot, 2003). Following attachment on the host

leaf surface, a spore germinates and forms an appressorium at the tip of the

germ tube. At the base of the appressorium, a penetration pore and peg are

formed to colonize a host cell with infection hyphae. These morphological

changes are accompanied with remarkable changes in gene expression (Jeon

et al., 2020) that may involve cell type-specific epigenetic control of

chromatin structure.

In P. oryzae, gene deletion analysis of eight possible KMTs revealed

that MoSET1 responsible for H3K4 methylation plays a pivotal role in

infection-related morphogenesis of the fungus (Pham et al., 2015a). Loss of

MoSET1 led to a deficiency in cell growth, sporulation, appressorium

formation, production of cell wall degradation enzymes, and pathogenicity

(Vu et al., 2013; Pham et al., 2015a, b). RNA-seq analysis suggested that

approximately 2,000 genes were up- or down-regulated during appressorium

formation in a MoSET1-dependent manner. However, ChIP-seq analysis of

MoSET1 protein revealed that only approximately 400 of the

MoSET1-dependent genes were directly regulated by MoSET1 (Pham et al.,

2015a), suggesting the involvement of a signaling cascade starting from

MoSET1. In fact, the 400 genes contained possible signal mediators such as

transcription factors and kinases.

In this chapter, I focus on MoSET1-dependent TFs. In fungi, TFs are

key players in the signal transduction pathways and regulatory mechanisms

(Shelest, 2008). For instance, Gomi and his coworkers (2000) stated that the

deletion of AmyR, a zinc binuclear cluster DNA-binding protein in the Gal4p

TF family, led to a decrease in amylolytic enzyme activities and vegetative

growth of Aspergillus oryzae on starch medium. In Parastagonospora
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nodorum, PnPf2, a TF belonging to the Zn2-Cys6 zinc finger subfamily

positively regulated necrotrophic effector proteins and played an important

role in the virulence on wheat (Jones et al., 2019). In P. oryzae, systematic

analyses of the Zn2-Cys6 TF family and the Cys2-His2 zinc finger TF family

were conducted (Lu et al., 2014; Cao et al., 2016) to reveal that 61 of 104

Zn2-Cys6 TFs and 44 of 47 Cys2-His2 TFs were involved fungal

development and infection-related morphogenesis such as growth, conidiation,

appressorium formation and pathogenicity (Lu et al., 2014; Cao et al., 2016).

Among the 22 Cys2-His2 TFs required for the full virulence of the fungus, 2

were MoSET1-dependent TFs.

Here the functional analysis of five MoSET1-dependent TFs was

carried out to explore their roles in the pathogenicity of P. oryzae. The results

suggested that MoSET1 orchestrates various TFs to achieve successful

infection of host plants with P. oryzae.

2. Materials and methods

2.1. Fungal strains and host plants

The wheat-infecting P. oryzae strain Br48 was collected in Brazil

(Urashima et al., 1999). Fungal strains were preserved on barley seed media at

4oC for long-term storage, and cultured on potato dextrose agar at 25oC for

working stock. “Norin 4” (N4), a cultivar of common wheat (Triticum

aestivum L.) was used as a host plant of the Br48 strain.

2.2. Construction of gene knock-out and -down mutants

The split-maker disruption method (Catlett et al., 2003) was applied to

construct deletion mutant strains (Fig. 2-1). First, up- and down-stream

flanking regions of a target gene were amplified by PCR using

KOD-Plus-Neo polymerase (TOYOBO, Osaka, Japan) and individually

cloned by blunt-end ligation at PvuII and EcoRV sites of pSP72-hph
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containing a hygromycin B phosphotransferase gene (Hph) (Morita et al.,

2013). Using the resulting plasmids, two DNA fragments containing a part of

Hph and the flanking genomic region were amplified by PCR using

KOD-Plus-Neo polymerase as shown in Fig. 2-1. The PCR products were

purified using Wizard SV Gel and PCR Clean-up System (Promega, Madison,

USA) after agarose gel electrophoresis, and used for fungal transformation. A

list of primers used to amplify the genomic fragments was given in Table 2-1.

A retrotransposon-based gene silencing vector, pSilent-MG (Vu et al.,

2011) was used to generate gene knock-down mutants. A target fragment was

amplified by PCR using KOD-Plus-Neo polymerase and a pair of specific

primers (Table 2-1), and inserted at a BglII site in pSilent-MG.

To obtain fungal transformants with a gene disruption or silencing

vector, a PEG-mediated transformation method was used as described

previously (Nakayashiki et al., 1999). The resulting fungal transformants

having a gene disruption at the desired genomic location or a silencing vector

were screened by PCR with appropriate sets of primers for each target gene

(Fig. 2-1, Table 2-1).

To construct a gene complementation strain, a genomic DNA fragment

containing a target gene and its surrounding region was amplified by PCR

with sets of specific primers (Table 2-1) and KOD One (TOYOBO). The PCR

product was introduced into the corresponding gene deletion mutant through

PEG-mediated co-transformation with the marker plasmid pII99 carrying a

geneticin-resistant cassette. Presence or absence of a target gene in the

transformants was checked by PCR using a pair of primers (Table 2-1) in the

coding sequence (Fig. 2-1).
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2.3. Phenotypic characterization of gene knock-out mutants

Every phenotypic assay was performed with three biological replicates

unless mentioned otherwise.

Vegetative growth

A mycelial plug was placed at the center of CM agar medium (0.3 %

Casamino acids, 0.3% yeast extract, 0.5% sucrose, 0.5% agar) and cultured at

25oC. The colony diameter was measured at 9 days after incubation.

Conidiation, conidial germination, and appressorium formation

Fungal strains were cultured on oatmeal agar media and incubated at

25oC for 7 days, and then, aerial mycelia were removed using the tip of a 1.5

ml microtube. The fungal strains were further cultured under BLB light for 3

days. Conidial suspension was prepared by adding 10ml of distilled water per

plate to fungal culture as described previously (Hyon et al., 2012). For

germination and appressorium formation assay, 10 µl conidial suspension (1 -

2 x 105 conidia/ml) were dropped on a cover glass and incubated at 25oC in

the dark under a high humidity condition. Conidial germination was observed

after 5 h incubation, and the rate of appressorium formation was counted after

8, 12, 24 h incubation. At least 100 conidia were observed to calculate the

rates of conidial germination and appressorium formation in each replicate.

Plant infection assay

Seeds of the wheat cultivar Norin 4 were sown in vermiculite supplied

with Hyponex (Hyponex Japan, Osaka, Japan) in plastic seedling pots (5.5 cm

× 15 cm × 10 cm), and grown in a plant growth chamber at 23oC with a 12

h-photoperiod for 8 days. Tween 20 (0.01%) was added to conidia suspension,

and sprayed onto the adaxial side of the 8-day-old primary wheat leaves. The

inoculated seedlings were incubated in a dark and high humidity box for 24 h,

and then moved to a plant growth chamber at 23oC with a 12 h-photoperiod
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for 4 - 5 days. The disease symptoms were graded by a combination of lesions

size (0 to 5) and color (brown [B] or green [G]) as described previously

(Hyon et al., 2012). 0, no visible lesion; 1, pinpoints spots; 2, small size (< 1.5

mm); 3, intermediate size (< 3 mm); 4, large and typical blast lesion; 5, whole

blighting of leaf blades.

2.4. Cytological assay

Cytological observation was performed as described by Hyon et al.

(2012) with a slight modification. The inoculated leaves were collected for

observation of appressorium formation at 12 hpi and of infection hyphae in

host cells at 24 hpi. The samples were bleached by deeply boiled in alcoholic

lactophenol (lactic acid/phenol/glycerol/distilled water/ethanol, 1:1:1:1:8 in

volume) at 98oC for 5 minutes. Then, microscopic observation was performed

using an epifluorescent microscope under bright and fluorescent fields.

2.5. RNA isolation and qRT-PCR analysis

For RNA extraction, approximately, 50-120 mg of vegetative mycelia,

spores or infected leaves were ground to a fine powder in liquid nitrogen with

a mortar and pestle. Total RNA was isolated from frozen samples using

Sepasol RNA I Super G (Nacalai Tesque, Kyoto, Japan). Total RNA was

further cleaned up using the NucleoSpin RNA Clean-up Kit (Macherey-Nagel,

Düren, Germany) following manufacture’s instruction.

