
 
 
 
 
 

Universidad Politécnica de Madrid  
Escuela Técnica Superior de Ingenieros Agrónomos 

Departamento de Biotecnología 
 
 

Tesis Doctoral 
Molecular mechanisms regulating plant infection in the rice 

blast fungus Magnaporthe oryzae 
 
 
 
Autor: 
Adriana Illana Otero 
Licenciada en Biología 
 
 
 
Directora: Co-director: 
Ane Sesma Galarraga Julio L. Rodríguez Romero 
Licenciada en Ciencias Químicas, Licenciado en Ciencias Biológicas 
Esp. Bioquímica y Biología Molecular Esp. Biología Molecular y Celular 
Dra. en Ingeniería Agronómica Dr. en Genética 
 

 
Madrid, Noviembre de 2016



 
 



 
 

 
 
 
 
 

La vida trata de momentos. No los esperes, 
créalos. 

 
 
 

A mi familia 
 
  



 

 



 

CONTENTS 
                
 
Acknowledgements/Agradecimientos................................................     i 

List of abreviations ...........................................................................   iii 

Resumen ...........................................................................................    v 

Summary ..........................................................................................  vii 

 

Chapter 1. General introduction ........................................................     1 

Objectives .........................................................................................   37 

Chapter 2.  A Zn(II)2Cys6 transcriptional regulator controls polari- 

 sed growth, cell patterning and virulence in the rice blast fungus 

Manaporthe oryzae ......................................................................   39 

Chapter 3.  Dissecting the role of the karyopherin Exp5/Msn5 in 

Magnaporthe oryzae pathogenicity ..............................................   85 

Chapter 4.  Molecular characterization of a novel ssRNA ourmia- 

 like virus from the rice blast fungus Magnaporthe oryzae .............  145 

General discussion ............................................................................  163 

Conclusions ......................................................................................  175 

Annexes ............................................................................................  179 

 

  



 

 



i 
 

ACKNOWLEDGEMENTS/AGRADECIMIENTOS  
Los comienzos nunca son fáciles y los finales a veces, tampoco son 
sencillos. Durante todo este largo proceso he cambiado no solo a nivel 
profesional sino también personal. Realizar un doctorado implica 
sacrificio pero siempre encuentras en el camino personas que hacen que 
todo valga la pena. 
 En primer lugar agradecer a la Dr. Ane Sesma por darme la 
oportunidad de formarme en su laboratorio. Nunca olvidaré el laboratorio 
el primer día, y lo puedo resumir en una palabra: vacío. Reconozco que 
desde ese momento no he parado de aprender. Me contagiaste tu energía e 
ilusión por la ciencia e investigación. Pocos meses después se incorporó 
Julio. Gracias Julio por responder siempre cuando te decía ¿puedo hacerte 
una pregunta? Sin duda fueron muchas. Mano a mano, el grupo más 
pequeño del CBPG fue haciéndose paso. Durante el desarrollo de mi tesis 
debo agradecer al resto de personas que de alguna manera me han 
ayudado como Livia, tus explicaciones sobre northern-blots y 
radiactividad fueron muy valiosas. Alex, Marco y Mark gracias por esas 
reuniones de laboratorio. Me mostrasteis que ser profesional no implica 
no divertirse en el trabajo. 
 Las últimas adquisiciones del laboratorio: Marie, Marta, Víctor, 
Cris y Borja. Gracias a todos por hacerme esta última etapa mucho más 
sencilla y agradable. Cada uno de vosotros aporta algo único a este 
laboratorio. Marie, eres una curranta y no dejes que nadie lo ponga en 
duda. Marta, me encantaría aprender de ti esa serenidad que sin duda hace 
que seas tan eficiente. Víctor, tu personalidad me sorprende. A parte de 
algunos motes que te has ganado en el labo para mí eres “el relaciones 
públicas”. Cris, gracias por tu transparencia. Borja, hemos coincidido 
poco en el labo, pero eres una persona que lucha por lo que quiere. Ánimo 
y seguro que logras tus propósitos. 
 No podía olvidarme de agradecer a mis “Chlamys” y a TI. 
Siempre, pase el tiempo que pase, estaréis en mi corazón. Mis comienzos 
en la ciencia fueron con vosotros y con vosotros en mente termino un 
ciclo de mi vida. 
 A mi familia. Que os puedo decir. Siento mucho todo el tiempo 
que no he podido estar a la altura. Gracias por comprender o por lo menos 
intentarlo que lo que hago no es un trabajo de 8 horas. Gracias por 
soportar mis nervios y malos humores. A partir de hoy ya estoy disponible 
para todas las comilonas (reuniones familiares) que queráis. 
 Samuel. Hace más de media vida que te conozco. Sin tu apoyo no 
habría llegado donde estoy. La vida nos ha enseñado que juntos podemos 



ii 
 

con todo. Que tiemble el mundo que aquí estamos y ahora sí, comienza 
nuestra aventura.  



iii 
 

LIST OF ABREVIATIONS 
%   Percentage 
ATMT   Agrobacterium tumefaciens-mediated transformation 
ATP   Adenosine triphosphate 
AVR   Avirulence 
BAS   Biotrophic-associated secreted 
BIC  Biotrophic interaction complex  
BLAST  Basic Local Alignment Search Tool  
Bp  Base pair 
°C   Degree Celsius 
cAMP   Cyclic 3’,5’ adenosine monophosphate 
cDNA   Complementary DNA 
CFW/CW Calcofluor White 
cm   Centimeter 
CM   Complete medium 
CR   Congo Red 
DBD   DNA-binding domain 
dH2O   Distilled water 
DNA   Deoxyribonucleic acid 
dNTP   Deoxyribonucleoside triphosphate 
dpi   Days post-inoculation 
EIHM   Extra-invasive hyphal membrane 
ER   Endoplasmic reticulum 
EST   Expressed sequence tag 
ETI   Effector-triggered immunity 
EXP5   Exportin-5 
f2dU   5-fluoro-2’-deoxyuridine 
g   Grams 
g L-1    Grams per litre 
GFP   Green fluorescent protein 
GPCR   G- protein-coupled receptor  
GTP   Guanosine triphosphate 
H2O2   Hydrogen peroxide 
h   Hour 
H1   Histone1 
hpi   Hours post-inoculation 
HR   Hypersensitive response 
HYG   Hygromycin  
IH   Invasive hyphae  
Kap   Karyopherin 
Kb   Kilobase  
KO   Knock-out  
LRT   Likelihood ratio test  
μg   Microgram  
μL   Microlitre  
μm   Micrometre  
MAPK   Mitogen-activated protein kinase  
MAPKK Mitogen-activated protein kinase kinase  



iv 
 

MAPKKK Mitogen-activated protein kinase kinase kinase  
mg   Milligram  
mL   Millilitre  
mm   Millimetre  
mM   Millimolar  
MM   Minimal media  
MM-C   Minimal media without carbon source  
MM-N   Minimal media without nitrogen source  
mRNA   Messenger RNA  
NADPH  Nicotinamide adenine dinucleotide phosphate  
NBS-L RR Nucleotide binding site - leucine-rich repeat  
NES   Nuclearexport signal  
ng   Nanogram  
NLS   Nuclear localisation signal  
ORF   Open reading frame  
PAMP   Pathogen-associated molecular pattern  
PCR   Polymerase chain reaction  
PFAM   Protein Family  
PKS   Polyketide synthase  
PRR   PAMP-recognition receptor  
PTI   PAMP-triggered immunity  
qRT-PCR Quantitative reverse-transcription polymerase chain reaction 
RFP   Red fluorescent protein  
RNA   Ribonucleic acid 
rRNA   Ribosomal RNA  
ROS   Reactive oxygen species  
rpm   Revolutions per minute  
SD   Standard deviation  
SUR   Sulfonylurea  
T-DNA  Transfer DNA  
tRNA   Transfer RNA 
TPC1   Transcription factor for polarity control1  
WT   Wild type



v 
 

RESUMEN 
Magnaporthe oryzae es un hongo ascomiceto filamentoso que produce la 
enfermedad de la piriculariosis del arroz. Este estudio se ha centrado en la 
caracterización de dos mutantes de T-DNA de M. oryzae afectados en 
patogénesis, M1422 y M1373. M1422 está afectado en un gen que 
codifica un factor de transcripción implicado en control de polaridad 
(Transcription factor for polarity control 1; Tpc1).  El mutante M1373 
carece de una proteína implicada en el transporte núcleo-citoplásmico, la 
exportina-5 (Exp5). 
 Tpc1 es un regulador transcripcional con un dominio de unión a 
ADN del tipo Zn(II)2Cys6 que sólo se encuentra en hongos filamentosos. 
La caracterización del mutante Δtpc1 ha permitido la identificación de su 
posible mecanismo de acción, mediante la regulación de especies 
reactivas de oxígeno y el control del complejo NADPH oxidasa. Los 
procesos de oxidación-reducción están afectados significativamente en el 
mutante Δtpc1, debido a que el gen NOXD, homólogo funcional de la 
subunidad p22phox de la NADPH oxidasa humana está reprimido. El 
mutante ΔnoxD en M. oryzae no es capaz de infectar ni hojas ni raíces de 
arroz. Además este mutante muestra defectos en la repolarización de los 
filamentos de actina durante la formación del apresorio y en el proceso 
autofágico, el cual es esencial para la penetración de hojas.  
 Experimentos de inmunoprecipitación han permitido identificar 
diferentes vías de participación de Exp5 en la virulencia del hongo.  
Nuestros resultados demuestran que Exp5 interacciona con Rac1, una 
pequeña GTPasa involucrada en la organización de los filamentos de 
actina y el crecimiento polarizado, ambos esenciales para la infección 
fúngica. Exp5 interacciona además con dos proteínas quinasas activadas 
por mitógenos necesarias para la formación y penetración del apresorio, 
Pmk1 y Mps1. Para el estudio de la participación de Exp5 en el 
metabolismo del ARN, se secuenciaron librerías de pequeños ARN de la 
estirpe silvestre y del mutante Δexp5. Estos experimentos mostraron que 
la mayoría de los transcritos pequeños en Δexp5 se encuentran en menor 
número que en la estirpe silvestre, con excepción de los que derivan 
específicamente de elementos transponibles, que se encuentran en mayor 
número en Δexp5. Experimentos Northern realizados con sondas para 
retrotransposones como MAGGY y RETRO5, y tARNs mostraron que el 
mutante tiene alterados su distribución subcelular, lo que sugiere que 
Exp5 participa en la translocación de transcritos pequeños derivados de 
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estos elementos. El análisis de pequeños ARNs ha llevado de forma 
inesperada a la identificación de un nuevo virus ARN en M. oryzae. La 
proteína RNA polimerasa dependiente de RNA del nuevo virus, muestra 
similaridades con los micovirus del tipo ourmia y con el género de virus 
de plantas ourmiavirus. Por esta razón se le ha llamado “Magnaporthe 
oryzae ourmia-like virus” (MOLV1). 
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SUMMARY 
M. oryzae is an ascomycetous filamentous fungus that causes one of the 
most devastating diseases of rice, the rice blast disease. This study is 
focused on the characterization of two T-DNA mutants with reduced 
virulence, M1422 and M1373. The M1422 mutant is affected in a gene 
that encodes the transcription factor for polarity control 1 (Tpc1). The 
M1373 mutant lacks the orthologue protein of the nucleo-cytoplasmic 
transporter exportin-5 (Exp5). 
 Tpc1 is a transcriptional regulator that contains a Zn(II)2Cys6 
binuclear cluster DNA-binding domain, which is found exclusively in the 
fungal kingdom. The characterization of the Δtpc1 mutant has allowed the 
identification of a putative mechanism by which it acts, via the regulated 
synthesis of reactive oxygen species and control of the NADPH oxidase 
complex. Oxidation-reduction processes are significantly affected in 
Δtpc1, likely due in part to the down-regulation of the fungal homologue 
of the p22phox NADPH subunit, the NOXD gene. M. oryzae ΔnoxD mutant 
is unable to infect rice. Furthermore, ΔnoxD defects in repolarization of 
the F-actin cytoskeleton during infection-related development show that 
Tpc1 is required for penetration, and is also required for infection-
associated autophagy. 
 The karyopherin Exp5 in M. oryzae is also necessary for full 
disease symptoms production. Immunoprecipitation assays have identified 
several pathways that link Exp5 with fungal pathogenicity. Exp5 interacts 
with Rac1, a small GTPase involved in actin cytoskeleton organization 
and polarized cell growth, essential processes required for appressorium 
formation and function. Exp5 also interacts with two mitogen-activated 
protein (MAP) kinases that are involved in appressorium-mediated 
penetration and invasive growth, Pmk1 and Mps1. To ascertain the 
involvement of Exp5 with RNA metabolism sRNA libraries from wild 
type and Δexp5 strains have been generated and sequenced. Overall, small 
transcripts are down-regulated in Δexp5 except those derived from 
specific transposon elements. Northern blots using sRNA probes for the 
retrotransposons MAGGY and RETRO5 and tRNAMet suggest that Exp5 
is involved in their translocation. 
 In addition, the analysis of the sRNA libraries led us to the 
discovery of a new RNA virus in the rice isolate Guy11. The viral protein 
sequence shows similarities with Ourmia-like mycoviruses, and plant 



viii 
 

viruses from Ourmiavirus genus. For this reason this novel RNA virus has 
been named Magnaporthe oryzae ourmia-like virus (MOLV1). 
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The Magnaporthaceae Family 
The Magnaporthaceae is a small ascomycetous family that comprises 17 
genera and nearly a hundred fungal species (Kirk, et al., 2008, 
Thongkantha, et al., 2009). This family belongs to the class of 
Sordariomycetes (Cannon & Kirk, 2007). Several fungal species of the 
Magnaporthaceae family cause devastating diseases on cereals and 
grasses, such as the causal agent of take-all disease of wheat 
Gaeumannomyces graminis, the rice blast fungus Magnaporthe oryzae 
and Magnaporthe poae, which causes the grey leaf spot on turfgrasses. 

