
 
 

ABSTRACT 

NUNES, CRISTIANO CAIXETA. Elucidating the Repertoire and Biogenesis of Small 
RNAs in the Rice Blast Fungus, Magnaporthe oryzae. (Under the direction of Dr. Ralph A. 
Dean). 
 

Remarkable progress has been made in the development of host-induced gene 

silencing (HIGS) for further application in plant resistance against parasites. Most of the 

available knowledge on HIGS is towards silencing of plant pathogenic viruses. Recently, 

new findings suggest RNA movement from plant to fungal cells results in specific silencing 

of fungal transcripts. This finding provides great potential for future development and 

application of HIGS to control plant pathogenic fungi including Magnaporthe oryzae, the 

blast disease causing agent. 

In chapter 1, I summarize important aspects of M. oryzae as a model plant pathogen. 

Extensive genomics and transcriptome resources are available for this fungus as well as 

forward and reverse genetics, which greatly facilitates post-genomics studies. Although 

significant progress has been made for understanding of the molecular mechanisms of the 

rice – M. oryzae interaction, this fungus remains one of the major concerns for rice 

production worldwide and wheat blast is emerging as a potential risk for wheat producing 

areas.  

In chapters 2 and 3, I present overviews of the importance of recent discoveries 

regarding small RNA and gene silencing in the context of new opportunities to explore host-

fungal pathogen interactions and discuss this topic as two review chapters. In chapter 2, I 

summarize the functional RNA silencing protein machinery in plant pathogenic fungi and 

discuss strategies to employ RNA silencing for investigating the basis of fungal pathogenesis 

and controlling fungal diseases through HIGS. In Chapter 3, I review different classes of 



 
 

fungal small RNAs and describe new methodologies for characterization of small RNA and 

RNA silencing in plant pathogenic fungi. The concept of HIGS to control fungal diseases 

holds great promise, but much remains to be learned. I conclude both chapters highlighting 

fundamental questions that remain to be addressed. 

M. oryzae is known to have functional RNA silencing protein machinery, however, 

knowledge of small RNAs in this fungus is lacking. In chapter 4, I employed next generation 

sequencing to perform a detailed examination and characterization small RNA molecules (15 

– 40 nucleotides long) from mycelia and appressoria tissues. In mycelia tissue, small RNAs 

of the size 18 – 23 nt were enriched from intergenic and repetitive elements while 

appressoria contained a greater proportion of small RNAs of 28 – 35 nt mapping to tRNA 

loci. I named LTR retrotransposon-siRNAs (LTR-siRNA) and tRNA-derived RNA 

fragments (tRFs) for small RNAs mapping to repeats in the mycelia and to tRNA in the 

appressoria libraries, respectively. Although their exact roles remain to be elucidated, the 

observed differential small RNA profiles suggest these molecules may play important roles 

in genome defense and regulation of growth and development in a tissue specialized manner. 

In chapter 5, I investigate the possible roles of two T2 ribonucleases (MoRNS2-1 and 

MoRNS2-2) in the biogenesis of tRFs. MoRNS2-1 gene deletion mutants were obtained and 

were similar to wild type and ectopic strains in respect to conidiation, appressorium 

formation, vegetative growth and ability to cause disease in barley leaves. In addition, the 

tRFs profile was indistinguishable between deletion mutants and control strains. In contrast, I 

was unable to obtain gene deletion mutant of MoRNS2-2. Further characterization of 

MoRNS2-2 is required before I can conclude that MoRNS2-1 plays no role in biogenesis of 

tRFs or other small RNA classes. 



 
 

Elucidating the Repertoire and Biogenesis of Small RNAs 
in the Rice Blast Fungus, Magnaporthe oryzae 

 

 

by 
Cristiano Caixeta Nunes 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the Degree of 

Doctor of Philosophy 
 

Plant Pathology 

 

 

Raleigh, North Carolina 

2011 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
Dr. Ralph A. Dean     Dr. Gary A. Payne  
Chair of Advisory Committee 
 
 
________________________________  _______________________________ 
Dr. Eric L. Davis     Dr. José M. Alonso



ii 
 

DEDICATION 

 

Undoubtedly this accomplishment is dedicated  

to my beloved parents, João Lázaro Caixeta and Vilma Caixeta Nunes,  

and to my brother Tiago Caixeta Nunes.  

 

Sem dúvida nenhuma, dedico esta realização  

aos meus amados pais, João Lázaro Caixeta e Vilma Caixeta Nunes,  

e ao meu irmão Tiago Caixeta Nunes.  

 



iii 
 

BIOGRAPHY 

 

Cristiano Caixeta Nunes was born on October 24th, 1979 and raised for most of his 

childhood in Patos de Minas, Minas Gerais (MG) – Brazil. Due to immensurable love, 

dedication, encouragement and sacrifice of his parents, João Lázaro Caixeta and Vilma 

Caixeta Nunes, Cristiano always had the opportunity to attend the best schools in Patos de 

Minas since he first started his educational journey. In 1998, Cristiano moved to Viçosa city, 

also in MG state, to start his undergraduate major in Agronomy at the “Universidade Federal 

de Viçosa” (UFV). In Viçosa, again receiving full support from his parents and from many 

other family relatives, Cristiano had the opportunity to receive excellent training at UFV, one 

of the top Agricultural based Universities in Brazil (and South America), and discovered his 

passion for scientific research. Early on his undergraduate voyage, Cristiano explored a 

variety of research subjects to finally realize that his future academic career would involve 

the use of molecular biology, as a tool, to further study disease of plants. In 2004, he started 

his Master of Science (M.Sc.) in Plant Pathology under the direction of Dr. Luiz A. Maffia 

and received his degree in April 2006 also from UFV. During the final months of his M.Sc., 

he was accepted in a doctoral program in the Department of Plant Pathology at North 

Carolina State University, one of the best programs in the world for this field of study. 

Concomitantly, Cristiano was also awarded a Brazilian scholarship from the agency 

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and Fulbright 

sponsorship to support his doctoral studies in Raleigh, North Carolina – USA. On August 5th, 



iv 
 

2006, Cristiano arrived in Raleigh, joined the Fungal Genomics Laboratory and Center for 

Integrated Fungal Research (CIFR), and initiated his Ph.D. under the guidance of Dr. Ralph 

A. Dean. 



v 
  

ACKNOWLEDGMENTS 

 

First of all, my sincere gratitude to my academic advisor, Dr. Ralph A. Dean, for the 

opportunity to be part of the Fungal Genomics Laboratory, unconditional support and 

constant encouragement to face daily challenges. From a scientific point of view, critical 

thinking about science is one of the most valuable lessons I have learned from him. For this 

and many other reasons, I thank you again. 

I would like to also express appreciation to my committee members, Drs. Gary A. 

Payne, Eric L. Davis and José M. Alonso not only for the fascinating lectures but also for 

their suggestions and support during all steps to complete the requirements for this degree. 

To the Program CAPES/Fulbright, I thank you from the unique opportunity to be part 

of this fruitful partnership. Specifically, I would like to thanks CAPES for financial support 

and to Fulbright administrative support of many academic details during the course of my 

Ph.D. in the United States of America. I am also thankful to Ms. Michelle Grant, my Foreign 

Fulbright Student Program Officer, for providing an arsenal of “digested” information 

regarding many other aspects of my doctoral program.  

I also wish to fully express my gratitude to the Department of Plant Pathology. 

Particularly, I would like to thank Dr. James Moyer, Department Head, and Dr. David F. 

Ritchie, Director of Graduate Program during the first 3 years of my Ph.D., for additional 

support, encouragement and precise instructions regarding course credits and NC State 

University graduate school policies since the first moment I arrived in Raleigh. Additional 



vi 
 

thanks to Dr. Eric L. Davis for taking over Dr. Ritchie’s position and maintaining the level of 

assistance. Finally, many thanks to our previous and current Graduate Student Services 

Coordinators, Marly Lee and Sandra Grissom, respectively, for such outstanding help during 

all graduate school matters. 

Many thanks to Luciano Costa e Silva for his friendship and words of wisdom during 

many difficult moments. In addition, thanks to my unique friends Leonardus and Teresa 

Vergütz for their tireless encouragement throughout this journey to accomplish my goals. 

Also, I would like to thanks Ricardo and Emília for their trustful friendship and support in all 

matters. 

Special appreciation goes to my fellow laboratory mates and graduate students Joshua 

(Josh) Sailsbery, Junhyun (Jun) Jeon, William (Will) Sharpee and Gregory (Greg) Bernard. I 

have learned many scientifically and not scientifically aspects of life from all of you. Thanks 

guys! Another round of thanks to a fellow graduate student, Lee Miller, for the enjoyable 

social gathers with “cachaça”. Many thanks to many other graduate students both on and off 

campus.  

Thanks to other Fungal Genomics Laboratory Members including Dr. Yeon Yee Oh, 

Dr. Malali Gowda, Dr. Willian Franck, Douglas Brown, Vickie Randleman, Cassandra, 

Linda Shroeder and Julie Macialek who helped make a positive work environment since my 

arrival in 2006. In addition, thanks to Dr. Thomas K. Mitchell for his constant example of 

energy, dynamism and professionalism.  



vii 
 

Another round of appreciation to the Center for Integrated Fungal Research (CIFR) 

for the exceptional facilities, personal expertise and shared equipment (24/7) generously 

made available Gary A. Payne, Marc Cubeta, Paola Veronese, Margaret E. Daub, and 

Ignazio Carbone. 

More thanks to my fellows Valdir Lourenço, Robson Almeida and André Souza from 

Universidade Federal de Viçosa who joined CIFR during their sandwich doctoral studies, for 

long talks, coffees and lunches together. 

Finally, I can NOT thank enough all my family and relatives, particularly my parents 

and brother, for an arsenal of emotional, psychological and monetary support whenever 

needed. Once again, thank you for your never-ending support to build my career and help me 

realize my dreams. 



viii 
 

TABLE OF CONTENTS 

 

LIST OF TABLES ................................................................................................................... xi 
LIST OF FIGURES ................................................................................................................ xii 
Chapter 1 - Magnaporthe oryzae as an important model plant pathogen .......................... 1 

Introduction ........................................................................................................................... 2 
M. oryzae life cycle biology .................................................................................................. 3 
Importance of genetic resistance in blast disease control ..................................................... 4 
Relevance of M. oryzae genomics and transcriptome studies .............................................. 6 
References ............................................................................................................................. 8 

Chapter 2 - Host-induced gene silencing: a novel tool for understanding fungal host 
interaction and developing novel disease control strategies ............................................. 11 

Summary ............................................................................................................................. 12 
Introduction ......................................................................................................................... 13 
General mechanism of eukaryotic RNA silencing .............................................................. 14 
Fundamental principles of RNA silencing in plant pathogenic fungi ................................. 16 
Applications in host-induced gene silencing using parasite-derived resistance ................. 20 
Future prespectives of HISG in fungi-plant interaction ...................................................... 24 
Acknowledgements ............................................................................................................. 27 
References ........................................................................................................................... 27 

Chapter 3 - Characterization and applications of small RNAs and RNA silencing 
mechanisms in fungi ............................................................................................................. 44 

Summary ............................................................................................................................. 45 
Introduction ......................................................................................................................... 46 
Small RNAS ....................................................................................................................... 48 

QDE-2-interacting small RNAs (qiRNAs) ..................................................................... 48 
tRNA-derived RNAs fragments (tRFs) .......................................................................... 49 
miRNA-like small RNAs (milRNAs) ............................................................................. 51 
Dicer-independent siRNAs (disiRNAs) .......................................................................... 51 
Endogenous short RNAs (esRNAs) ................................................................................ 51 
Small interfering RNAs (siRNAs) .................................................................................. 52 



ix 
 

MicroRNAs (miRNAs) ................................................................................................... 53 
Current methodologies for further characterization of small RNA and RNA silencing in 
PPF ...................................................................................................................................... 54 

Identification and functional characterization of RNA silencing machinery ................. 55 
Functional characterization of RNA silencing machinery using surrogate fungi ........... 58 
Isolation of small RNAs from fungal infected plant tissues ........................................... 60 

Opportunities to use RNA silencing to explore plant-fungi interactions ............................ 61 
Acknowledgements ............................................................................................................. 64 
References ........................................................................................................................... 64 

Chapter 4 - Diverse and tissue-enriched small RNAs in the plant pathogenic fungus 
Magnaporthe oryzae .............................................................................................................. 74 

Abstract ............................................................................................................................... 75 
Background ......................................................................................................................... 75 
Results ................................................................................................................................. 76 
Discussion ........................................................................................................................... 84 
Conclusion .......................................................................................................................... 90 
Methods............................................................................................................................... 90 
Acknowledgements ............................................................................................................. 92 
References ........................................................................................................................... 92 

Chapter 5 - Functional characterization of T2-like ribonucleases and role in biogenesis 
of tRNA-derived RNA fragments in Magnaporthe oryzae ................................................. 95 

Summary ............................................................................................................................. 96 
Introduction ......................................................................................................................... 98 
Material and methods ........................................................................................................ 102 

M. oryzae strain, culture conditions, protoplast preparation and fungal transformation
....................................................................................................................................... 102 
Identification of RNase T2-like proteins in M. oryzae and construction of knockout 
constructs ...................................................................................................................... 103 
Nucleic acid extractions, M. oryzae transformants screen, Northern blot and 3’ RACE 
analysis of tRFs ............................................................................................................. 104 
Vegetative growth, appressoria and pathogenicity assays ............................................ 104 

RESULTS ......................................................................................................................... 106 



x 
  

Identification of M. oryzae T2 RNase-like proteins and amplification of knockout 
construction for transformation ..................................................................................... 106 
Disruption of MoRNS2-1 and MoRNS2-2 ..................................................................... 108 
Characterization of MoRNS2-1 mutants ....................................................................... 108 
Northern blot analysis and 3’ RACE suggests MoRNS2-1 has no role in small RNA 
biogenesis ...................................................................................................................... 109 

Discussion ......................................................................................................................... 110 
Acknowledgements ........................................................................................................... 112 
References ......................................................................................................................... 113 

APPENDICES ..................................................................................................................... 127 
Appendix A ....................................................................................................................... 128 

Additional file 1 ............................................................................................................ 129 
Additional file 2 ............................................................................................................ 137 
Additional file 3 ............................................................................................................ 141 
Additional file 4 ............................................................................................................ 143 
Additional file 5 ............................................................................................................ 144 
Additional file 6 ............................................................................................................ 146 
Additional file 7 ............................................................................................................ 148 
Additional file 8 ............................................................................................................ 149 
Additional file 9 ............................................................................................................ 150 
Additional file 10 .......................................................................................................... 154 
Additional file 11 .......................................................................................................... 155 

Appendix B ....................................................................................................................... 156 
Additional file 1 ............................................................................................................ 157 
Additional file 2 ............................................................................................................ 158 

Appendix C ....................................................................................................................... 162 
 



xi 
 

LIST OF TABLES 
 

Chapter 2 – Host-induced gene silencing: a tool for understanding fungal host 
interaction and developing novel disease control strategies……………..………………11 

Table 1 – Summary of RNA silencing in plant pathogenic fungi………………………...36 
Chapter 3 – Characterization and application of small RNA and RNA silencing 
mechanisms in fungi……………………….…………………...…………………………..44 

Table 1 – List of putative fungal protein machinery involved in small RNA biogenesis 
proteins………………….………………………………………………………………....71 

Chapter 4 - Diverse and tissue-enriched small RNAs in the plant pathogenic fungus, 
Magnaporthe oryzae…………………...…………………………………………………....74 

Table 1 – Summary statistics of small RNA libraries from mycelia and appressoria 
tissues…………………………………………………….………………………………..77 
Table 2 – Distribution of mycelia small RNAs with perfect map to nuclear and 
mitochondria genomes……………………………………………….……………………78 
Table 3 – Distribution of appressoria small RNAs with perfect map to nuclear and 
mitochondria genomes…………………………………………………………………….79 
Table 4 – Association of mycelia small RNAs with ESTs and ESS……………………...82 
Table 5 – Association of appressoria small RNAs with ESTs and ESS…………...……..82 

Chapter 5 - Functional characterization of T2-like ribonucleases and role in biogenesis 
of tRNA-derived RNA fragments Magnaporthe oryzae…………………………………..95 

Table 1 – List of oligonucleotides used during PCR and Northern blots…………….…116 
Table 2 – List of oligonucleotides used for 3’ RACE……………………………...……117 

 



xii 
 

LIST OF FIGURES 
 

Chapter 2 – Host-induced gene silencing: a tool for understanding fungal host 
interaction and developing novel disease control strategies.…………...………………..11 

Figure 1 – General mechanism and potential application of RNA silencing for 
development of plant disease control strategies. In plant cells (A), endogenous RNA 
silencing is triggered by transcription of dsRNA (or hairpin) molecules in the nucleus 
(A1). These precursor molecules are processed by RNase III enzymes, such as Dicer (or 
Drosha in animals), (A2) producing 21 nt dsRNA molecules which are transported to the 
cytoplasm by Exportin-5 (A3). Upon elimination of the passage strand, the guider ssRNA 
associates with Argonaute (A4) and directs the RNA-induced silencing complex (RISC) to 
bind to target endogenous transcripts (A5) resulting in mRNA degradation or inhibition of 
translation (A6). RNA-dependent RNA polymerase (RdRp) re-synthesizes dsRNA which 
is diced into 21 nt dsRNA molecules leading to RNA silencing amplification (A7) In 
pathogen infected plant cells (B), integration (B1) and transcription (B2) of a host-induced 
gene silencing (HIGS) construct results in HIGS dsRNA molecules (or hairpins) that are 
processed into 21 nt dsRNA molecules by Dicer (B3) and transported to the cytoplasm 
(B4) likely by Exportin-5. Alternatively, virus-induced gene silencing (VIGS) (B5) can be 
used to produce VIGS dsRNA precursors. VIGS-dsRNA molecules can directly lead to 
silencing of viral target transcripts in the plant cytoplasm (B6). HIGS-dsRNA molecules 
can be exported from plant cells and lead to silencing of nematode targets upon nematode 
feeding (B7), or silencing of fungal transcripts upon fungal infection (B8)……………….42 

Chapter 4 - Diverse and tissue-enriched small RNAs in the plant pathogenic fungus, 
Magnaporthe oryzae…………………...………………………………………...………….74 