For RT-qPCR analysis, 1 μg of total RNA was subjected to cDNA

synthesis using the ReverTra Ace qPCR RT Master Mix with gDNA Remover

kit (TOYOBO). RT-qPCR assay was carried out with GeneAce SYBR qPCR

Mix α (Nippon Gene, Tokyo, Japan) using pairs of primers listed in Table 1.

The actin gene (MGG_03982) was used as an internal control. The level of

target mRNA, relative to the mean of the internal control was calculated by

the comparative Ct method.
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3. Results

3.1. Transcriptional analysis of MoSET1-dependent TFs during plant

infection by P. oryzae

Among approximately 400 genes that were potentially regulated

directly by MoSET1 (Pham et al., 2015a), 18 genes exhibited a typical

characteristic of TFs. In this study, we chose 5 of the 18 putative TFs,

MGG_00472, MGG_04699, MGG_06898, MGG_07386 and MGG_07450

for functional analysis. First, to gain insight into the functions of these TFs,

their gene expression profile at hyphal, conidial and infectious stages was

examined by qRT-PCR. At the conidial stage, the mRNA abundance of

MGG_04699, MGG_07386 and MGG_07450 was decreased while that of

MGG_06898 was significantly increased compared to the hyphal stage (Fig.

2-2). Interestingly, the expression of the MoSET1-dependent TFs was

generally increased in infection stages relative to the hyphal stage, especially

at an early stage (5 hpi). The abundance of MGG_04699 and MGG_06898

mRNA was increased by approximately 8-fold and 16-fold, respectively, at 5

hpi (Fig. 2-2). In contrast, the mRNA abundance of MGG_07386 was

significantly decreased at 5 hpi but increased later at 12 hpi (Fig. 2-2). These

results were consistent with the idea that these TFs play roles in the infection

process of P. oryzae.

3.2. Gene silencing of MGG_00472 and MGG_07386

Despite several trials, we were not able to obtain a gene deletion mutant

of MGG_00472 or MGG_07386. This might be due to a lethality of the gene

deletion mutants. Indeed, the knock-out mutant of NCU00116, the ortholog of

MGG_00472 in Neurospora crassa, is maintained only in the form of a

heterokaryon (Chen et al., 1998;

https://www.fgsc.net/fgsc/strain_detail.php?OrgID=22094). Thus, we decided

to use pSilent-MG to analyze the function of MGG_00472 and MGG_07386.
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pSilent-MG is a gene silencing vector that triggers retrotransposon-induced

gene silencing. In this system, a target gene fragment inserted at a cloning site

in the LTR-retrotransposon MAGGY induces both transcriptional and

post-transcriptional gene silencing together with the element in P. oryzae (Vu

et al., 2011).

After initial screening, two candidate transformants each for

MGG_00472 or MGG_07386 were subjected to qRT-PCR analysis to assess

levels of gene silencing. The candidates showed silencing of the target gene at

varying degrees in vegetative mycelia (Fig. 2-3). Consequently, the

transformants, KD_mgg00472-12 and KD_mgg07386-13, were selected for

further phenotypic analyses.

3.3. Phenotypic characterization of gene knock-out and -down mutants

of MoSET1-dependent TFs

Three gene knock-out mutants, ∆mgg_04699, ∆mgg_06898 and

∆mgg_07450, and two knock-down mutants, KD_mgg00472-12 and

KD_mgg07386-13 were subjected to phenotypic analyses with respect to

growth, sporulation, germination, appressorium formation, and pathogenicity

on the host plant.

First, the growth rates of the mutants on rich media (CM agar media)

were assessed. ∆mgg_04699, ∆mgg_06898, and KD_mgg00472-12 showed a

slower growth while, interestingly, the growth rate of KD_mgg07386-13 was

a little faster than the WT strain (Fig. 2-4a).

With an exception of ∆mgg_07450, all the mutant examined displayed

a decrease in conidiation compared to WT at varying degrees (Fig. 2-4b).

Especially, ∆mgg_06898 produced almost no conidia, suggesting that

MGG_06898 plays a crucial role in conidiogenesis in P. oryzae. Meanwhile,

due to this, further phenotypic assays that use conidia were not applicable to

∆mgg_06898.
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The rates of germination and appressorium formation were assessed

using conidial suspension dropped on a cover glass. The conidia were

incubated in the dark at 25oC up to 24h. The germination rates of the mutants

did not differ much from that of WT except that ∆mgg_04699 exhibited a rate

less than 60% relative to WT (Fig 2-4c). In addition, only ∆mgg_04699

showed a deficiency in appressorium formation. At 12 hpi, 22% of conidia

formed an appressorium in ∆mgg_04699 while more than 85% of conidia did

it in the WT and other mutant strains (Fig. 2-4d). The deficiency of

∆mgg_04699 in germination and appressorium formation was restored to the

WT levels in the gene complementation strain, indicating that MGG_04699 is

responsible for the phenotypic alterations in the mutant.

In infection assay, KD_mgg00472-12 and ∆mgg_04699 showed

significantly reduced virulence on the host plant (Fig. 2-5a). The infection

types of KD_mgg00472-12 and ∆mgg_04699 were 3-4BG and 2-3BG,

respectively. Cytological observation of infected leaves indicated that both

KD_mgg00472-12 and ∆mgg_04699 exhibited a delay in invasion to plant

cells compared to WT. At 24 hpi, the rates of appressoria that successfully

formed infection hyphae in the host cell were 45% and 31% with

KD_mgg00472-12 and ∆mgg_04699, respectively, while that with WT were

approximately 80% (Fig. 2-5b). These results suggested that MGG_00472 and

MGG_04699 contributed to the full virulence of P. oryzae by regulating their

downstream genes.

The infection type of KD_mgg07386-13 was 5B. Lesions appeared in

almost the whole leave (Fig. 2-5a). However, in contrast to leaves infected

with the WT strain, the color of lesions was mostly brown, indicating that this

mutant induced more resistant reaction than did the WT strain. Thus,

MGG_07386 may be required for suppressing a part of resistant reactions by

the host plant.
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4. Discussions

Among the MoSET1-dependent TFs examined in this study,

MGG_00472 and MGG_04699 considerably contributed to the virulence of P.

oryzae. MGG_04699 named as MoFLBC (Cao et al., 2016) is a homolog of

FlbC, C2H2 transcription factor in Aspergillus nidulans (Kwon et al., 2010).

FlbC is necessary for conidiation, conidial germination and, proper

development in A. nidulans. Possible orthologs of FlbC were present in a

wide range of fungal species. In Fusarium verticillioides, the FlbC ortholog

negatively regulated the production of conidia (Malapi-Wight et al., 2014).

More recently, Boni et al. (2018) reported that FLB-3, an ortholog of FlbC in

Neurospora crassa, was essential for fungal development. Thus, FlbC

homologs play roles in regulating various stages of fungal development in a

wide range of ascomycetes.

In P. oryzae, Cao et al. (2016) showed that a deletion mutant of

MGG_04699 had a severe defect in sporulation and its virulence to the host

plant as shown in this study. However, contrary to our study, the rates of

germination and appressorium formation were 96.9% and 94.9%, respectively,

relative to WT in their study. This apparent discrepancy may be due to a

difference in the strains and/or experimental conditions.

To date, MGG_00472 as well as MGG_07386 and MGG_07450, have

not been well-characterized in P. oryzae. MGG_00472 is an ortholog of the

Aab-1 gene (NCU00116) encoding a CCAAT-binding TF subunit. Aab-1 was

reported to regulate a glutamate dehydrogenase gene and have pleiotropic

effects on growth and development (Chen et al., 1998). Consistently,

KD_mgg00472-12 showed defects in growth, sporulation, and virulence to

the host plant. Thus, MGG_00472 may also have pleiotropic effects on

growth and development in P. oryzae. Possible orthologs of MGG_07386 and
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MGG_07450 were conserved in ascomycete fungi but their biological

functions were so far not well-understood.