Gaeumannomyces and Magnaporthe species were grouped in the 
Magnaporthaceae family based on the common morphology of their 
teleomorphs and similarities in host range (Cannon, 1994). The 
teleomorph is the sexual form (reproductive stage) of a fungus, while the 
anamorph is its asexual form. It has been a common practice to name 
differently the anamorph and teleomorph of a particular fungus. Based on 
the Article 59 of the International Code of Botanical Nomenclature, a 
particular fungal species with both reproductive stages, the teleomorph 
name takes prevalence over the anamorph name (Hawksworth, 2011). 
However, molecular phylogenetic approaches and whole genome 
sequences have revolutionised the taxonomy world, and this dual 
nomenclature rule based on morphological features is going to disappear. 
The rule “one fungus, one name” was approved at the Melbourne 
International Botanical Congress in 2011 (Hawksworth, 2011). 

The blast fungus has received several names since its isolation and 
characterization. The first original report describing the fungus 
Pyricularia grisea as the causal agent of grey leaf spot on the grass 
Digitaria sanguinalis appeared in 1880 (Saccardo, 1880). Since then, 
scientists working on blast disease have been using four different names 
to refer to rice-infecting blast isolates (P. grisea, P. oryzae, M. grisea and 
M. oryzae). To gain clarification on the taxonomy of Magnaporthe 
species, rice and all the other grass isolates have been included within the 
M. grisea species complex (Couch & Kohn, 2002), which contains two 
intersterile groups. The lineage M. grisea has been kept for fungal isolates 
associated with the host grass Digitaria spp. The second lineage contains 
rice and related fungal isolates from Triticum, Avena and Setaria and has 
been renamed as a new species, M. oryzae, although no morphological 
differences exist between isolates of these two groups. Whole genome 
sequencing approaches have corroborated this lineage (Chiapello, et al., 
2015). There is an important debate about the maintenance of the genus 
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Magnaporthe or Pyricularia for the rice blast fungus among community 
members (http://www.magnaporthe.blogspot.com.es/). In this thesis, the 
name Magnaporthe oryzae has been kept for the blast isolates that infect 
rice, following the taxonomic classification by Couch & Kohn (2002). 
 
Rice Blast Disease: An Important Constraint to Rice Production 
Rice (Oryza sativa L.) is one of the most important cereal crops and staple 
diet of more than three billion people. Fungal blast is considered a major 
threat to rice crops and costs farmers a loss of nearly $5 billion a year 
(Skamnioti & Gurr, 2009). Not surprisingly, it accounts for the world’s 
largest fungicide market. The Japanese market alone for blast fungicides 
is estimated at US$400 million per year (Skamnioti & Gurr, 2009).  

Rice blast is caused by the fungus Magnaporthe oryzae (Couch & 
Kohn, 2002), and this fungal species can also cause diseases in other 
staple food crops including 
finger millet, maize and wheat, 
representing a serious risk for 
food security globally and a 
significant challenge in 
developing countries (FAO, 
2009). The damage produced by 
blast in rice crops oscillates 
between 10 and 30 % every 
year. Under disease-conducive 
condi-tions, the fungus can 
destroy the entire crop (Thinlay, 
et al., 2000). Rice blast is 
present in all rice-growing areas 
worldwide, including Western 
Australia where rice-growing 
areas were free of this disease 
until 2012 (You, et al., 2012). It 
is also present in Spain, the 
second rice producer in Europe 
after Italy (MAGRAMA, 2016). 
M. oryzae can also cause serious 
yield losses in wheat fields. M. 
oryzae wheat blast epidemics 
were first seen in Brazil 

Fig. 1.1 Rice blast disease symptoms. (a) 
Fungal vesicles and (b) microsclerotia 
produced on root surfaces. (c) Cross section 
of a barley root infected with a GFP-tagged 
M. oryzae strain showing heavy colonisation 
of the vascular system. (d) Necrotic blast 
lesions of a 15-day-old rice seedling infected 
with M. oryzae. (e) Leaf blast symptoms. (f) 
Panicle blast in the field. (g) Neck blast 
symptoms. 

http://www.magnaporthe.blogspot.com.es/).
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(Urashima, et al., 2004), and the disease has expanded progressively 
within South America. More recently, this fungal pathogen has emerged 
in Asia, causing severe epidemics in Bangladesh (Islam et al., 2016).   

Rice blast is a polycyclic disease since the fungus can undergo 
multiple infection cycles during a rice-growing season. High humidity or 
long periods of rain followed by relatively warm temperatures favour 
spore germination and fungal penetration (Ou, 1985). Wind-dispersed or 
water-splashed conidia are the main source of inoculum in the field (Ou, 
1985). However, M. oryzae can overwinter on alternative weed hosts and 
plant debris for almost 3 years, playing possibly an important role in the 
epidemiology of the disease (Harmon & Latin, 2005). This fungus can 
form resting structures on roots and plant debris such as microsclerotia 
and vesicles, which can germinate even after 4 years of dormancy 
(Gangopadhyay & Row, 1986, Sesma & Osbourn, 2004) (Fig. 1.1a, b). M. 
oryzae can penetrate rice roots and spread through the vascular system to 
the aerial parts of the plant to produce blast disease symptoms (Fig. 1.1c, 
d), although the relevance of the underground infection process under 
field conditions has not been proven yet (Sesma & Osbourn, 2004, Besi, 
et al., 2009, Marcel, et al., 2010). Domestic travellers and the transport of 
infected material (souvenirs 
made with seeds, weeds or 
rice straw) probably also 
contribute to the 
dissemination of the disease 
(You, et al., 2012). PCR-
based methods have been 
developed for detection of the 
fungus, offering a quick 
method to control the 
dissemination of infected 
material (Harmon, et al., 
2003). 

In the field, rice blast 
disease symptoms are visible 
at any growth stage and at any 
part of the aerial plant tissue: 
leaf, collar, nodes, panicle 
neck and panicles (Fig. 1.1e–

Fig. 1.2 Age-dependent rice susceptibility to 
M. oryzaes. (A) 3-week-old leaf (left) and 2-
week-old leaf (right) of Nipponbare infected with 
FR13 isolate. (B) Fertilizer greatly increases 
susceptibility in the Maratelli/IT20 interaction: 
without fertilizer (left). (C) Susceptibility 
symtoms in the rice/M. oryzae isolates. From left 
to right: Nipponbare/FR13 isolate, IR64/PH14 
isolate, Nipponbare/CL26 isolate and IR64/CL26 
isolate. Images taken from (Ribot, et al., 2008). 
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g). The shape, colour and size of the lesions largely depend on the rice 
cultivar, the age of the lesion and environmental conditions (Ou, 1985, 
Ribot, et al., 2008) (Fig. 1.2). On leaves, blast lesions are eyespot shaped 
with white to grey colour and surrounded by a dark red-brown margin. 
Lesion size varies but commonly ranges between 1–1.5 cm long and 0.3–
0.5 cm wide. The collar rot appears on the junction between the leaf blade 
and leaf sheath affecting the entire leaf. The neck rot is the most damaging 
symptom in the field. Typically, a necrotic or rotten neck is visible at the 
base of the panicle and often affects the entire panicle, which becomes 
white and partially or completely unfilled. The blast symptoms in the 
panicle or nodes are brown or black. On roots, blast lesions display brown 
necrotic areas, and root architecture is well maintained, which suggests 
less aggressive damage compared to take-all disease symptoms caused by 
G. graminis. 
 
From Genome Sequences into Underlying Mechanisms 
Regulating Fungal Pathogenicity 
Due to the genomic resources available for both the rice host and the 
fungus, the genetic tractability of M. oryzae and the economic relevance 
of blast disease, the rice–M. oryzae interaction has become a leading 
pathosystem for studying fungal pathogenicity and plant immunity in 
crops (Dean, et al., 2012). The laboratory strain 70–15 was the first M. 
oryzae rice-infecting strain whose genome sequence was made available 
to the research community (Dean, et al., 2005). It also represented the first 
genome publication of a fungal plant pathogen. The genome of M. oryzae 
is approximately 41 Mb in size (eight annotation MG8, Magnaporthe 
comparative Sequencing Project, Broad Institute of Harvard and MIT; 
http://www. broadinstitute.org). Gene prediction programmes estimate the 
presence of 12,991 protein-coding genes, which are distributed in seven 
chromosomes. The Broad Institute has stopped supporting the fungal 
genome databases and M. oryze genome is currently maintained by the 
EMBL (Ensembl Fungi web://fungi.ensembl.org/index.html). 
 Different large-scale gene functional studies have been carried out 
since the release of M. oryzae genome sequence, including large-scale 
insertional mutagenesis (Betts, et al., 2007, Jeon, et al., 2007, Saitoh, et 
al., 2012), and gene silencing (Nguyen, et al., 2008) and gene deletion 
analyses (Lu, et al., 2014, Kong, et al., 2015). Transcriptomic approaches 
have also revealed global gene expression profiles during nitrogen 

http://www.
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starvation (Donofrio, et al., 2006), appressorium development (Oh, et al., 
2008, Soanes, et al., 2012) and plant infection (Mosquera, et al., 2009). 
 The genomes of M. oryzae rice-infecting field isolates Y34 and 
P131 have been sequenced and compared against the genome reference of 
the laboratory strain 70–15 (Xue, et al., 2012). This genomic comparison 
has pointed out some relevant features of these field isolates. Y34 and 
P131 strains contain several 100 unique genes and have undergone unique 
DNA duplication events and expansions of pathogenicity associated gene 
families. Thousands of transposon-like elements are present on the field 
isolates, although their genomic locations are poorly conserved among 
them. This suggests that transposition events might play an important role 
in genome variation in the rice blast fungus, which can explain the rapid 
adaptation of M. oryzae isolates to new resistant rice varieties (Zeigler, 
1998, Kang, et al., 2001). This has been confirmed by additional whole 
genome comparative studies which have increased our understanding on 
the genetic mechanisms that drive host specialization in Magnaporthe 
species (Chiapello, et al., 2015, Yoshida, et al., 2016, Zhong, et al., 2016). 
Gene gain or loss and chromosomal rearrangements facilitated by 
transposable elements seem to be the main mechanism that drives host 
adaptability during Magnaporthe species coevolution processes (Yoshida, 
et al., 2016, Zhong, et al., 2016). Whole genome sequencing studies have 
also confirmed that there is a strong conservation of genome composition 
among M. oryzae field isolates, and this include specific gene families 
encoding effectors and secondary metabolites that can regulate host 
specificity in M. oryzae (Chiapello, et al., 2015). 
 
Evolutionary Implications of M. oryzae Reproduction 
M. oryzae is a haploid and heterothallic ascomycetous fungus. Blast 
isolates with opposite mating types MAT-1.1 and MAT-1.2 (compatible 
strains) can conjugate and enter into an heterokaryotic stage where 
mycelia contain unfused nuclei (Valent, et al., 1991). Subsequently, this 
heterokaryotic mycelium enters into a sexual cycle by fusing both nuclei. 
Within 3 weeks, sexual fruiting bodies or perithecia are formed. The 
perithecium is filled with asci, each of which contains eight ascospores 
(sexual spores). The dissection of ascospores is used for classical genetic 
studies to determine the genetic basis of phenotypic traits looking at the 
segregation of genetic markers (Valent & Chumley, 1991, Valent, et al., 
1991, Talbot, 2003). The rice blast fungus reproduces mainly asexually 
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since the same mating type is found normally among local populations 
and are female sterile (Zeigler, 1998, Couch, et al., 2005). A few 
examples of fertile rice isolates have been recovered from the field such as 
the strain Guy11 (Leung, et al., 1988, Valent, et al., 1991). Transposable 
elements or mutations in the mating alleles are directly involved in this 
lack of fertility (Zeigler, 1998).  
 The presence in M. oryzae of repeat-induced point mutation 
(RIP)-like processes, which only occur in the sexual phase of a fungal life 
cycle, suggests that sexual reproduction in the rice blast fungus exists or 
existed in nature (Ikeda, et al., 2002). Under laboratory conditions, it is 
relatively easy to produce sexual crosses between M. oryzae isolates from 
different grasses. This ability has been used to identify several important 
gene loci and to generate fertile rice-infecting laboratory strains such as 
70–15. The relevance of sexual reproduction in the field, with the 
advantage of increasing pathogen fitness, has been addressed in the blast 
fungus (Saleh, et al., 2012). It seems that ancestral populations of M. 
oryzae from South and East of Asia, the geographical location where this 
fungus emerged, show signatures of sexual reproduction (Zeigler, 1998, 
Kumar, et al., 1999, Couch, et al., 2005, Saleh, et al., 2012, Saleh, et al., 
2014). Molecular evidences such as genotypic richness (i.e. total number 
of genetic characteristics inside each specie) and linkage disequilibrium 
(i.e. some genes do not segregate independently) data support this theory 
(Saleh, et al., 2012, Saleh, et al., 2014). Currently, this is the only region 
in the world where evidences for sexual reproduction of M. oryzae have 
been found, confirming the loss of sexual reproduction outside its original 
location of emergence. In terms of evolution, this Asian South-East 
geographical area may represent an initial point where M. oryzae isolates 
have evolved by adaptive selection against new rice cultivars and different 
hosts (Saleh, et al., 2012, Saleh, et al., 2014). 
 