Figure 1 – Distribution of small RNAs with perfect match to M. oryzae chromosome II. 
(A) Overall distribution of small RNAs. (B) Small RNAs mapping to unique loci. (C) 
Small RNAs mapping to repetitive elements. Number of small RNA alignments per 5 kb 
genomic sequence is shown on Y axis with chromosome length on X axis (vertical lines 
above and below chromosome line [Y = 0] represent small RNAs mapping to sense and 
antisense strands, respectively). Red vertical lines indicate sequences derived from 
mycelia and green from appressoria………………………………………………………77 
Figure 2 – Characterization of small RNAs from mycelia and appressoria tissues with 
perfect match to genome. (A) Proportion of small RNAs aligned to different genomic 
features. (B) Size distribution of small RNAs from mycelia and appressoria libraries, (C) 
sub-features within genes and (D) tRNAs from mycelia and appressoria libraries……….80 
Figure 3 – Nucleotide composition of small RNAs mapped to M. oryzae genomic features. 
Nucleotide frequency of small RNA alignments to sense and antisense strands of (A) 
genes, (B) repetitive elements, (C) tRNA and (D) rRNA loci are shown on the Y axis and 
nucleotide position on the X axis. Position 1 of antisense strand mapped small RNAs for 



xiii 
 

genes and repeats is enriched for T (U in the RNA molecule). In contrast, C is suppressed 
at position 1………………………………………………………………………………..81 
Figure 4 – Small RNAs mapped to intergenic features. Small RNAs (dotted box) mapping 
uniquely to intergenic region on (A) chromosome III (3202700..3209000), (B) 
chromosome I (1539400..1545900) and (C) unlinked DNA (9200..13100) are enriched in 
mycelia. ESTs and ESSs provide additional evidence for transcriptional activity within and 
around these intergenic regions…………………………………………………………...83 
Figure 5 – LTR-siRNAs mapping to the retrotransposable element MAGGY. (A) 
Distribution of small RNAs (black dotted box) to a ~ 0.8 Mb region of chromosome I 
show two major peaks on the plus (sense) and minus (antisense) strands. Close up 
inspection of boxed region reveals many small RNAs (black arrows) mapping to the full 
length (~ 5 kb) of MAGGY LTR-retrotransposon (red arrow). (B) Detailed inspection of 
boxed region shows LTR-siRNAs map in roughly equal proportions to both strands of 
MAGGY where y axis corresponds to small RNA mappings to sense (red) and to antisense 
(green) strands and x axis represents the full length MAGGY sequence. (C) Size 
distribution of MAGGY-derived LTR-siRNAs reveals a peak length of around 22/23 
nucleotides………………………………………………………………………………...84 
Figure 6 – MAGGY LTR-siRNA validation by 3’ RACE. (A) Detailed schematic flow of 
small RNA (< 30 nt) isolation, polyadenylation, cDNA and specific MAGGY LTR-siRNA 
amplification. (B) PCR amplified MAGGY LTR-siRNAs using the 3’ reverse primer and 
5’ MAGGY small RNA-specific primer under three different mycelia growth conditions 
separated on 3% agarose gel (see Material and Methods for tissue growth treatments). L = 
100 bp DNA Ladder (Biolabs), lanes 1 – 3 and 7 correspond to small RNA mapping to 
sense and lanes 4 – 6 to anti-sense strands. (C) PCR amplification of MAGGY LTR-
siRNA 7 on 15% polyacrylamide gel as described in (A) and (B) above (lanes 3, 6 and 9). 
For PCR controls, lanes 1, 4 and 7 were loaded with water and lanes 2, 5 and 8 with total 
RNA. D = Decade DNA ladder (Invitrogen)……………………………………………...85 
Figure 7 – Small RNAs mapping to MGR583. Small RNAs mapping to the repetitive 
element MGR583 are highly enriched in the mycelia library (bottom of dashed box). EST 
data suggests MGR583 and a pseudo tRNA are transcribed as a single mRNA, which is 
possibly silenced by small RNAs…………………………………………………………86 
Figure 8 – Logos of tRFs mapping to tRNA families. (A) Differential mapping of tRFs to 
the 5’ and 3’ halves of mature tRNAs. tRFs originated from a single tRNAHis type (see 
Material and Methods) mapped more abundantly to the 3’ half in the mycelia library and 
in roughly equal frequency to both 5’ and 3’ halves in the appressoria library. Numbers 
below each letter in the Logos represent number of nucleotides from small RNAs 
mappings. (B) Members of tRNAPro family clustered into two types (two Logos per 
library) where small RNAs mapped predominantly to one type in both libraries. While 
tRFs mapped preferentially to the 5’half of both tRNAPro types in the mycelia library, they 



xiv 
 

mapped primarily to the 3’half of a single type in the appressoria library. (C) Members of 
tRNALys grouped into two types. In both libraries, tRFs mapped predominantly to the 3’ 
half and preferentially to one tRNALys type (upper Logo in each library) ……………….87 
Figure 9 – Northern blot analysis of tRFs from different tissues and stress conditions. (A) 
Northern blot hybridization analysis of tRNAThr reveals differential accumulation of 5’ and 
3’ tRFs across different tissues. (B) 5’ derived tRFs from tRNAGly accumulate under a 
variety of stress conditions, but most predominantly in spores and appressoria tissues. 
Predominant RNA signifies RNA of high quality and similar concentration…………….88 
Figure 10 – Possible posttranscriptional modification sites of tRFs. (A) Genomic locus of 
the mature tRNAArg and flanking sequence is shown in italics and underlined letters, 
respectively. tRFs mapping to the 3’ half of tRNAArg show non-templated CCA addition 
(red letters). (B) Logo of genomic tRNALeu sequence (top) and corresponding tRFs Logos 
from appressoria (middle) and mycelia (bottom) indicate possible posttranscriptional 
modification sites as indicated by dotted boxes. Numbers below Logo designate nucleotide 
position of the mature tRNALeu…………………………………………………………...89 

Chapter 5 - Functional characterization of T2-like ribonucleases and role in biogenesis 
of tRNA-derived RNA fragments Magnaporthe oryzae…………………………………..95 

Figure 1 – Adaptamer-mediated PCR strategy for T2 RNase gene replacement. (A) Two 
sets of primers (UF and UR, DF and DR) containing adapters were used to amplify 
approximately 1 kb fragments from each flank of the (Hyg F and Hyg R) MGG_05342 
(MoRNS2-1) genomic locus. Hygromycin fragment was amplified with primers 
complementary to the amplified flanking sequences. Nested PCR was performed to 
combine three fragments using primer set NF and NR to generate the PCR knockout gene 
replacement construct. (B) After fungal transformation, the knockout construct is shown 
replacing the target gene by homologous recombination………………………………..118 
Figure 2 – Multiple amino acid sequence alignment of Rny1 and two M. oryzae RNase T2 
genes……………………………………………………………………………………..119 
Figure 3 – Conserved CAS I and II. Histidine residues essential for catalytic activity are 
indicated by asterisks…………………………………………………………………….120 
Figure 4 – Secondary screen of putative MoRNS2-1 transformants. (A) Hygromycin 
primers were used to amplify a 1,366 bp fragment to indicate the presence of the selectable 
hygromycin gene. (B) Absence of a 929 bp fragment corresponding to MoRNS2-1 ORF 
suggests homologous recombination event. Amplification of a 2,417 (C) and 2,282 bp (D) 
fragment corresponding to a region spanning from outside the targeted gene and internal to 
hygromycin confirms gene knockout by homologous recombination which confirmed T03, 
T04, T14 and T15 as MoRNS2-1 gene replacement mutants……………………………121 
Figure 5 – Pathogenicity assay of MoRNS2-1 mutants. Symptoms developed by deletion 
mutants (T03, T04, T14 and T15) were indistinguishable from mock, 70-15 and ectopic 
strains T29 and T09……………………………………………………………………...122 



xv 
 

Figure 6 – Role of MoRNS2-1 in tRFs biogenesis. (A) Top panel depicts Northern blot 
probed with fragment specific to the 3’ half of tRNAGly. The presence of approximately 36 
– 38 nt fragments suggest tRFs are produced in all mutants investigated. Bottom panel 
shows over-exposed Northern blots. (B) Northern blots probed with fragment to detect 3’ 
half of tRNAHis. Similar results as in (A) were observed. RNA fragment sizes were 
compared to the 10 bp RNA Ladder (Ambion). Strains T03, T04, T14 and T15 are the 
MoRNS2-1 deletion mutants and T29 and T9 ectopics. Δ dcl, Δ ddm and Δ exp 5 
correspond to dicer, modification methylase DdeI and exportin 5 mutants, 
respectively………………………………………………………………………………123 
Figure 7 – Detection of small RNA-derived from different genomic loci by 3’RACE. 
Presence of fragments corresponding to GTP2-siRNA [70] (A), 5’ U4-siRNA [65] (B), 3’ 
U4-siRNA [75] (C), 3’ U6-siRNA [74] (D), intergenic-siRNA 1 [65] (E) and intergenic-
siRNA 2 [69] (F) suggest that the genes investigated are not responsible for small RNA 
biogenesis. All 3’ RACE expected fragments are equal or shorter than 75 nucleotides long. 
For details on expected fragment size small RNA subjected to 3’ RACE. Numbers 
between brackets represent expected length of fragment. Strains T03, T04, T14 and T15 
are the MoRNS2-1 deletion mutants and T29 and T9 ectopics. Δ dcl, Δ ddm and Δ exp 5 
correspond to dicer, modification methylase DdeI and exportin 5 mutants, 
respectively……………………………………………………………………………....126 

 

 



1 
 

 
 
 
 
 
 
 
 

Chapter 1 
 
 

Magnaporthe oryzae as an important model plant pathogen 
 
 

Cristiano C. Nunes1 
 
 

1 Fungal Genomics Laboratory, Center for Integrated Fungal Research, Department of Plant 
Pathology, North Carolina State University, Raleigh, NC, 27606, USA 

 
 
 
  



2 
 

INTRODUCTION 

 

According to the Food and Agriculture Organization (FAO), food security is defined 

as a situation that “exists when all people, at all times, have physical, social and economic 

access to sufficient, safe and nutritious food to meet their dietary needs and food preferences 

for an active and healthy life” (FAO, 2010) (Schmidhuber and Tubiello, 2007). Coordinately, 

many abiotic and biotic factors can interfere with food production such as global warming, 

water availability, soil fertility, pests and plant pathogens. Diseases caused by pathogens are 

among the primary factors limiting food production and Magnaporthe oryzae, the rice and 

wheat blast fungus represents a real threat to the future of food security. This fungus causes 

blast disease in rice and wheat; two of the most important food staples for billions of people. 

Considering only rice, three billion people rely on this grain as their principle source of 

nutrition. It has been estimated that rice blast destroys enough rice to feed 60 million people; 

although this information is likely an underestimate (Skamnioti and Gurr, 2009). Thus, this 

fungus remains one of the major concerns for rice production worldwide. In addition, wheat 

blast is emerging as an important disease in countries such as Brazil and may represent a 

potential risk for large wheat producing areas such as the USA.  

Although tremendous progress has been made on elucidating fundamental processes 

governing rice – M. oryzae interactions, novel, unique and efficient blast disease control 

approaches are still needed to combat yield losses. Detailed studies and understanding of M. 

oryzae biology is key to solving this problem. Discovery of novel pathogenesis-related 
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aspects is critical to developing blast disease control methods. Since the publication of the 

genome sequence of M. oryzae, remarkable progress has been made to better elucidate host – 

M. oryzae interactions at the molecular level. Here, I briefly discuss aspects related to M. 

oryzae biology, blast disease control and transcriptome studies.  

 

M. ORYZAE LIFE CYCLE BIOLOGY 

 

The tractability of M. oryzae combined with its economic importance has led to the 

identification of many basic components related to its biology and life cycle. Mycelia, the 

vegetative tissue, are easily grown in the laboratory and can be used to produce three-celled 

asexual spores, also known as conidia. In the field, conidia are the main source of inoculum 

and are responsible for the initiation of the blast disease. Upon landing of conidia on the leaf 

surface, a series of developmental events known as pre-penetration are triggered. These 

events include conidia germination, germ tube formation, and formation of the appressorium, 

a specialized infection structure. From mature appressoria emerges a penetration peg, which 

physically penetrates into host cells (Galhano and Talbot, 2011). Many protein coding genes 

have been already identified during pre-penetration events.  

Post-penetration events results in differentiation of primary hyphae into bulbous 

invasive hyphae (IH) and into extra-invasive hyphal membranes (EIHM). Recent work to 

elucidate post-penetration events has led to the identification of the biotrophic interfacial 

complex (BIC). This structure is known to secrete effector proteins into host cells. Genomics 
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and transcriptome data have been essential to elucidate potential genes involved in these 

processes (Mosquera et al., 2009).  

 

IMPORTANCE OF GENETIC RESISTANCE IN BLAST DISEASE CONTROL  

 

Today the most effective and environmentally sound method to control blast disease 

is through plant genetic resistance, particularly cultivar-specific resistance. As summarized 

by Skamnioti and Gurr (2009), a total of 73 blast resistance (R) genes have been identified. 

Most of these genes are from Oryza sativa indica and contain the nucleotide-binding site-

leucine-rich repeat NBS-LRR gene structure that is involved in recognition of pathogen-

associated proteins. One example, Pita, a rice NBS-LRR protein, is constitutively expressed 

in the cytoplasm (Bryan et al., 2000; Skamnioti and Gurr, 2009)  

Similarly, several rice blast Avirulence (Avr) genes have been characterized. For 

instance, M. oryzae AvrPita represents the cognate gene of Pita and encodes a secreted 

putative zinc metalloprotein which is highly expressed in rice infected rice cells upon fungal 

penetration. Subsequent interaction between Pita and AvrPita leads to plant disease 

resistance. Pita and AvrPita represent an important example of the classical gene-for-gene 

concept of plant parasite interaction where the fungal Avr gene product interacts with 

corresponding R gene product recognition, resulting in no disease.  

Distinct mechanisms may govern gain of virulence in M. oryzae. For instance, point 

mutations, deletion and insertion of the Pot3 transposon in the promoter region of AvrPita 
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have been reported to result in disease development due to lack of interaction with the R 

gene. Transposable elements (TE) are known to flank AvrPita family member loci and can 

potentially result in mutation of the AvrPita locus or alter expression patterns. Also, gain of 

virulence has been observed for other Avr gene products such as ACE1, AVR1-CO39, PWL1 

and PWL2 as a consequence of deletion, insertion or surrounded by retrotransposon or TE. 

Thus, M. oryzae isolates having active repetitive elements (further discussed in chapters 3 

and 4) likely have an effect on the genetic diversity at the population level and are major 

contributors to R gene resistance breakdown in the field.  

Although cultivar-specific resistance has been widely employed for blast control, this 

genetic resistance method requires extensive efforts by plant breeding programs. First, 

numerous wild and/or cultivated rice accessions have to be screened to identify potential 

sources of R genes. Also, isolation and development of new resistant cultivars involves 

extensive labor and is time consuming. In addition, introduction of blast resistance may have 

unexpected consequences. For instances, mutations in the Mlo locus conferringresistance to 

Blumeria graminis f. sp. hordei increases susceptibility to M. oryzae (Jarosch et al., 1999). 

Considering rice – M. oryzae interactions, perhaps the most discouraging aspect of using R 

genes is their lack of durability. In some instances, R gene effectiveness is limited to two – 

four years (Babujee and Gnanamanickam, 2000; Bonman et al., 1992). 

Recently, host-induced gene silencing (HIGS) has emerged as a promising alternative 

to control fungal diseases (Nowara et al., 2010; Yin et al., 2010). Utilization of HIGS as a 

plant genetic resistance is dependent in two major assumptions. One, there is RNA 
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movement between plant and fungus and two, the fungus must have an operational RNA 

silencing machinery. Independent studies have been shown that engineered plants expressing 

dsRNA can trigger gene silencing in invading fungal cells (discussed in chapter 2). M. oryzae 

not only has all the components of required for RNA silencing but has also been shown to 

silence endogenous and exogenous transcripts. Also, considering that production of 

transgenic rice is a well established technology, the application of HIGS to create rice plants 

targeting M. oryzae transcripts may be a great complementary/alternative strategy for control 

of blast disease. Another important aspect of using HIGS is prior knowledge of the host 

genome in order to avoid silencing of non-targets in rice plants. The available genomic and 

transcriptome resources available for both rice and rice blast fungus hold great promise for 

HIGS to control this devastating disease (Dean et al., 2005; Goff et al., 2002; Yu et al., 

2002). 

 

RELEVANCE OF M. ORYZAE GENOMICS AND TRANSCRIPTOME STUDIES  

 

M. oryzae was the first plant pathogenic fungi for which a complete genome sequence 

was publically available (Dean et al., 2005). The main features of the rice blast fungus 

genome include approximately 40 Mb with 11,000 genes distributed across 7 chromosomes, 

of which 10% is repetitive DNA sequences. Early findings from this work included 

identification of secreted proteins, G-protein-coupled- receptors, genes associated with 

virulence and secondary metabolism. Although these primary findings were consistent with 
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the pathogenic biology of this organism, a direct role for these genes potentially involved in 

pathogenesis was not available. Therefore, much more work is needed to further characterize 

these genes. The genome sequence greatly aided the development and application of a series 

of molecular tools including reverse and forward genetics as well as high throughput RNA 

silencing (Jeon et al., 2007; Nguyen et al., 2008; Oh et al., 2008).  

Elucidation of the transcriptional studies also emerged as a tremendous resource to 

refine the repertoire of M. oryzae genes involved in appressorium formation and invasive 

plant infection (Mathioni et al., 2011; Oh et al., 2008). In addition, other transcriptome 

studies helped to identify genes involved in nitrogen starvation infection (Donofrio et al., 

2006). Forthermore, Gowda and others have developed resources such as massively parallel 

signature sequencing (MPSS) and robust-long serial analysis of gene expression (RL-SAGE) 

to compare mycelia and appressoria tissues (Gowda et al., 2006). More recently, we 

identified a novel class of methylguanosine and polyadenylated small RNAs in M. oryzae (< 

200 nt in length) (Gowda et al., 2010); although their roles remains obscure. Here, in chapter 

4, we expand the M. oryzae small RNA repertoire in mycelia and appressoria tissues and will 

be discussed. I expect this initial characterization of the small transcriptome may shed light 

into the development of HIGS as new tool for understanding the rice-M. oryzae interaction 

and as a strategy to control rice blast disease (chapter 2). 
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SUMMARY 
 
Recent discoveries regarding small RNAs and mechanisms of gene silencing are providing 

new opportunities to explore fungal pathogen-host interactions and promises strategies for 

novel disease control. Plant pathogenic fungi are a constant and major threat to global food 

security; they represent the largest group of disease-causing agents on crop plants on the 

planet. Initial understanding of RNA silencing mechanisms and small RNAs was derived 

from model fungi. Now, new knowledge with practical implications for RNA silencing are 

beginning to emerge from the study of plant-fungus interactions. Recent studies have shown 

that expression of silencing constructs in plants designed on fungal genes can specifically 

silence their targets in invading pathogenic fungi such as Fusarium verticillioides, Blumeria 

graminis and Puccinia striiformis f. sp. tritici. Here, we highlight important general aspects 

of RNA silencing mechanisms and emphasize recent findings from plant pathogenic fungi. 

Strategies to employ RNA silencing to investigate the basis of fungal pathogenesis are 

discussed. Finally, we address important aspects for the development of fungal-derived 

resistance through expression of silencing constructs in host plants as a powerful strategy to 

control fungal disease. 
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INTRODUCTION 

 
More than 25 years ago, Sanford and Johnston (1985) proposed the concept of 

parasite-derived resistance (PDR) as a radical strategy to control plant diseases (Sanford and 

Johnston, 1985). In PDR, expression of a parasite gene in the plant host interferes with the 

parasite’s ability to grow and develop, resulting in disease resistance. Perhaps, the most 

successful application of PDR is the use of transgenic papaya plants expressing Papaya 

ringspot virus (PSRV) coat protein to protect against virus infection (Gonsalves, 1998). With 

the exception of viruses, it was generally believed that the lack of ready macromolecule 

exchange between host and parasites would be a major impediment to more widespread 

development of PDR.  

Over the past decade or so, the discovery of small RNAs and elucidation of RNA 

silencing mechanisms has re-kindled interest in PDR. Today, it is strongly suggested based 

on reporter-gene silencing that RNA molecules traffic between host and parasites (Tinoco et 

al., 2010; Westwood et al., 2009). Growing evidence suggests that RNA silencing constitutes 

a crucial component of many plant parasite interactions in addition to viruses, including 

responses to bacteria, nematode and fungal infections (Huang et al., 2006; Katiyar-Agarwal 

and Jin, 2010; Ruiz-Ferrer and Voinnet, 2009). Several very recent published reports on use 

of host-induced gene silencing (HIGS) to control invading fungi are likely forerunners of 

many more applications to come.  
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Here we describe (i) the central components of RNA silencing emphasizing recent 

discoveries in plant pathogenic fungi (PPF); (ii) the fundamental principles of employing 

RNA silencing to study PPF; (iii) applications in HIGS using fungus-derived genes to confer 

disease resistance and; (iv) future perspectives of HIGS for the control of fungal disease.  

 

 

GENERAL MECHANISM OF EUKARYOTIC RNA SILENCING 

 

Approximately 20 years ago anomalies observed during efforts to functionally 

characterize genes led to the discovery of posttranscriptional gene silencing (PTGS). This 

phenomenon is known as co-suppression in plants, quelling in Neurospora crassa and RNA 

interference (RNAi) in C. elegans and other animals (Lee et al., 1993; Lee et al., 1993; 

Napoli et al., 1990; Romano and Macino, 1992). Subsequent independent investigations 

revealed that much of the underlying machinery and mechanisms are conserved across 

organisms.  