MGG_06898, namely MoMyb1, encodes a TF belonging to the Myb

protein family. Consistent with our results, Dong et al. (2015) previously

revealed that a deletion mutant of MoMyb1 showed defects in vegetative

growth, conidiation and conidiophore development. In the MoMyb1 deletion

mutant, several conidiogenesis-related genes such as MoMSN2, MoFlbC

(MGG_04699), MoGLUS, MoSTUA, and MoCON8 were significantly

down-regulated (Dong et al., 2015). Thus, MoSET1-dependent MoMyb1

plays a key role in conidiogenesis.

Based on the literatures and this work, at least fifteen

MoSET1-dependent TF genes in P. oryzae have been characterized to date,

which includes MGG_00472, MGG_07386, MGG_07450, MGG_01414

(Xlr1), MGG_01518 (MoNIT4), MGG_01486 (FZC2), MGG_02880 (FZC9),

MGG_04699 (MoFLBC), MGG_06898 (MoMyb1), MGG_08199 (FAR2),

MGG_09200 (TDG1), MGG_09950 (FZC54), MGG_00617 (MoVOSA),

MGG_01734, and MGG_13778 (MoGIS2) (Kim et al., 2014; Lu et al., 2014;

Dong et al., 2015; Cao et al., 2016). Among those, 3 (MGG_00472,

MGG_06898, MGG_09950), 10 (MGG_00472, MGG_01518, MGG_01486,

MGG_02880, MGG_04699, MGG_06898, MGG_08199, MGG_09200,

MGG_01734, MGG_07386), 2 (MGG_01486, MGG_04699), and 4

(MGG_00472, MGG_04699, MGG_09200, MGG_13778) TFs were shown to

play a role in vegetative growth, sporulation, appressorium formation and

virulence to the host plant, respectively (Fig. 2-6). Thus, MoSET1 may

function as a key regulator of the pathogenicity of P. oryzae by controlling

TFs that further regulate various steps in the infection process such as

sporulation, appressorium formation, and invasion to the host cell.
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Table 2-1. Primers used in this chapter

Primer Sequences

MoActin F 5’-GCGGTTACACCTCTCTACCAC-3’

MoActin R 5’-AGTCTGGATCTCCTGCTCAAAG-3’

HY F 5’-CGTTGCAAGACCTGCCTGAA-3’

YH R 5’-GGATGCCTCCGCTCGAAGTA-3’

MGG_00494_up F 5’-CTGTGGGTTTTTCTGCACCT-3’

MGG_00494_up R 5’-CAAGCTGGAAATGTTGCTCA-3’

MGG_00494_dn F 5’-CAAAGGGCTGGGATTACCTT-3’

MGG_00494_dn R 5’-CAAGCTGGAAATGTTGCTCA-3’

MGG_00494_check F 5’-GCTACACCCCGACTTCATGT-3’

MGG_00494_check R 5’-GGCTCAGCGAACCATTAGAG-3’

MGG_04699_up F 5’-ACGTATCCCACCACACATCATC-3’

MGG_04699_up R 5’-AGGGTTCGTGATACCGATTTGT-3’

MGG_04699_dn F 5’-ACGAACCGAAACGACATAGACT-3’

MGG_04699_dn R 5’-CTTATTTGTTCGCCCGTTACCC-3’

MGG_04699_check F 5’-CTTGTGTACCTTGCGATGTCTG-3’

MGG_04699_check R 5’-ACTTTAGAGCTGAATTGGCCCA-3’
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Fig 2-1. Construction of gene knock-out mutants
a, Diagram of a split-marker strategy for gene disruption. Up- and down-stream
flanking regions of a target gene were amplified by PCR and cloned into pSP72-hph
individually. Using the resulting plasmids as templates, DNA fragments containing
a part of the hygromycin resistant gene (HYG) and the flanking regions were
amplified by PCR as shown above. By introducing the resulting PCR fragments into
P. oryzae, the target gene was replaced with the HYG gene by homologous
recombination. b, Screening of knock-out mutants and gene complementation
strains. Presence or absence of a target gene was checked by PCR using a pair of
primers (Table 2-1) in the coding sequence (indicated by blue arrows in a). As a
control, a fragment of the actin gene was amplified to verify genomic DNA
template. M, molecular marker; WT, wild-type strain (Br48); KO, knock-out mutant;
Comp, gene complementation strain.
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Figure 2-2. Quantitative RT-PCR analysis of five MoSET1-dependent
transcription factors at hyphal, conidial and infectious stages in P. oryzae.
Actin was used to normalize mRNA expression level. Data show fold change
(relative to mRNA quantity in hyphae) ±standard error (n = 3). Asterisks are given
to indicate significant difference at p< 0.05 (*) and p< 0.01 (**) (two-tailed t-test).
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Figure 2-3. Quantitative RT-PCR analysis of MGG_00472 and MGG_07386
mRNA in candidates of their knock-down mutants. Actin was used to normalize
mRNA expression level. Data show fold change (relative to mRNA quantity in the
wild-type strain) ±standard error (n = 3). a-c, Different characters indicate
significant differences by Tukey's HSD (P < 0.05).
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Figure 2-4. Phenotypic characterization of knock-out and -down mutants of
MoSET1-dependent TFs in P. oryzae. a, Diameters of fungal colonies were
measured at 9 days after inoculation on rich agar medium. b, Conidiation was
evaluated by counting the number of conidia under a light microscopy as described
in details in Materials and method. c-d, The rates of conidial germination (c) and
appressorium formation (d) were measured by observing conidial suspension on
hydrophobic surface under a light microscope after 5 h (conidial germination) and
24 h (appressorium formation) incubation at 25̊C.
Black bars indicate the wild-type strain Br48 (WT) and grey bars represent
knock-out and –down mutants of MoSET1-dependent TFs and their gene
complemented strains (c∆mgg_04699 and c∆mgg_06898). Data show fold change
(relative to the wild-type strain) ±standard error (n = 3). a-d, Different characters in
the graphs indicate significant differences by Tukey's HSD (P < 0.05). ND, not
determined.
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Figure 2-5. Inoculation test of knock-out and -down mutants of
MoSET1-dependent TFs in P. oryzae. a, Infection assay was performed on the
wheat cultivar Norin 4 at 23̊C. Four to five days after inoculation, symptoms on the
inoculated plants were evaluated. Letters under pictures of infected leaves indicate
disease index values by a grading method (Hyon et al., 2012). This experiment was
repeated at least three times, and representative samples are presented. b, The rates
of infection hyphae formation in infected leaves. The black bar indicates the
wild-type strain Br48 (WT) and grey bars represent knock-out and –down mutants
of MoSET1-dependent TFs and a gene complemented strain (c∆mgg_04699). Error
bars represent standard errors of the mean (n = 10). a-d, Different characters in the
graph indicate significant differences by Tukey's HSD (P < 0.05).
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Figure 2-6. Schematic diagram of putative MoSET1 regulatory network during
infection‐related morphogenesis in P. oryzae.
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CHAPTER III

ROLES OF RNA SILENCING

COMPONENTS IN

PATHOGENESITY IN P. ORYZAE
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1. Introduction

Recent studies have been shown that RNAi is involved and plays an

important role in fungal pathogenicity. RNAi is used not only to preserve the

integrity of the genome but also to respond to environmental stress and is also

an important factor to support the fungus entering the host as well as enhance

the virulence of the fungus (Weiberg et al., 2013; Qutob, 2013;

Torres-Martínez et al., 2017; Hua et al., 2018). In the highly virulent

pathotype isolate T2, the high expression levels of all six V. nonalfalfae RNAi

genes were observed (Jeseničnik et al., 2019).

Active RNAi pathways in Colletotrichum gloeosporioides or M. oryzae

enhancing the pathogenicity whereas the lacking one or two RNAi genes in

those species showed a significant decrease in the virulence (Wang et al.,

2018; Raman et al., 2017). Similarly, the severe decrease in virulence appear

in the white mold fungus Sclerotinia sclerotiorum strain which lack of RNAi

components such as Δago2 mutant (Neupane et al., 2019) and Δdcr1/dcr2

double mutant (Mochama et al., 2018).