The M. oryzae Leaf Infection Process 
Under high relative humidity conditions, a succession of developmental 
events initiates the M. oryzae aerial infection (Tucker & Talbot, 2001) 
(Fig. 1.3), which begins when a wind-dispersed or water-splashed 
conidium lands on the leaf surface. Immediately after landing, a 
preformed adhesive material is secreted from the conidial tip to attach 
itself to the highly hydrophobic surface. One hour later a polarized short 
germ tube develops from the apical cell of the conidium. Within a few 
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hours, the apex of the germ tube swells, and a specialised dome-shaped 
penetration structure known as appressorium is formed. The appressorium 
is heavily melanised and a tremendous turgor pressure is generated within 
this structure (Howard, et al., 1991, De Jong, et al., 1997). A penetration 
peg emerges at the base of the appressorium and crosses the plant 
epidermal cell by combining physical force and secretion of cell wall-
degrading enzymes (Skamnioti & Gurr, 2007). Subsequently, M. oryzae 
initiates a new morphogenetic programme to colonise the plant epidermal 
cells. Five to six days after the initial penetration of the fungus, 
conidiophores emerged on the leaf surface to initiate the last step of the 
infection with the reproduction of the fungus.  
 The rice blast research community has built a large amount of 
information on each of the steps of the blast disease cycle. Here, a 
description and latest findings of the M. oryzae leaf infection biology 
follows. 
 

Fig. 1.3 Rice blast disease infection cycle. Right panel: M. oryzae leaf cycle modified 
from Ribot et al 2008 (Ribot, et al., 2008). M. oryzae leaf infection cycle starts when a conidium 
lands on a leaf and attaches to the surface. Shortly after, the conidium produces a small 
germ tube, which differentiates into a melanised appressorium. A penetration peg formed 
at the base of the appressorium crosses the plant cell wall initiating fungal invasion. 
Invasive growth is different compared to fungal growth on surfaces. The invasive hypha 
moves beyond the first infected cell during a few days. Finally, conidiophores emerge and 
the fungus initiates sporulation between 6 and 15 days, releasing thousands of conidia to 
the environment. Left panel: M. oryzae root infection cycle potentially begins from infected 
plant debris or dormant structures present in the soil. These resting structures can germinate 
and penetrate into the plant roots. Fungal hypha colonises the vascular system of the root 
spreading systemically. The fungus moves to the upper parts of the plant producing typical 
blast lesions from which conidia are formed. These spores are dispersed to other plants by 
wind or water, propagating the disease. 
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An Extracellular Matrix Mediates Fungal Adhesion and 
Differentiation 
Spores of M. oryzae get attached immediately to the highly hydrophobic 
leaf cuticle by secreting a preformed mucilaginous extracellular matrix 
(ECM). This adhesive material is passively released from the conidial 
apex upon hydration, meaning that there are no significant metabolic costs 
involved in this process (Hamer, et al., 1988, Tucker & Talbot, 2001). 
This attachment is required for conidial anchoring and recognition of the 
surface, steps that precede the subsequent infection-related development. 
M. oryzae mutants with altered ECM show reduced virulence (Ahn, et al., 
2004). Initial studies identified components of M. oryzae adhesive 
material such as glycoproteins and lipids which help to retain moisture, 
essential for appressorium-mediated penetration (Hamer, et al., 1988, 
Howard, 1997). α-Mannosyl and α-glucosyl residues are highly abundant 
in the ECM based on lectin labelling and protease digestions (Hamer, et 
al., 1988, Xiao, et al., 1994). Additional components of M. oryzae ECM 
have been identified by immunological techniques using antibodies 
against animal cell adhesion factors (collagen VI, vitronectin, fibronectin, 
laminin) and integrin α3 (Bae, et al., 2007, Inoue, et al., 2007). 
Particularly, collagen as a major component, vitronectin as cementing 
compound, laminin, fibronectin and integrins are present in M. oryzae 
adhesive material (Bae, et al., 2007, Inoue, et al., 2007). Evidences 
suggest that ECM components are synthesised at two different stages of 
the infection cycle. Collagen, vitronectin and integrins seem to be formed 
earlier than fibronectin and laminin components (Inoue, et al., 2007).  
 Integrins are transmembrane glycoproteins located at the plasma 
membrane and act as cell surface receptors modulating the cellular 
response to environmental stimuli (Shattil, et al., 2010, Kim, et al., 2011). 
Fibronectin and collagen are extracellular ligands of integrin receptors 
(Shattil, et al., 2010, Kim, et al., 2011). Externally applied peptides 
containing Arg-Gly-Asp amino acids and antibodies against fibronectin 
reduce conidial adhesion and appressorium development indicating that 
these processes are modulated by integrin-like proteins in M. oryzae. 
These defects are restored by manipulating the cAMP response pathway 
with exogenously applied chemicals (cAMP, cutin monomers or IBMX, a 
cAMP phosphodiesterase inhibitor) (Bae, et al., 2007). These results 
suggest that integrin-like proteins and their cognate extracellular ligands 
(fibronectin, collagen) activate the cAMP-dependent pathway and 
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possibly other signalling pathways. This activation regulates the 
subsequent infection-related morphogenesis (Tucker & Talbot, 2001, Bae, 
et al., 2007). Integrins are also detected in conidial cell walls (Inoue, et 
al., 2007), suggesting that these transmembrane receptors may play a role 
in the recognition of substrates by M. oryzae spores at earlier stages, 
immediately after landing. 
 
Recognition of the Surface Precedes Appressorium 
Differentiation 
Upon hydration, the first germ 
tube emerges, usually from the 
apical compartment of the 
conidium. If the fungus 
perceives that the surface is not 
adequate, the germ tube will 
arrest, blocking any further 
differentiation. Alternatively, it 
can develop a second germ 
tube from the opposite end of 
the conidium. Two germ tubes 
are often seen in germinating 
conidia on artificial substrates 
(Tucker, et al., 2010). It is very 
unusual to see spores 
germinating from the middle 
compartment. The germ tube 
appears near the adhesion site 
of the spore in the apical cell 
and grows in direct contact 
with the surface of the plant for 
a short distance. Then, it swells 
and starts to change direction. 
This process known as 
“hooking” takes place before the appressorium development, and it is 
believed to be an important recognition step (Bourett & Howard, 1990) 
(Fig. 1.4a). During germ tube elongation, other processes such as 
secretion of plant cell wall-degrading enzymes, mobilisation of the 
metabolic reserves (trehalose) and synthesis of fungal cell wall occur 

Fig. 1.4. M. oryzae development on 
artificial and root surfaces. (a) Scanning 
electron micrograph of a germinating conidium 
(Co) forming an appressorium (Ap) on 
hydrophobic coverslips. (b) A two-septate 
conidium expressing a GFP-tagged nuclear 
protein; septa (Se) are indicated. (c) Sickle- 
shaped microconidia  Conidiophore 
(Cf)- producing conidia in the stem of a rice 
seedling. (e) Conidia on roots developing 
hyphopodia (Hy). (f) Differentiated hyphopodia 
from fungal hyphae producing infection pegs 
(Ip) to penetrate rice roots. Scale bar numbers 
indicate micrometres. 
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(Tucker & Talbot, 2001). Concomitantly with the germination process, 
M. oryzae secretes additional compounds that contribute to the adhesion 
of the germ tube and perception of plant physical signals. Among them, 
hydrophobins have been shown to play a significant role at the early 
stages of fungal infection (Talbot, et al., 1996, Kim, et al., 2005, Linder, 
et al., 2005). These specialised proteins are secreted at the interface 
between the hyphae and a hydrophobic surface and are involved in fungal 
development and environmental sensing (Linder ,  et  al . ,  2005). In 
M. oryzae, two hydrophobins play a role during infection, Mpg1 and 
Mhp1. Mpg1 has been widely characterised in the rice blast fungus 
(Talbot, et al., 1993, Beckerman & Ebbole, 1996, Lau & Hamer, 1996, 
Talbot, et al., 1996, Kershaw, et al., 1998, Soanes, et al., 2012). Mpg1 is a 
class I hydrophobin highly-expressed during conidiogenesis, appressorium 
development and carbon and nitrogen starvation. The Δmpg1 mutants 
show defects in conidiation and appressoria development, and 
consequently are less virulent. Mhp1 is a class II hydrophobin and 
mutants lacking this hydrophobin show pleiotropic effects. Similarly to 
Mpg1, the hydrophobin Mhp1 is required for fungal morphogenesis, 
including appressorium development and invasive growth (Kim, et al., 
2005).  
 Cutinases and other methyl esterases are relevant enzymes 
secreted by fungal plant pathogens during early stages of infection 
(Kolattukudy, 1985). Sixteen methyl esterase-encoding genes are 
present in M. oryzae genome (Dean, et al., 2005), and some of them can 
be components of M. oryzae adhesive material.  It is difficult to define 
their roles in M. oryzae infection biology since they may have redundant 
functions. Two cutinases have been characterised in the rice blast fungus. 
The CUT1 gene is dispensable for M. oryzae plant infection (Sweigard, et 
al., 1992). Among all the M. oryzae methyl esterases, CUT2 was selected 
for further analysis because it is highly induced at 12 h after 
inoculation on barley leaves (Skamnioti & Gurr, 2007). In M. oryzae, 
Cut2 acts as a surface sensor activating the cAMP/PKA and DAG/PKC 
signalling cascades which regulate appressorium-mediated penetration. 
The Δcut2 mutants show that Cut2 is required for appressorium 
differentiation and full disease symptoms production, but have no defects 
in adhesion, indicating a specific role for a cutinase in signalling and 
fungal development (Skamnioti & Gurr, 2007). 
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Orchestrated Cellular Processes Govern Early Stages of Plant 
Infection 
Two important stages take place during the process of appressorium 
differentiation in M. oryzae. During the recognition phase, the apex of the 
germ tube begins to hook, and vesicles located in the apical area move 
towards the surface of the plant (Bourett & Howard, 1990, Tucker & 
Talbot, 2001). Then, the tip of the germ tube swells and the appressorium 
is formed (Fig. 1.4a). This differentiation process is highly orchestrated 
and is activated in response to starvation stress and physical cues such as 
hardness and hydrophobicity (Dean, 1997, Talbot, et al., 1997, Tucker & 
Talbot, 2001). Several interconnected cellular processes regulate these 
early stages of infection: cell cycle progression followed by cytokinesis 
and appressorium differentiation (Saunders, et al., 2010, Saunders, et al., 
2010), programmed cell death (Veneault-Fourrey, et al., 2006) and 
mobilisation of metabolic resources to generate high concentrations of 
glycerol for turgor-mediated penetration (Howard, et al., 1991, Thines, et 
al., 2000).  
 During germ tube elongation, the nucleus of the germinating cell 
moves towards the middle of the germ tube. Subsequently, the nucleus 
undergoes mitosis and one of the daughter nuclei moves towards 
appressoria, whereas the second nucleus returns to the conidium 
(Veneault-Fourrey, et al., 2006). Concomitantly, storage products are 
transported towards the appressorium during this first nuclear division, 
and a septum is formed separating the appressorium from the germ tube 
(Saunders, et al., 2010). Then, appressorial melanisation begins. Melanin 
is deposited in the space between cell wall and plasma membrane to 
maintain appressorium integrity. High levels of glycerol derived from the 
degradation of stored lipids and glycogen within the appressorium build 
the osmotic force required for penetration of the cuticle (Thines, et al., 
2000). Finally, the conidium and germ tube collapse using an autophagic 
mechanism which is vital for pathogenicity (Veneault-Fourrey, et al., 
2006, Kershaw & Talbot, 2009). In M. oryzae has been described 22 
autophagy genes (ATG genes). ATG8 has been shown necessary for 
functional appresoria development (Veneault-Fourrey, et al., 2006, 
Kershaw & Talbot, 2009). The retromer complex is a part of the 
endosomal machinery formed by five proteins (Koumandou, et al., 2011). 
Vps35 is the retromer’s protein that interacts with the cargoes for their 
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transport from the endosome to the proper organelle (Seaman, 2012, Burd 
& Cullen, 2014). Vps35 interacts with cleaved variant of Atg8 preventing 
its degradation and promoting its delivering to proper compartments 
(Zheng, et al., 2015). Defective Vps35 mutants showed the same 
phenotype that Δatg8 mutant, including a failure to manage appressoria 
full turgor pressure imparing host penetration. Therefore retromer has a 
role in conidial authophagic cell death and fungal pathogenicity (Zheng, et 
al., 2015). 
 Autophagy has an inverse relationship with target of rapamycin 
(TOR) pathway. The TOR signalling cascade is an intracellular regulatory 
network used by eukaryotic cells to regulate growth according to nutrient 
availability. Glutamine accumulation in Δsd4 transcription factor mutant 
induced TOR pathway, inhibiting autophagy route and imparing 
appresoria formation. Therefore, activation of TOR pathway leads to 
inhibition of appressorium development and renders the fungus unable to 
cause rice blast disease (Marroquin-Guzman and Wilson, 2015). 
Regulation of TOR pathway is upstream Pmk1 (pathogenicity MAP 
kinase1) and downstream of CpkA (catalytic subunit of protein kinase A) 
pathways.  
 Appressorium morphogenesis, autophagic cell death and 
mobilisation of carbohydrate and lipid reserves to the appressorium are 
processes regulated by the mitogen-activated protein kinase Pmk1 
pathway (Xu & Hamer, 1996, Thines, et al., 2000, Veneault-Fourrey, et 
al., 2006). In eukaryotes, MAPKs are involved in the activation of cellular 
processes in response to environmental cues that help to adapt the cell 
(Zhao, et al., 2007). In Saccharomyces cerevisiae, five MAPK pathways 
exist and have been characterised in detail (Zhao, et al., 2007). In M. 
oryzae, the MAPK Pmk1 has been identified as the homologue of S. 
cerevisiae FUS3/KSS1 MAPK cascades, which regulate mating and 
filamentous growth (Xu & Hamer, 1996). The Δpmk1 mutants are unable 
to produce appressorium and are non-pathogenic. However, they can 
recognise hydrophobic surfaces and react to exogenously applied cAMP. 
In M. oryzae, Pmk1 is also required for invasive hyphae growth (Xu & 
Hamer, 1996). Homologues of Pmk1 are required for pathogenicity in all 
fungal plant pathogens (biotrophs or necrotrophs) of monocot and dicot 
plants studied to date, indicating that this MAPK pathway is widely 
conserved (Zhao, et al., 2007). This pathway is under extensive analysis, 
and genes acting upstream and downstream of Pmk1 have been identified 
like MAPK kinases Mst7 and Mst11 (Zhao, et al., 2005). Mst11 has a 
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Sterile Alpha Motif (SAM) N-terminal domain that activates Pmk1 
pathway by phosphorylating Mst7 (Zhou et al. 2014 and Qi et al., 2015). 
The Mst11 RA-domain is also required for the interaction with Ras2, 
which activates both the cAMP-PKA and Pmk1 pathways (Zhou, et al., 
2014). The link between Pmk1 and cAMP pathways assures that the germ 
tube formation is arrested when appresoria development starts. Other 
components of the Pmk1 pathway have been found and include the PAK 
kinase Chm1 (Li, et al., 2004); the Rho-GTPase MgRac1 (Chen, et al., 
2008); the scaffold protein Mst50 that interacts with Ras1, Ras2, Ccd42 
and the Gβ subunit Mgb1 (Park, et al., 2006); two novel Pmk1-interacting 
proteins Pic1 and Pic5 (Zhang, et al., 2011); and the membrane receptors 
MoMsb2, Cbp1 and MoSho1 (Liu, et al., 2011) (Fig. 1.5). MoMsb2 
together with Cbp1 recognize extracellular signals that lead to Ras2 
activation. In addition, several transcription factors regulated by Pmk1 
have been described such as Mst12 (Park, et al., 2002), Mig1 (Mehrabi, et 
al., 2008), MoSLF (Li, et al., 2011) and MoMcm1 (Zhou, et al., 2011). 
 Two other MAPK signalling pathways have been described in M. 
oryzae (Fig. 1.5). The Mps1-dependent MAPK pathway is implicated in 
appressoria penetration and cell wall integrity (Xu, et al., 1998), whereas 
the MAPK Osm1 is involved in the cellular response to osmotic stresses 
and is not required for plant infection (Dixon, et al., 1999). 
 