PTGS can be generalized as a sequence-specific regulatory mechanism for silencing 

gene expression that is triggered by long dsRNA or hairpin-structured RNAs. These 

molecules are processed into 21 – 35 nucleotide long single stranded RNAs that associate 

with and direct the RNA-induced silencing complex (RISC) to the target transcript. This 

results in mRNA degradation or translational repression (Figure 1) (Esquela-Kerscher and 

Slack, 2006). The process typically begins in the nucleus where Dicer (plants) or Drosha 
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(animals), members of the ribonuclease III (RNase III) family, bind to long dsRNA or hairpin 

RNAs and process them into shorter RNA duplexes. These endogenously derived short 

dsRNA molecules are subsequently transported to the cytoplasm by a nuclear pore protein, 

Exportin-5 (Kim, 2004; Lund et al., 2004; Yi et al., 2003). In other instances, short dsRNA 

molecules may be derived from exogenous sources such as viruses replicating in plant cells. 

Once in the cytoplasm, endogenous or exogenously-derived short dsRNA molecules are 

processed into small dsRNA, and loaded into the RISC complex. Here the “passage” strand is 

eliminated, and the “guide” RNA strand directs Argonaute to specifically degrade the target 

RNA transcript by RNA degradation or interferes with translation (Esquela-Kerscher and 

Slack, 2006). In addition, small RNAs not bound to RISC can be targeted by RNA 

dependent-RNA polymerase (RdRp) to re-synthesize dsRNAs. This amplification step 

ensures that several rounds of RNA silencing are triggered. Several members of the 

Argonaute family have been described. For example, AGO associates with 21 – 25 nt long 

small RNAs (siRNAs and miRNAs) whereas PIWI binds to 23 – 30 nt long RNA (piRNAs) 

molecules to silence repetitive element transcripts (Brennecke et al., 2007; Hartig et al., 

2007). Here, we refer to the principle RNA silencing proteins as Dicer, Argonaute and RdRp.  
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FUNDAMENTAL PRINCIPLES OF RNA SILENCING IN PLANT PATHOGENIC 

FUNGI 

 

Knowledge of RNA silencing protein machinery in fungi was initially derived from 

studies of Neurospora crassa (Catalanotto et al., 2002; Catalanotto et al., 2004; Cogoni and 

Macino, 1997; Fulci and Macino, 2007; Lee et al., 2009; Li et al., 2010b; Maiti et al., 2007; 

Nakayashiki, 2005; Nolan et al., 2008; Romano and Macino, 1992; Schumann et al., 2010; 

Xiao et al., 2010; Xiao et al., 2010). Although quelling was first described in 1992, it was 

several years later that Cogoni and Macino discovered three distinct loci responsible for 

PTGS through the characterization of quelling deficient (qde) mutants (Cogoni and Macino, 

1997). These loci qde-1 qde-2 and qde-3 corresponded to RdRp, Argonaute and RecQ DNA 

helicase, respectively. Small RNAs produced by dicer associate with qde-2 and require qde-1 

and qde-3 for biogenesis (Catalanotto et al., 2002; Catalanotto et al., 2004). Over the past few 

years there have been several examples of RNA silencing in PPF including in members of 

the Ascomycota, Basidiomycota, Zygomycota, as well as in Phytophthora spp. (fungi-like 

organisms; Oomycetes within the Kingdom Stramenopila) (Table 1). 

As shown in Table 1, a variety of target genes have been used to determine if 

silencing is functional in any given PPF. Transgenes, such as GUS and GFP (reporter genes) 

or endogenous fungal genes with an easily screened phenotype have proven to be markers for 

PTGS (Caribé dos Santos et al., 2009; Fitzgerald et al., 2004; Fitzgerald et al., 2004; 

Kadotani et al., 2003; Laurie et al., 2008; Miyamoto et al., 2008; Nguyen et al., 2008; 
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Whisson et al., 2005). Further, reporters such as GFP can be fused to a target gene as an 

endogenous positive control to provide visible evidence that silencing is functional in a 

particular GFP expressing fungal transformant. This approach is particularly useful for high 

throughput screens. Exploring this strategy, Nguyen et al (2008) developed a pSilent-Dual1 

(pSD1) vector to study 37 genes involved in calcium-signaling in Magnaporthe oryzae 

(Nguyen et al., 2008). Although this is a powerful approach, it requires the ability to create a 

GFP tagged strain. Alternatively, endogenous genes such as melanin biosynthesis genes are 

ideal and have been used in Bipolaris oryzae, Cochliobolus sativus, M. oryzae and Venturia 

inaequalis (Fitzgerald et al., 2004; Leng et al., 2011; Moriwaki et al., 2007; Nakayashiki et 

al., 2005). Other suitable target genes include those coding for hydrophobins due to the easily 

wettable phenotype of silenced transformants (Nakayashiki et al., 2005). Screens for silenced 

hydrophobins transcripts have been used in Cladosporium fulvum, M. oryzae and 

Moniliophthora perniciosa (Caribé dos Santos et al., 2009; Hamada and Spanu, 1998; 

Lacroix and Spanu, 2009). Other endogenous genes for screens include enzymes whose 

activities can be directly measured such as polygalacturonase in Ophiostoma novo-ulmi 

(Carneiro et al., 2010).  

RNA silencing has been explored in a number of PPF and Phytophthora spp. (Table 

1) amenable to molecular genetic transformation. In general, constitutive promoters are 

effective for expressing silencing constructs. The Aspergillus nidulans trpC and Pgpd have 

been the promoters of choice in PPF within the Ascomycota. In addition, the oliC (A. 

nidulans) and gpdA (Glomerella cingulata) promoters have been used effectively in Botrytis 
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cinerea and V. inaequalis, respectively (Fitzgerald et al., 2004; Patel et al., 2008). For PPF 

within the Basidiomycota, the U. maydis HSP70 promoter has been successfully used in M. 

perniciosa (Caribé dos Santos et al., 2009). Native and species-specific promoters also have 

been employed such as AvrL567 in M. lini or an Ustilago-specific HSP70 in U. hordei, 

respectively (Laurie et al., 2008; Lawrence et al., 2010). Alternatively, in vitro synthesized 

dsRNA molecules have been used successfully for RNA silencing. In this approach, sense 

and antisense strands of the target gene are synthesized by in vitro transcription and then 

mixed to form dsRNA molecules. This eliminates many cloning steps to construct the 

silencing vector prior to fungal transformation (Grenville-Briggs et al., 2008; Whisson et al., 

2005). In the Basidiomycota M. perniciosa, hydrophobin and peroxiredoxin transcripts were 

successfully silenced using in vitro synthesized dsRNA (Caribé dos Santos et al., 2009). In P. 

infestans, synthesized dsRNA was used to silence exogenous and endogenous genes such as 

GFP, inf1 and cdc14 (Whisson et al., 2005). Although dsRNA-mediated silencing is typically 

transient, this does not appear to be the case in P infestans, where the dsRNA may be 

maintained throughout the pathogen’s entire life cycle. The use of synthesized dsRNA is 

likely to be valuable for high throughput functional characterization of genes and/or silencing 

of gene families such as those for the cellulose synthase gene family (CesA) in P. infestans 

(Grenville-Briggs et al., 2008). Nevertheless, the main drawback of synthesized dsRNA is 

the constant need to generate new silenced lines for long term studies. 

As listed in Table 1, triggering of the RNA silencing precursor molecule is also 

critical. The RNA precursor molecule can be transcribed independently in sense or antisense 
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orientations (Kadotani et al., 2003; Patel et al., 2008). Alternatively, a short spacer may be 

used between sense and antisense sequences corresponding to the target to allow self-

formation of a hairpin RNA molecule (Kadotani et al., 2003; Miyamoto et al., 2008; 

Nakayashiki et al., 2005). The hairpin structure has been extensively used with PPF (Table 

1). Kadotani and colleagues (2003) showed a hairpin generating construct to more effectively 

silence GFP in M. oryzae than sense and antisense constructs (Kadotani et al., 2003). The 

principle constraint to using a hairpin-like structure is that it requires cloning of inverted 

fragments which can be time consuming. To simplify cloning, Nguyen and colleagues (2008) 

developed the pSD1 vector that contains opposing A. nidulans trpC and Pgpd promoters 

separated by a multiple cloning site (Nguyen et al., 2008). pSD1 offers the great advantage of 

a single-step non-oriented cloning procedure.  

Although silencing has a number of advantages compared to gene knockout, studies 

to date have produced variable results in terms of efficiency of gene silencing. For example, 

in M. perniciosa, silencing efficiency of hydrophobin and peroxiredoxin transcripts varied 

from 18% to 97% and 23% to 87%, respectively (Caribé dos Santos et al., 2009). Results 

using RNA hairpins are also highly variable. For example, a RNA hairpin precursor used to 

transform the Ascomycota Ophiostoma novo-ulmi resulted in three knockdown transformants 

having 6%, 22% and 31% expression relative to the wild type (Carneiro et al., 2010). A 

number of factors may explain inconsistent efficiency of silencing. For instance, the genomic 

context of the inserted RNA silencing vector and/or number of integration events may 

influence transcriptional activity of the precursor RNA molecule. With RNA hairpin 
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precursors, uptake of the precursor is likely to be highly variable greatly affecting silencing 

in individual transformants. 

RNA silencing has been successfully applied to discover and characterize a number 

of fungal pathogenicity genes. In Alternaria alternata, silencing of two host-selective ACT-

toxins resulted in complete loss of pathogenicity (Ajiro et al., 2010; Miyamoto et al., 2008). 

In M. oryzae, high throughout gene silencing of 37 calcium signalling related genes revealed 

many genes involved in hyphal growth, sporulation and pathogenicity (Nguyen et al., 2008). 

Silencing of mycotoxin-specific genes in Fusarium graminearum resulted in reduced 

virulence on wheat (McDonald et al., 2005). In M. lini, silenced transformants for AvrL567 

were able to cause disease on flax plant carrying the correspondent L6 immune receptor 

(Lawrence et al., 2010).  

 

 

APPLICATIONS IN HOST-INDUCED GENE SILENCING USING PARASITE-

DERIVED RESISTANCE 

 

Plants naturally utilize RNA silencing machinery to defend against invading viruses 

(Csorba et al., 2009; Harvey et al., 2011; Hu et al., 2011). HIGS also has been shown to be 

effective against other plant pathogens (Huang et al., 2006). Nematodes, in contrast to plant 

viruses, reside outside plant cells, nevertheless, RNA silencing has been shown to target 

nematode parasitism genes (Urwin et al., 2002). Arabidopsis thaliana expressing a dsRNA 
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targeting the root-knot nematode parasitism gene 16D10 led to effective disease resistance 

against four major Meloidogyne spp. (Huang et al., 2006). Expression of MjTis11 (M. 

javanica putative transcription factor) in tobacco resulted in silencing of the target gene in 

feeding root-knot nematodes (Fairbairn et al., 2007). Alternatively, dsRNA delivered by viral 

infection of host plants has the potential to induce gene silencing in nematodes (Dubreuil et 

al., 2009).  

RNA silencing has been implicated in resistance to bacterial pathogens, including 

crown gall disease caused by Agrobacterium tumefaciens (Escobar and Dandekar, 2003; 

Escobar et al., 2001; Escobar et al., 2002; Viss et al., 2003). To induce gall formation, iaaM 

(tryptophan monooxygenase) and ipt (AMP isopentenyl transferase) genes are horizontally 

transferred from the bacterium to the host genome. Escobar and colleagues (2001) showed 

that silencing iaaM and ipt oncogenes in A. thaliana and Lycopersicon esculentum resulted in 

high levels of resistance to the crown gall (Escobar et al., 2001). The same approach was also 

effective in producing resistance to crown gall in walnut (Julglans regia L.) and apple 

(Escobar et al., 2002; Viss et al., 2003). Other work has suggested that a number of small 

RNAs participate in the bacteria-plant interaction. MiRNAs (miR393, miR160, miR167, and 

mR825) were upregulated in plants after challenge with bacterial pathogens (Katiyar-

Agarwal and Jin, 2010).  

Examples of application of RNA silencing in fungal-plant interactions are now 

beginning to emerge. Recently, Tinoco and colleagues (2010) showed that tobacco 

transformed with a GUS silencing construct generating a hairpin-structured RNA specifically 
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silenced GUS transcripts from a GUS expressing strain of Fusarium verticillioides during 

infection (Tinoco et al., 2010). Other recent publications have shown that HIGS resulted in 

gene silencing in the biotrophic pathogens Blumeria graminis and Puccinia striiformis f. sp. 

tritici. In the barley – Blumeria graminis pathosystem, 76 fungal genes found to be expressed 

during the interaction were subjected to RNA silencing by HIGS. 21% (16 out of 76) of 

plants transiently transformed with each of the fungal RNA silencing constructs exhibited a 

reduction in a number of B. graminis spores able to develop haustoria (Nowara et al., 2010). 

Two genes coding for 1,3-β-glucanosyl-transferase (GTF1 and GTF2) were further 

investigated. Virus-induced gene silencing (VIGS) using barley stripe mosaic virus (BSMV) 

to produce antisense GTF1 and GTF2 transcripts led to a significant reduction of haustorium 

formation and the rate of secondary hyphae elongation, respectively. Analysis of independent 

T1 transgenic plants carrying inverted repeats (hairpin) targeting GTF1 showed that the 

dsRNA-devired hairpin decreased rapidly in non-inoculated plants. However, some 

transgenic plants inoculated with B. graminis f. sp. hordei exhibited reduced symptoms 

compared to control plants. The same study also used HIGS to silence Avr10 transcripts 

produced by Blumeria graminis f. sp. hordei. In susceptible barley hosts, Avr10 acts as a 

virulence factor, whereas in plants containing the R gene MLa10, it is recognized as an 

avirulence factor. As predicted, expression of the silencing construct targeting Avr10 

transcript in susceptible plants resulted in a reduction of pathogen development (haustorium 

formation) (Nowara et al., 2010). Furthermore, the abundance of the Avra10 transcript was 

reduced in plants co-bombarded with the cognate resistance gene MLa10 and the Avra10 
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silencing construct following fungal infection. The authors concluded that these data are 

consistent with gene silencing occurring within young haustoria. Also using the BSMV-

VIGS, Yin et al (2010) demonstrated host-expressed RNA silencing in wheat targeting 

Puccinia striiformis f. sp. tritici (PST) genes (Yin et al., 2010). These authors initially 

showed that a highly abundant haustorial PST transcript (PSTha12J12) was silenced by 

expression of dsRNA in BSMV-VIGS/wheat transformants. Further examination of other 

PST genes revealed that only genes highly expressed in haustoria were effectively silenced. 

Three predicted genes coding for secreted proteins and a fourth gene predicted to code for a 

chitinase with expression patterns similar to PSTha12J12 were silenced to a high level. 

Similarly two genes, one with unknown function as well as a Uromyces fabae hexose 

transporter homolog having high expression levels in purified haustoria cells and relatively 

high levels in urediniospores were silenced. Other genes that were expressed constitutively in 

a variety of fungal cells types such as an elongation factor-1 homolog, predicted β-tubulin, 

glyceraldehyde 3-phosphate dehydrogenase and actin coding genes were not silenced (Yin et 

al., 2010). Although BSMV-VIGS silencing in wheat appears to silence only genes highly 

expressed in planta, these recent reports using different pathosystems strongly suggest that 

RNA molecules are able to move from plants into fungal cells and effectively silence their 

target genes. We expect more examples will be forthcoming in the near future. 

 

 

 



24 
 

FUTURE PERSPECTIVES OF HIGS IN FUNGI-PLANT INTERACTION 

 

Application of parasite-derived resistance to engineer transgenic plants has led to 

valuable outcomes. Development of transgenic virus-resistant plants represents the foremost 

example, and deployment of such plants has been recognized as saving an entire commercial 

agricultural industry (Gonsalves, 1998). More recently, the coupling of PDR to HIGS has 

emerged as a feasible strategy to develop plants resistant to other important pathogens, 

including nematodes and fungi.  

Although PDR was discovered more than 25 years ago, it is only now that promising 

applications of fungus-derived resistance mediated by HIGS are ready for investigation. In 

this concept, the source of resistance is derived from the parasite’s own genome. The public 

availability of more than 100 fungal genome sequences and many plant genome sequences, 

combined with transcriptome data, now offers the scientific community an arsenal of 

candidate genes for testing. The availability of host genome sequence data helps insure that 

HISG constructs do not target and negatively affect the host.  

The ability to identify fungal targets as well as the means to develop stable and 

environmentally safe transgenic crop plants holds great promise for fulfilling future food 

needs. The concept and use of pathogen resistant transgenic crops is well established 

(Collinge et al., 2010), and the recent growing acceptance of genetically modified plants 

around the world, including the European Union and China, are likely to attract attention of 

government (funds) and researchers (scientific knowledge) to further develop PDR. Although 
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application of the concept of fungus-derived resistance mediated by HIGS appears to be very 

encouraging, a series of challenges need to be carefully addressed before application of this 

strategy can be fully implemented. We conclude by highlighting a few fundamental 

questions.  

• How do RNA molecules traffic from the plant into fungal cells?  

Knowledge of the mechanisms involved in movement of protein effector molecules from 

pathogens into host cells is now beginning to emerge (Dean, 2011; Rooney et al., 2005; 

Schornack et al., 2009; Tyler, 2009; White et al., 2009). Although virus particles are 

capable of moving through plasmodesmata and in the phloem, the mechanism by which 

naked RNA moves between two organisms is unknown. It remains to be determined how 

RNA is delivered from the plant nucleus, across the plasma membrane and plant cell wall 

into fungal cells. Is it a passive or active process? If active, what host and pathogen genes 

are involved and how is the process regulated?  

• Can HIGS be effective for other types of fungal pathogens? 

HIGS was shown to be effective for silencing transcripts of obligate biotrophic invading 

fungi, at least for Blumeria graminis and Puccinia striiformis f. sp. tritici. Perhaps the 

intimate interaction of this group of pathogens allows sufficient opportunity for 

trafficking RNA molecules. Considering hemi-biotrophic and necrotrophic fungi, is there 

adequate time for RNA movement from host to fungal cells before host cells die? 

• What are the most promising fungal targets?  
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In the gene-for-gene concept, pathogen avirulence (Avr) genes are constantly evolving to 

escape recognition of the corresponding host resistance (R) gene product (Stukenbrock 

and McDonald, 2009). To date, the number of successful HIGS candidates leading to 

reduced fungal growth development remains limited and, includes effectors, a cell wall 

elongation gene, chitinase, hexose transporter and a gene with unknown function. Much 

work remains to be done to identify suitable fungal candidate genes. Fortunately, as we 

have described, opportunities exist to establish high-throughput screening pipelines to 

identify strong candidates. 

• What are the best strategies for applying HIGS to control fungal disease?  

A number of possible strategies are feasible to exploit HIGS. Use of (i) a silencing 

construct that targets entire gene families, (ii) multiple lines deployed in rotation to 

minimize the selection pressure on pathogens, (iii) “polygenic” HIGS line conferring 

resistance to single, or multiple fungal pathogens or (iv) combining both classical R 

genes and HIGS cassettes in the same host, which may synergistically boost resistance, 

are all strategies worthy of investigation.  
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Table 1 – Summary of RNA silencing in plant pathogenic fungi 
 
Phylum Species Targeted

Gene
Promoter 
used

RNA 
precursor 

Comments Reference

Ascomycota Alternaria 
alternata

GFP trpC* Hairpin    Silencing of GFP suggests RNA silencing 
functionality

(Miyamoto et al., 2008)

Putative hydrolase 
(ACTT2 ), a host-selective 
ACT-Toxin

trpC* Hairpin**    Silenced transformants were non 
pathogenic 

(Miyamoto et al., 2008)

Enoyl-reductase 
(ACTTS2 ), a host-
selective ACT-toxin

trpC* Hairpin    Silencing of ACCTS2 resulted in lack of 
ACT-toxin production and complete loss 
of pathogenicity 

(Ajiro et al., 2010)

Aspergillus 
flavus  and A. 
parasiticus

Transcription factor 
(afl R)†

Pgp* Hairpin    The atoxigenic silenced strain was stable 
in corn and wheat

(McDonald et al., 2005)

Bipolares oryzae Polyketide synthase gene 
(PKS1)

trpC* Hairpin    The silencing construct was stable during 
asexual propagation

(Moriwaki et al., 2007)

Botrytis cinerea Superoxide Dismutase 
(BCSOD1 )

oliC* Sense and 
Antisense 
constructs

   Both constructs reduced  transcript levels 
but had no effect on virulence

(Patel et al., 2008)

Cladosporium 
fulvum

Hydrophobin gene
(HCf-1 )

n/a Antisense 
RNA

   Silenced transformants reverted to the 
wild type

(Hamada and Spanu, 1998)

First exons of six  
hydrophobins coding 
genes

Pgpd* Chimeric  
hairpin

   This work highlights changes of gene 
expression of nontargeted genes and poses 
a challenge for silencing multiple genes

(Lacroix and Spanu, 2009)

Cochliobolus 
sativus

GFP, a host-selective 
toxin (ToxA ) and a 
polyketide synthase 
(CsPKS1)

Hairpin    Development of pSGate1 Silencing 
vector;
   CsPKS1silenced strains resulted in 
albino phenotypes

(Leng et al., 2011)

Colletotrichum 
gloeosporioides

Transcription factor 
(PAC1 )

trpC* Hairpin    pTroya, a Gateway RNA silencing 
vector was developed from pSilent-1 
backbone for high-throughput application 
in fungi

(Shafran et al., 2008)
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Table 1 (continued). 
 