Here we showed that RNAi mutants showed variable levels of defects in

vegetative development, sporulation, appressorium formation and

pathogenicity in P. oryzae. Especially in this fungus the MoDCL genes were

important for the formation of appressorium and infection-related growth.

2. Materials and methods

2.1. Fungal strains

The P. oryzae wild-type strain Br48 (Urashima et al., 1999) was stored on

barley seeds soaked with sucrose 0.5% solution, after being dried in a plastic

container with silica gel at 4oC for long-time period storage (Nakayashiki et

al., 1999). A barley grain from the stock culture was placed on a PDA (potato
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dextrose agar) plate and incubated at 25oC for the working culture of fungi. P.

oryzae was grown in CM broth (0.3% yeast extract, 0.3% amino acids, 0.5%

sucrose) at 25oC for DNA isolation and protoplast preparation (Kieu et al.,

2014).

2.2. Construction of gene knock-out mutants of RNAi components

To construct a double dcl mutant (Δdcl1/2), we use the Δdcl1 strain as a

parental strain (Kadotani et al., 2004). Similarly, Δrdrp1/3, a double

knock-out mutant of MoRdRP1 and MoRdRP3 was first constructed by a

conventional gene disruption method to serve as a parent strain for a triple

knock-out mutant of MoRdRP1, MoRdRP2, and MoRdRP3. The primers used

for the construction of gene disruption vectors were shown in Table 3-1.

2.3. Protoplast preparation and transformation

P. oryzae was grown in CM liquid for protoplast preparation for 4 days at

25oC on a 100 rpm shaker. Digested fungal cell walls by shaking in solution

with 10mg/ml lysing enzymes (Sigma). As previously described, the upstream

and downstream PCR fragments of the target gene were combined with a drug

resistance gene, and introduced into fungal protoplasts by a polyethylene

glycol (PEG)-mediated method (Kadotani et.al., 2003). 200μl protoplast

suspension was mixed with 10μg plasmids DNA and 3μg of a plasmid

carrying a geneticin or hygromycin resistance gene cassette. After 10 minutes

of incubation on ice, 200μl, 400μl, 800μl PEG was added in a step-by -step

manner. Then PEG solution was removed after centrifugation at 5000rpm for

10 minutes. After mixing with 30ml of CM 20% sucrose media (0.3% yeast

extract, 0.3% casamino acids, 20% sucrose, 1.5% agar), protoplasts were

resuspended in 1ml of STC solution and poured into two plastic dishes. CM

media containing 400μg/ml of geneticin or hygromycin was overlaid to the

plates after 24h incubation, and incubated at 25oC for 5-7 days. Transformants

were moved to new PDA (Potatoes Dextrose Agar) dishes for screening. For
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the screening of transformants, PCR was conducted by a fungal colony PCR

method with suitable sets of primers for each gene.

2.4. Plant materials, assays for growth rate, conidiation, conidial

germination and appresorium formation and infection tests

The wheat cultivar, T. aestivum “Norin 4”, and two barley cultivars S615

and Bar14 Nigrate were used. S615 was resistant but Bar14 was

super-susceptible to Br48 (Hyon et al., 2012). Norin 4 was susceptible to Br48

(Zhan et al., 2008; Hyon et al., 2012).

Assays for growth rate, conidiation, conidial germination, appressorium

formation and plant infection tests were performed as described in Chapter II.

3. Results

3.1. MoDCL1/2 deletion mutants show defects in infection-related

morphogenesis

To test the role of the different RNAi components in vegetative hyphal

growth, ∆dcl1/2 and ∆rdrp1/2/3 were cultured on CM (0.5% sucrose) media

and their colony diameters were measured. The growth rate of double ∆dcl1/2

mutants was significantly lower than that of the wild type and ∆rdrp1/2/3

strain (Fig. 3-3). These results suggested that DCLs contributed to hyphal

growth. In contrast, ∆rdrp1/2/3 mutants grew as efficiently as did the

wild-type strain on the rich media.

The rates of conidiation, germination, appressorium formation, and

pathogenicity on host plants were evaluated for the ∆rdrp1/2/3 and ∆dcl1/2

mutants together with the wild-type strain. The most severe defect was

observed in the conidiation of the ∆dcl1/2 mutant. Compared with the

wild-type strain, the rates of conidiation were reduced by 82% in the ∆dcl1/2

mutants. In contrast, neither ∆dcl1/2 nor ∆rdrp1/2/3 exhibited defects in

germination and appressorium formation (Table 3-1). The rates of
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germination were 86.78%, 87.22%, 86.67% in the wild type, ∆dcl1/2 and

∆rdrp1/2/3 mutants, respectively (Table 3-1). Intriguingly, the appressorium

formation was reduced in the ∆dcl1/2 mutants (90.22%) compared with the

wild-type (94.89%) (t-test, p<0.05), while the ∆rdrp1/2/3 mutants (92.89%)

was also slightly decrease compared with the wild-type but there was no

statistically significant difference (t-test, p<0.05). This suggested the lacking

of both dcl genes impaired the formation of appressorium in P. oryzae.

These findings showed that DCL genes play a significant role in conidial

development, which may result in a reduction in the pathogenicity of the

fungus.

3.2. P. oryzae RNA silencing components deletion mutants show defects

in pathogenicity on host plants

I performed infection assays using wheat and barley cultivars with

different degrees of resistance/susceptibility to the wheat blast fungus Br48 to

examine the functions of RNA silencing components during infection. The

order of susceptibility of the host plants to Br48is as follows: Nigrate Bar14

(barley, super susceptible) > Nakazumi-zairai Norin 4 (wheat, susceptible) >

S615 (wheat, resistant). Seedlings of the wheat and barley cultivars were

inoculated with conidia of Br48, ∆dcl1, ∆dcl2, ∆ddcl1/2, ∆rdrp1, ∆rdrp2,

∆rdrp3, and ∆rdrp1/2/3 (Fig. 3-5). ∆dcl1/2 mutants showed a considerable

reduction in the pathogenicity on both Bar14 and Norin 4. ∆dcl1/2 mutants

produced only a few lesions graded as 1-2BGy while the infection types of

∆dcl1, ∆dcl2, ∆rdrp1, ∆rdrp2, ∆rdrp3, ∆rdrp1/2/3, and Br48 were 2-3BGy,

2-3BGy, 3BGy, 3BGy, 3BGy, 3BGy, and 3BGy, respectively, on Norin 4. On

Bar14, the infection type of ∆dcl1/2 mutants was less severe whereas those of

the other strains tested were all 5G. These results indicated that Dicer enzyme
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activity either from MoDCL1 or MoDCL2 is necessary for the cell growth of

P. oryzae and its full virulence on host plants.

4. Discussion

The Dicer proteins play an important role in regulating the production of

sRNAs in eukaryotes. Many pieces of evidence demonstrated the role of

Dicer protein in the growth, conidiation, and pathogenicity of the pathogen.

Yin C et al (2020) found that silencing Dicer-like genes in Penicillium

italicum resulted in a reduction in sRNA biogenesis and also in the virulence

of the fungus in citrus fruits. The research also suggested that sRNA may be

trafficking from P. italicum to citrus fruits to suppress the expression of host

genes, which is termed cross-kingdom RNAi. Wang (2017) also showed that

the growth, conidiation, and the pathogenicity of Colletotrichum

gloeosporioides were regulated by Dicer-like proteins. In P. oryzae, Raman et

al. (2017) showed that sRNA was required for the growth and development of

the fungus where loss of a single gene encoding Dicer, RNA-dependent RNA

polymerase, or Argonaute caused a reduction in conidiation, and especially

that of MoRdRP1 and MoAGO3 resulted in a significant decrease in growth

and virulence on a host plant. Similarly in Fusarium graminearum, RNAi

components were reported to be involved in sexual and asexual multiplication,

and pathogenicity (Gaffar, 2019).

In some cases, molecular mechanisms of cross-kingdom RNAi were

unveiled. For instance, Vm-milRNAs, miRNA-like RNAs in Valsa mali,

contribute to the successful infection of the fungus on apple trees by

adaptively regulating virulence genes (Ming Xu, 2020). Similarly, Cui (2019)

showed that the pathogenic fungus Beauveria bassiana exports a

microRNA-like RNA (bba-milR1) that hijacks the host RNA-interference

machinery in mosquito cells by binding to Argonaute 1. bba-milR1 is highly
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expressed during fungal penetration of the mosquito integument, and

suppresses host immunity by silencing the expression of the mosquito Toll

receptor ligand Spätzle 4 (Spz4).