Signalling and Cytoskeletal Dynamics Regulate Fungal Plant 
Penetration 
At the base of the appressorium, a pore ring is formed and the fungus 
initiates the turgor-driven penetration into plant tissues by developing a 
specialised hypha or penetration peg (Talbot, 2003). The penetration peg 
enables the fungus to cross the plant cell wall and extend to the epidermal 
lumen of the plant. This structure is enriched in actin filaments and lacks 
organelles in its cytoplasm (Bourett & Howard, 1992). Particularly two 
important signalling pathways regulate this step, the Mps1 MAPK cascade 
(Xu, et al., 1998) and the cAMP response pathway (Xu, et al., 1997) (Fig. 
1.5). 
 The cAMP cascade is required for surface recognition and 
penetration peg emergence but not appressorium differentiation (Xu, et 
al., 1997). The generation of glycerol and high turgor pressure within the 
appressorium requires a rapid degradation of lipid and glycogen reserves 
which is under the control of the cAMP-activated PKA pathway (Thines, 
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et al., 2000). Several key components of this signalling pathway have 
been studied such as the adenylate cyclase Mac1 (Choi & Dean, 1997), 
CpkA (Xu, et al., 1997), the phosphodiesterases PdeL and PdeH 
(Zhang, et al., 2011) and the Mac1-interating protein Cap1 (Zhou, et al., 
2012), which regulates the crosstalk between Pmk1- and cAMP-dependent 
pathways through its interaction with Ras2 (Zhou et al. 2014 and Qi et al., 
2015) (Fig. 1.5). Additional genetic determinants have been found to 
play a role in M. oryzae penetration including the tetraspanin PLS1 
(Clergeot, et al., 2001, Lambou, et al., 2008), the Pmk1-regulated genes 
GAS1 and GAS2 encoding unknown proteins conserved in filamentous 
fungi (Xue,  et al. ,  2012), the aminophospholipid translocase PDE1 
(Balhadere & Talbot, 2001) and the isocitrate lyase gene ICL1 of the 
glyoxylate cycle (Wang, et al., 2003). 
 

Fig. 1.5. Squematic representation of the different signaling pathways involved in M. 
oryzae infection. The cAMP-PKA cascade (in blue), the mitogen-activated protein kinase 
(MAPK) cascades (in green) and the calcium-calcineurin pathway (in orange). Surface and 
environmental signals trigger the signaling cascades that allow landing conidia to germinate, 
form the appressorium and infect plant tissues. Upon recognition the germ tube develops the 
appressorium, whose development and function are regulated by different signaling 
cascades. Pmk1 and Cmd1 are also required for invasive growth. See text for further details. 
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 An actin network organised at the base of the appressorium forces 
the emergence of a penetration peg (Bourett & Howard, 1992). In M. 
oryzae, this process is regulated by septins (Dagdas, et al., 2012). Septins 
are highly conserved GTPases present in fungi and animals that 
participate in cytoskeletal-dependent cellular processes such as 
cytokinesis, polarity and secretion (Gladfelter, 2006, Mostowy & Cossart, 
2012). Septins also act as diffusion barriers. M. oryzae genome contain 
five septin genes, four of which are core septins present in budding yeast. 
M. oryzae septins form a dynamic septin ring that contributes to the 
formation of a toroidal filamentous actin network surrounding the 
appressorial pore, where the penetration peg differentiates (Dagdas, et al., 
2012, Ryder, et al., 2013). The correct assembly of septin-mediated actin 
network ring depends on the presence of reactive oxygen species (ROS) 
generated by NADPH oxydases. In M. oryzae has been demonstrated that 
NADPH oxydases Nox1 and Nox2 are necessary for appresoria 
maturation, polarized growth and septin-mediated plant penetration (Egan, 
et al., 2007, Ryder, et al., 2013, Martin-Urdiroz, et al., 2015). 
 The exocyst, the Spitzenkörper and the polarisome are three 
different structures involved in hyphal tip growth in filamentous fungi 
(Steinberg, 2007, Read, 2011, Sudbery, 2011, Riquelme, 2013). The 
exocyst is a fungal structure that regulates exocytosis and endocytosis 
processes (Jose, et al., 2015). The exocyst is formed by eight proteins 
required for targeting of vesicles derived from the Spitzenkörper to the 
plasma membrane. In M. oryzae, the exocyst assembly is mediated by 
septins and the F-actin network and localises at the tip of the germ tube 
while the appressorium develops, changing its localization in the mature 
appressorium to the appressorium pore (Giraldo, et al., 2013, Gupta, et 
al., 2015). The M. oryzae exocyst is necessary for correct appressoria 
repolarization and effective rice cell invasion (Gupta, et al., 2015). 
 
Insights into M. oryzae Invasive Growth 
Within the host cell, the fungus develops several types of biotrophic 
invasive hyphae (IH) (Kankanala, et al., 2007), which contain distinct 
morphological features compared to the filamentous hyphae produced on 
the leaf surface or in vitro. Soon after the M. oryzae penetration peg has 
crossed the epidermal cell wall, it differentiates into a short and thin 
filamentous hypha known as primary IH. This primary IH precedes the 
formation of a thicker intracellular pseudohypha called bulbous IH. The 
bulbous IH grows within the cytoplasm and moves beyond the first 
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invaded cell by crossing with constricted infection pegs at regions of the 
plasma membrane where plasmodesmata aggregate, also known as pit 
fields (Bell & Oparka, 2011). Thereafter, the bulbous IH differentiates 
into filamentous IH in the new invaded cell and subsequent fungal 
invasion continues into neighbouring cells (Kankanala, et al., 2007). 
Importantly, bulbous and filamentous IH are not in direct contact with the 
plant cell cytoplasm since a plant-derived plasma membrane called extra-
invasive hyphal membrane (EIHM) surrounds them. There is no well-
established matrix between IH and EIHM, and IH grows in close contact 
with the EIHM (Kankanala, et al., 2007). An additional morphological 
feature of M. oryzae invasive growth is the formation of biotrophic 
interfacial complexes (BICs) (Khang, et al., 2010, Giraldo, et al., 2013). 
When M. oryzae penetrates the first cell, a BIC is formed at the tip of 
the first bulbous IH, and is left behind, remaining as a discrete structure 
while the bulbous IH continues growing. New BICs are observed at the 
tip of each IH growing inside the plant cell. Five to six days after the 
initial fungal infection, conidiophores start to emerge in the leaf surface, 
and spores are produced massively during 2 weeks. 
 Effectors are secreted fungal proteins that play a very important 
role in M. oryzae virulence during biotrophic phase of infection (Valent & 
Khang, 2010, Mentlak, et al., 2012, Giraldo & Valent, 2013, de Guillen, 
et al., 2015). Effectors and other compounds are secreted by two different 
pathways depending on their host localisation. In the case of Slp1 
(Mentlak, et al., 2012) and Bas4 (Mosquera, et al., 2009, Chen, et al., 
2014) both are apoplastic effectors secreted into the space between IH 
and EIHM membranes using the ER- and Golgi-dependent secretory 
pathway. The effectors secreted into the cytoplasm of host cells 
accumulate into BIC structures until they are delivered by exocyst 
components (Giraldo, et al., 2013). The exocyst proteins Exo70 and Sec5 
are necessary for secreting M. oryzae effectors into cytoplasm rice cells, 
while the Sso1 t-SNARE protein is essential for a correct BIC 
development (Giraldo, et al., 2013). An example of cytoplasmic effector 
is Pwl2. The function of this effector is still unknown even though it is 
exclusively present in rice M. oryzae isolates and not in other cereals or 
grasses isolates (Mentlak, et al., 2012). More recently, the Max-effector 
family (M. oryzae Avrs and ToxB) have been identified in M. oryzae 
during biotrophic plant colonization. They are found at low frequencies 
but they seem particularly important (de Guillen, et al., 2015). MAX-
effectors usually are secreted into plant cell and share the same 
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architecture although do not share sequence similarity. Another group of 
effectors contain plant-like hormonal features and are produced by fungal 
pathogens during infection. This is the case of the CKS1 gene, which is 
conserved in most pathogenic fungi and is required for cytokinins 
production. The M. oryzae CKS1 gene is essential for full virulence. 
Fungal-derived cytokinins are key effectors and are required for 
dampening host defences and altering sugar and amino acid distribution at 
the infection site (Chanclud, et al., 2016). 
 The elucidation of the molecular mechanisms involved in M. 
oryzae invasive growth has been largely overlooked because many of the 
mutants characterised in this organism are penetration defective. There 
is an extensive coupling between penetration and invasive growth 
processes since cell wall degradation and mechanical pressure are also 
required for fungal growth inside the host cells (Hea th,  et  al . ,  1992,  
Xu ,  et  al . ,  1997). As an example, Δmst12 fails to penetrate onion 
epidermal cells and to infect wounded leaves although it differentiates 
melanised appressoria, indicating that Mst12 is required for both 
penetration peg formation and invasive growth differentiation (Park, et al., 
2002). Very few genes have been found to play specifically a critical role 
during M. oryzae plant invasion. MIG1 is involved in the late stages of M. 
oryzae infection since the Δmig1 mutants form normal appressoria, 
penetrate host cells and develop primary IH but fail to infect wounded 
leaves. Mig1 is one of the two MADS-box transcription factors present in 
M. oryzae and a downstream target of the MAPK Mps1 (Mehrabi, et al., 
2008). The MIR1 gene specifically expressed in M. oryzae IH encodes a 
protein of unknown function, which is present only in the M. oryzae 
species complex. Despite the fact that MIR1 expression is exclusively 
found in IH, Δmir1 mutants have no defects in appressorial penetration 
and are fully pathogenic (Li, et al., 2007). 
 