 

Phylum Species Targeted
Gene

Promoter 
used

RNA 
precursor 

Comments Reference

Colletotrichum 
lagenarium

eGFP trpC* Hairpin    Development and application of pSilent-
1 to silence fungal transcripts

(Nakayashiki et al., 2005)

Fusarium 
graminearum

Transcription factor 
(Tri6 ) 

Pgpd* Hairpin    Silencing transformants were less virulent 
on wheat

(McDonald et al., 2005)

Fusarium solani 
f. sp. pisi

Β(1,3)-D-glucan synthase 
(FsFKS1 )

alcA Hairpin    Imperfect cell wall formation led to 
reduced spore viability and lysis of spore 
and mycelia in silenced transformants 

(Ha et al., 2006)

Fusarium solani Chitosanase (CSN1) gpd* Hairpin    Silenced transformants were more 
virulent than wild type

(Liu et al., 2010)

Magnaporthe 
oryzae

eGFP trpC* Sense, 
antisense and 
hairpin RNA 
constructs

   Hairpin construct more efficiently 
triggered eGFP silenced 

(Kadotani et al., 2003)

MPG1 trpC* Hairpin    Development of pSilent-1 vector as tool 
for gene silencing for Ascomycota fungi

(Nakayashiki et al., 2005)

PKS-like gene trpC* Hairpin    Extends application of the pSilent-1 
vector

(Nakayashiki et al., 2005)

eGFP trpC* 
Pgpd* 

dsRNA    Development of a vector with convergent 
opposing promoters vector (pSilent-Dual 1 
[pSD1]);
   pSD1 triggers RNA silencing slightly less 
efficiently than pSilent-1 

(Nguyen et al., 2008)

37 genes involved on 
calcium-signalling proteins

trpC*
Pgpd* 

Chimeric 
dsRNA 

   This co-silencing approach facilitates 
screening of transformants based on GFP 
fluorescence;
   Work identifies many calcium signaling 
proteins  involved in hyphal growth, 
sporulation and pathogenicity

(Nguyen et al., 2008)
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Table 1 (continued). 
 
Phylum Species Targeted

Gene
Promoter 
used

RNA 
precursor 

Comments Reference

Ophiostoma 
novo-ulmi

Endopolygalacturonase 
(Epg1 )

gdp Hairpin    A longer stem-loop RNA fragment (409 
bp) resulted in greater reduction of mRNA 
transcripts compared to a 200 bp fragment

(Carneiro et al., 2010)

Sclerotinia 
sclerotiorum

B regulatory subunit 
(rgb1 ) of 2A 
phosphoprotein 
phosphatase (PP2A )

trpC* Hairpin    pSilent-1 vector triggered  high levels of 
silencing in 2 transformants exhibited 
reduced  hyphal radial growth, impaired 
sclerotial maturation and were unable to 
cause disease on tomato and A. thaliana

(Erental et al., 2007)

Verticillium 
longisporum

Chorismate synthase 
(Vlaro2 )

trpC* Hairpin    pSilent-1vector was used and silenced 
80% of Vlaro2 transcripts;
   Silenced transformants were able to 
infect A. thaliana  and Brassica napus  

(Singh et al., 2010)

Venturia 
inaequalis

Trihydroxynaphthalene 
reductase (THN ) and 
GFP

gpdA ‡ Chimeric  
hairpin

   Silenced transformants had a light brown 
phenotype and were able to infect apple 
(Royal Gala)

(Fitzgerald et al., 2004)

Basidiomycota Melampsora lini Effector protein 
(AvrL567 )

AvrL567 
native 
promoter

Hairpin    Silenced rust lines were virulent on flax 
plants carrying L6 immune receptor

(Lawrence et al., 2010)

Moniliophthora 
perniciosa

GFP, hydrophobin 
(MpHYD3 ) and 1-cys 
peroxiredoxin (MpPRX1 )

n/a In vitro 
synthesized 
dsRNA 

   dsRNA shown to be  feasible for 
transforming this fungus

(Caribé dos Santos et al., 
2009)

Ustilago hordei GUS and mating type 
gene (bW )

Hsp 70 
native 
promoter

Hairpin    U. hordei  transformants (MAT1) mated 
with MAT-2 exhibited reduced production 
of mating hyphae

(Laurie et al., 2008)

Zygomycota Mucor 
circinelloides ¶

Carotenogenic gene 
(carB )

Native 
promoter

   3% of silenced transformants showed 
albino phenotype

(Nicolas et al., 2003)
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Table 1 (continued). 
 
Phylum Species Targeted

Gene
Promoter 
used

RNA 
precursor 

Comments Reference

Fungi-like 
organism

Phytophthora 
infestans

G-protein β-subunit 
encoding gene (Pigpb1 )

Pigpb1 
native 
promoter

Pigpb1 
sense strand 

Silenced transformants failed to sporulate (Latijnhouwers and Govers, 
2003)

Cdc 14 coding gene 
(PiCdc14 )

HAM34 Sense 
orientation

   Transformants showed reduced 
sporulation 

(Ah Fong and Judelson, 
2003)

G-protein α subunit gene 
(Pigpa1 )

Pigpa1 
native 
promoter

Pigpa1 
sense 
orientation

   Transformants exhibited reduced 
zoospore production and infection on 
potato leaves

(Latijnhouwers et al., 2004)

GFP, inf1 and cdc14 n/a In vitro 
synthesized 
dsRNA 

   GFP,  inf1 and cdc14 expression levels 
were reduced after exposure to dsRNA

(Whisson et al., 2005)

bZIP transcription factor 
(Pibzp1 )

HAM34 Sense and 
antisense 
orientations

   Silenced transformants showed abnormal 
zoospore movement, failed to develop 
appressoria and were incapable to infect 
tomato leaflets

(Blanco and Judelson, 2005)

Inf1 Sense, 
antisense and 
hairpin RNA 
constructs

   Hairpin was the most efficient method of 
silencing

(Ah-Fong et al., 2008)

P. parasitica var-
nicotianae

A coding gene considered 
to be involved in cellulose-
binding (CB), elicitor (E) 
of defense in plants, and 
lectin (L)-like activities 
(CBEL )

Bremica 
lactucae  
HSP70

Antisense or 
sense 
constructs

   Silenced transformants showed reduced 
attachment to cellulosic surfaces and cell 
wall thickening

(Gaulin et al., 2002)

P. sojae Heterotrimeric G-protein 
α subunit (PsGPA1 )

HAM34 Antisense 
construct

   Silenced PsGPA1 lines had abnormal 
zoospore chemotaxis, encystment and 
germination;
   Silenced transformants were unable to 
infect soybean

(Hua et al., 2008)
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Table 1 (continued). 
 

 

Phylum Species Targeted
Gene

Promoter 
used

RNA 
precursor 

Comments Reference

P. sojae C2H2 zinc finger 
Transcription  factor 
(PsCZF1 )

HAM34 Antisense 
construct

   Hyphal growth rate of silenced 
transformants was reduced about 50% and 
oospore production, zoospore and cyst 
germination were impaired;
   Silenced  strains lost virulence in soybean 

(Wang et al., 2009)

MAP Kinase encoding 
gene (PsSAK1 )

HAM34 Antisense 
construct

   Silenced transformants showed faster 
encystment, reduced germination rate and 
longer germ tubes compared to WT;
   Transformants were unable to colonize 
wounded and unwounded soybean leaves

(Li et al., 2010a)

Putative Seven-
Transmembrane G Protein-
Coupled Receptor 
(GPR11 )

HAM34 Antisense 
construct

   Zoospore release from sporangia were 
drastically impaired as well as zoospore 
encystment and germination;
   Silenced transformants lost pathogenicity 
to soybean

(Wang et al., 2010)

PsYKT6 a conserved 
member gene of the 
soluble N-ethylmaleimide-
sensitive factor attachment 
protein receptors 
(SNAREs )

HAM34 Antisense 
construct

   Silencing of PsYKT6 revealed 
involvement of this gene in asexual 
development, sexual reproduction and 
pathogenesis on soybean cultivars;
   Antisense constructs were stable in all 
three transformants

(Zhao et al., 2011)

Crinckling- and Necrosis-
inducing proteins (CRN) 
(PsCRN63  and 
PsCRN115 )

HAM34 Sense 
construct

   Silenced transformants were unable to 
suppress host cell death

(Liu et al., 2011)
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Table 1 (continued). 
 
* Aspergillus nidulans promoters. 
** Hairpin = inverted repeats 
† Delivery of synthetic siRNAs into Aspergillus flavus protoplasts resulted in significant 
reduction of aflD transcripts (Abdel-Hadi et al., 2011). 
n/a, not applicable. 
‡ Glomerella cingulata. 
¶ Non pathogenic fungus but it is a relevant organism within Zygomycota. 
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Figure 1 – General mechanism and potential application of RNA silencing for development 
of plant disease control strategies. In plant cells (A), endogenous RNA silencing is triggered 
by transcription of dsRNA (or hairpin) molecules in the nucleus (A1). These precursor 
molecules are processed by RNase III enzymes, such as Dicer (or Drosha in animals), (A2) 
producing 21 nt dsRNA molecules which are transported to the cytoplasm by Exportin-5 
(A3). Upon elimination of the passage strand, the guider ssRNA associates with Argonaute 
(A4) and directs the RNA-induced silencing complex (RISC) to bind to target endogenous 
transcripts (A5) resulting in mRNA degradation or inhibition of translation (A6). RNA-
dependent RNA polymerase (RdRp) re-synthesizes dsRNA which is diced into 21 nt dsRNA 
molecules leading to RNA silencing amplification (A7) In pathogen infected plant cells (B), 
integration (B1) and transcription (B2) of a host-induced gene silencing (HIGS) construct 
results in HIGS dsRNA molecules (or hairpins) that are processed into 21 nt dsRNA 
molecules by Dicer (B3) and transported to the cytoplasm (B4) likely by Exportin-5. 
Alternatively, virus-induced gene silencing (VIGS) (B5) can be used to produce VIGS 
dsRNA precursors. VIGS-dsRNA molecules can directly lead to silencing of viral target 
transcripts in the plant cytoplasm (B6). HIGS-dsRNA molecules can be exported from plant 
cells and lead to silencing of nematode targets upon nematode feeding (B7), or silencing of 
fungal transcripts upon fungal infection (B8). 
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SUMMARY 

Although extensively catalogued and functionally diverse in plants and animals, the precise 

role and targets of small RNAs remain mostly uncharacterized in filamentous fungi. To date, 

most of the well characterized and diverse classes of small RNAs have been described in 

Neurospora crassa. While most of the recently discovered classes of small RNAs in fungi 

appear to be unique some are common among plants, animals and fungi. Noteworthy the 

RNA silencing protein machinery involved in small RNA biogenesis has also diverged 

greatly, particularly within filamentous fungi, and may explain the diversity of small RNA 

classes. Knowledge of small RNA biogenesis and RNA silencing machinery is beginning to 

emerge but little is known in plant pathogenic species. In this review, we summarize the most 

important classes of eukaryotic small RNAs and provide a current analysis of the RNA 

silencing machinery based on available fungal genome sequences. Finally, we discuss 

fundamental aspects of the applications of small RNAs and RNA silencing in plant 

pathogenic fungi towards engineering resistant plants. 
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INTRODUCTION 

Small RNAs are the primary actors in RNA silencing due to their selective role to 

guide the RNA-induced silencing complex (RISC) to specific transcripts leading to the 

regulation of numerous genes involved in physiological and developmental processes as well 

as defense against selfish repetitive elements and invading parasites (Katiyar-Agarwal and 

Jin, 2010; Malone and Hannon, 2009; Ruiz-Ferrer and Voinnet, 2009). Novel sequencing 

technologies coupled with knowledge of the functional relevance of small RNAs as 

riboregulators has greatly accelerated interested in small transcriptome characterization 

(Heisel et al., 2008; Kawaji et al., 2008; Le Roux et al., 2011; Lee et al., 2010; Zhao et al., 

2007). In filamentous fungi, recent cataloging of small RNAs has revealed several unique 

classes of small RNAs, particularly in Neurospora crassa; although their targets and roles 

remain to be fully elucidated (Lee et al., 2009; Lee et al., 2010). In other fungal species, 

including in the economically important group of plant pathogenic fungi (PPF), small RNA-

mediated gene silencing is still in its initial exploration phase. 

PPF are major disease agents responsible for crop losses and represent a serious threat 

to the future of food stocks and global security (Chakrabort and Newton, 2011; Singh et al., 

2011). Therefore, development of new and improved strategies to control diseases caused by 

these large group of PPF is a primary challenge for the scientific community. Recently, host-

induced gene silencing (HIGS) has been shown to be an auspicious strategy for the 

development of transgenic plants to control fungal diseases (Nowara et al., 2010; Yin et al., 

2010). In these HIGS studies, expression of dsRNA molecules in plants, specifically 
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targeting fungal transcripts, resulted in RNA silencing of fungal targets and limited fungal 

infection. Therefore, further elucidation of dsRNA transport into fungal cells may lead to 

practical control of PPF. 

In addition to fungal uptake of RNA molecules expressed in plant cells, it has been 

shown that treatment of fungal protoplasts with synthetic siRNAs resulted in gene silencing, 

such as aflD (nor-1) transcripts in Aspergillus flavus and A. parasiticus (Abdel-Hadi et al., 

2011; Khatri and Rajam, 2007). SiRNAs were also shown to be up-taken during spore 

germination and led to RNA silencing in A. nidulans (Khatri and Rajam, 2007). To our 

knowledge, the use of synthetic siRNAs has only been reported for Aspergillus spp 

considering filamentous fungi. Nevertheless, these findings provide an attractive means to 

study RNA silencing in vivo as well as elucidate possible role and targets of fungal small 

RNAs in growth, development and pathogenesis. Thus, detailed characterization and analysis 

of PPF small RNAs and RNA silencing machinery combined with the potential uptake of 

synthetic siRNA into fungal cells may provide insight into the roles of small RNAs in 

filamentous fungi.  

Here, we summarize (i) different classes of fungal small RNAs involved in 

posttranscriptional gene silencing (PTGS); (ii) describe current methodologies towards 

application and characterization of small RNA and RNA silencing in PPFs; (iii) and discuss 

possible outcomes for the elucidation of the PPF small RNA catalogue with regards plant-

parasite interactions. 
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SMALL RNAS 

 

Here, small RNAs are defined as non-coding molecules of size 20 – 40 nucleotides 

(nt) with potential roles in RNA degradation or repression of translation. To date, many 

classes of small RNAs have been described in numerous organisms including in fungi and 

they are classified based on their RNA precursor molecule and biogenesis mechanisms. 

Although small RNAs have been extensively studied in plants and animals, recent work in 

filamentous fungi has expanded the repertoire of eukaryotic small RNAs with the discovery 

of QDE-2-interacting small RNAs (qiRNAs), microRNA-like RNAs (milRNAs), Dicer-

independent small interfering RNAs (disiRNAs) in N. crassa, endogenous short RNAs 

(esRNAs) in M. circinelloides, and LTR retrotransposon-siRNAs (LTR-siRNAs) and tRNA-

derived RNA fragments (tRFs) in Magnaporthe oryzae and Aspergillus fumigatus (Jöchl et 

al., 2008; Lee et al., 2009; Lee et al., 2010; Nicolas et al., 2010; Nunes et al., 2011). Here, we 

briefly highlight the main features of these fungal small RNA classes. In addition, we 

describe microRNAs (miRNAs) because they are the best understood class of small RNAS in 

eukaryotes; although many attempts have failed to identify the canonical miRNAs in fungi 

(Lee et al., 2010; Nunes et al., 2011).  

 

QDE-2-interacting small RNAs (qiRNAs)  
To date, qiRNAs have only been described in N. crassa. They are approximately 21 

nt long molecules and have a bias for uracil (U) at the 5’end and for adenine (A) at the 3’ 
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end. This class of small RNAs corresponds to both sense and antisense strands of mainly the 

ribosomal DNA repeat. Interestingly, aberrant RNAs (aRNAs) are induced by DNA-damage 

and also serve as precursors for qiRNA biogenesis. Although qiRNAs associate with QDE-2, 

their biogenesis requires only QDE-1, QDE-3 and Dicer (Dang et al., 2011; Lee et al., 2009; 

Li et al., 2010). 

 

tRNA-derived RNAs fragments (tRFs)  
tRFs have been identified in a number of deep sequencing studies (Jöchl et al., 2008; 

Kawaji et al., 2008; Nunes et al., 2011). Usually, tRFs originate from either the 5’ or 3’ of 

tRNA genes with lengths between 27 – 40 nt. However, in some organisms, 22 nt members 

have been also reported (Kawaji et al., 2008; Nunes et al., 2011). Although referred by 

different names (tRNA-derived small RNAs [tsRNAs; detailed below], tRNA-derived RNA 

fragments [tRFs]) have been assigned to small RNAs derived from precursor and mature 

tRNA molecules (Haussecker et al., 2010; Lee et al., 2009; Nunes et al., 2011). For 

simplicity, we refer to this class of small RNA as tRNA-derived RNA fragments (tRFs). 

Biogenesis of tRFs results from ribonuclease activity within or close to the anticodon loop, 

which generates tRNA-derived small RNAs corresponding to either tRNA halves. Additional 

smaller fragments may be generated through misnuclease activity on nucleotide sites exposed 

at the tips of arms of tRNA clover leaf structure.  

Recently, Rny1p and Angiogenin from Saccharomyces cerevisiae and human, 

respectively, have been identified as the requisite ribonucleases (Thompson and Parker, 
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2009; Yamasaki et al., 2009). In addition, Dicer has been shown to be responsible for 

processing tRNAGln into tRFs of 20 nt in length (Cole et al., 2009). Regardless of how they 

are produced, a growing body of evidence suggests that tRFs play a role in growth and 

development. First, tRNA cleavage results in tRNA depletion. This has been suggested to 

result in down regulation of protein synthesis in the human fungal pathogen Aspergillus 

fumigatus (Jöchl et al., 2008). In M. oryzae, we have shown recently that tRFs were 

proportionally more abundant in the appressorial tissue and spores compared to mycelia 

(Nunes et al., 2011). This is consistent with tRFs playing a role in regulating protein 

synthesis. Mycelial tissues are actively growing requiring a full complement of tRNAs, 

which is in contrast to appressoria and spores.  

Other recent data from humans suggest that tRFs have a sophisticated biogenesis 

mechanism that gives rise to distinct tRFs types having dynamic roles in RNA silencing. 

These tRFs have a 5’-phosphate and a 3’-hydroxyl group and were classified in two distinct 

types. tRFs type I are processed by Dicer from a mature tRNA molecule in the cytoplasm and 

are involved in down regulation of target transcripts in trans. Biogenesis of tRFs type II 

involves a single RNaseZ cleavage leaves a 5’-phosphate group and takes place close to the 

3’ end of the tRNA cloverleaf molecule and occur in the nucleus at the 5’ end of tRFs type II. 

Also, the 3’ end of tsRNAs type II is derived from RNA polymerase III transcription 

termination. tsRNAs type II were not observed to have gene silencing activity, presumably 

because they show preferential association with the Argonautes 3 and 4. Interestingly, strong 

gene silencing (> 80%) was observed after the introduction of a oligonucleotide that was 



51 
 

antisense to the overexpressed candidate tsRNA type II, but sense to the reporter gene. This 

scenario favoured dsRNA formation and a biased association into Argonaute 2. These recent 

findings expand possible roles of tRFs in fungi and humans. (Haussecker et al., 2010). 