By sequencing sRNAs produced by Sclerotinia sclerotiorum in

vegetative mycelia and at some stage in infection of host species, Arabidopsis

thaliana and Phaseolus vulgaris, Derbyshire et al. (2019) discovered that S.

sclerotiorum produces at the least 374 distinct incredibly plentiful sRNAs

during infection, mostly originating from repeat-rich plastic genomic regions.

Some of the sRNA seemed to target host genes for silencing during infection.

Consistently, A. thaliana mutants of SERK2 and SNAK2, possible sRNA

target genes, showed greater susceptibility to S. sclerotiorum. Thus, S.

sclerotiorum sRNAs may also make contributions to the silencing of immune

components in host plants.

Recent studies have revealed bidirectional cross-kingdom conversation of

sRNAs among host plants and adapted fungal pathogens.

Weiberg et al. (2013) showed that the host plant immune system is

perturbed by sRNA exported from B. cinerea. In turn, plants export natural or

exogenous synthetic sRNAs to suppress fungal gene expression. Zhang et al.

(2016) demonstrated that cotton plants export miRNAs to inhibit fungal

virulence genes.

My findings indicated that Dicer-like proteins in P. oryzae play a role in

hyphal growth, conidial development, and virulence of the fungus. However,

there are still several important unanswered questions, what kind of sRNA

processed by Dicer contributes to fungal pathogenicity and how do they work

to encounter the host plant? As a first step to address these questions, I

perform a deep sequencing analysis of sRNA in P. oryzae in the next chapter.
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Tables and figures

Figure 3-1. Phylogenetic relationship of some fungal species based on ß-tubulin

sequences and the numbers of Ago, Dicer, and RNA-dependent RNA polymerase

(RdRP)-like proteins found in their genomes. Arabidopsis was used as an outgroup to

root the tree. AS, ascomycetes; BS, basidiomycetes; ZY, zygomycete; AN, Aspergillus

nidulans; CA, Candida albicans; CC, Coprinus cinereus; CL, Candida lusitaniae; CN,

Cryptococcus neoformans; CT, Candida tropicalis; FG, Fusarium graminearum; MG,

Magnaporthe oryzae (grisea); NC, Neurospora crassa; PC, Phanerochaete chrysosporium;

RO, Rhizopus oryzae; SC, Saccharomyces cerevisiae; SN, Stagonospora nodorum; SP,

Schizosaccharomyces pombe; UM, Ustilago maydis; AT, Arabidopsis thaliana

(Nakayashiki et al., 2006).
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A

B

Figure 3-2. Construction of dcl1/2 and rdrp1/2/3 deletion strains. A, Gene
structure of DCL alleles with introns (lines) and exons (boxes). Deletion was
constructed by using the split-marker system. To make double dcl mutant (Δdcl1/2)
we use Δdcl1 strain as parental strain and make dcl2 mutant to get double dcl
mutant. B, Gene structure of RdRP alleles with introns (lines) and exons (boxes).
Make double mutant Δrdrp1/3 by transforming rdrp1 and rdrp3 disruption materials
(both of them containing hygromicin resistantce gene) at the same time, then use
Δrdrp1/rdrp3 as parental strain and make rdrp2 mutant (containing geneticin
resistantce gene) to get triple rdrp mutant (Δrdrp1/2/3).



40

A

B

Figure 3-3. Growth rate of the dcl and rdrp mutants ofM. oryzae. (A) Vegetative
growth was measured for 14 days on PDA medium. The graphs show average of
three independent replications. (B) Mycelium growth at 14 days after incubation at
25oC; (a) Wild type Br48 strain, (b)dcl1/2, (c)rdrp1/2/3

day

b ca
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WT dcl1/2 rdrp1/2/3

Figure 3-4. Effect of dcl and rdrp deletion on appressorium formation.
∆rdrp1/2/3 mutants have appressorium formation at 94.89% and 92.89%
respectively at levels comparable to the wild-type, the rate of ∆dcl1/2 mutants
decreases slightly to 90.22%. Both DCL genes play a significant role in the
development of appressorium.
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WT Δdcl1/2 Δrdrp1/2/3

Norin4

WT Δdcl1/2 Δrdrp1/2/3

Bar14

WT Δdcl1 Δdcl2 Δdcl/2

Norin4

WT Δdcl1 Δdcl2 Δdcl/2

Bar14

WT Δrdrp1 Δrdrp2 Δrdrp3 Δrdrp1/2/3

Norin4

WT Δrdrp1 Δrdrp2 Δrdrp3 Δrdrp1/2/3

Bar14

WT Δdcl1/2 Δrdrp1/2/3

S615

Figure 3-5. Infection assays of the dcl and rdrp deletion mutants. Infection assay
was performed on the wheat cultivar Norin 4, Bar 14 and S615. Four to five days
after inoculation, symptoms on the inoculated plants were evaluated by a grading
method. This experiment was repeated at least three times, and representative
samples are presented.
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Table 3-1. Comparison of phenotypes among mutants and wild type

Strain

Mycelial growth

on CM (14 days,

mm)

Conidiation

(10ml suspension)

Germination

(%)

Appressorium

formation (%)

WT 78 65.44 86.78 94.89

Δdcl1/2 70.17* 10.89** 87.22 90.22

Δrdrp1/2/3 75.5 59.44 86.67 92.89

Asterisks are given to indicate significant difference at p< 0.05 (*) and p< 0.01 (**)

(one-tailed t-test).
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Table 3-2. List of primers used in this chapter

RNAi primer sequence
MoDcl2Up-F 5′-TTACCTGAAGTCATTACCGCCC-3′

MoDcl2Up-R 5′-GGGTTCATTGCAACTGACCTTC-3′

MoDcl2Dn-F 5′-TTTGATCCAGACGTGACCATGT-3′

MoDlc2Dn-R 5′- CACCACGCTCCACAAAATCATT-3′

MoDcl2-F (496F) 5′-TGGACTGATCAACGAACATC-3′

MoDcl2-R (497R) 5′-GAAACTAGGGTCTGTACTAC-3′

MDL1-F 5′-AGCTGACTGGCTGATTGGTG-3′

MDL1-R 5′-GT-CACGCATTTTCTGCTCGTTG-3′

MoDcl1-F (489F) 5′-AGCTGACTGGCTGATTGGTG-3′

MoDcl1-R (490R) 5′-GTCACGCATTTTCTGCTCGTTG-3′

MoRdRp1 Up-F 5′-CCCCTCGAGCAGTATGCAATGGTGTGTTGC

-3′

MoRdRp1 Up-R 5′-CCCCTCGAGAGGACTTGACATGTTCCTTGC

-3′

MoRdRp1 Dn-F 5′-CTAGAAAAAGGTACAGGCGAGATG-3′

MoRdRp1 Dn-R 5′-GTACTCGTTTGGGTTGACGAAG-3′

MoRdRp2 Up-F 5′-CACTCTCAAGCTTGCAGTCATT-3′

MoRdRp2 Up-R 5′-TGACTCGAAGTAGTTTGGTGATGT-3′

MoRdRp2 Dn-F 5′-GTAAATCTAACCTTCCCTGCTTGA-3′

MoRdRp2 Dn-R 5′-TACAAAAACACACCTTTTCGGCTA-3′

MoRdRp3 Up-F 5′-CCCCTCGAGTGTCAGCGACAGACTTGGAG-

3′

MoRdRp3 Up-R 5′-CCCCTCGAGAGGTAAGGCACGTTCCAACA-

3′

MoRdRp3 Dn-F 5′-GAGCTCTCATCGGGGCTATTCTCAAC-3′

MoRdRp3 Dn-R 5′-GAGCTCCAATGCGGTCAACCTGAGTA-3′

MoRdrp1-F 5′-CTGGTTATCTCTTCACCCGGAC-3′

MoRdrp1-R 5′-TGGTCGTTGAGTAAAGTACCGG-3′

MoRdrp2-F 5′-GAAAGTATGTTGGCAGAGCAGC-3′

MoRdrp2-R 5′-TGAGCTTTCTTGCCTCTCTGAG-3′

MoRdrp3-F 5′-CTCAACCGTGGCATTCAGATTG-3′

MoRdrp3-R 5′-GTTAATGTGATGCGACAGTGGG-3′
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CHAPTER IV

DEEP SEQUENCING ANALYSIS OF

SMALL RNA IN PYRICULARIA

ORYZAE
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1. Introduction

New classes of sRNAs other than classical sRNA species, such as siRNA

and miRNA, have been found in recent deep sequencing analysis with

high-throughput sequencing innovations. One of such sRNA species derived

from tRNA, named tRNA-derived small RNA, has attracted broad attention.