Fungal Metabolism and Plant Infection 
M. oryzae has to adapt to the changing nutritional environment during 
host invasion, and consequently metabolism plays an essential role during 
M. oryzae invasive growth. M. oryzae is considered a hemibiotrophic 
fungus based on its nutritional mode during host invasion. However, 
genes regulating the switch in life style and acquisition of nutrients during 
plant infection are largely unknown (Kankanala, et al., 2007, Fernandez & 
Wilson, 2012). The duration of the biotrophic versus the necrotrophic 
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phase in M. oryzae is also unknown. During early stages of rice 
colonisation, M. oryzae grows and fulfils its nutritional needs from the 
plant tissue without killing the host cells due to its ability to manipulate 
rice physiology as many other biotrophs do (Mendgen & Hahn, 2002, 
Mengiste, 2012). During this biotrophic stage, limited amounts of cell 
wall-degrading enzymes are produced and toxin production is absent 
according to a biotrophic life style. By contrast, extensive degradation of 
plant cell walls is observed at later time points of infection and in heavily 
invaded tissues, both stages associated with the necrotrophic phase of the 
fungus (Rodrigues, et al., 2003, Kankanala, et al., 2007). Typically, 
necrotrophs produce phytotoxic compounds and cell wall-degrading 
enzymes to kill the cells and cause leakage of nutrients (Mengiste, 2012). 
Plant cell walls nearby M. oryzae hyphae show strong enzymatic 
digestion, correlating with M. oryzae necrotrophic phase (Kankanala, et 
al., 2007). 
 Possibly one of the cues that trigger the switch from biotrophic to 
necrotrophic hyphae in M. oryzae is the lack of carbon sources within the 
host cell. It is known that nutrient starvation also can act as an 
environmental cue for infection-related differentiation (Talbot, et al., 
1997). M. oryzae has to limit the acquisition of nutrients during its 
biotrophic phase to maintain host cell integrity. Consequently, the use of 
nutrients must be highly regulated during M. oryzae biotrophic growth in 
order to respond appropriately to nutrient availability. Several 
interconnected pathways regulate M. oryzae growth in response to 
nutrients during plant invasion. These include the target of rapamycin 
(TOR) signalling cascade, carbon catabolite repression (CCR), nitrogen 
metabolite repression (NMR) and the integration of carbon and nitrogen 
metabolism by trehalose-6-phosphate synthase 1 (Tps1) (Fernandez, et al., 
2014). 
 The Target of Rapamycin (TOR) signalling cascade regulates cell 
growth according to nutrient availability. This signaling pathway regulates 
negatively appressorium formation (Marroquin-Guzman & Wilson, 2015). 
The RNA-binding protein Rbp35 is an upstream regulator of the TOR 
signalling pathway (Franceschetti, et al., 2011). Rbp35 is a component of 
the polyadenylation machinery, and it is required for alternative 3’ end 
processing of pre-mRNAs. One of the Rbp35 targets is 14-3-3 pre-mRNA. 
14-3-3 is a scaffold protein that regulates TOR cascade and this could 
explain the defects exhibited by Δrbp35 in TOR signalling and plant 
infection (Rodríguez-Romero, et al., 2015). 
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 NMR is a highly regulated process in which preferred nitrogen 
sources, such as ammonia, glutamine and glutamate, are used 
preferentially. Ammonia is the preferred nitrogen source for M. oryzae. 
The NMR in M. oryzae occurs through the transcriptional activator Nut1, 
the M. oryzae AreA/Nit2 orthologue (Froeliger & Carpenter, 1996). The 
expression of a large number of genes encoding enzymes that are involved 
in the utilisation of various secondary nitrogen sources —nitrate, purines 
or amino acids— is subject to nitrogen metabolic repression and is 
positively regulated by Nut1. The Δnut1 mutant can grow on ammonia, 
which does not require an active Nut1, but Δnut1 is unable to grow on 
certain alternative nitrogen sources such as nitrate. M. oryzae mutants in 
genes involved in nitrate assimilation and whose expression is regulated 
by Nut1 such as NIA1 and NIR1 are fully pathogenic on rice leaves (Lau 
& Hamer, 1996, Wilson, et al., 2010). This suggests that NMR is not 
involved in M. oryzae leaf colonisation and consequently the fungus can 
assimilate preferred sources of nitrogen (ammonia, glutamine or 
glutamate) from aerial host tissues. However, genes involved in response 
to nitrogen availability are important for infection. Two M. oryzae 
nitrogen-regulatory genes of unknown identity, NPR1 and NPR2, are 
required for growth on a wide range of secondary nitrogen sources, 
including nitrate, and do not develop lesions on barley (Lau & Hamer, 
1996). Therefore, nitrate is not required for M. oryzae leaf infection, but 
secondary nitrogen sources assimilated via Npr1 or Npr2 are necessary for 
development of full disease symptoms. Additionally, several studies have 
shown that nitrogen-limiting conditions result in the expression of genes 
required for fungal pathogenicity such as the genes encoding the 
hydrophobin Mpg1 and the vacuolar subtilisin-like protease Spm1 
(Donofrio, et al., 2006, Saitoh, et al., 2009, Soanes, et al., 2012). We 
require further studies to understand the molecular mechanisms 
underlying NMR and their involvement in nitrogen assimilation during M. 
oryzae plant infection.  
 CCR is a genetic mechanism that ensures the preferential use of 
glucose over other, less-preferred carbon sources, and it is also present in 
M. oryzae (Fernandez & Wilson, 2012). M. oryzae has the ability to use a 
wide range of mono- and disaccharides as sole carbon source but has a 
strong preference for glucose (Tanzer, et al., 2003, Wilson, et al., 2007, 
Fernandez & Wilson, 2012). In A. nidulans, CCR is mediated at DNA 
level by the global transcriptional repressor CreA. A putative orthologue 
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of CreA (MGG_ 11201) is present in M. oryzae, and its role in fungal 
pathogenicity has yet to be elucidated. 
 An interesting interconnection of NMR and CCR is mediated by 
the sugar sensor trehalose-6-phosphate synthase (Tps1) and trehalose-6-
phosphate (Fernandez & Wilson, 2012). Tps1 is one of the three 
mediators of CCR identified in M. oryzae. The other two mediators are the 
Nmr1/2/3 inhibitor proteins and Mdt1, a multidrug and toxin extrusion 
(MATE)–family pump. Tps1 is a metabolic enzyme that synthesises 
trehalose-6-phosphate (T6P, a trehalose intermediate) from UDP-glucose 
and glucose-6-phosphate (G6P). Tps1 has two roles, as a biosynthetic 
enzyme and as signalling component of G6P. The sensing of G6P by Tps1 
results in activation of the activity of the enzyme glucose-6-phosphate 
dehydrogenase (G6PDH), which converts NADP to NADPH using G6P in 
the pentose phosphate pathway. Therefore, Tps1 controls intracellular 
levels of NADPH (depending on the concentration of G6P) and 
subsequent activation of NADPH-dependent signalling cascades that 
interconnect carbon and nitrogen metabolism. When NADPH levels 
increase in a Tps1-dependent manner, three NADP-dependent inhibitor 
proteins (Nmr1 to Nmr3) are inactivated. As a result of inactivation of 
Nmr proteins, at least three GATA transcription factors become active, 
one of which is the white collar-2 homologue involved in light sensing 
(Pas1). The other GATA factor is essential for appressorium formation 
(Asd4), and the third GATA factor is Nut1 (Wilson, et al., 2010). The 
modulation of GATA factor activity in the NADPH-dependent signalling 
pathway results in Tps1-dependent expression of at least three known 
virulence factors: the melanin enzyme Alb1, the seven transmembrane 
receptor Pth11 and the hydrophobin Mpg1 (Wilson, et al., 2007). 
Accordingly, Δtps1 mutants are non-pathogenic. Tps1 regulation of Nut1 
results in similar but not identical growth phenotype of Δtps1 and Δnut1 
strains on a wide range of nitrogen sources. An additional regulator of the 
CCR signal transduction pathway in M. oryzae has been identified during 
a forward suppressor screening in Δnut1 background (Fernandez & 
Wilson, 2012). Mdt1 is a member of the MATE protein family required 
for sporulation and plant infection but not appressorium differentiation. 
Mdt1 regulates carbon metabolism via extrusion of citrate during infection 
and growth, which contributes to M. oryzae in planta nutrient adaptation. 
 In summary, NADPH signalling, CCR, NMR and TOR are 
mechanisms by which M. oryzae can sense and adapt its metabolic status 
to nutrient availability during in planta growth. Future research will 
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determine the interplay among these regulatory pathways that play a 
pivotal role in the establishment of plant disease.  
 
The Dark Phase of Blast: M. oryzae Root Infection Biology 
Similar to other members of the family like G. graminis and M. poae, M. 
oryzae infects roots under laboratory conditions and undertakes a set of 
developmental programmes typical of root-infecting pathogens (Sesma & 
Osbourn, 2004, Tucker, et al., 2010). Several key differences have been 
found between the mode of penetration of leaves and roots. In contrast to 
the melanised appressoria observed on leaves, M. oryzae produces hyphal 
swellings to penetrate roots, resembling the simple hyphopodium seen in 
root-infecting fungi of the G. graminis–Phialophora complex (Fig. 1.4e). 
M. oryzae hyphopodia are not melanised and M. oryzae melanin-deficient 
mutants are able to produce hyphopodia and penetrate roots (Sesma & 
Osbourn, 2004). The PKA regulates the high turgor pressure within 
appressoria generated by the degradation of lipid and glycogen reserves 
(Thines, et al., 2000). The M. oryzae Δcpka mutant produces fully 
functional hyphopodia, indicating that root penetration is not dependent 
on CPKA (Sesma & Osbourn, 2004). Consequently, M. oryzae penetrates 
the epidermal root cells through a melanin-independent mechanism and 
the mechanical entry of the hard leaf surface by osmotic force is not 
operational during hyphopodia-mediated root penetration. From the host 
perspective, defence-related gene transcripts of rice showed a different 
temporal induction pattern during M. oryzae infection of leaves or roots 
(Marcel, et al., 2010), which correlates with the different invasion 
mechanisms that the rice blast fungus undertakes for colonisation of plant 
tissues. 
 Pre-invasive hyphae (pre-IH) are other type of fungal structures 
observed on root surfaces that can mediate direct penetration of epidermal 
root cells (Tucker, et al., 2010). M. oryzae pre-IH are developed from 
hyphopodia or germ tubes and directly penetrate roots. The pre-IH can be 
followed by differential labelling with concanavalin A and wheat germ 
agglutinin, which indicates that significant cell wall changes accompanied 
to this morphogenetic programme. Artificial surfaces such as hydrophilic 
polystyrene (PHIL-PS) can induce hyphopodia-like structures and pre-IH. 
The mutant Δpmk1 is non-pathogenic on roots (Dufresne & Osbourn, 
2001), and this mutant is unable to develop pre-IH on roots and PHIL-PS. 
Consequently, this fungal differentiation is regulated by the MAPK Pmk1 
cascade. Other structures typical of root-infecting fungi seen during M. 
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oryzae root colonisation include microsclerotia and resting structures such 
as vesicles and swollen cells (Gangopadhyay & Row, 1986, Lee, et al., 
2000, Sesma & Osbourn, 2004). 
 Several lines of evidence have led to the hypothesis that the 
hyphopodium is an intermediate step before appressorium penetration. 
The screening of a M. oryzae insertional library of 2,885 T-DNA 
transformants on hydrophilic polystyrene (PHIL-PS) surfaces has 
identified 20 transformants that show reduced virulence or are non-
pathogenic on leaves and/or roots (Tucker, et al., 2010). Further analysis 
of these mutants has revealed that appressorium, hyphopodium and pre-IH 
formation are highly coupled developmental processes, and very few 
mutants show an organ-specific involvement for infection (Tucker, et al., 
2010). This indicates that a significant set of common genes are necessary 
for fungal infection on both plant organs. Out of the 20 mutants, M1373 
showed a clear root-specific infection-deficient phenotype. This mutant 
lacks the M. oryzae orthologue of exportin-5/Msn5p (Exp5; see chapter 
3). It is possible that the primitive hyphopodia evolved by acquisition of 
melanin and generation of high turgor pressure into a more sophisticated 
penetration structure, the appressorium (Tucker, et al., 2010). 
 Differences have been found in the role played by nitrogen-related 
genes during M. oryzae leaf and root colonisation. The assimilation of 
nitrogen by M. oryzae from underground plant tissues is regulated by the 
global nitrogen regulator Nut1 (Froeliger & Carpenter, 1996). The Δnut1 
mutant is non-pathogenic on roots but infects leaves as well as the wild-
type strain (Dufresne & Osbourn, 2001). Consequently, M. oryzae absorbs 
nitrogen from less preferred sources in root tissues, and therefore, the 
NMR plays a crucial role during root infection. The Δnpr1 and Δnpr2 
mutants are non-pathogenic on leaves and show opposite phenotypes on 
roots (Table I.1), representing an additional evidence of the different roles 
that nitrogen-related genes play during M. oryzae colonisation of leaves 
and roots. 
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Table I.1 Organ-specific and general pathogenicity genes regulate M. oryzae plant colonisation.a APP, 
appressoria; b W ild type lesion severity +++; no lesions: - ; c HY, hyphopodia; ND: Not determined; rd: 
reduced. 

M.oryzae 
strains 

Targeted gene 
function 

APPa Leaf 
symptomb

 

HYc Root 
symptom 

References 

Wild type  yes +++ yes +++  
Root specific 

 
Δmgfow1 

 
Mitochondrial 

respiration 

 
yes 

 
+++ 

 
+ 

 
+ 

(Sesma & 
Osbourn, 

2004) 
 

Δexp5 
 

karyopherin 
 

yes 
 

++ 
 

ND 
 

- (Tucker, et al., 
2010) 

 
 
 

Δnut1 

 
 
 

nitrogen global 
regulator 

 
 
 

yes 

 
 
 

+++ 

 
 
 

+ 

 
 
 

- 

(Froeliger & 
Carpenter, 

1996, 
Dufresne & 
Osbourn, 

2001) 
General 

 

Δmagb 
 

Gα subunit 
 

yes 
 

- 
 

ND 
 

- (Fang & Dean, 
2000) 

 
 

Δabc1 

 
 

ABC transporter 

 
 

yes 

 
 
- 

 
 

ND 

 
 

- 

(Urban, et al., 
1999, 

Dufresne & 
Osbourn, 

2001) 
 

Δmgapt2 
 

P-type ATPase 
 

no 
 

- 
 

ND 
 

- (Gilbert, et al., 
2006) 

 
 
 

Δnpr2 

 
 
 

nitrogen 
metabolism 

 
 
 

yes 

 
 
 
- 

 
 
 

ND 

 
 
 

- 

 

(Lau & Hamer, 
1996, 

Dufresne & 
Osbourn, 

2001) 
 
 

Δapf1 

 
app 

differentiation 

 
 

no 

 
 
- 

 
 

ND 

 
 

- 

(Silué, et al., 
1998) (Sesma, 
unpublished) 

 
 

Δpmk1 

 
 

MAP kinase 
(MAPK) 

 
 

no 

 
 
- 

 
 

no 

 
 

- 

(Xu & Hamer, 
1996, 

Dufresne & 
Osbourn, 

2001) 
 
 

Δmps1 

 
 

MAP kinase 
(MAPK) 

 
 

no 

 
 
- 

 
 

no 

 
 

- 

(Xu, et al., 
1998) (Sesma, 
unpublished) 

(Continue next page) 
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M.oryzae 
 strains 

Targeted gene 
function 

APPa Leaf 
symptomb

 

HYc Root 
symptom 

References 

Leaf specific 
 
 
 
 

alb1 , buf1 
 

 
 
 

 
melanin 

synthesis 

 
 
 
 

no 

 
 
 
 
- 

 
 
 
 

yes 

 
 
 
 

+++ 

 