 

miRNA-like small RNAs (milRNAs)  
milRNAs were first discovered in N. crassa and named milRNAs due to similarities 

with miRNAs. This class has sizes of 19 and 25 nt as a consequence of four distinct 

biogenesis mechanisms. Although all four RNA precursors vary in length and are transcribed 

from intergenic regions, milRNAs originate from hairpin RNA molecules, have U at the 5’ 

end and associate with Argonaute. To our knowledge, the roles of milRNAs have not been 

reported to date (Dang et al., 2011; Lee et al., 2010; Li et al., 2010). 

 

Dicer-independent siRNAs (disiRNAs) 
Like milRNAs, disiRNA have been reported only in N. crassa and their biogenesis is 

independent of Dicer (Dang et al., 2011; Lee et al., 2010; Li et al., 2010). Current research 

suggests that dsRNA, originating from overlapping sense and antisense transcripts, is likely 

to be the precursor molecule for disiRNAs. DisiRNAs have bias for 5’ U, average size of 22 

nt. 

 

Endogenous short RNAs (esRNAs)  
esRNAs were discovered in Mucor circinelloides mycelia. The most predominant 

class originated from exons (exonic-siRNAs) and is produced by RNA-dependent RNA 
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Polymerase 1 (RdRp1) and Dicer-like 2 (DCL2). They are responsible for reduction of 

mRNA transcripts of the protein coding genes from which they are produced. PTGS is likely 

to be the silencing mechanism since methylation is not associated with silencing in M. 

circinelloides. In addition, biogenesis of esRNAs generated from transposons and intergenic 

regions also appear to require RdRp1 and DCL2 (Nicolas et al., 2010). 

 

Small interfering RNAs (siRNAs)  
siRNAs are generally defined as 21 – 24 nt long molecules derived from dsRNA 

precursor molecules and have been discussed in many eukaryotes including fungi. dsRNAs 

originated that are further processed to from a pair of complementary endogenous transcripts 

that give rise to endogenous-siRNAs (endo-siRNA). On the other hand, dsRNA containing 

exogenous RNA (for instance, transgene or viral RNAs) give rise to exogenous-siRNAs 

(exo-siRNAs). Regardless of origin, Dicer associates and cleaves long dsRNA into short 

dsRNAs (21 – 24 nt) and AGO uses a ssRNA to target mRNA transcripts for to degradation. 

Sequencing of small RNA of the budding yeasts Saccharomyces castellii and Candida 

albicans revealed endo-siRNAs mapping to several genomic features including rRNA, 

tRNA, repetitive elements, ORFs and others (Drinnenberg et al., 2009). Similar findings 

were recently reported from deep sequencing of small RNAs from mycelia and appressoria 

of the rice blast fungus, Magnaporthe oryzae (Nunes et al., 2011). 
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MicroRNAs (miRNAs) 
miRNAs have been extensively characterized in plants and animals. These small 

RNAs of 21 - 25 nt originate from endogenous miRNA genes. They are known to regulate a 

variety of processes including growth, development and response to abiotic and biotic 

stresses including during host-microbe interactions (Katiyar-Agarwal and Jin, 2010). 

However, to the best of our knowledge, the canonical miRNAs have not been described in 

fungi. After transcription by RNA Pol II (some instances Pol III), single strand RNA 

molecules that may be as long as 1 Kb in length folds back to form a hairpin structure 

referred to as the primary miRNA (pri-miRNA). In some cases, polycistronic pri-miRNAs 

give rise to different miRNA families. MiRNAs originating from intronic regions are named 

Mirtrons and are produced from shorter pri-miRNAs (Kim, 2005; Kim et al., 2009; Winter et 

al., 2009). Interaction of pri-miRNA with DCL1 (plants) or Drosha (animals), and other 

proteins, triggers cleavage events around the base of the hairpin to create the precursor-

miRNA (pre-miRNA) and, subsequently, to duplex miRNA (60 – 100 nt) that is transported 

to the cytoplasm by exportin-5 protein (Yi et al., 2003). In the cytoplasm, Dicer chops pre-

miRNA into miRNA duplexes (dsRNA molecule having miRNA and miRNA*). The 

miRNA* strand is unwound from the duplex and eliminated, while the miRNA strand 

associates with AGO and is guided into RNA-Induced Silencing Complex (RISC) to the 

target transcript for mRNA degradation or repression of translation (Bartel, 2004; Esquela-

Kerscher and Slack, 2006; Ghildiyal and Zamore, 2009; Kim, 2005). Comprehensive reviews 

on miRNAs biogenesis and their roles can be found elsewhere (Bartel, 2004; Ghildiyal and 
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Zamore, 2009; Kim et al., 2009). Since the discovery of lin-4, the first reported miRNA in 

Caenorhabditis elegans (Bartel, 2004; Lee et al., 1993), an extensive list of miRNAs has 

been identified in algae, animals and plants. According to the last release (17 April 2011) of 

the miRBase (http://www.mirbase.org/index.shtml; accessed on July 05, 2011) the total 

number of miRNA entries is 16,772 (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; 

Griffiths-Jones et al., 2008; Kozomara and Griffiths-Jones, 2011). MiRBase contains 207 

entries for C. elegans 106 annotated as being able to form a hairpin-structure molecule (Warf 

et al., 2011). Interestingly, Dicer-independent biogenesis of miRNAs has been reported in 

vertebrates (Yang and Lai, 2010). These additional pathways for canonical miRNA 

biogenesis likely increase miRNA complexity.  

 

CURRENT METHODOLOGIES FOR FURTHER CHARACTERIZATION OF 
SMALL RNA AND RNA SILENCING IN PPF  
 

The ability to grow PPF in culture and the availability or lack thereof a reference 

genome, and/or transcriptome, has largely determined the strategies used to identify RNA 

silencing proteins and characterization of small RNAs. Most of the studies regarding RNA 

silencing in PPF have emerged primarily from hemibiotroph and necrotroph organisms 

(Nunes & Dean, unpublished; Chapter 2, Table 1).  

The ability to perform homologous gene replacement is essential to functionally 

characterize the RNA silencing machinery. For instance, the functions of two dicer coding 

genes identified in N. crassa, M. oryzae and M. circinelloides genomes, were characterized 
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by gene knockout (Catalanotto et al., 2004; de Haro et al., 2009; Kadotani et al., 2004; 

Nicolás et al., 2007). In N. crassa, only the double Dicer mutant was defective in processing 

dsRNAs into 25 siRNAs suggesting functional redundancy (Catalanotto et al., 2004). In 

contrast, Dicer 2 was shown to be essential for processing EGFP hairpin RNAs into small 

RNAs in the PPF M. oryzae (Kadotani et al., 2004). Furthermore, the Dicer 2 mutant was 

impaired in silencing the LTR-retrotransposable element MAGGY (Murata et al., 2007). 

Thus, in M. oryzae only Dicer 2 is required to process hairpin-structured RNAs into siRNAs. 

In M. circinelloides, Dicer 1 mutants were able to silence carB, whereas Dicer 2 mutants 

were not (de Haro et al., 2009). For fungi, such as obligate biotrophs, pioneering 

transformation strategies are being developed, such as recently reported for the rust flax 

fungus, Melampsora lini (Lawrence et al., 2010). Once these approaches are fully developed, 

it will be feasible to expand knowledge and function of small RNAs in this important class of 

PPFs.  

 

Identification and functional characterization of RNA silencing machinery 
Since the publication of the S. cerevisiae genome sequence, over 400 fungal genome 

projects have been initiated, more than 100 are currently in draft stages and over 50 are 

publically completed and available (Goffeau et al., 1996; Ma and Fedorovab, 2010). The 

availability of fungal genomes has greatly facilitated the identification of protein coding 

genes in many fungal species. For instance, the genomic sequence of the well characterized 
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Dicer, Argonaute and RNA dependent RNA polymerase (RdRp) can be used as queries to 

identify homologs in any given fungal species. 

We took advantage of public genome sequences and mined the data for all fungal 

specific RNA silencing annotated domains for Argonaute (IPR003100), Dicer (IPR005034) 

and RdRp (IPR007855) using InterPro (Table 1). Here, we included 54 genomes, greatly 

expanding previous analysis (Nakayashiki et al., 2006; Nakayashiki and Nguyen, 2008). 

Overall, we discovered that the number of RNA silencing paralog genes is quite variable 

among fungal species. Many fungi contain 2 to 3 copies of each gene, although some species 

such as Schizosaccharomyces japonicus and S. pombe contain only a single copy of each 

gene. Furthermore, we observed a total lack of the RNA silencing machinery in 13 species 

including Clavispora lusitaniae, S. cerevisiae, U. maydis, Ashbya gossypii, Candida 

glabrata, Laccaria bicolor, Lachancea thermotolerans, Lodderomyces elongisporus, 

Malassezia globosa, Pichia guilliermondii, Pichia pastoris, Yarrowia lipolytica and 

Zygosaccharomyces rouxii. In a number of instances, our data was in disagreement with 

earlier reports. For instance, we found fewer number of Dicer genes in A. flavus and 

Phaeosphaeria nodorum. In other cases, we found more genes, such as all members of the 

RNA silencing machinery in Cryptococcus neoformans as well as Argonaute and RdRp in M. 

oryzae. It is likely that updated versions of the fungal genomes used here explain the 

observed differences. 

In addition, two other proteins were included in our analysis. First, Exportin-5 

(IPR013598) was included because it has been shown to transport numerous small RNAs 
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from the nucleus to the cytoplasm and may also be considered as a RNA silencing machinery 

component. Although most of the fungal species have 1 or 2 genes coding for this transporter 

protein, Nectria haematococca, Neurospora crassa and Cryptococcus neoformans have four 

copies while Arthroderma otae, Sporothrix schenckii and Postia placenta have none (Table 

1). RNase T2 (IPR001568) likely plays a role in tRFs biogenesis and was incorporated in our 

analysis. Botryotinia fuckeliana and Candida albicans have 4 copies and most fungal species 

have 1 or 2 copies. Surprisingly, no candidate RNase T2 genes were identified in A. otae, 

Chaetomium globosum, S. schenckii, S. japonicus, S. pombe, Coprinopsis cinerea, and Postia 

placenta (Table 1). These observations suggest that Exportin-5- and RNase T2-like genes 

have diversified considerably due to the variable number of genes identified in over 50 

complete fungal species. Is it formally possible that lack of identification is a function of 

extreme diversification or simply that the genome sequence encompassing these is 

incomplete. Exploration of transcriptome data may in some instances be a valuable tool to 

assist in the identification of members of the RNA silencing machinery.  

In situations where genomic and transcriptome resources are limited for a given PPF, 

the use of degenerative PCR primers may allow identification of Dicers-, Argonaute- or 

RdRp-like genes. Known Dicer, Argonaute and RdRp sequences from phylogenetically 

closely related species may be sufficiently conserved to identify such proteins in PPFs 

lacking genome resources. Degenerate primers were successfully used to clone and 

characterize a Dicer coding gene in Mucor circinelloides (de Haro et al., 2009). 

Alternatively, oligonucleotide probes corresponding to the conserved RNaseIII and dsRNA 
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binding domain of Dicer proteins may be used to screen DNA libraries of PPFs of interest 

particularly, if libraries such as BACs are available.  

 

Functional characterization of RNA silencing machinery using surrogate fungi 
For obligate biotrophic fungi, the lack of reliable molecular genetic transformation 

methods greatly restricts efforts to functionally characterize the RNA silencing machinery. 

Work around strategies are possible such as the use of a surrogate fungus for functional 

complementation of genetic mutations. For example, Ustilago hordei may be a promising 

surrogate to study the RNA silencing protein machinery in PPF species within 

Basidiomycota. It is able to process GUS hairpin RNAs into 25 nt long siRNAs and silence 

GUS transcripts (Laurie et al., 2008). Using U. hordei deletion mutants it is theoretically 

possible to functionally characterize genes of interest from related species based on 

functional complementation. This approach has been used successfully for the 

characterization of protein kinase genes from biotrophic Ascomycota and Basidiomycota 

PPF in tractable fungal substitutes. For instance, the B. graminis f. sp. hordei Bka1 ORF 

effectively restored pathogenicity and appressorium maturation in a M. oryzae ΔcpkA mutant 

(Bindslev et al., 2001). Similarly, the Puccinia triticina mitogen-activated protein kinase 

(MAPK), PtMAPK1, complemented the corresponding mutant in U. maydis (Hu et al., 2007).  

A second approach is based on synthetic reconstruction of RNA silencing. As 

reported here (Table 1) and elsewhere, several fungal species have lost the entire RNA 

silencing machinery (Nguyen et al., 2008). As previously mentioned, S. cerevisiae and U. 
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maydis lack RNA silencing machinery and represent excellent surrogates for reconstruction 

of RNA silencing mechanisms from biotrophic PPF. For example, introduction of Dicer and 

Argonaute from Saccharomyces castellii restored RNA silencing in S. cerevisiae and resulted 

in silencing of endogenous retrotransposons (Drinnenberg et al., 2009). RNA silencing 

reconstruction has also been shown to work by introduction of animal silencing machinery in 

S. cerevisiae. Suk and colleagues (2011) introduced human Argonaute 2, Dicer and HIV-1 

transactivating response (TAR) RNA-binding protein (TRBP) in S. cerevisiae resulting in 

silencing of GFP (Suk et al., 2011). It is noteworthy that introduction of S. castellii Dicer and 

Argonaute were sufficient for RNA silencing in S. cerevisiae, while using human 

counterparts also required TRBP. The additional requirement of TRPB in budding yeast 

suggests subtle but significant differences in RNA silencing functionality across kingdoms. 

Although it remains to be demonstrated, the RNA silencing machinery from filamentous 

fungi can restore RNA silencing in yeasts, and these findings have great potential to test 

putative RNA silencing proteins from Ascomycota and Basidiomycota fungal biotrophs in S. 

cerevisiae and, possibly, in U. maydis, respectively. 

A number of novel approaches are being developed to assess whether fungi, including 

obligate biotrophs, possess functional RNA silencing machinery. For example, Lawrence and 

colleagues (2010) took advantage of the gene-for-gene interaction, specifically between the 

AvrL567 effector and its cognate receptor L6, to develop an elegant Agrobacterium-mediated 

transformation methodology for M. lini (Lawrence et al., 2010). In this work, flax carrying 

the L6 receptor infected with a rust isolate expressing Avr567 was transformed with 
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Agrobacterium carrying a silencing cassette able to produce AvrL567 siRNAs. M. lini 

silenced cells, exhibiting knocked down AvrL567 effector protein levels, escaped host 

recognition resulting in disease development and eventually urediospore production 

(Lawrence et al., 2010).  

 

 

Isolation of small RNAs from fungal infected plant tissues 
To help explore the role of RNA silencing and small RNAs in determining disease 

outcome, elegant techniques developed and applied to dissect pathogen infected plant tissues 

could be employed (Hacquard et al., 2010; Mosquera et al., 2009; Portillo et al., 2009). Laser 

microdissection (LM) has been used in several instances to identify the transcriptome 

specifically associated with tissues infected with fungi such as Colletotrichum graminicola 

and Melampsora larici-populina (Hacquard et al., 2010; Nelson et al., 2006; Portillo et al., 

2009; Takahashi et al., 2010; Tang et al., 2006). Other methods have been designated to 

capture specific fungal cells such as haustoria from infected plants and used to prepare cDNA 

libraries such as a haustoria specific library from Puccinia triticina (Catanzariti et al., 2011; 

Song et al., 2011). Although promising, these methods have yet to be applied to study small 

RNA populations. An alternative approach is to first isolate small RNAs specifically bound 

to RNA silencing proteins (Lee et al., 2009; Lee et al., 2010). This strategy was used to 

isolate small RNAs physically associated with an Argonaute (QDE-2) protein in N. crassa 
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using immunopurification (Lee et al., 2009). A similar approach could be used to recover 

fungal small RNAs from infected cells.  

 

OPPORTUNITIES TO USE RNA SILENCING TO EXPLORE PLANT-FUNGI 
INTERACTIONS 
 

A better understanding of the RNA silencing and small RNAs from both plants and 

fungi is likely to provide novel insights into plant-fungi interactions and present opportunities 

such as HIGS to develop disease resistant plants (Nowara et al., 2010; Yin et al., 2010). 

However, much more needs to be learned regarding small RNA classes and RNA silencing 

machinery in the PPF. This basic knowledge will be essential for future manipulation of the 

PPF transcriptome by transgenic plants. We conclude with a number of questions that remain 

to be investigated.  

• Can RNA silencing be manipulated to interfere with the genetic diversity of plant 

pathogenic fungi? 

PPF have evolved a variety of strategies to escape host defenses including 

maintenance of high genetic diversity at the population level. Many PPF contain substantial 

amounts of repetitive DNA, which may facilitate genome rearrangements possibly through 

active movement of retrotransposable elements. For instance, roughly 10% of the M. oryzae 

genome is composed of repetitive elements. We speculate that this fungus utilizes LTR-

siRNAs to regulate integration events of LTR-retrotransposable elements (Nunes et al., 
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2011). However, it remains to be experimentally addressed. If this process is commonly 

employed mechanism in PPF, can HIGS be engineered to effectively silence fungal repetitive 

elements and restrict PPF genetic diversity? 

• Can uptake of synthetic siRNAs or dsRNA molecules be used to manipulate 

important biotroph fungi? 

Recent findings have shown that Aspergillus spp can up take siRNAs and uptake of 

dsRNAs can trigger RNA silencing in P. infestans and M. perniciosa (Abdel-Hadi et al., 

2011; Caribé dos Santos et al., 2009; Khatri and Rajam, 2007; Whisson et al., 2005). 

Furthermore, HIGS involving dsRNA movement from wheat into the Puccinia striiformis f. 

sp. tritici suggests that other PPF may also uptake exogenous RNA molecules. Pathogens 

such as P. graminis f. sp. tritici Ug99 (PgtUg99) have been reported to rapidly overcome 

plant genetic resistance (Singh et al., 2011). siRNA/RNA silencing may be a promising tool 

for further (Abdel-Hadi et al., 2011) functional characterization of genes in PgtUg99 

particularly considering that use of synthetic siRNAs does not require time consuming 

cloning steps to develop silencing cassettes for fungal transformation. If synthetic siRNAs 

fails to silence targets in PgtUg99, the Agrobacterium-mediated transformation methodology 

developed by Lawrence and others (2010), may be worthy of further investigation. With 

continued work, it is feasible siRNA/RNA silencing approaches will be useful for controlling 

obligate biotroph PPF. 
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• Can small RNAs from plant pathogenic fungi posttranscriptionally interfere with 

host defense genes? 

Although evidence now suggests RNA molecules are transported from plant into 

fungal cells resulting in silencing of fungal transcripts, does the reverse occur? Can host 

defense gene transcripts induced upon fungal infection potentially be silenced? Based on 

small RNAs produced by PPF, can we predict likely host targets addressing these questions, 

although highly speculative, this maybe rewarding.  

• Do PPF produce specific populations of small RNAs in pathogenesis related 

structures such as appressoria or haustoria and are small RNAs acting during pre- 

or post-penetration events? 

As previously described, our characterization of the small transcriptome of M. oryzae 

mycelia and appressoria revealed that tRFs were enriched in the appressoria. However, more 

detailed time course studies are needed to more thoroughly examine changes occurring 

during pre- and post- appressorial development. In other PPF, isolation of total RNA from 

haustoria tissue revealed important fungal transcripts playing essential roles in disease 

development. These same tissues need to be examined for small RNAs. Only once we 

understand the biogenesis of these molecules and how they are regulated, will we be able to 

fully exploit HIGS for development of durable and environmentally-safe disease control. 
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Table 1 –List of putative fungal protein machinery involved in small RNA biogenesis. 
 