There are mainly two types of tsRNAs, including tiRNA and tRF, which

differ in the cleavage position of the precursor or mature tRNA transcript

(Siqi Li, 2018).

tRFs have been defined in several deep sequencing studies (Jöchl et al.,

2008; Kawaji et al., 2008; Nunes et al., 2011). tRFs typically come from

either the 5’ or 3’ of tRNA genes with lengths between 27 – 40 nt. But 22nt

members have also been identified in certain species (Kawaji et al., 2008;

Nunes et al., 2011). Biogenesis of tRFs is derived from ribonuclease activity

inside or closing the anticodon loop, which creates tRNA-derived small RNAs

that correlate to either tRNA halves. It has also been shown that Dicer is

responsible for processing tRNA-Gln into 20nt tRFs in length (Cole et al.,

2009). An increasing body of evidence indicates that tRFs play a role in

growth and reproduction, regardless of how they are made. For example, in

the human fungal pathogen Aspergillus fumigatus, tRFs have been shown to

down-regulate protein synthesis (Jöchl et al., 2008).

In P. oryzae, tRFs were relatively more plentiful in appressoria and spores

compared to mycelia (Nunes et al., 2011). This is in agreement with the idea

that tRFs are involved in controlling protein synthesis downward. Since

mycelial tissues are rapidly growing, mature tRNAs molecules are likely

required at this developmental stage. Recent evidence in human indicates that

tRFs have a complex mechanism of biogenesis that gives rise to different

forms of tRFs having dynamic functions in silencing RNA. These tRFs have a

group of 5'-phosphate and 3'-hydroxyl and have been divided into two
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separate categories. Type I tRFs are processed by means of Dicer from a

mature cytoplasm tRNA molecule and are involved in target transcript

downregulation in trans. The 3 'end of type II tsRNAs is generated from the

termination of RNA polymerase III transcriptions (Haussecker et al., 2010).

2. Materials and methods

2.1. Fungal RNA extraction and quantitative RT-PCR

Total RNA extraction and preparation of cDNA were carried out as

previously mentioned (Vu et al., 2013) with a few modifications. Using

Sepasol RNA I Super (Nacalai Tesque, Kyoto), the total RNA was isolated

from fungal mycelia powder. Total RNA was then applied to cDNA synthesis

using ReverTra Ace qPCR RT master mix with genomic DNA remover KIT

(Toyobo, Japan). The qRT-PCR assay was performed using GeneAce SYBR

qPCR Mix α (Nippon gene, Japan) as directed by the manufacturer with

different target primers and an internal control gene (actin). The target mRNA

level, relative to the mean of the housekeeping gene of reference, was

measured using the comparative Ct procedure.

2.2. Immunoprecipitation, small RNA extraction

Fungal mycelia were ground in liquid nitrogen with mortar and pestle and

moved to the lysis buffer [50mM Tris-HCl (pH7.5), 150mM NaCl, 1mM

EDTA, and 1% TritonX-100]. After vortex mixing, cell lysate was collected

for 3 mins at 4°C by centrifugation at 12,000xg and incubated at 4°C with the

agarose gel (Sigma-Aldrich) affinity Anti-FLAG M2 for 3 hours on rotation.

After three washes with TBS, FLAG-tagged protein was eluted from the

agarose gel affinity by incubating at 4°C for 30 minutes with 150ng/μl FLAG

peptide. The eluted supernatant was collected by centrifugation at 8,000xg for

30 seconds at 4°C.

https://rnajournal.cshlp.org/content/16/4/673.long
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For AGO-associated sRNA sequencing, phenol–chloroform extraction and

ethanol precipitation were used to retrieves RNAs from the

FLAG-immunoprecipitates. An equivalent amount of phenol:

chloroform:isoamyl alcohol solution was added to the FLAG-tagged protein

solution, and mixed until it became emulsion. Then the samples was

centrifuged for 5 minutes at 4°C at 13,000rpm, and the aqueous phase (upper

layer) was moved to a new tube. An equivalent volume of chloroform was

added and mixed by inverting the tube. After centrifugation at 13,000rpm for

5 minutes at 4°C, the aqueous phase (upper layer) was transferred to a new

tube and 10% volume of 3M CH3COONa and 2.5 volume of ethanol (99.5%)

were added. RNA was recovered by centrifugation at 14,000rpm for 15

minutes after incubation at -20oC for 2 h. After washing with 70% ethanol,

RNA was dissolved in nuclease-free water and stored at -80oC.

2.3. High-throughput sequencing

To construct sRNA library for high-throughput sequencing, indexed

cDNA libraries were prepared according to the manufacturer's instructions

with the NEXTflex Small RNA-Seqv3 package for Illumina (BiooScientif).

Using Agencourt AMPure XP beads, the cDNA items were filtered and

enriched with PCR to create the final cDNA double-stranded library.

2.4. Northern blots

10µg of total RNA was separated on a ure denaturing 15% polyacrylamide

gel, and transferred electrophoretically to a Hybond-N+ Nylon filter

membrane. After transfer, the membrane was cross-linked using a UV

cross-linker. The membrane was first prehybridized in a hybridization buffer

(Ultrahyb buffer, Ambion, Austin, TX, USA) for at least 1h at 42°C, followed
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by hybridization with a specific probe overnight. A 22nt fluorescein-labeled

oligos complementary to each of 5’ terminal sequence of RNA-Glu (CTC)

and 3’ terminal sequence of tRNA-Gln (CTG) was made and used as a probe.

Afterward, the membrane was washed 3 times with 2xSSC containing 0.1%

SDS and 1 time of 0.1x SSC/0.1%SDS for 15 minutes at the same

temperature.

3. Results

3.1. Components require for biogenesis of tRNA-derived small RNAs

Because a fraction of sRNAs had previously been domonstrated to be

methylguanosine-capped in P. oryzae, we developed cDNA libraries with

TAP-treated sRNAs without gel-based size selection. In addition, adapters

with 4 randomized bases at the ligation junctions were used in library

construction to eliminate ligation bias. After removal of the adaptor, each

sample up 26 to 44 million sRNA reads sized 16 to 38nt were obtained (Table

4-1). The length distributions of sRNAs in WT, rdrp1/2/3, and dcl1/2 were

shown in Fig. 4-1a. The number of sRNA in WT was peaked at 19 nt, which

corresponds to the size of siRNAs in P. oryzae and decreased gradually as the

length of sRNA increased with a few slight peaks. The percentage of shorter

sRNA (16-20nt) in both rdrp1/2/3 and dcl1/2 was reduced compared to that in

WT, and several major peaks were observed at 22, 30, and 33-34nt in

rdrp1/2/3, and 29 and 33-34nt in dcl1/2, suggesting that drp1/2/3 and dcl1/2

may have certain limitations in the processing of longer sRNAs.

The read mapping to the P. oryzae reference genome (70–15 strain) was

performed with a cut-off of 90% coverage and 90% identity. In cDNA

libraries, the concentrations of mapped reads were 90.5–95.0% (Table 4-1).

The data also show that levels of rRNA-derived sRNAs decreased in both

Δrdrp1/2/3 and Δdcl1/2, while levels of tRNA-derived sRNAs increased
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significantly. In Δdcl1/2 this phenomenon was more noteworthy. Sequence

quantities mapped to specific RNAi targets such as repeats (transposable

elements) and mycoviruses (MVs), were also substantially impaired by the

absence of the DCL and RDRP genes. sRNAs from TEs and MVs were

substantially reduced in Δdcl1/2, while only TE-derived sRNAs were reduced

in Δrdrp1/2/3. I analyzed the size distribution of MV-derived sRNAs TE

(Figures 4-1b, c) to further answer this question. MV-derived siRNA was

much more abundantly observable in Δrdrp1/2/3 than in WT.