(Chumley & 
Valent, 1990, 
Dufresne & 
Osbourn, 

2001, Sesma 
& Osbourn, 

2004) 
 
 

ΔcpkA 

 
 

cAMP 
signalling 

 
 

no 

 
 
- 

 
 

yes 

 
 

++ 

 

(Xu, et al., 
1997, Sesma 
& Osbourn, 

2004) 

 
 

Δigd1 

 
 
invasive growth 

 
 

yes 

 
 
+ 

 
 

yes 

 
 

+ 

(Balhadere, et 
al., 1999, 

Dufresne & 
Osbourn, 

2001) 
 
 

Δmet1 

 
 

methionine 
biosynthesis 

 
 

yes 

 
 
+ 

 
 

yes 

 
 

+ 

(Balhadere, et 
al., 1999, 

Dufresne & 
Osbourn, 

2001) 
 
 

Δgde1 

 
 
Glycerophospho
diesterase 

 
 

yes 

 
 

++ 

 
 

yes 

 
 

+++ 

(Balhadere, et 
al., 1999, 

Dufresne & 
Osbourn, 

2001) 
 
 

Δmpg1 

 
 

hydrophobin 

 
 

rd 

 
 
+ 

 
 

yes 

 
 

+++ 

(Talbot, et al., 
1993) (Sesma, 
unpublished) 

 
 
 

Δnpr1 

 
 

nitrogen 
metabolism 

 
 
 

yes 

 
 
 
- 

 
 
 

ND 

 
 
 

+++ 

 

(Lau & Hamer, 
1996, Dufresne 

& Osbourn, 
2001) 

 
 

Δpth11 

 
seven 

transmembrane 
receptor 

 
 

rd 

 
 
+ 

 
 

yes 

 
 

+++ 

(DeZwaan, et 
al., 1999) 
(Sesma, 

unpublished) 
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OBJECTIVES 
 
The main objective of this PhD thesis is the characterization of novel 
genes associated with M. oryzae infection processes. It has been achieved 
through the characterization of two novel pathogenicity genes: 
 
- TPC1 (Transcription factor for Polarity Control 1, Chapter 2), and  
 
- EXP5 (Exportin-5, Chapter 3). 
 
The research study carried out with Exp5 also allowed the identification of 
a single stranded RNA virus in the rice isolate Guy11 (Chapter 4). 
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CHAPTER 2 
 
 
 
 
 
 
 
Tpc1 is an essential Zn(II)2Cys6 transcriptional regulator 
required for polarized growth and virulence in the rice blast 
fungus 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results presented in this chapter are included within a manuscript currently under review 
in PLoS Pathogens:  
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ABSTRACT 
The establishment of polarity is a critical process in pathogenic fungi, 
mediating infection-related morphogenesis and host tissue invasion. Here, 
we report the identification of TPC1 (Transcription factor for Polarity 
Control 1), which regulates invasive polarized growth in the rice blast 
fungus Magnaporthe oryzae. TPC1 encodes a putative transcription factor 
of the fungal Zn(II)2Cys6 family, exclusive to filamentous fungi. Tpc1-
deficient mutants showed severe defects in conidiogenesis, infection-
associated autophagy, glycogen metabolism and plant tissue colonisation. 
By tracking actin-binding proteins, septin-5 and autophagosome 
components, we show that Tpc1 regulates cytoskeletal dynamics and 
infection-associated autophagy during appressorium-mediated plant 
penetration. Importantly, we found that Tpc1 regulates NOXD, the p22phox 
subunit of the fungal NADPH oxidase complex. Tpc1 possibly controls 
the spatial and temporal regulation of cortical F-actin through the 
regulation of the NADPH oxidase complex during appressorium re-
polarisation.  Here, we provide evidence that Tpc1 is a core 
developmental regulator in filamentous fungi, linking the regulated 
synthesis of reactive oxygen species with polarity control during host 
invasion. 
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INTRODUCTION 
Rice blast disease is one of the most serious diseases of cultivated rice 
worldwide and is caused by the filamentous, ascomycete fungus 
Magnaporthe oryzae (Wilson & Talbot, 2009, Valent & Khang, 2010). 
The disease is initiated when a conidium lands on the rice leaf surface. 
Then, it germinates to produce a single germ tube that differentiates at its 
tip to develop a specialised infection structure called an appressorium 
(Tucker & Talbot, 2001). During the initial stages of appressorium 
formation, a septum defines the developing appressorium from the rest of 
the germ tube following a single mitotic division in the germ tube 
(Veneault-Fourrey, et al., 2006). When the appressorium matures, the 
three conidial cells and germ tube collapse due to infection-associated 
autophagy and are no longer viable after 24h (Veneault-Fourrey, et al., 
2006). Subsequently, a penetration peg emerges from the base of the 
appressorium and ruptures the leaf cuticle. A toroidal filamentous actin 
network forms at the base of the appressorium pore, which is scaffolded 
by septin GTPases (Dagdas, et al., 2012). The assembly of septin 
GTPases is regulated by the Nox2 NADPH oxidase complex, which is 
required for re-modelling of the F-actin cytoskeleton and for assembling 
the exocyst (Ryder, et al., 2013, Gupta, et al., 2015, Ryder & Talbot, 
2015). A proper acting ring formation is necessary for peg emergence and 
re-establishment of polarized growth at the point of plant penetration. 
After penetration, the fungal peg grows as a narrow, short primary 
invasive hypha (Park, et al., 2004), before differentiating into bulbous 
invasive hyphae during colonisation of the first invaded host cell 
(Kankanala, et al., 2007). Disease symptoms appear between 72h and 96h 
after initial infection and coalesce into large spreading necrotic lesions 
from which the fungus sporulates. M. oryzae has also the capacity to 
penetrate roots by means of hyphopodia and can colonize root tissue and 
spread systemically throughout the plant (Sesma & Osbourn, 2004, 
Marcel, et al., 2010). 

In this study, we report the identification of a novel Zn(II)2Cys6 
transcriptional regulator involved in the early stages of plant infection by 
M. oryzae. The Zn(II)2Cys6 binuclear cluster domain (IPR001138, 
PF00172) is exclusively found in the fungal kingdom (MacPherson, et al., 
2006, Campbell, et al., 2008). The six cysteine residues bind two zinc 
atoms, which coordinate folding of the domain involved in DNA-binding. 
Most Zn(II)2Cys6 proteins have been studied in Saccharomyces cerevisiae 
and Aspergillus species (Todd & Andrianopoulos, 1997, MacPherson, et 
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al., 2006, Yin & Keller, 2011). Typically, the Zn(II)2Cys6 proteins are 
pathway-specific activators under the control of major regulators (Todd & 
Andrianopoulos, 1997, Berger, et al., 2006, Yin & Keller, 2011, Downes, 
et al., 2014). The regulator of galactose catabolism in yeast, Gal4p 
(Traven, et al., 2006), and the regulators of acetate assimilation FacB 
(Todd, et al., 1998) and the aflatoxin cluster AflR (Fernandes, et al., 
1998) in A. nidulans, are among the best studied examples. By contrast, 
there are very few Zn(II)2Cys6 transcriptional regulators studied in the rice 
blast fungus (Annex Table A2.1), and fewer still with a clear biological 
function defined. Out of the 175 members of the Zn(II)2Cys6 binuclear 
cluster family present in M. oryzae (Annex Table A2.2), only eight of 
them (MoCod1, MoCod2, Pig1, Tra1, Tdg3, Xlr1, Far1 and Far2) have 
been examined in any detail (Tsuji, et al., 2000, Battaglia, et al., 2013, 
Breth, et al., 2013, Chung, et al., 2013, bin Yusof, et al., 2014) (Annex 
Table A2.1). A high-throughput gene knockout approach of 104 
Zn(II)2Cys6 proteins in M. oryzae revealed large variation in their 
biological functions, and found seven additional Zn(II)2Cys6 proteins to be 
required for plant infection, including Gpf1 and Cln2 (Lu, et al., 2014). 
However, despite this information, the mechanistic insights into how the 
Zn(II)2Cys6 proteins govern M. oryzae cellular processes are largely 
unknown. 

Here, we characterize a novel mutant of M. oryzae that shows 
defects in pathogenicity and vegetative growth following its selection 
from a M. oryzae T-DNA insertional library. The T-DNA insertion is 
located within a gene (MGG_01285) encoding a Zn(II)2Cys6 binuclear 
cluster protein, which we name TPC1. We reveal the involvement of this 
transcriptional regulator in polarized growth, cell patterning and virulence 
in M. oryzae. Among the genes regulated by Tpc1 we found NOXD, an 
important component of the fungal NADPH complex. We provide 
mechanistic insights into the role of Tpc1, a key regulator of polarity in 
M. oryzae that controls growth, autophagy and septin-mediated 
reorientation of the F-actin cytoskeleton to facilitate plant colonisation. 
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RESULTS 
M. oryzae TPC1 mutants show defects in development and 
pathogenicity  
In order to identify novel infection-related genes we screened a total of 
300 T-DNA transformants for their ability to infect rice roots using a M. 
oryzae insertional library (Tucker, et al., 2010). The M1422 mutant 
developed very restricted disease lesions on roots and was selected for 
further characterization (Fig. 2.1A). On leaves, M1422 produced only a 
small number of resistant-type lesions (Fig. 2.1B). Colonies of M1422 
were also compact and reduced in size, when compared with the wild-type 
(Fig. 2.1C).  

The insertion site of the T-DNA within M1422 was located 0.9 kb 
downstream of the start codon of locus MGG_01285 in the M. oryzae 
genome (Supplemental Fig. S2.1A). This gene encodes a putative 
transcription factor that belongs to a Zn(II)2Cys6 binuclear cluster family. 
We named this gene Transcription factor for Polarity Control 1 (TPC1). 
The predicted coding region of TPC1 is ~2.6 kb long and encodes 839 

Fig. 2.1. M1422 mutant shows severe defects in pathogenicity, vegetative growth and 
increase tolerance to nitrogen depletion. (A) M1422 shows reduced disease symptoms 
on rice roots. Photographs were taken 15 days after inoculation. Wild-type (WT) strain 
Guy11 presents maximum lesion severity (score 3) in 95% of the infected roots compared to 
the M1422-infected seedlings that show mild (score 1-2) or null (score 0) necrotic symptoms 
on roots. Lesions were scored on a scale 0-3, based on colour intensity and extension of the 
the necrotic lesion(Tucker, et al., 2010). (B) M1422 is strongly impaired in its ability to infect 
rice and barley leaves. (C) M1422 displays impaired ability to grow on complete medium 
(CM) and minimal medium (MM) depleted of carbon (MM-C) and nitrogen (MM-N). Relative 
to strain growth on MM, WT is more affected than M1422 on MM-N. Colony edge is 
indicated with a white arrow. 
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amino acids (http://fungi.ensembl.org/index.html; MG8). The TPC1 
predicted amino acid sequence includes a putative nuclear localisation 
signal (NLS), one Zn(II)2Cys6 binuclear cluster DNA binding domain, a 
predicted MAPK docking site, two putative phosphorylation sites and a 
putative sumoylation site within the NLS (Supplemental Fig. S2.1A). 

A single T-DNA insertion in M1422 genome was detected by 
Southern blot hybridisation using the hygromycin phosphotransferase 
gene as a probe (Supplemental Fig. S2.1B).We also generated a second 
mutant in TPC1 by targeted gene replacement (Supplemental Fig. S2.2A-
B). We complemented both M1422 and Δtpc1 with a C-terminal 
TPC1:GFP gene fusion under control of its native promoter. The 
complemented mutants recovered normal mycelial growth, colonial 
morphology and full virulence on rice (Supplemental Figs. S2.1C-D and 
S2.2C). We conclude that mutants M1422 and Δtpc1 are impaired in 
TPC1 function. 

Two striking characteristics of M1422 and Δtpc1 were their 
impaired hyphal growth and colony morphology (Fig. 2.1C, and 
Supplemental Figs. S2.1D and S2.2C). Vegetative growth of Tpc1-lacking 
strains was severely compromised in both complete (CM) and minimal 
(MM) medium (p < 0.01), and showed compact colonies and non-invasive 
colony morphology (Fig. 2.1C, Supplemental Figs. S2.1E and S2.2D). In 
Neurospora crassa, a class of mutants with polarity defects also exhibited 
this type of colony morphology (Seiler & Plamann, 2003). Upon detailed 
examination of the edge of each colony, it was obvious that the branching 
pattern of vegetative hyphae of M1422 was different to that of Guy11, 
with greater branching of hyphae evident (Supplemental Fig. S2.1F). 
Therefore, the lack of Tpc1 affected plant virulence, vegetative growth 
and colony morphology.  
 
M. oryzae TPC1 is required for conidiogenesis and 
appressorium development 
We observed that M1422 sporulated poorly compared to wild-type (Fig. 
2.2A). In addition, M1422 asexual spores showed defects in septation 
(numbers of cell per conidium) and conidial morphology (Fig. 2.2B). 
Wild-type conidia were uniformly pyriform, three-celled spores. By 
contrast, in M1422, although the majority of conidia were three-celled 
(80%), a significant percentage of two-celled conidia (17%), single-celled 

http://fungi.ensembl.org/index.html;
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(2%) and four-celled conidia (1%) were observed. Up to 26% of spores 
showed abnormal morphology in contrast to wild-type where less than 4% 
were misshapen (n>300). We also found that appressorium development 
was affected in M1422 (Fig. 2.2C). On hydrophobic coverslips, wild-type 
conidia germinated to form one germ tube that emerged from the apical 
cell and formed an appressorium within 4h-8h (Fig. 2.2C-E). In M1422, 
40% of conidia germinated from two cells. This percentage increased to 
50%-60% with extended incubation time (4h-8h). Formation of two 
appressoria was never observed in wild-type conidia. We conclude that 
M1422 is impaired in the normal spatial patterning of appressorium 
development. 