Fungal Taxonomy Dicer Argonaute RdRp Exportin-5 RNase T2 
Ascomycota
   - Pezizomycotina
     Ajellomyces capsulata  (strain NAm1 / WU24) 2 3 3 1 1
     Ajellomyces dermatitidis (strain SLH14081) 2 3 3 2 1
     Arthroderma otae  (strain CBS 113480) 2 3 3 0 0
     Arthroderma benhamiae  (strain CBS 112371) 2 3 3 1 1
     Aspergillus clavatus  (strain ATCC 1007 / CBS 513.65 / DSM 816 / NCTC 3887 / NRRL 1) 2 2 3 2 2
     Aspergillus fumigatus  (strain CEA10 / CBS 144.89 / FGSC A1163) 2 2 3 (2) 2 2
     Aspergillus flavus  (strain ATCC 200026 / FGSC A1120 / NRRL 3357 / JCM 12722 / SRRC 167)* 2 (3) 3 3 2 2
     Aspergillus nidulans  FGSC A4 2 (1) 2 (1) 2 2 3
     Aspergillus niger  (strain CBS 513.88 / FGSC A1513) 3 3 2 2 2
     Aspergillus oryzae (strain ATCC 42149 / RIB 40) 3 3 3 2 2
     Aspergillus terreus (strain NIH 2624 / FGSC A1156) 2 2 3 2 2
     Botryotinia fuckeliana (strain B05.10)* 2 3 2 2 4
     Chaetomium globosum 2 2 4 3 0
     Coccidioides posadasii  (strain C735) 2 3 3 3 1
     Magnaporthe oryzae  (strain 70-15 / FGSC 8958)* 2 4 (3) 4 (3) 3 2
     Nectria haematococca (strain 77-13-4 / FGSC 9596 / MPVI) 2 3 4 4 2
     Neosartorya fumigata  (strain ATCC MYA-4609 / Af293 / CBS 101355 / FGSC A1100)** 2 2 2 2 2
     Neosartorya fischeri (strain ATCC 1020 / DSM 3700 / FGSC A1164 / NRRL 181) 2 3 2 2 1
     Neurospora crassa 2 3 4 (3) 4 1
     Paracoccidioides brasiliensis (strain ATCC MYA-826 / Pb01) 2 2 0 2 1
     Penicillium chrysogenum  (strain ATCC 28089 / DSM 1075 / Wisconsin 54-1255) 2 3 2 2 2
     Penicillium marneffei  (strain ATCC 18224 / CBS 334.59 / QM 7333) 2 3 3 2 2
     Phaeosphaeria nodorum* 2 (4) 7 (6) 4 3 2
     Podospora anserina * 2 2 4 3 1
     Pyrenophora tritici -repentis (strain Pt-1C-BFP)* 2 4 3 2 2
     Sclerotinia sclerotiorum (strain ATCC 18683 / 1980 / Ss-1)* 2 3 3 1 3
     Sporothrix schenckii 1 0 0 0 0
     Talaromyces stipitatus  (strain ATCC 10500 / CBS 375.48 / QM 6759 / NRRL 1006) 2 2 3 2 2
     Trichophyton verrucosum  (strain HKI 0517) 2 3 3 1 1
     Uncinocarpus reesii (strain UAMH 1704) 2 3 0 3 1
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Table 1 (continued). 
 

 

Fungal Taxonomy Dicer Argonaute RdRp Exportin-5 RNase T2 
   - Saccharomycotina
     Ashbya gossypii  (strain ATCC 10895 / CBS 109.51 / FGSC 9923 / NRRL Y-1056) 0 0 0 2 1
     Candida albicans 0 1 0 1 4
     Candida dubliniensis  (strain CD36 / CBS 7987 / NCPF 3949 / NRRL Y-17841) 0 1 0 1 3
     Candida glabrata 0 0 0 3 1
     Candida tropicalis  (strain ATCC MYA-3404 / T1) 0 1 0 2 3
     Clavispora lusitaniae  (strain ATCC 42720)¶ 0 0 0 2 2
     Debaryomyces hansenii 0 1 0 2 1
     Kluyveromyces lactis 0 1 3 1 1
     Lachancea thermotolerans (strain CBS 6340) 0 0 0 2 1
     Lodderomyces elongisporus 0 0 0 1 3
     Pichia guilliermondii 0 0 0 2 1
     Pichia pastoris (strain GS115) 0 0 0 3 1
     Saccharomyces cerevisiae (strain YJM789) 0 0 0 1 1
     Vanderwaltozyma polyspora  (strain ATCC 22028 / DSM 70294) 0 1 3 3 1
     Yarrowia lipolytica 0 0 0 2 2
     Zygosaccharomyces rouxii  (strain ATCC 2623 / CBS 732 / IFO 1130 / NBRC 1623 / NCYC 568) 0 0 0 2 2
   - Taphrinomycotina
     Schizosaccharomyces japonicus (strain yFS275 / FY16936) 1 1 1 3 0
     Schizosaccharomyces pombe 1 1 1 3 0
Basidiomycota
   - Agaricomycotina
     Coprinopsis cinerea  (strain Okayama-7 / 130 / FGSC 9003) 3 8 8 (7) 2 0
     Cryptococcus neoformans 4 (1) 2 (1) 2 (1) 4 1
     Laccaria bicolor (strain S238N-H82) 0 0 0 2 3
     Postia placenta  (strain ATCC 44394 / Madison 698-R) 1 3 8 0 0
   - Ustilaginomycota
     Malassezia globosa  (strain ATCC 96807 / CBS 7966) 0 0 0 2 1
     Ustilago maydis * 0 0 0 2 2
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Table 1 (continued). 
 
* plant pathogenic fungi. 
** Teleomorph of Aspergillus fumigatus. 
¶ Candida lusitaniae 
Boxed lines = RNA silencing is missing. 
Green highlighted boxes = gene count agrees with Nakayashiki and Nguyen, 2008. 
Orange highlighted boxes = gene count disagrees with Nakayashiki and Nguyen, 2008. 
Numbers between parentheses correspond to the gene count reported in Nakayashiki and 
Nguyen, 2008. 
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SUMMARY 

 

T2 ribonucleases (RNase T2) are a highly conserved family of nucleases with diverse 

functions including self-incompatibility, phosphate remobilization, defense against 

pathogens, senescence and degradation of ribosomal RNA. Recently, Rny1, the sole member 

of the RNase T2 in Saccharomyces cerevisiae, was shown to cleave tRNAs to produce 

tRNA-derived small RNAs fragments (tRFs). Here, the Rny1 protein sequence was used as 

query to identify RNase T2-like genes in the genome of the plant pathogenic fungus, 

Magnaporthe oryzae. Based on the primary amino acid sequence, two genes were found to 

contain features that define all member RNase T2 family including the presence of two 

conserved active-site segments (CASI and II). In an attempt to characterize the roles of 

MoRNS2-1 and MoRNS2-2 (Magnaporthe oryzae RNase T2-like 1 and 2) in tRNA-derived 

small RNA biogenesis, MoRNS2-1 mutants were generated by homologous recombination 

and tRFs analyzed by Northern blots. 3’ RACE suggested that this gene is not required for 

intergenic- and snRNA-derived small RNA biogenesis. MoRNS2-1 mutants had normal 

vegetative growth with normal spore morphology and germination. Appressoria formation 

and the ability to cause disease in barley leaves was indistinguishable from wild type. In 

contrast, only ectopic transformants were recovered for MoRNS2-2 limiting further 

investigation of this gene. Unless MoRNS2-1 and MoRNS2-2 have functional redundancy, 

these findings suggest that MoRNS2-1 is not involved in the biogenesis of tRFs from mycelia 

tissue. Further characterization of MoRNS2-2 is needed before a final conclusion can be 
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made about the roles of the RNase T2 proteins in the biogenesis of small RNAs in M. oryzae. 

To further explore tRFs biogenesis, tRNA cleavage patterns were evaluated in dicer, 

modification methylase DdeI and exportin 5 deletion mutants. Our finding suggests that tRFs 

biogenesis is independent of those proteins as well. 

   



98 
 

INTRODUCTION 
 

Ribonucleases (RNases) are ubiquitously distributed across viruses, bacteria, 

protozoa, fungi, animals and plants. Enzymatic activities of RNases include cleavage of 

single- and double-stranded RNA molecules (ssRNA and dsRNA) as well as DNA-RNA 

hybrids. RNases have evolved a long list of functions including DNA biosynthesis, RNA 

processing, degradation of ribosomal RNA, protection against microbes and biogenesis of 

tRFs (Ghildiyal and Zamore, 2009; Haud et al., 2011; Hillwig et al., 2010; Hillwig et al., 

2011; Hillwig et al., 2011; Irie, 1999; Luhtala and Parker, 2010; Thompson and Parker, 2009; 

Irie, 1999). This class of RNases uses a 2’,3’-cyclic phosphate intermediate to hydrolyze 

ssRNA into mono- or oligonucleotides leaving a 3’-phosphate. They are referred as 

transferase type enzymes and include members of the families RNase A, RNase T1 and 

RNase T2 (Deshpande and Shankar, 2002; Luhtala and Parker, 2010). 

The major characteristics that distinguish the RNase T2 family from the other 

transferase-type RNases are (i) an optimum pH range of 4 – 5 (frequently called T2-family 

acidic ribonucleases); (ii) a lack substrate specificity enabling these enzymes to catalyze the 

cleavage of all four bases (A, G, C, T) and (iii) conservation in most organisms studied to 

date (Deshpande and Shankar, 2002; Luhtala and Parker, 2010). T2 RNases also contain two 

blocks of conserved active site segments (CASI and II) (Irie, 1999). Other members to the 

RNase T2 family may contain additional motifs that determine their cellular localization or 

roles. For instance, RNase T2s have been reported to localize to viral capsid and 
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nucleocapside; the periplasm and cytoplasm in bacteria; extra- and intracellular in protozoa; 

intracellular, extravacuolar, cytoplasm, extracellular and fruiting bodies in fungi; vacuoles, 

style, developing fruit, seed in plants; and liver, spleen and eggs in animals.  

Early characterization studies of the RNase T2 family were performed using fungi. 

More than 50 years ago, Aspergillus oryzae RNase T2 was first described and its 239 amino 

acid sequence elucidated a few decades later (Kawata et al., 1988; Sato and Egami, 1957). 

Subsequently, Ozeki and colleagues (1991) cloned the RNase T2 coding gene (rntB) and 

showed that rntB is arranged with 5 exons and 4 introns. These authors proposed that 

positions – 17 to – 1 at the N- terminus corresponded to a signal peptide sequence while the 

carboxyl terminus contained the processing region (240 to 259) (Ozeki et al., 1991). The 

histidine residues (His53 and His115) inside of the active site were shown to be 

indispensable for A. oryzae RNase T2 activity (Kawata et al., 1990). In Rhizopus niveus, 

characterization of RNase Rh, another member of the RNase T2 family, resulted in the 

identification of His46 and His109 as essential amino acid residues for catalytic activity 

(Kurihara et al., 1996). Thus, His residues located in the CAS are critical for RNase T2 

activity. 

Analysis of other RNase T2 proteins has expanded the functional repertoire within 

this family. In tomato (Lycopersicon esculentum), RNase T2 was shown to be involved in 

phosphate remobilization (Hillwig et al., 2011; Loffler et al., 1992). Anti-bacterial properties 

associated with RNase T2 were found in petunia’s nectar (Petunia hybrida) (Hillwig et al., 

2010). Tobacco challenged by Phytophthora parasitica, activated expression and secretion of 
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RNase NE during early stages of the infection. This RNase NE also inhibited development of 

conidia and zoospores from Fusarium oxysporum and P. parasitica, respectively (Hugot et 

al., 2002). These findings suggests that RNase NE protects tobacco against fungal and 

Oomycete pathogens. Very recent publications have revealed that members of the RNase T2 

from Arabidopsis thaliana (RNS2) and zebrafish (RNASET2) have a role in ribosomal RNA 

decay (Haud et al., 2011; Hillwig et al., 2011). In Saccharomyces cerevisiae, the only 

member of the RNase T2 family, Rny1, was shown to be induced and secreted by osmotic 

and heat stress and knockout mutants presented cells larger than wild type and their growth 

was impaired at 37 °C (MacIntosh et al., 2001). Rny1 was shown to be responsible for tRNA 

cleavage which leads to production of tRNA halves or tRNA-derived RNA fragments (tRFs) 

of approximately 36 nucleotides (Thompson and Parker, 2009). The availability of public 

genome resources has aided the identification of RNases T2-like genes in a large data set of 

fungi (Nunes, Sailsbery and Dean; unpublished data, chapter 3), however, the function of 

these proteins is largely unknown including within the filamentous fungus, Magnaporthe 

oryzae.  

M. oryzae is a well established model organism to study basic aspects of plant-

parasite interactions, particularly in regards to formation of a specialized infection structure, 

the appressorium. This structure is formed at the tip of M. oryzae germ tubes and is 

absolutely required for this plant pathogen to penetrate host tissue. The availability of the M. 

oryzae genome sequence has greatly enabled discovery of many genes and regulatory 

mechanisms involved in appressorium development (Dean et al., 2005; Oh et al., 2008). 
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Deep transcriptome studies have been enlightening regarding appressoria development 

(Mathioni et al., 2011; Oh et al., 2008). A recent characterization of the M. oryzae small 

RNA transcriptome (15 – 40 nucleotides) revealed that appressoria were enriched for 

molecules of the size 28 – 35 nt. compared to mycelia tissue. These molecules mapped 

predominantly to either half of mature tRNA molecules and were named as tRNA-derived 

RNA fragments (tRFs) (Nunes et al., 2011). tRFs have been also reported in the filamentous 

human fungus pathogen Aspergillus fumigatus (Jöchl et al., 2008; Thompson and Parker, 2009). 

Both Rny1 and Dicer were been shown to be involved in tRFs biogenesis in S. cerevisiae and 

HeLA cells, respectively. However the ribonuclease responsible for tRNA cleavage in 

filamentous fungi remains to be determined (Cole et al., 2009; Thompson and Parker, 2009). 

Thus, we hypothesized that members of the RNase T2 family in M. oryzae may be involved 

in tRFs biogenesis. Here, the Rny1 amino acid sequence was used as a query to identify M. 

oryzae RNase T2-like proteins. Homologous gene replacement was subsequently used to 

characterize the possible roles of MoRNS2-1 and MoRNS2-2 (Magnaporthe oryzae RNase 

T2-like 1 and 2) in tRFs biogenesis. 
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MATERIAL AND METHODS 
 

M. oryzae strain, culture conditions, protoplast preparation and fungal transformation 
M. oryzae 70-15, for which a complete genome sequence is available, was used as the 

reference strain (wild type [WT]) as well as the recipient organism for homologous 

recombination experiments. Mutants Δ dcl1 (Dicer), Δ ddm (modification methylase DdeI) 

and Δ exp 5 (exportin 5) were also included for tRFs biogenesis experiments. These mutants 

were generously provided by Dr. Donofrio (University of Delaware) (Additional file 1). 

Dicer, modification methylase DdeI and exportin 5 proteins are responsible for cleavage of 

dsRNA, C-5 cytosine-sp and transport from nucleus to cytoplasm, respectively. Complete 

[CM] (1% w/v sucrose, 0.1% w/v of Trace Elements and 0.6% w/v of casein acid and yeast 

extract) or oatmeal [OM] (5% w/v oatmeal, 1.5% agar) medium were used to maintain 

vegetative growth of WT and mutants. For vegetative growth assays, minimum medium 

[MM] (10 g sucrose, 1 ml A. nidulans trace elements, 50 ml 20X nitrate salts [60 g NaNO3, 

5.2 g MgSO4 7 H2), and KH2PO4 for 500 ml], 5 µl of Thiamine [10mg/ml], 5 µg of biotin 

[1 mg/ml] and MM depleted of nitrogen [MM – nitrate salts] medium were used. Sporulation 

was induced on V8 medium (10 % v/v V8 juice, pH 7.0 and 1.5% agar). 

Protoplasts were produced by inoculation of WT mycelia in 300 ml of CM and 

incubation at 26 °C and 250 rpm. After 3 days, mycelia mats were harvested, washed twice 

with sterile autoclaved water, dried and added to 30 ml of sterile 1M sorbitol containing 1% 

w/v of Trichoderma harzianum Lysing enzyme (Sigma). After incubation at 26 °C, 65 rpm 

for approximately 90 – 120 min., protoplasts were filtered twice to remove undigested 
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mycelia in autoclaved Miracloth (Calbiochem, La Jolla, CA) and collected by centrifugation 

at 4 °C, 5,000 rpm for 10 min. The protoplast pellet was washed three times with 1X STC 

(1M Sorbitol, 50 mM Tris-HCl and 50 mM CaCl2) and final protoplast suspension aliquoted 

(200 µL) into microcentrifuge tubes and stored at – 80 °C.  

Fungal transformation was performed as follows. DNA knockout constructs 

(described below) were mixed with 200 µL of protoplasts. After incubation at room 

temperature (RT) for 10 min., 1 ml of 1X PTC (40% of PEG 8000 in 1X STC) was gently 

mixed to the DNA construct-protoplast solution and incubated for an additional 20 min. at 

RT. Then, after 4 – 5 hours of incubation with 4 ml of TB3 (0.3% w/v yeast extract, 0.3% 

w/v casamino acids, 1% w/v glucose, 20% w/v glucose), the protoplast solution was mixed 

with solid TB3 (TB3 liquid, 1.5% w/v agar) media supplemented with Hygromycin (400 

µg/µl) and poured in Petri dishes. After 48 – 72 hours, fast growing colonies were transferred 

into CM containing Hygromycin (400 µg/µl) for secondary screening.  

 

Identification of RNase T2-like proteins in M. oryzae and construction of knockout 
constructs 

Rny1 (NP_015202.1) is the only member of the RNase T2 family in S. cerevisiae. 

Rny1 amino acid sequence was used as query to identify MoRNS2-1 and MoRNS2-2 

(Magnaporthe oryzae RNase T2-like 1 and 2) as the MGG_05342 and MGG_10510 M. 

oryzae RNase T2-like coding genes, respectively. A gene knockout strategy was used to 

replace MoRNS2-1 and MoRNS2-2 genes using homologous gene knockout PCR constructs. 

To create the MoRNS2-1 knockout construct, two DNA fragments of approximately 1 Kb 
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flanking the MoRNS2-1 gene (5’ and 3’ flanks) were obtained by PCR amplification from 70-

15 genomic DNA. Then, a third DNA fragment of 1.4 Kb corresponding to the hygromycin 

phosphotransferase gene (HPH) was amplified from pCX63. A nested PCR construct was 

obtained by bridging the 3 DNA fragments as follows: 5’ flank::hygromycin::3’flank (Figure 

1A). This construct was then used for protoplast transformation (Figure 1B). The MoRNS2-2 

nested PCR construct was obtained in a similar manner. Primer sequences to create both 

knockout constructs are given in Table 1. In addition, the MoRNS2-2 nested PCR construct 

was also cloned in the pGEM®-T Easy Vector (Promega Madison, WI). 

 

Nucleic acid extractions, M. oryzae transformants screen, Northern blot and 3’ RACE 
analysis of tRFs  

A quick DNA extraction method was performed to screen fungal transformants (Chi 

et al., 2009). Different set of primers (Table 1) were used to confirm gene knockout 

replacement by positive amplification of hygromycin and lack of amplification of targeted 

gene (MGG_05342 or MGG_10510). PCRs were performed in two independent DNA 

extractions. Total RNA extraction, Northern blot and 3’ RACE were preformed as detailed 

elsewhere (Nunes et al., 2011). The list of oligonucleotides used as probes for Northern blot 

and as 5’ primers for 3’ RACE is presented in Tables 1 and 2.  

 

Vegetative growth, appressoria and pathogenicity assays 
Strain 70-15 and MoRNS2-1 transformants were inoculated in CM, MM and MM-N, 

incubated at 26 °C and colony size measured in intervals of 3 days. A total of 3 replicates per 
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isolate were included per medium. Ten days old spores produced on V8 medium were 

collected, filtered twice through autoclaved Miracloth, and the resulting spores suspensions 

were diluted to produce a final concentration of approximately 1 x 104 spores/ml. Then, 3 

independent 30 µl droplets were dispensed onto hydrophobic (cover slips, vinyl, 22 x 22 

mm) and hydrophilic (glass slides) surfaces and incubated in a humid chamber at 26 °C. 