PoOLV1 to 3 belonging to Narnaviridae and their related RNAs were the

mycoviruses analyzed in this thesis. Because these viruses are all RNA

viruses, intermediate viral replication should have been targeted at RNA

silencing and used as substrates of DCL for biogenesis of MV siRNA. Thus,

the results indicated that the use of host-encoded RdRP did not intensify MV

siRNA. At low rates, without a recognizable peak, MV-derived sRNAs were

detectable even in Δdcl1/2. In comparison, a high peak corresponding to

siRNA was observed at 19nt in TE-derived sRNAs of WT. Nevertheless, the

peak was not observed in either Δdcl1/2 or Δrdrp1/2/3, suggesting that both

DCL and RdRP are important for TE-derived siRNA biogenesis.

Fig. 4-2 shows the size distribution of tRNA-derived sRNAs. tsRNAs

longer than 27nt were more plentiful with major peaks at 29 and 34nt relative

to those in WT in Δrdrp1/2/3 and Δdcl1/2, as opposed to those in WT. The

two main peaks related to those observed in total sRNAs of Δdcl1/2 and

Δrdrp1/2/3 (Fig. 4-1a). More than half of the 29-30nt tsRNA reads were

generated from tRNA-Glu (CTC) consisting of 9 molecular tRNA species in

both Δrdrp1/2/3 (51.3%) and Δdcl1/2 (62.0%). These proportions were

significantly higher in WT's 29-30nt tsRNA reads than the ratio (38.4%) of

tRNA-Glu (CTC). Meanwhile, 55.5% of WT's 33-34nt tsRNA reads were

derived from tRNA-Asp (GTC), consisting of 10 molecular tRNA species but

its ratio was decreased to 39.1% and 42.6% in Δrdrp1/2/3 and Δdcl1/2,
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respectively. This was attributed in part to a rise in reads resulting from

tRNA-Glu (CTC) at 33-34nt in both Δrdrp1/2/3 (33.8%) and Δdcl1/2 (27.3%)

compared to WT (17.9%). Notably, with shorter (17-19nt) tsRNA sequences,

the number of mapped reads decreased on 154 tsRNA species (81.9%) in

Δrdrp1/2/3 and 140 tsRNA species (74.5%) in Δdcl1/2 given the overall rise

in tsRNAs in the mutants. In comparison, with the 29-30nt tsRNA sequences,

only 6 and 9 tsRNA species in Δrdrp1/2/3 and Δdcl1/2, respectively, reported

a decline in the number of mapped reads compared to that in WT. These

findings discovered that longer tsRNAs are enriched in both Δrdrp1/2/3 and

Δdcl1/2 and shorter tsRNAs commonly are depleted. However, each tsRNA

species are influenced quite differently by the lack of the RNA silencing

components.

To further examine in more detail the effect of the loss of the DCL and

RdRP genes on the biogenesis of tRNA-derived sRNAs, we based on two

tRNA sequences, tRNA-Glu (CTC) and tRNA-Gln (CTG), from which

abundant 5' tRF and 3'tRF species were formed in WT, respectively. Although

the amount of shorter 5 'sequences (16 to 27nt in length) was 42.2 % among

the 5' terminus tsRNAs in WT, it was 9.3 % and 8.0 % in both Δrdrp1/2/3

and/or Δdcl1/2 (Fig. 4-3a), suggesting that Δrdrp1/2/3 and Δdcl1/2 have a

short tsRNA biogenesis deficiency. The highest peak was observed at 35nt in

Δrdrp1/2/3. This tsRNA sequence corresponds to 5’ half of tRNA-Glu (CTC),

and thus, 5’ tiRNA (Fig. 4-3b). As expected, a strong peak appeared at 29nt in

Δdcl1/2. The 3’ terminus of the 29nt sequence was located in the stem

structure of the anti-codon loop (Fig. 4-3b). These findings indicate that the

absence of RNA components specifically or implicitly facilitates the

biogenesis of 5' tiRNAs tRNA-Glu (CTC), or limits their turnover and/or

processing to shorter tsRNA.

Only the shortest and the longest tsRNAs have observed significant

shifts (Fig. 4-3d). tsRNA of 18 nt, likely major 3’tRF of tRNA-Gln (CTG),
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accounted for 26.4% of the CCA-added 3’ tsRNAs in WT but it decreased to

11.8% and 11.4% in Δrdrp1/2/3 and Δdcl1/2, respectively. Directly opposed

to this, the percentages of the longest reads likely corresponding to 3'tiRNA of

tRNA-Gln (CTG) improved to 31.2% in Δrdrp1/2/3 and 34.6% in Δdcl1/2

compared to those in WT (23.2%).

Notably, during this study, we found that the ratio of CCA added 3'

tsRNAs was substantially reduced in Δrdrp1/2/3 (59.3%) and Δdcl1/2 (38.7%)

compared to that of WT (75.6%) among reads mapped to 3' half of tRNA-Gln

(CTG). Then, 3' ends of tRNA-Gln (CTG) 3' tsRNA is investigated by

counting sequences with the same terminus 3' in them. In Δdcl1/2, a large

proportion of the 3 'tsRNAs were possibly immature and had their 3' termini

in the middle of the acceptor stem. Also included in this group was the most

abundant 29nt tsRNA of tRNA-Gln (CTG), which begins from the anticodon

stem and ended at the center of the acceptor stem. To know the degree to

which DCL and RdRP are implicated in tRNA maturation, we do the same

analyzes using all tRNA sequences. Results revealed that 60.8 % of the reads

mapped to 3 'half of tRNA had the CCA sequence at the 3 terminus in WT,

while the portion was reduced to 45.6 % in Δdcl1/2 terminus. By comparison,

the rate of Δrdrp1/2/3 (59.1%) was at a level similar to WT.

Overall, our results indicate that the RdRP and DCL proteins, with a

greater influence of the latter, play roles directly or indirectly in the

maturation of tRNA, or at least in the rapid elimination of immature tRNA

products from the cell.

3.2. Components require for biogenesis of rRNA-derived sRNAs

The proportion of sRNAs (srRNA) derived from rRNA decreased

significantly in Δrdrp1/2/3 and Δdcl1/2 (Table 4-1). Fig. 4-4 indicates the

number of mapped reads in 4 rRNA species (26S rRNA, 18S rRNA, 5.8S

rRNA, and 5S rRNA) at each position. Mapped srRNAs were not spread
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uniformly but peaked at various amounts at different positions over the rRNA

sequences. In fact, at each terminus, except the 3' terminus of 18S rRNA,

mapped reads were very plentiful. The effect of the absence of RdRPs and

DCLs was seen more distinctly at peaks. In Δrdrp1/2/3 and Δdcl1/2, the

number of mapped reads at a peak was generally reduced, relative to that in

WT (Fig. 4-4), with a greater degree in the Δdcl1/2. However, as excepted at

the 5' terminus of 26S rRNA and 3' terminus of 5S RNA, the number of

mapped reads was much higher in either rrdrp1/2/3 than in WT. Fig. 4-5

exhibits the size distribution of srRNA. In Δrdrp1/2/3 and Δdcl1/2, the

proportion of srRNAs smaller than 26nt was significantly decreased relative

to WT.

Overall, these findings indicated that DCL and RdRP were not essential

for the biogenesis of srRNAs but may partly play a role in the process.