Fig. 2.2. M. oryzae TPC1 is required for conidiogenesis and infection-related 
development. (A) M1422 mycelia produces less conidia per cm2 than mycelia of wild-type 
(WT) strain on CM. Error bars represent the standard deviation of three independent 
experiments (n>300). (B) Defects in the number of cells per conidium and conidia 
morphology of M1422. The M1422 mutant produces 1-, 2-, 3- (normal and abnormal 
morphology) and 4-celled conidia (respectively 1c, 2c, 3c and 4c in the panel) compared to 
the 3-celled conidia uniformly produced by the WT. Scale bar=20 μm. (C) M1422 conidia 
inoculated onto glass coverslips showed an increased frequency of conidia germination 
from two cells. Scale bar = 10μm. (D) Quantification of M1422 defects in germination rate 
and development of germ tubes per conidia on coverslips. Two germ tubes germinated 
frequently from M1422 conidia. (E) Quantification of M1422 defects in the formation of 
infection-related structures; germ tubes (gt) and appressoria (app). M1422 conidia form at 
least one appressorium during infection-related development on coverslips (mean from 
>300 conidia; three biological repeats). 
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Polarity is coupled to autophagy and glycogen degradation in 
M. oryzae 
The impairment of appressorium-mediated plant infection by TPC1 
mutants suggested that it might play a critical role in penetration peg 
development (Saunders, et al., 2010). Appressorium function is known to 
depend on autophagic cell death of conidia, prior to appressorium 
maturation (Veneault-Fourrey, et al., 2006, Kershaw & Talbot, 2009). 
Therefore, we investigated whether infection-associated autophagy 
proceeded normally and if conidia underwent autophagic cell death. A 
GFP:MoATG8 construct was introduced into M1422 to determine the 
spatial and temporal dynamics of autophagy (Fig. 2.3A,B). MoATG8 
encodes an autophagic, ubiquitin-like protein involved in autophagosome 
function and has been shown to be a reliable marker for autophagy 
(Veneault-Fourrey, et al., 2006, Kershaw & Talbot, 2009). Compared to 
wild-type Guy11 (33.5±4.4), GFP:MoATG8-labeled autophagosomes 
accumulated in M1422 conidia in significantly smaller numbers 
(21.6±5.5; p<0.01). In both strains, the number of conidial 
autophagosomes decreased during germination, appressorium maturation 
and at the onset of spore cell death (Fig. 2.3B). However, autophagosome 
numbers increased significantly during appressorium maturation (8h; 
16.1±4.9) and dropped considerably after conidial death (24h; 5.0±1.8) in 
wild-type, whereas autophagosome number remained relatively constant 
in M1422 during appressorium maturation (8.4±4.1) and even after 
conidial cell death (7.5±3.3). Appressorium development is also 
accompanied by rapid degradation of glycogen from conidia during 
germination and from appressoria during turgor generation (Deng & 
Naqvi, 2010, Badaruddin, et al., 2013). We therefore determined glycogen 
levels during appressorium development using potassium iodide (KI). 
Comparative analysis of KI staining between Guy11 and M1422 showed 
differences during the onset and later stages of conidial cell death (8h and 
24h; Fig. 2.3C, D). In Guy11 glycogen depletion was observed (no 
staining) within both conidial cells and appressoria during development. 
In the M1422 mutant, conidial cells were also depleted of glycogen 
although the appressorium still contained high levels of glycogen (95%) 
during maturation. When considered together, these observations suggest 
that autophagy and glycogen metabolism are delayed during appressorium 
development in the Tpc1-lacking strain M1422. 
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Fig. 2.3. Infection-associated autophagy and glycogen degradation are impaired in 
TPC1 insertional mutant M1422. (A) Impaired cellular localisation of autophagosomes in 
M1422 during infection-related development. Epifluorescence images of wild-type (WT) 
Guy11 and M1422 transformants expressing GFP:MoATG8. Scale bar = 10 μm. (B) Bar 
charts show mean autophagosome numbers present in conidium, germ tube, and 
appressorium at the time points indicated for each strain (mean ± SD; three biological 
repeats). (C) Glycogen metabolism is delayed in the M1422 mutant. Conidia from Guy11 
and M1422 inoculated onto glass coverslips were exposed to potassium iodide (KI) solution 
at 0h, 2h, 4h, 6h, 8h and 24h after inoculation. The KI solution stains glycogen within the 
conidia, but not simple sugars such as glucose and fructose. Scale bar = 10 μm. (D) Bar 
charts showing the relative percentage of stained appressoria with KI solution for each 
strain at 24h after inoculation (three biological replicas). 
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Tpc1 is required for re-establishment of polarity during 
appressorium-mediated plant infection 
Following maturation of the appressorium, a penetration peg emerges 
from the appressorial pore to penetrate the plant cuticle and successfully 
colonise the plant host. To assess whether repolarization was impaired in 
the M1422 mutant, a penetration assay was performed on onion epidermis 
(Fig. 2.4A). After 24h, 91% of wild-type conidia formed an appressorium 
effectively, penetrated and invaded epidermal cells. The majority of 
M1422 conidia (60%) germinated and produced an appressorium, but 
failed to penetrate and invade onion cells. Only 40% of M1422 
appressoria formed a penetration peg, but were not able to invade the 
onion epidermal cells and spread away from the point of penetration. 

To examine how formation of the germ tube and penetration peg 
was compromised, we investigated cellular organization of the F-actin 
cytoskeleton (Howard & Valent, 1996). We tracked gelsolin:GFP and 
Sep5:GFP in Δtpc1 mutant. The use of gelsolin:GFP and Sep5:GFP to 
follow actin reorganization has helped to understand cytoskeleton 
dynamics during infection-related development (Ryder, et al., 2013). The 
disorganisation of the appressorial cytoskeleton and actin ring was evident 
in Δtpc1 (Fig. 2.4B). Consequently, TPC1 is required for the correct 
penetration peg emergence in M. oryzae. 
 
Several protein motifs regulate Tpc1 nuclear localisation and 
function in M. oryzae 
The Tpc1:GFP fusion protein co-localised with H1:RFP in nuclei of 
vegetative hyphae, attached conidia (30 min), and germinated conidia 
(Fig. 2.5A). Moreover, whenever Tpc1:GFP was observed in nuclei, GFP 
fluorescence was never observed in the cytoplasm or other organelles 
within conidia. The results are consistent with TPC1 encoding a 
transcription factor that acts within the nucleus during the initial stages of 
spore germination and appressorium development. 
 To investigate whether TPC1 is associated with specific or 
multiple regulatory networks, TPC1:GFP localisation was observed in 
conidia of different mutant backgrounds (Fig. 2.5B). In the Δpmk1 MAPK 
mutant (Xu & Hamer, 1996), Tpc1:GFP was observed within the 
cytoplasm but not in nuclei. By contrast, strong GFP fluorescence was 
visualised in the conidial nuclei of autophagy-defective Δatg1 and Δatg8 
mutants, compared to the fluorescence observed in M1422 complemented 
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with TPC1:GFP or Guy11 expressing TPC1:GFP. In Δcpka, Δmst12 and 
Δmps1 mutants, TPC1:GFP expression was not detected (data not 
shown). These results suggest that Tpc1 activity is associated with the 
Pmk1 MAP kinase signalling pathway, which regulates appressorium 
formation, and the control of autophagy.  
 To explore the relevance of specific Tpc1 domains in its 
expression and function (Fig. 2.5C), site-directed mutagenesis was used to 
delete entire NLS (TPC1ΔNLS:GFP) or two basic amino acids within the 
NLS (TPC1ΔRR:GFP and TPC1ΔKK:GFP). Each of these mutations 
caused mis-localization of Tpc1:GFP in the cytoplasm of conidia (Fig. 
2.5D), which impaired its biological activity because each construct failed 
to complement the growth defect of M1422 (Fig. 2.5E). 
 

Fig. 2.4. M. oryzae Tpc1 is required for re-establishment of polarity in appressoria. (A) 
The M1422 mutant is impaired in appressorium-mediated penetration. After 24 hpi wild-type 
(WT) appressoria formed on surface of the onion strip have penetrated the underlying 
epidermal cell and formed invasive hyphae (IH). M1422 shows a defective invasion of onion 
epidermis. Scale bar = 10 μm. Bar charts show the relative percentage of appressorial-
penetration of onion epidermis for each strain at 24 hpi (three biological replicas). (B) 
Micrographs of F-actin ring organization visualized by expression of gelsolin:GFP and 
Sep:GFP in Guy11 and Δtpc1 strains. The Δtpc1 mutant produce aberrant septin and actin 
rings; mis-localization of Sep5:GFP is more severe. The linescan graphs show fluorescence 
in a transverse section of individual appressoria. 
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Fig. 2.5. The NLS, sumoylation site and phosphorylation residues are necessary for 
nuclear localisation and function of Tpc1. (A) Nuclear localisation of Tpc1:GFP during 
infection-related development and vegetative hyphae by confocal microscopy. Conidia and 
mycelium from a WT strain expressing both histone H1:RFP and TPC1:GFP protein fusions. 
(B) Confocal images of conidia harvested from M. oryzae Δpmk1, Δatg1 and Δatg8 mutants 
expressing TPC1:GFP. Tpc1 is not visualized in the nuclei of Δpmk1 mutant. (C) Schematic 
diagram showing the NLS, the Zn(II)2Cys6 cluster domain and phosphorylation residues 
(Thr168 and Thr349) in the M. oryzae Tpc1 predicted amino acid sequence. The sequence 
within the red box contains the NLS sequence deleted in TPC1ΔNLS:GFP. DNA encoding 
amino acids in red was deleted to obtain TPC1ΔRR:GFP and TPC1ΔKK:GFP constructs. The 
lysine residue in blue corresponds to the sumoylation site that was changed to an alanine 
residue (TPC1noSUMO:GFP). The threonine residues 168 and 349 were changed to glycine 
residues to obtain TPC1_T168G:GFP and TPC1_T349G:GFP constructs. (D) Images of 
M1422 strain complemented with Tpc1:GFP mutated variants: TPC1ΔNLS:GFP (ΔNLS), 
TPC1ΔRR:GFP (ΔRR), TPC1ΔKK:GFP (ΔKK), TPC1noSUMO:GFP (noSUMO), 
TPC1_T168G:GFP (T168G) and TPC1_T349G:GFP (T349G). Scale bar = 10 μm. (E) Colony 
images captured at 10 dpi of CM plates inoculated with Guy11, M1422 and M1422 
transformants complemented with different TPC1:GFP constructs. None of the constructs 
fully complemented M1422 growth defects. 
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 The ΔKK mutated version, however, partially complemented the mycelial 
growth phenotype of M1422. Next, we modified putative phosphorylation 
sites of Tpc1 by expressing TPC1_T168G:GFP and TPC1_T349G:GFP 
in M1422. We also modified a putative sumoylation site within the NLS 
(TPC1noSUMO:GFP) and introduced this construct into M1422. In each 
case, we observed the modified Tpc1:GFP protein fusion in the cytoplasm 
but not within nuclei. Furthermore, the constructs were unable to 
complement the reduced growth phenotype of M1422 fully. We conclude 
that the putative Tpc1 NLS is necessary for nuclear localization and Tpc1 
function. Moreover, predicted sumoylation site and phosphorylation 
residues can regulate Tpc1 function. 
 
Tpc1-like transcriptional regulators are found exclusively in 
filamentous fungi 
We investigated the phylogenetic relationship of Tpc1 to other putative 
Magnaporthe Zn(II)2Cys6 proteins and the closest orthologues of Tpc1 in 
other fungal species (Supplemental Figs. S2.3 and S2.4). We observed 
that the six cysteine residues of the DNA-binding domain (DBD) in the 
Zn(II)2Cys6 proteins were ordered in a conserved pattern, CX2CX6CX5-

12CX2CX6-8C (Supplemental Fig. S2.3A-B). In M. oryzae, the Zn(II)2Cys6 
binuclear cluster family is very diverse and composed of 175 members 
(Annex Table A2.2). The closest orthologues of Tpc1 (MGG_01285) 
were identified using BLASTP and used to construct a phylogenetic tree 
(Supplemental Figs. S2.3C and S2.4). Tpc1 clustered in a group with 
sequences from other Sordariomycetes, such as Fusarium graminearum, 
N. crassa, Chaetomium globosum and Podospora anserina. Based on this 
tree, Tpc1 is a single copy gene and has not been subject to paralogous 
duplications. Our phylogenetic analysis reflected the diversification of the 
Zn(II)2Cys6-containing proteins in the fungal kingdom. Interestingly, we 
did not find putative homologues of Tpc1 in S. cerevisiae or 
Schizosaccharomyces pombe using a BLASTP search. 

We investigated functional conservation of Tpc1 in the saprotrophic 
filamentous fungus N. crassa, and characterized a N. crassa NcTPC1 
deletion mutant (∆nctpc1), obtained from the Fungal Genetic Stock Centre 
(McCluskey, 2003). Strikingly, the ∆nctpc1 mutant was severely reduced 
in vegetative growth compared to an isogenic wild-type strain (p <0.01) 
(Supplemental Fig. S2.5B), and its vegetative hyphae branched 
distinctively. In addition, we observed that the ∆nctpc1 mutant of N. 
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crassa was less severely affected when exposed to increasing osmotic 
stress, compared with the N. crassa wild-type strain (p <0.01) 
(Supplemental Fig. S2.5C-D). Similar effect was also found in M. oryzae 
Tpc1 (Supplemental Fig. S5E).  Consequently, Tpc1 also plays a 
significant role in growth and development of the fungus and its responses 
to abiotic stress.  
 