After 14 hours, a total of 100 germinated spores per droplet were visually assessed for mature 

appressoria. The percentage of developed appressoria was averaged from 3 droplets. This 

experiment was repeated twice. For pathogenicity assays, spores were obtained as described 

above and the final concentration adjusted to 5 x 104 spores/ml. Three independent 50 µl 

droplets were placed on the superior face of 10 days old susceptible detached barley (Robust) 

leaves. Inoculated leaves were incubated in a humid chamber and placed at RT until 

development of symptoms was observed. 
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RESULTS 

 

Identification of M. oryzae T2 RNase-like proteins and amplification of knockout 
construction for transformation 

A blast query using Rny1, the RNase T2 from S. cerevisiae led to the identification 

of MGG_05342.8 and MGG_10510.8, which were named MoRNS2-1 and MoRNS2-2 

(Magnaporthe oryzae RNase T2-like 1 and 2), respectively. The amino acid identity between 

Rny1 and MoRNS2-1 and MoRNS2-2 was 38% (e-value 4e-47) and 30% (e-value 4e-30), 

respectively, and amino acid alignments are shown in Figure 2. The gene coding for 

MoRNS2-1 spans 1,640 nt and was physically located on chromosome 1 (4876629-4878268; 

sense strand). MoRNS2-1 contains a single intron and produces a predicted protein of 318 

amino acids. Also located on chromosome 1 (4650914-4653004; anti-sense strand), the gene 

coding for MoRNS2-2 spans 2,091 nt with 7 introns and produces a predicted protein of 324 

amino acids.  

Further analysis of the MoRNS2-1 and MoRNS2-2 amino acid sequence using 

InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) revealed that both proteins have 

characteristics of RNase T2 (IPR001568) and contain two active sites (IPR018188) similar to 

Rny1. Multiple sequence alignment of the amino acid sequences of Rny1, MoRNS2-1 and 

MoRNS2-2 showed a high degree of conservation among CASI and II (Figure 3). Gene 

ontology for molecular function associated with both InterPro IDs consisted of RNA binding 

(GO:0003723) and RNase T2 activity (GO:0033897). InterProScan also revealed that the 

MoRNS2-2 protein contains a eukaryotic nuclear signal peptide (1 - 17) at the amino terminal 
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of the protein. Taken together, these analyses are highly consistent with MoRNS2-1 and 

MoRNS2-2 being members of the RNase T2 family. 

To gain insights into the biological roles of MoRNS2-1 and MoRNS2-2 in vivo, 

gene knockout constructs were created to replace each member of the RNase T2 family. For 

MoRNS2-1, the MoRNS2-1 UF and UR set of primers was used to amplify a 1,000 bp 

fragment upstream of the gene locus (fragment 1). The MoRNS2-1 DF and DR primers were 

combined to amplify a 975 bp fragment downstream of the MoRNS2-1 locus (fragment 2). 

Noteworthy, primers MoRNS2-1 UR and DF contained adapters that allowed these two 

fragments to bridge together with 1,366 bp of hygromycin PCR products (fragment 3) 

(Figure 1A). These 3 DNA fragments were mixed with MoRNS2-1 NF and NR primers and 

following PCR resulted in a 3,025 bp MoRNS2-1 knockout construct (Figure 1A). For 

MoRNS2-2, a similar approach was used to amplify a 2,944 bp MoRNS2-2 knockout 

construct using MoRNS2-2 NF and NR primers. The set of primers MoRNS2-2 UF and UR as 

well as DF and DR were used to create 990 bp and 826 bp fragments, respectively. In 

addition, the 2,944 bp MoRNS2-2 knockout construct was cloned in pGEM®-T Easy Vector 

(Promega Madison, WI) generating Fungal Genomics Laboratory bacterial stock RD0071. 

Both MoRNS2-1 and MoRNS2-2 knockout constructs were subsequently used to transform 

70-15 protoplasts. 
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Disruption of MoRNS2-1 and MoRNS2-2  
A total of 36 fungal colonies were selected as MoRNS2-1 putative transformants and 

subjected to secondary screens in CM containing hygromycin 400 µg/µl and by PCR. Three 

sets of primers were used for these screens. The first set of primers targeted specific 

amplification of the hygromycin gene (Figure 4A). A second set was used to amplify the 

MoRNS2-1 ORF (Figure 4B). Finally amplification of an actin fragment of 1,528 bp was 

used to assure DNA quality (data not shown). These initial screens resulted in the 

identification of 7 MoRNS2-1 putative transformants and (MoRNS2-1 T3, T4, T8, T14, T15, 

T25, and T29) and 2 ectopics (T09 and T28) strain, which were subjected to further 

characterization. An additional PCR amplification screen using primer pairs designed on 

sequencing off side the gene locus and the hygromycin cassette showed that only four 

transformants (MoRNS2-1 T3, T4, T14, T15) were correctly characterized as deletion 

mutants (Figure 4C and 4D). Conversely, PCR analysis of approximately 400 MoRNS2-2 

transformants failed to identify a single deletion mutant and amplification of the hygromycin 

fragment suggested non-homologous recombination. Consequently, the role of MoRNS2-2 

was not further investigated. 

 

Characterization of MoRNS2-1 mutants 
Vegetative effects of MoRNS2-1 mutants were investigated by measurement of 

colony growth on solidified CM, MM and MM-N. WT and Ectopic 09 strains were used as 

controls and compared to the colony development of MoRNS2-1 mutants. There was no 

apparent growth rate difference in the mutants compared to the controls. Spore morphology 
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and germination, germ tube formation and appressoria development were similar to WT in 

both hydrophobic and hydrophilic conditions. Loss of MoRNS2-1 also failed to impair ability 

of the mutants to cause disease in barley leaves (Figure 5). Symptoms were indistinguishable 

from WT and ectopic controls. 

 

Northern blot analysis and 3’ RACE suggests MoRNS2-1 has no role in small RNA 
biogenesis 

Northern blot and 3’ RACE experiments were performed to investigate whether 

MoRNS2-1 is involved in the biogenesis small RNA derived from tRNAGly and tRNAHis, a 

nuclear GTP-binding protein 2 intron, an intergenic region and snRNAs (Figures 6, 7 and 

Additional files 2 A - C. An oligonucleotide was designed to specifically detect small RNAs 

derived from the 3’ halves of a tRNAGly and tRNAHis in Northern blot assays. No differences 

were observed with signal intensity of tRNAGly- and tRNAHis-derived small RNAs fragments 

in mycelia tissue from mutant and WT (Figure 6). The presence of tRFs of both tRNAs were 

also evident in dicer, modification methylase DdeI and exportin 5 deletion mutants (Figure 

6). To evaluate the possible role of MoRNS2-1 in the biogenesis of intronic-, intergenic- and 

snRNA-derived small RNAs, oligonucleotides specific to its complementary small RNA 

were designed and used as the 5’ primer in 3’RACE experiment. As shown in Figure 7, these 

small RNA molecules were detected at similar levels similar to the control (WT and Ectopic) 

strains. Taken together, we found no direct evidence that MoRNS2-1 alone is responsible for 

the biogenesis of the tRNA, intronic-, intergenic- and snRNAs tested in this study. Our 
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results also revealed that dicer, modification methylase DdeI and exportin 5 deletion mutants 

are also not involved in the biogenesis of the tested small RNAs (Figures 6 and 7).  

 

DISCUSSION 

 

Here we identified 2 members of the RNase T2 family in the plant pathogenic fungus 

M. oryzae, which were named MoRNS2-1 and MoRNS2-2. These genes have important 

features, namely the CAS I and II motifs that identify them as classical RNase T2 members. 

Although all members contain these motifs and other common features, the RNase T2 

proteins have diverged in many aspects throughout evolution including their physiological 

roles and regulation of gene expression (Deshpande and Shankar, 2002; Hillwig et al., 2011; 

MacIntosh et al., 2010).  

Expression data and functional roles of RNase T2 members are quite variable. For 

instance, Rny1 transcripts are not detected in the WT cells grown in synthetic dropout 

medium at 25 °C. Nevertheless, Rny1 expression is regulated by osmotic and temperature 

stresses and is involved in the biogenesis of small RNAs by a tRNA cleavage mechanism 

(MacIntosh et al., 2001; Thompson and Parker, 2009). In contrast, RNS2, the RNase T2 from 

A. thaliana, is generally expressed in high levels in several plant tissues (Hillwig et al., 

2011). Recently, RNS2 has been shown to be involved in degradation of ribosomal RNAs. In 

M. oryzae, transcriptome (Mathioni et al., 2011; Oh et al., 2008) and proteome studies 

(Franck and Dean, personal communication) suggests that MoRNS2-1 and MoRNS2-2 I are 
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expressed at low levels in all tissues studied. However, tRNA-derived small RNA fragments 

accumulate significantly in spores and appressoria tissues (Nunes et al., 2011). In an attempt 

to investigate the role of MoRNS2-1 and MoRNS2-2 in small RNA biogenesis, we created 

and characterized gene deletion mutants of MoRNS2-1. We were unable to create deletion 

mutants for MoRNS2-2.  

MoRNS2-1 mutants were indistinguishable from WT and an ectopic strain. All 

exhibited similar vegetative growth as well as spores morphology and germination, 

appressoria formation and ability to cause disease in barley leaves. We also found no 

evidence that MoRNS2-1 played a role in small RNA biogenesis derived from several 

genomic features investigated here. There are several explanations for these findings. As 

observed for other RNase T2 genes, MoRNS2-1 may be only expressed under specific 

environmental cues such as stress conditions. Nevertheless, further work needs to be done to 

confirm this expression data set. Also it is possible that MoRNS2-1 exhibits substrate 

specificity and is not responsible for cleaving tRNAGly or tRNAHis, the small RNAs subjected 

to analysis.  

Perhaps the most limiting aspect to further elucidate the role of MoRNS2-1 in the 

small RNA biogenesis was the failure to obtain MoRNS2-2 mutants and thus examine single 

and double mutants. In Aspergillus fumigatus, functional characterization of protein kinase A 

isoforms was revealed only by creating double protein kinase deletion mutants (Fuller et al., 

2011). In M. oryzae, if both T2 ribonucleases have similar or overlapping roles in tRFs 

biogenesis; it is possible that in the absence of one of the RNase T2 proteins, can be 
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compensated by the other, resulting in apparently normal tRNA cleavage in the mutants. 

Thus far, it is not known whether MoRNS2-2 is an essential gene, although it is likely since 

hundreds of ectopic transformants were recovered. Other studies such as overexpression of 

both RNase T2 genes may provide clues to function such as elevated levels of tRNA 

cleavage. Alternatively, RNA silencing constructs could be developed to specifically silence 

MoRNS2-2 or to target the conserved CAS I and II to silence both RNases. We also observed 

that dicer, modification methylase DdeI and exportin 5 deletion mutants appear to exhibit 

normal tRNA cleavage. These data suggest that biogenesis of tRFs is independent of these 

proteins. 

In conclusion, we have characterized 2 homologs of RNase T2 in M. oryzae. A 

number of avenues and questions remain to address their functions. For instance, do the 

promoter sequences contain regulatory sequences that may respond to stress-related 

transcription factors? If so, in what tissues are these proteins most highly expressed? And 

where are these proteins physiologically active, and are they secreted?  
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Table 1- List of oligonucleotides used during PCR and Northern blots.  
Oligonucleodite ID Sequence (5’ – 3’) 
MGG_05342 UF* AACGACCGACCCTGCCATCG 
MGG_05342 UR** TGACCTCCACTAGCTCCAGCACCCGAGGATGACGATGCGGC 
MGG_05342 DF GAATAGAGTAGATGCCGACCATGAGGCAGAGCCCAGACCCAT 
MGG_05342 Nested F GGTGTCGCCCCTATCCCGCT 
MGG_05342 Nested R TCCCTTCACGCCCTGCACCA 
MGG_05342 ORF F TCGCCTACGCGGGCAACATC 
MGG_05342 ORF R GGGCGCGGGGACAAACTCTC 
MGG_05342 5’out TTTGCCAGGCGCTCCACAGG 
MGG_05342 3’out AACCCGATCAATCGCATCTGCGA 
MGG_10510 UF TGGGGAGGTGGGATTCCGGG 
MGG_10510 UR TGACCTCCACTAGCTCCAGCAACAGGAAGCAGAGACGGGCG 
MGG_10510 DF GAATAGAGTAGATGCCGACCAACGTGGTATTACGTGATTTGGTTCCTT 
MGG_10510 nested F TGGGCGAAATACAGCCCAAAAGAA 
MGG_10510 nested R TTAGCAGCCAAAGGGGGCCG 
MGG_10510 ORF F TCGGCCGTGCTGTATCCCGA 
MGG_10510 ORF R CACCGGGTGTAGTGGCGCAG 
Hygromycin F GCTGGAGCTAGTGGAGGTCA 
Hygromycin R GGTCGGCATCTACTCTATTC 
5’HPH Rev AAGTGCCGATAAACATAACGA 
3’HPH For GTCGCCAACATCTTCTTCTG 
3’ tRNAGly MGG_20157)¶ TGCATCAGCCGTGAATCGAACACGGGGCCCATCGA 
3’ tRNAHis (20042) ¶ TGGGCGTGGCAAGACTCGAACTTGCGTTTCTTCGGC 
*F means Forward primer.  
**R means Reverse primer.  
Sequence in red letters corresponds to the upstream adapter used for nested PCR. This sequence is inverse complement of primer Hygromycin 
F. In contrast, sequence in blue letters corresponds to the downstream adapter used for nested PCR. This sequence is inverse complement of 
Hygromycin R.  
¶Oligonucleotides labeled and used for Northern Blots.  
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Table 2 – List of oligonucleotides used for 3’ RACE 

3’ RACE (5’ primer) Sequence (5’ – 3’) Length 
(bp) 

Oligo(dT)20 
VN length* 

Expected 
fragment 

GTP2-siRNA GACTGGAGGTCGACAGTATCCCGTC 25 45 70 
5’ U4-siRNA ATTCTAGTGCACGGGTTTTACG 22 45 65 
3’ U4-siRNA CACTCCATGCGGGCTTCGGCTTACATGGGA 30 45 75 
3’ U6-siRNA AGGATGACACGCTCAATCAAAGAGAAGCT 29 45 74 
Intergenic-siRNA 1 ACATACGACCATACCCACTG 20 45 65 
Intergenic-siRNA 2 ACGGGATCCCGTCCGCTCTCCCCT 24 45 69 
*Oligo(dT)20VN 3’-RACE linker sequence: CTGACGATGTACGTCCGACATGC(T)20VN, where V means A/G/C and N 
means any nt. 3’-RACE primer: CTGACGATGTACGTCCGACATGC. 
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Figure 1- Adaptamer-mediated PCR strategy for T2 RNase gene replacement. (A) Two sets of primers (UF and UR, DF and DR) 
containing adapters were used to amplify approximately 1 kb fragments from each flank of the (Hyg F and Hyg R) MGG_05342 
(MoRNS2-1) genomic locus. Hygromycin fragment was amplified with primers complementary to the amplified flanking 
sequences. Nested PCR was performed to combine three fragments using primer set NF and NR to generate the PCR knockout 
gene replacement construct. (B) After fungal transformation, the knockout construct is shown replacing the target gene by 
homologous recombination.  
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Figure 2- Multiple amino acid sequence alignment of Rny1 and two M. oryzae RNase T2 genes. 
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Figure 3- Conserved CAS I and II. Histidine residues essential for catalytic activity are indicated by asterisks.  
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Figure 4- Secondary screen of putative MoRNS2-1 transformants. (A) Hygromycin primers were used to amplify a 1,366 bp 
fragment to indicate the presence of the selectable hygromycin gene. (B) Absence of a 929 bp fragment corresponding to 
MoRNS2-1 ORF suggests homologous recombination event. Amplification of a 2,417 (C) and 2,282 bp (D) fragment 
corresponding to a region spanning from outside the targeted gene and internal to hygromycin confirms gene knockout by 
homologous recombination which confirmed T03, T04, T14 and T15 as MoRNS2-1 gene replacement mutants.  
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Figure 5- Pathogenicity assay of MoRNS2-1 mutants. Symptoms developed by deletion mutants (T03, T04, T14 and T15) were 
indistinguishable from mock, 70-15 and ectopic strains T29 and T09. 
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Figure 6- Role of MoRNS2-1 in tRFs biogenesis. (A) Top panel depicts Northern blot probed 
with fragment specific to the 3’ half of tRNAGly. The presence of approximately 36 – 38 nt 
fragments suggest tRFs are produced in all mutants investigated. Bottom panel shows over-
exposed Northern blots. (B) Northern blots probed with fragment to detect 3’ half of 
tRNAHis. Similar results as in (A) were observed. RNA fragment sizes were compared to the 
10 bp RNA Ladder (Ambion). Strains T03, T04, T14 and T15 are the MoRNS2-1 deletion 
mutants and T29 and T9 ectopics. Δ dcl, Δ ddm and Δ exp 5 correspond to dicer, 
modification methylase DdeI and exportin 5 mutants, respectively. 
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Figure 7- Detection of small RNA-derived from different genomic loci by 3’RACE. Presence of fragments corresponding to 
GTP2-siRNA [70] (A), 5’ U4-siRNA [65] (B), 3’ U4-siRNA [75] (C), 3’ U6-siRNA [74] (D), intergenic-siRNA 1 [65] (E) and 
intergenic-siRNA 2 [69] (F) suggest that the genes investigated are not responsible for small RNA biogenesis. All 3’ RACE 
expected fragments are equal or shorter than 75 nucleotides long. For details on expected fragment size small RNA subjected to 3’ 
RACE. Numbers between brackets represent expected length of fragment. Strains T03, T04, T14 and T15 are the MoRNS2-1 
deletion mutants and T29 and T9 ectopics. Δ dcl, Δ ddm and Δ exp 5 correspond to dicer, modification methylase DdeI and 
exportin 5 mutants, respectively. 
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Additional file 1- Distribution of small RNAs with a perfect match to M. oryzae nuclear and 
mitochondrial genomes and unlinked chromosome. (A) Overall distribution of small RNAs. 
(B) Small RNAs mapping to unique loci. (C) Small RNAs mapping to repetitive elements. 
Number of small RNA alignments per 5 kb of genomic sequence is shown on the Y axis with 
chromosome length on the X axis (vertical lines above and below chromosome line [Y = 0] 
represent small RNAs mapping to sense and antisense strands, respectively). Red vertical 
lines indicate sequences derived from mycelia and green from appressoria.  
 

 
 
 
 
 



130 
 

 

 
 



131 
 

 

 



132 
 

 

 
 



133 
 

 

 
 

 
 
  



134 
 

 

 
 
 
  



135 
 

 

 
  



136 
 

 

 
  



137 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Additional file 2- Small RNAs with perfect match to snRNAs. snRNAderived small RNAs 
mapped predominantly to 3’ end of U2 (A) and U4 (B). In contrast, U6-derivd small RNA 
mapped largely toward to the 5’ end (C).  
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Additional file 3- Distribution of mycelia small RNAs mapped to repetitive elements. Small RNAs originated from repetitive 
elements mapped primarily to the LTR retrotransposable element class (grey highlight) including MAGGY. 