4. Discussion

Small non-protein-coding RNAs have played crucial roles in

transcriptional and post-transcriptional gene regulation in eukaryotic

organisms, such as miRNA and siRNA, piRNA. Recently, a novel class of

sRNAs driven from tRNAs have been discovered in various eukaryotes such

as Giardia lamblia (Li et al., 2008), Saccharomyces cerevisiae (Thompson

et al., 2008), Arabidopsis (Hsieh et al., 2009), human (Cole et al., 2009) and

Tetrahymena thermophile (Pederson, 2010). Studies on the biogenesis

mechanisms of tsRNA revealed involvement of different kinds of proteins in

the process. Those included RNase III family protein Dicer (Babiarz et al.,

2008; Cole et al., 2009), the RNase T2 family protein Rny1p in yeast (2009),

RNase A superfamily protein angiogenin (Fu et al., 2009), Argonaute (Prior)

family proteins (Haussecker et al., 2010), Piwi family proteins Twi12
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(Couvillion et al., 2010), Hiwi2 (Keam et al., 2014), and DNA

methyltransferase Dnmt2 in mammals (Schaefer et al., 2010).

In this study, I found that tsRNAs longer than 34 nt were highly

accumulated in Δdcl1/2 whereas those less than 27 nt were abundant in WT.

Hence DCL proteins could play an important role in processing tsRNA into

smaller fragments. In contrast, size distribution of rsRNA is not remarkably

changed between Δdcl1/2 and WT except that highly enriched srRNA species

were substantially depleted in Δrdrp1/2/3 and Δdcl1/2. In HeLa cells, Cole et

al. (2009) found that Dicer cleaved tRNA at the D-loop and formed a 5’

fragment of 19 nt. In mouse ES cells, Dicer processed tRNA from the 3’ end

to produce 3’ tsRNAs (Babiarz et al. 2008). However, it is known that tsRNA

also could be generated by Dicer independent pathways. One of such enzymes

is AGO proteinplaying key roles in the RNA interference pathway by forming

a catalytic component with various sRNA.

In S. pombe, AGO-associated tRNA fragments were highly accumulated

in a mutant of the TRAMP complex, which is responsible for degradation of

abberant RNAs. This finding indicated that the TRAMP complex prevents

abundant rRNAs and tRNAs from entering the siRNA pathways in the

wild-type strain. Interestingly, AGO-associated tRNA fragments of 23 nt in S.

pombe e was generated independent of Dicer (Buhler et al. 2008).

In human cells, Valen et al. (2011) found that TTSa RNAs, a class of

small RNAs mapping to the sense strands of 3′UTRs were highly enriched in

the Argonaute-IP libraries with size peak at 22-23nt. These results suggested a

connection between AGO loading and mRNA 3′ end processing. This is an

interesting finding that need to be further elucidation especially on how AGO

selects TTSa RNAs.

Dicer and AGO are well-known main components in the RNA silencing

pathway. My studies showed that Dicer protein affects processing tsRNA.

Many issues should be addressed in the future; how can DCL or AGO
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proteins select tRNA or rRNA, and recognize cleavage sites in the their

structures? What exactly is the biogenesis mechanism of sRNA such as

tsRNA or rsRNA? Furthermore, what is the biological function of tsRNA and

rsRNA?
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Tables and figures

Table 4-1. Mapping of sRNA reads to different fractions of the Pyricularia

oryzae genome
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Table 4-2. RPM of 10 representative such srRNA species

Sequence WT dicer rdrp ago1 ago2 ago3
TCTTGGATTTATTGAAGACTA 217 42 48 3199 3153 44
GATTTATTGAAGACTA 59 19 22 4309 3441 125
TTGACCCGTTCGGCACCTT 50 0 21 13666 3342 1225
TGACCCGTTCGGCACCTTA 152 20 31 23510 11227 493
CGTTACGATCTGCTGAGGGTA 570 228 604 6192 13645 138
ACGGCGGCGGGGGCCCCGGGCAGAGT 19 12 15 1741 6041 38231
TGGTTTTTGCGGTTGTCCGA 116 56 126 4253 3915 366
TGGATTGTTCACCCACTA 254 107 146 3908 2512 161
TGGTAGGACGCCGAACCTC 1178 373 381 22633 6668 125141
GGTCCGGTGCGCCCTCGACGTCCC 14 11 11 5288 966 8884
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Table 4-3. Composition of used medium

Medium name Composition

PDA (1000mL) Potato Dextrose Broth 24g

Agar Powder 15g

LB-amp (1000mL) Tryptone 10g

Yeast Extract 5g

NaCl 10g

Ampicillin 100μg/m

L

CM 5%sucrose (1000mL) Yeast Extract 3g

Casamino acids 3g

Sucrose 5g

CM 20%sucrose (1000mL) Yeast Extract 3g

Casamino acids 3g

Sucrose 200g

50xTAE buffer (1000mL) Tris 242

Acetic acids 57mL

EDTA 2Na(2H20) 18.6g

Agarose gel 0.7% (1000mL) Agarose Powder 7g

1XTAE buffer 1000mL

Loading buffer Glycerol 30%
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Bromophenol blue 0.25%

Xylene cyanol 0.25%

30mM EDTA

Ethidium bromide Ethidium bromide 500μg/L

1XTAE buffer

STC buffer Sucrose 20%

Tris-HCl 25mM

CaCl2 25mM

PEG60% Polyethylene glycol 60%

Tris-HCl 25mM

CaCl2 25mM

TE buffer Tris-HCl 10mM

EDTA 1mM
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Figure 4-1. The size distribution of sRNAs in WT, Δrdrp1/2/3 and

Δdcl1/2.

90% of tRNA-Glu (CTC) derived sRNAs were mapped to its 5’ half in either

WT, Δrdrp1/2/3, or Δdcl1/2. Sequences starting from the 5’ terminus of

tRNA-Glu (CTC) were extracted and the number of sequences sharing the

same 3’ terminus was counted. tRNA-Gln (CTG) derived sRNAs were

mapped to its 3’ half in either WT, Δrdrp1/2/3, or Δdcl1/2. During tRNA

maturation, the CCA sequence is added onto the 3’ end of tRNA

precursors.sequences possessing CCA at the 3’ terminus were selected, and

the number of sequences sharing the same 5’ terminus was counted. (a). The

size distribution of sRNAs in WT, Δrdrp1/2/3 and Δdcl1/2. (b). The size

distribution of MV-derived sRNAs. (c). The size distribution of TE-derived

sRNAs

nt
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Figure 4-2. The size distribution of tRNA-derived sRNAs. cDNA libraries

was developed with TAP-treated sRNAs without gel-based size selection.

Adapters with 4 randomized bases at the ligation junctions were used in

library construction to eliminate ligation bias. After removal of the adaptor,

each sample up 26 to 44 million sRNA reads sized 16 to 38nt were obtained.

tsRNAs longer than 27nt were more plentiful with major peaks at 29 and 34nt

relative to those in WT in Δrdrp1/2/3 and Δdcl1/2, as opposed to those in WT.

nt
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f

Figure 4-3. The effect of the loss of the DCL and RdRP genes on the biogenesis

of tRNA-derived sRNAs. Rate of tRNA-Glu (CTC) and derived sRNAs in WT

(blue bar) (a), (d), Δrdrp1/2/3 (orange bar) (b), (e) and Δdcl1/2 (grey bar) (c), (f).

Rate

Rate

Rate

nt

nt

nt
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c d

Figure 4-4. The number of mapped reads at every position in 4 rRNA species
(a) 26S rRNA, (b)18S rRNA, (c) 5.8S rRNA , (d) 5S rRNA). Reads mapped of
WT (gray line), Δdcl1/2 (blue line), Δrdrp1/2/3 (orange line). The effect of the
absence of RdRPs and DCLs was seen more distinctly at peaks. In Δrdrp1/2/3
and Δdcl1/2, the number of mapped reads at a peak was generally reduced,
relative to that in WT.
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Figure 4-5. The size distribution of srRNAs. Reads mapped of WT (gray line),
Δdcl1/2 (blue line), Δrdrp1/2/3 (orange line). In Δrdrp1/2/3 and Δdcl1/2, the
proportion of srRNAs smaller than 26nt was significantly decreased relative
to WT.

nt
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b

c

Figure 4-6. The size distribution of sRNAs sharing the 5’ terminus of 26S

rRNA in WT, Δdcl1/2 and Δrdrp1/2/3. Reads mapped of WT (blue bar) (a),

Δdcl1/2 (orange bar) (b) and Δrdrp1/2/3 (dark green bar) (c). The number of

mapped reads was much higher in either rrdrp1/2/3 than in WT at the 5'

terminus of 26S rRNA.
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