 

 

 
Alignmenta  Read Countb  Proratedc  Featuresd 

  Total Sense Antisense  Total Sense Antisense  Total Sense Antisense  Mapped Total Coverage 

Transposable Elements 248528 113951 134620  3369 1522 1883  3305 1484 1821  1898 3448 55% 

  AFUT1 0 0 0  0 0 0  0 0 0  0 1 0% 
  BCBOTYPOL 0 0 0  0 0 0  0 0 0  0 36 0% 
  GYMAG1_I 25380 10370 15012  955 408 549  953 405 548  72 78 92% 
  GYMAG1_LTR 499 152 349  4 2 4  4 1 3  250 303 83% 
  GYMAG2_I 21639 9684 11957  742 331 413  739 329 410  75 81 93% 
  GYMAG2_LTR 409 139 272  12 3 11  7 2 5  118 155 76% 
  Gypsy-1-I_AN 0 0 0  0 0 0  0 0 0  0 2 0% 
  GYPSY1_MG 0 0 0  0 0 0  0 0 0  0 10 0% 
  Gypsy2-I_AO 0 0 0  0 0 0  0 0 0  0 3 0% 
  Helitron-1_AN 0 0 0  0 0 0  0 0 0  0 1 0% 
  Hop 0 0 0  0 0 0  0 0 0  0 3 0% 
  MAGGY_I 167086 75618 91470  1353 620 735  1347 616 731  326 329 99% 
  MAGGY_LTR 7282 2250 5034  27 10 19  25 8 17  360 365 99% 
  Mariner-1_AF 0 0 0  0 0 0  0 0 0  0 1 0% 
  Mariner-6_AN 0 0 0  0 0 0  0 0 0  0 1 0% 
  MARY1_TM 0 0 0  0 0 0  0 0 0  0 1 0% 

  MGR583 24865 14988 9879 
 

157 95 67 
 

111 72 39 
 

388 425 91% 
  MGRL3_I 821 350 473  96 43 55  94 42 52  24 39 62% 
  MGRL3_LTR 1 1 1  1 1 1  0 0 0  1 93 1% 
  MOLLY_SN 119 119 1  3 3 1  2 2 0  60 70 86% 
  NHT2_I 0 0 0  0 0 0  0 0 0  0 1 0% 
  OCCAN_MG 12 8 6  12 8 6  0 0 0  2 97 2% 
  POT2 162 146 18  28 13 17  3 2 1  137 414 33% 
  PYRET_I 139 111 30  16 14 8  7 3 3  67 499 13% 
  PYRET_LTR 4 4 1  2 2 1  0 0 0  4 417 1% 
  REALAA_I 0 0 0  0 0 0  0 0 0  0 2 0% 
  SKIPPY 0 0 0  0 0 0  0 0 0  0 6 0% 
  TCN1-I 0 0 0  0 0 0  0 0 0  0 1 0% 
  TY3 56 1 56  29 1 29  12 0 12  2 2 100% 

  U35230 546 314 234  92 57 37  2 1 1  12 12 100% 
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Additional file 3 (continued). 
 
a Alignment refers to the summation of small RNA alignments to any genomic feature. 
b Read Count represents the summation of distinct reads mapping to a given feature. 
Noteworthy the values for each genome feature are generally less than the sum of its sub-
features due to the small RNAs mapping to multiple features (See “Material and Methods” 
for more details). 
c Prorated apportions the weight of any small RNA between alignments and features. 
d Features represent the proportion of genomic features mapped by small RNAs where 
mapped indicates the number of members for each genomic feature mapped by small RNAs 
among the total possible.  
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Additional file 4- Primers and linker used for 3’ RACE. A total of 7 distinct 5’ primers corresponding to the LTR retrotransposable 
element MAGGY were paired with a 3’ RACE primer to independently validate sense and antisense MAGGY-derived LTR-
siRNA. 
 

Primer ID Sequence  Length 
(bp) 

Oligo(dT)20 
VN lengtha 

Expected 
fragment 

MAGGY LTR-siRNA 1 AAGCCCCCGTACTGGCGCACTT 22 45 67 
MAGGY LTR-siRNA 2 AATTGCTAGCCATTATCCGCTGTTTTGAAG 30 45 75 
MAGGY LTR-siRNA 3 CAGAGGATATGCCTGAGGAGGG 22 45 67 
MAGGY LTR-siRNA 4 ATAGGGGTTTGTTTTGGCGGATTATGGGTT 30 45 75 
MAGGY LTR-siRNA 5 AAATCTTGACAGGAATTCGGCCC 23 45 68 
MAGGY LTR-siRNA 6 CGTAAATCTCGTAATTGCATTCGG 24 45 69 
MAGGY LTR-siRNA 7 GCCCAGTGGCTGTCCTTCAGGTCT 24 45 69 
a Oligo(dT)20VN 3’-RACE linker sequence: CTGACGATGTACGTCCGACATGC(T)20VN, where V means A/G/C and N means any nt. 
3’-RACE primer: CTGACGATGTACGTCCGACATGC 
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Additional file 5 – Distribution of mycelia small RNAs mapped to tRNAs. 
 

 
Alignmenta  Read Countb  Proratedc  Featuresd 

  Total Sense Antisense  Total Sense Antisense  Total Sense Antisense  Mapped Total Coverage 

tRNA 32008 26258 5752  5710 5623 89  4482 4447 35  356 361 99% 
  Ala 1032 1032 1  379 379 1  310 310 0  15 15 100% 
  Arg 352 352 1  224 224 1  209 209 0  15 16 94% 
  Asn 253 253 1  131 131 1  91 91 0  8 8 100% 
  Asp 2420 2420 1  848 848 1  528 528 0  12 12 100% 
  Cys 43 43 1  43 43 1  30 30 0  3 3 100% 
  Gln 560 560 1  238 238 1  175 175 0  8 8 100% 
  Glu 2959 2957 4  579 579 2  306 306 0  11 12 92% 
  Gly 1171 1171 1  256 256 1  207 207 0  21 22 95% 
  His 479 479 1  128 128 1  70 70 0  5 5 100% 
  Ile 127 127 1  70 70 1  68 68 0  10 10 100% 
  Leu 2433 2433 1  863 863 1  473 473 0  15 15 100% 
  Lys 3236 3228 10  646 646 2  322 321 1  13 13 100% 
  Met 242 242 1  87 87 1  71 71 0  8 8 100% 
  Phe 276 276 1  88 88 1  47 47 0  8 8 100% 
  Pro 706 706 1  207 207 1  167 167 0  9 9 100% 
  SeC 28 28 1  14 14 1  13 13 0  2 2 100% 

  Ser 806 806 1 
 

376 376 1 
 

290 290 0 
 

13 13 100% 
  Thr 1428 1428 1  588 588 1  236 236 0  10 10 100% 
  Trp 56 56 1  14 14 1  12 12 0  4 4 100% 
  Tyr 105 105 1  21 21 1  16 16 0  5 5 100% 
  Val 1473 1473 1  759 759 1  273 273 0  11 11 100% 
  Pseudo 15322 9618 5706  1034 948 88  568 534 34  149 151 99% 

  Undet 89 53 38  89 53 38  2 1 0  1 1 100% 
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Additional file 5 (continued). 
 
a Alignment refers to the summation of small RNA alignments to any genomic feature. 
b Read Count represents the summation of distinct reads mapping to a given feature. Noteworthy the 
values for each genome feature are generally less than the sum of its sub-features due to the small 
RNAs mapping to multiple features (See “Material and Methods” for more details). 
c Prorated apportions the weight of any small RNA between alignments and features. 
d Features represent the proportion of genomic features mapped by small RNAs where mapped 
indicates the number of members for each genomic feature mapped by small RNAs among the total 
possible.  
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Additional file 6 – Distribution of appressoria small RNAs mapped to tRNAs. 
 

 
Alignmenta  Read Countb  Proratedc  Featuresd 

  Total Sense Antisense  Total Sense Antisense  Total Sense Antisense  Mapped Total Coverage 

tRNA 8749 8476 275  1989 1988 3  1636 1635 2  330 361 91% 
  Ala 1996 1996 1  341 341 1  313 313 0  13 15 87% 
  Arg 165 165 1  103 103 1  94 94 0  12 16 75% 
  Asn 107 107 1  48 48 1  37 37 0  8 8 100% 
  Asp 1589 1589 1  394 394 1  278 278 0  12 12 100% 
  Cys 10 10 1  10 10 1  10 10 0  1 3 33% 
  Gln 366 366 1  143 143 1  125 125 0  8 8 100% 
  Glu 871 871 1  200 200 1  108 108 0  11 12 92% 
  Gly 1068 1068 1  114 114 1  94 94 0  20 22 91% 
  His 165 165 1  42 42 1  23 23 0  5 5 100% 
  Ile 39 39 1  15 15 1  15 15 0  4 10 40% 
  Leu 419 419 1  268 268 1  71 71 0  15 15 100% 
  Lys 1044 1044 1  227 227 1  128 128 0  13 13 100% 
  Met 110 110 1  58 58 1  40 40 0  7 8 88% 
  Phe 9 9 1  3 3 1  1 1 0  8 8 100% 
  Pro 94 94 1  39 39 1  33 33 0  9 9 100% 
  SeC 0 0 0  0 0 0  0 0 0  0 2 0% 

  Ser 214 214 1 
 

85 85 1 
 

69 69 0 
 

11 13 85% 
  Thr 753 753 1  215 215 1  136 136 0  10 10 100% 
  Trp 20 20 1  5 5 1  4 4 0  4 4 100% 
  Tyr 50 50 1  10 10 1  7 7 0  5 5 100% 
  Val 77 77 1  46 46 1  45 45 0  10 11 91% 
  Pseudo 287 16 273  12 11 3  7 5 2  143 151 95% 

  Undet 2 1 2  2 1 2  0 0 0  1 1 100% 
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Additional file 6 (continued). 
 

a Alignment refers to the summation of small RNA alignments to any genomic feature. 
b Read Count represents the summation of distinct reads mapping to a given feature. Noteworthy the 
values for each genome feature are generally less than the sum of its sub-features due to the small 
RNAs mapping to multiple features (See “Material and Methods” for more details). 
c Prorated apportions the weight of any small RNA between alignments and features. 
d Features represent the proportion of genomic features mapped by small RNAs where mapped 
indicates the number of members for each genomic feature mapped by small RNAs among the total 
possible.  
 



148 
 

 
 

 
 

Additional file 7- Logos of tRFs mapping to tRNAAla. Members of tRNAAla grouped into 
four types. In both libraries, tRFs mapped predominantly to the 3’ half and preferentially to 
one tRNAAla type. 
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Additional file 8 – End labeled oligonucleotides used for Northern blot. 
 
Primer ID Sequence  Length (bp) 
5’END tRNAThr (MGG_20128)  TACGAGTGATGCGCTCTACCACTGAGCTATACGGGC 36 
3’END tRNAThr (MGG_20128) TGCCCGCACCCAGGATCGAACTAAGGACCTCATCAT 36 
5’END tRNAGly (MGG_20157) GGCAACGATGGATTTTACCACTAAACCACTGATGC 35 
3’END tRNAGly (MGG_20157) TGCATCAGCCGTGAATCGAACACGGGGCCCATCGA 35 
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Additional file 9 – Distribution of tRFs posttranscriptional modification sites 
 

  

tRNA 
Family

tRNA 
type

# of nuclear 
genomic copies 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Ala c0 1 M1 M1 M1
Ala c1 2
Ala c2 9
Ala c3 2
Arg c0 2 M1 A1/M1
Arg c1 6 M2
Arg c2 1 A1/M1
Arg c3 3 M1 M1
Arg c4 2 M1 M1 M1
Asn c0 4
Asn c1 2 A1 A1 M1 M1 M1 M1 M1 M1 M1
Asn c2 1 M1
Asp c0 1 M1 M1 M1
Asp c1 10
Cys c0 3 A1/M1
Gln c0 1
Gln c1 5
Gln c2 2
Glu c0 9
Glu c1 1
Glu c2 2
Gly c0 3
Gly c1 1
Gly c2 1
Gly c3 14 A4/M4
Gly c4 1 M1 M1 M1 M1 M1 M1
Gly c5 1
His c0 4
Ile c0 10 M1 M1
Leu c0 6
Leu c1 8 A3/M3
Leu c2 1 M1 A1/M1
Lys c0 11 M4 A2/M4
Lys c1 1
Met c0 4 A1 A1/M1
Met c1 4 M3 M3 M2 M1
Phe c0 7 M1 M1
Pro c0 3 A1/M2
Pro c1 6
SeC c0 1
Ser c0 7 M3 A2/M3
Ser c1 2 M1 M1
Ser c2 4 A2/M2
Thr c0 2 M1 M1
Thr c1 8 A1/M1 M1
Trp c0 4 M2 M1 M1 M1
Tyr c0 5 A1 A1 A1 A1/M2 A1
Val c0 7
Val c1 1
Val c2 1 A1/M1
Val c3 1 M1

2 0 0 2 1 1 2 8 2 1 0 0 1 1 3 0 1 3 3 0 1 2 5 11 6 7
1 1 0 1 1 1 1 4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 3 2
3 1 0 3 2 2 3 12 3 1 0 0 1 1 3 0 1 3 3 0 1 2 5 16 9 9

Summary of tRNA modification sites
Mycelia
Appressoria
Total
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Additional file 9 (continued). 
 

  

tRNA 
Family

tRNA 
type

# of nuclear 
genomic copies 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Ala c0 1
Ala c1 2
Ala c2 9 A2/M2 A1/M1
Ala c3 2 M1
Arg c0 2 A1 A1
Arg c1 6 M1
Arg c2 1
Arg c3 3
Arg c4 2 M2
Asn c0 4 A2
Asn c1 2
Asn c2 1
Asp c0 1
Asp c1 10 A2 A4
Cys c0 3
Gln c0 1 A1 M1 M1 M1
Gln c1 5
Gln c2 2 A1 A1
Glu c0 9
Glu c1 1
Glu c2 2 A1 A1 A1 A1 M1
Gly c0 3
Gly c1 1
Gly c2 1
Gly c3 14 A2
Gly c4 1 M1 A1 A1
Gly c5 1
His c0 4 A3 A2/M3
Ile c0 10 M1 A1
Leu c0 6 A2/M3 M3 M3
Leu c1 8 A1 M3 M4 A1
Leu c2 1
Lys c0 11 A1
Lys c1 1
Met c0 4
Met c1 4 A1 A1
Phe c0 7
Pro c0 3 A1
Pro c1 6 A1
SeC c0 1
Ser c0 7 M2 A1/M1 A1/M1
Ser c1 2
Ser c2 4 A2 A1/M2 A1/M2
Thr c0 2
Thr c1 8 M1 A1/M1 A1 A1
Trp c0 4 M1 M1 A1/M1
Tyr c0 5 M2
Val c0 7
Val c1 1 M1 M1 M1
Val c2 1
Val c3 1

3 1 1 1 3 4 1 2 3 0 0 0 0 0 0 1 5 3 0 1 1 1 0 0 0 0 0
2 0 0 1 3 4 9 4 5 4 0 1 1 0 1 0 0 0 0 0 0 0 1 0 1 0 0
5 1 1 2 6 8 10 6 8 4 0 1 1 0 1 1 5 3 0 1 1 1 1 0 1 0 0

Summary of tRNA modification sites
Mycelia
Appressoria
Total
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Additional file 9 (continued). 
 

tRNA 
Family

tRNA 
type

# of nuclear 
genomic copies 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 Myca Appb

Ala c0 1 A1 A1 M1 108 11
Ala c1 2 A2/M2 132 73
Ala c2 9 A8 3144 5534
Ala c3 2 M1 44 7
Arg c0 2 M4 335 53
Arg c1 6 A2/M6 2040 201
Arg c2 1 129 26
Arg c3 3 305 100
Arg c4 2 A2/M4 388 122
Asn c0 4 A2/M3 271 93
Asn c1 2 A3/M4 540 281
Asn c2 1 A1 50 5
Asp c0 1 66 2
Asp c1 10 A7 6705 3589
Cys c0 3 113 38
Gln c0 1 A1/M1 A1/M1 7 2
Gln c1 5 2107 603
Gln c2 2 184 168
Glu c0 9 5138 1382
Glu c1 1 M1 2 0
Glu c2 2 279 169
Gly c0 3 436 207
Gly c1 1 43 0
Gly c2 1 0 0
Gly c3 14 1698 2327
Gly c4 1 1169 6
Gly c5 1 57 14
His c0 4 1704 776
Ile c0 10 A3/M5 770 247
Leu c0 6 2518 308
Leu c1 8 A3/M7 3889 678
Leu c2 1 29 5
Lys c0 11 7198 1491
Lys c1 1 41 4
Met c0 4 A1 M2 A1 185 24
Met c1 4 467 360
Phe c0 7 M4 612 7
Pro c0 3 A1/M1 195 69
Pro c1 6 A2/M3 788 163
SeC c0 1 42 0
Ser c0 7 1909 201
Ser c1 2 155 2
Ser c2 4 381 224
Thr c0 2 A2/M2 132 71
Thr c1 8 3632 1720
Trp c0 4 A2 M2 184 74
Tyr c0 5 A1/M3 449 75
Val c0 7 A2/M4 578 410
Val c1 1 M1 18 1
Val c2 1 A1/M1 23 7
Val c3 1 35 0

0 0 9 1 4 3 1 0 1 0 0 0 1 0 1 1 0 0 0 0 0 0 0 1
2 1 7 1 4 2 1 1 1 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0
2 1 16 2 8 5 2 1 2 0 1 0 2 0 1 2 0 0 0 0 0 0 0 1

Summary of tRNA modification sites
Mycelia
Appressoria
Total
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Additional file 9 (continued). 
 

a Total number of mycelia small RNAs mapped per tRNA type 
b Total number of appressoria small RNAs mapped per tRNA type 
 

Code Range of total number of nucleotides modified per site 
1 0 – 50 
2 51 – 150 
3 151 - 300 
4 301 – 600 
5 601 – 1000 
6 1001 – 2000 
7 2001 – 3000 
8 > 3001 
M mycelia 
A appressoria 
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Additional file 10- Correlation analysis of M. oryzae gene expression and number of mapped small RNAs. (A) Mycelia: gene 
expression (Y axis, NCBI GEO Accession GSE2716) in fungal tissue grown for 48 h (minimum medium) compared to the 
prorated values of small RNAs (X axis) isolated from fungus grown for 48 h in YeS medium. (B) Appressoria: gene expression 
data (12 h, GSE1945) compared to prorated values of small RNAs (16 h) from spores induced to form appressoria on a 
hydrophobic surface. 
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Additional file 11 – Linkers and primers used for small RNA library preparation. 
 
Oligos ID Sequence  
3’ RNA/DNA adapter /5Phos/rArGrGrCrCrArCrArUrAGGCCGTCTTCAGCCGC/3InvdT/ 
3’ adapter (RT) primer GCGGCTGAAGACGGCCTATGT 
5’ RNA/DNA adapter (mycelia) rArGrCrArUrCrGrArGrUrCrGrGrCrCrUrUrGrUrUrGrGrCrCrUrArCrUrGrG 
5’ adapter primer (mycelia) AGCATCGAGTCGGCCTTGTTG 
5’ RNA/DNA adapter (appressoria) ATCGCCTCAGTCCGCATGCTACGGAGrGrArArUrUrC 
5’ adapter primer (appressoria) ATCGCCTCAGTCCGCATGCTAC 
5Phos = phosphate group 
idT = inverted deoxy thymidine modification 
red letters = ribonucleotide sequence 
black letters = deoxynucleotide sequence 
italic letters = primers target 
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Chapter 5 
 
 

Functional characterization of T2-like ribonucleases and role in biogenesis of tRNA-
derived RNA fragments in Magnaporthe oryzae 

 
 

Cristiano C. Nunes1 and Ralph A. Dean1 
 
 

1 Fungal Genomics Laboratory, Center for Integrated Fungal Research, Department of Plant 
Pathology, North Carolina State University, Raleigh, NC, 27606, USA 
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Additional file 1- Characterization of the presence of hygromycin gene in the Δ dcl 1, Δ ddm, 
and Δ exp 5 mutants. 
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Additional file 2- Magnaporthe oryzae genomic browser screen shot of small RNAs 
originated from intronic (A) and snRNAs (B and C) 
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A) 
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B) 
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C) 
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Appendix C 

 

Co-authorship on Magnaporthe oryzae small transcriptome (< 200 nt) manuscript 
 

In parallel to the development of my Ph.D. dissertation, I had an opportunity to work 

in collaboration on another M. oryzae small RNA project. The main objective of this research 

was to isolate methylguanosine-capped and polyadenylated small RNAs and apply next 

sequencing technologies to elucidation and characterization these RNA molecules from 

mycelia tissue. 

Findings from this work revealed a novel class of small RNAs in M. oryzae, which 

we named methylguanosine-capped and polyadenylated small RNAs (CPS-sRNAs) and was 

published in Nucleic Acids Research, 2010, Vol. 38, No. 21, pages 7558 – 7569; 

doi:10.1093/nar/gkq583. Although Dr. Ralph A. Dean and Dr. Malali Gowda led this project, 

I was involved in a number of different aspects of the work including discussions of data 

analysis, testing 3’RACE linkers and primers; performing Northern blots and editing the 

manuscript before submission. I was also involved in manuscript galley proofing. The 

published version of this article starts on the next page. 
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