Oxidation-reduction processes are significantly affected in the 
∆tpc1 mutant 
Tpc1 contains a Zn(II)2Cys6 binuclear cluster DNA binding domain, 
which is found only in fungal proteins considered bonafide transcription 
regulators (MacPherson, et al., 2006, Campbell, et al., 2008). We carried 
out a comparative transcriptome analysis using the wild-type strain and 
the TPC1 deletion mutant to identify the biological processes and genes 
regulated by Tpc1. We identified 215 down-regulated genes and 185 
genes to be up-regulated with at least a two-fold change in expression 
level in the Δtpc1 mutant (Annex Table A2.3). We classified all the genes 
that were up- and down-regulated into four functional groups according to 
potential roles in signalling (13 genes), cell wall biosynthesis or 
modulation of plant response (secreted proteins; 140 genes), metabolism 
(127 genes) and other functions (54 genes). Sixty-six genes encoded 
proteins that lacked any known domain. Remarkably, two gene ontology 
(GO) terms were found significantly enriched among these differentially 
expressed genes, the oxidation-reduction process (GO:0055114; 57 genes; 
p<0.001) and the oxidoreductase activity (GO:0016491; 58 genes; 
p<0.001).  

Within the signalling functional group, two down-regulated genes 
encoded phosphatidyl ethanolamine-binding proteins (PEBP) that have 
been shown to regulate protein kinase A (PKA) and mitogen-activated 
protein kinase (MAPK) pathways (Corbit, et al., 2003, Caesar & 
Blomberg, 2004). Amongst the up-regulated genes, eight of them encoded 
transcriptional regulators, which suggested a link between the gene 
networks controlled by these transcriptional regulators and Tpc1. 

The largest group of misregulated genes comprised 140 genes 
coding for secreted or cell wall-related proteins. Within this group, more 
than half of the members (74 genes) had no matches in databases. 
However, twenty-four genes were potentially involved in cell wall 
remodeling, and encompassed different types of glycosyl hydrolases 
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(GH10, GH18, GH32, GH43, GH61 and GH81), seventeen proteases and 
two secreted phospholipases A2. Three Mas3/Gas1 paralogues and several 
effector proteins such as a Bas2-like, Bas113 and avrPi54 were also found 
(Xue, et al., 2002, Mosquera, et al., 2009, Giraldo, et al., 2013, Devanna, 
et al., 2014). The up-down regulation of two CFEM G-protein coupled 
receptors (Kulkarni, et al., 2005), including PTH11 (DeZwaan, et al., 
1999), suggested an alteration in the ability of the Δtpc1 mutant to 
perceive external signals. 

The second largest group of genes with altered expression levels 
encoded proteins related with primary and secondary metabolism (127 
genes). We found a significant number of them participating in oxidation-
reduction processes (46%) and transport (9%). Alteration in nitrogen and 
glycerol metabolism was evidenced by the expression changes of four 
NmrA-like regulatory proteins (Wilson, et al., 2010), enzymes involved in 
aminoacid biosynthesis, a glycerol kinase and the glycerol dehydrogenase 
Gcy1, an enzyme also associated with redox regulation in yeast 
(Costenoble, et al., 2000). Down-regulation of an α-glucosidase supported 
the glycogen degradation delay of Tpc1-lacking strains.  

The last functional group included 54 genes encoding proteins that 
carry a wide range of biochemical roles. The reduced expression of the 
autophagy gene ATG22 and the up-regulation of three small chaperones 
Hsp20-like suggested the unbalanced signals for survival and cell death 
existent in Δtpc1 (Bruey, et al., 2000). Microtubule-dependent vesicle 
trafficking and cell cycle were also affected in the mutant as inferred from 
the misregulation of two dynamins, one kinesin light chain, one Marvel 
protein, two cyclins and the Cdc26 subunit. Genes involved in silencing 
pathways, spliceosomal snRNP assembly, tRNA processing, RNA-
mediated heterochromatin silencing and translational arrest were also 
misregulated in Δtpc1, highlighting alterations in other cellular processes 
that regulate gene expression. 

Overall, we found that the gene expression changes due to the lack 
of Tpc1 correlated with the observed involvement of this protein in 
glycogen metabolism, autophagy and polar growth. The up-regulation of 
genes associated with microtubule-dependent transport in Δtpc1 may be a 
cellular response to attenuate the polarity-associated defects of the mutant. 
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Gene-deletion analysis of Tpc1-dependent genes identifies a 
major pathogenicity gene 
The majority of the Zn(II)2Cys6 binuclear cluster proteins are 
transcriptional activators and only few of them have been shown to act as 
repressors (Campbell, et al., 2008). To identify novel pathogenicity genes 
we focused on genes that could play a role in TPC1-associated defects. 
We looked at the 133 down-regulated genes that contain the binuclear 
cluster recognition motif found with the DREME motif search algorithm 
(Bailey, 2011) (Annex Table A2.3; Supplemental Fig. S2.6). Motifs 
enriched in the promoter regions of up-regulated genes were not found. 
Five genes were selected for gene replacement and included the 
conidiation-related gene CON6 (White & Yanofsky, 1993), a glycosyl 
transferase 18 gene (GH18) that lacks the motif but undergoes a 50-fold 
increased expression in planta (Mosquera, et al., 2009), the two signaling-
associated PEBP genes, and PRO41/HAM-6, a gene required for hyphal 
fusion in Neurospora crassa and sexual development in Sordaria 
macrospora (Nowrousian, et al., 2007, Fu, et al., 2011) (Supplemental 
Fig. S2.7). We confirmed by RT-PCR that all these genes were down-
regulated in the Δtpc1 mutant (Supplemental Fig. S2.8A). 

Among the six deletion mutants generated, only Δpro41/Δham-6 
displayed a severe pathogenicity-deficient phenotype (Supplemental Fig. 
S2.7). Despite the links found between conidiogenesis and pathogenicity 
in M. oryzae (Shi, et al., 1998, Zhou, et al., 2009, Illana, et al., 2013), the 
Δcon6 mutant behaved like wild-type in planta. Similarly, Δgh18, 
Δpebp1, Δpebp2, and the double mutant Δpebp1Δpebp2 did not show any 
pathogenicity-associated defects possibly due to redundancy in related 
gene functions. Consequently, we selected Δpro41/Δham-6 mutants for 
further characterization. 

 
M. oryzae NOXD/PRO41 is required for superoxide production, 
sexual development and plant penetration 
The open reading frame of M. oryzae PRO41 was initially annotated in 
the EnsemblFungi database as HAM-6, a N. crassa gene required for cell 
fusion (Fu, et al., 2014). However, the orthologue of this protein was first 
characterized in S. macrospora and named Pro41 (Nowrousian, et al., 
2007, Nowrousian, et al., 2012). Pro41 is a novel ER membrane protein 
required for fruiting body maturation in S. macrospora. Later, Pro41 was 
found to be the functional orthologue of the p22phox subunit of the 



Chapter 2: Tpc1 

57 
 

NADPH oxidase complex in both Podospora anserina and Botrytis 
cinerea (Lacaze, et al., 2014, Siegmund, et al., 2015). Therefore, we 
renamed the Pro41/Ham-6 protein NoxD (Supplemental Fig. S2.8B).  

 

Fig. 2.6. The M. oryzae NoxD protein is required for plant penetration and sexual 
reproduction. (A) Eight-day old wild-type (WT) Guy11 and ΔnoxD strains grown on different 
media and stress conditions (additional information in Supplemental Fig. S2.7B-C). The 
ΔnoxD mutant showed accelerated growth rate compared to wild-type (WT) on CM. ΔnoxD 
growth is affected in MM-N media and shows increase resistance to salts (LiCl, ClNa) and 
CongoRed (C-R) (B) Leaf and root infection assays showing ΔnoxD pathogenicity defects 
and functional complementation of PrRP27:NOXD:mCherry construct. (C) Penetration assays 
using onion epidermal cells. Very few hyphae of ΔnoxD are observed within the onion cell. 
(D) Fertility assay in oatmeal agar plates pairing Guy11 and ΔnoxD with the tester strain of 
opposite mating type TH3. No perithecia were observed from the cross of ΔnoxD×TH3.  
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We looked at the growth of the M. oryzae ΔnoxD mutant in 
different media and stress conditions (Fig. 2.6A and Supplemental Fig. 
S2.8C). ΔnoxD grew slightly faster than the wild-type on CM and MM, 
under salt stress (0.2 M LiCl, 0.4 M NaCl) and in Congo Red (CR). 
However, we did not observe differences in growth under carbon 
starvation, calcofluor white (CFW) or basic conditions (pH 9.5). Increased 
resistance to CFW was previously observed for M. oryzae Δnox1 but not 
for Δnox2 (Egan, et al., 2007), suggesting NoxD and Nox2 fulfill similar 
roles during cell wall biogenesis. Growth of M. oryzae ΔnoxD and 
Δnox1Δnox2 mutants in 1mM methyl viologen, 1mM H2O2 and 5mM 
H2O2 was similar or improved when compared to wild-type (Fig. S2.8D). 
Thus, the lack of NoxD did not affect fungal growth under oxidative 
stressors in contrast to the growth defects displayed by B. cinerea 
NADPH oxidase mutants (Siegmund, et al., 2015). 

The infection ability of ΔnoxD was severely affected on leaves and 
roots (Fig. 2.6B and Supplemental Fig. S2.7), in accordance with the 
strong penetration defects displayed by Δnox1 and Δnox2 (Egan, et al., 
2007). The penetration defect displayed by ΔnoxD was confirmed using 
onion epidermis penetration assays (74% in the wild-type versus 22% in 
the mutant; Fig. 2.6C). Subsequently, we crossed the ΔnoxD mutant with 
the rice isolate TH3, a M. oryzae strain of opposite mating type (Fig. 
2.6D). The inability to produce perithecia indicated that NoxD is required 
for sexual reproduction in M. oryzae. 

To define whether superoxide production was impaired in the 
ΔnoxD mutant, we used nitroblue tetrazolium (NBT), which forms a dark-
blue water-insoluble formazan precipitate upon reduction by superoxide 
radicals (Munkres, 1990, Egan, et al., 2007). In the ΔnoxD mutant, we 
observed an increase in superoxide production at hyphal tips and a 
significant reduction in appressoria based on mean pixel intensity 
measurements (p<0.01) (Fig. 2.7A). This was previously described for 
Δnox1Δnox2 mutants (Egan, et al., 2007), and supports the existence of 
alternative routes for cellular ROS generation in M. oryzae during hyphal 
development. A yeast two-hybrid assay was used to identify putative 
NoxD interactors. We found M. oryzae NoxD interacts with the Nox1 
NADPH oxidase subunit (Fig. 2.7B) but not with Nox2 or NoxR (data not 
shown), supporting previous work in B. cinerea and P. anserina (Lacaze, 
et al., 2014, Siegmund, et al., 2015). 
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Fig. 2.7. M. oryzae NoxD is an ER- and plasma membrane-localised protein that 
interacts with Nox1, a component of the fungal NADPH oxidase complex. (A) 
Superoxide production is significantly affected in the mutants as shown by nitroblue 
tetrazolium (NBT) staining and quantification of pixel intensities in hyphal tips (mean±SD; 
n=10). Both ΔnoxD and Δnox1Δnox2 produced less ROS in appressoria but higher 
amounts of ROS in hyphal tips compared to WT. Addition of diphenylene iodonium (DPI) 
before NBT treatment abolishes the formation of dark precipitates associated with sites 
of superoxide generation. Values to calculate mean pixel intensity were for white 0 and 
black for 100. (B) A yeast two-hybrid screen reveals that NoxD interacts with Nox1.  A 
yeast colony co-transformed simultaneous with the pGBK-NOX1 (bait Nox1) and pGAD-
NOXD (prey NoxD) vectors grows in high stringency media (-His/-Ade/-Leu/-Trp/+X-α-
Gal). The interaction of proteins expressed by prey and bait vectors generates a blue-
coloured colony due to the activation of α-galactosidase expression in the presence of X-
α-Gal. (C) Images of NOXD fusion constructs using GFP and mRFP under two different 
promoters, the NOXD promoter and the strong promoter of ribosomal protein Rp27, 
respectively. Both NoxD fusions localized in vesicles and plasma membrane. In conidia, 
fluorescence signal is observed in vesicles and ER-like membranes with NOXD:mRFP. 
After 8h, fluorescence signal is strongly detected at the plasma membrane of the 
appressoria. pEFGPKDEL encodes GFP with the ER retention signal KDEL. (D) 
Micrographs of F-actin ring organization visualized by expression of gelsolin:GFP and 
Sep:GFP in Guy11 and ΔnoxD. This mutant produces aberrant septin and actin rings; 
mis-localization of Sep5:GFP is more severe. The linescan graphs show fluorescence in 
a transverse section of individual appressoria. 
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NoxD is visualized in vesicles and plasma membrane of 
appressoria and conidia 
To localize NoxD we generated C-terminal mRFP and GFP translational 
fusions under the control of strong or native promoters. Both constructs 
fully complemented ΔnoxD plant infection defects (Fig. 2.6B and data not 
shown). M. oryzae NoxD was mainly observed in vesicles and the plasma           
membrane of appressoria and conidia (Fig. 2.7C). ER localization of an 
overexpressed variant of NoxD, PrRP27:NOXD:mRFP, was observed in M. 
oryzae spores based on the fluorescence pattern displayed by a GFP that 
contains the ER retention signal KDEL (pEGFPKDEL) (Nowrousian, et 
al., 2007). However, the lack of a net-like fluorescence pattern in the 
ΔnoxD mutant harboring the NOXD:GFP, whose expression is driven by 
the native promoter, suggested that NoxD is found at very low amounts in 
M. oryzae ER. 
 
NoxD is required for septin ring assembly at the appressorial 
pore  
The Nox2-NoxR complex is essential for septin-mediated cytoskeletal 
reorientation, whereas Nox1 is dispensable although may have important 
roles to play in maintenance and elongation of the penetration peg (Ryder, 
et al., 2013). To test if NoxD was also involved in this process, we 
expressed the acting-binding protein gelsolin:GFP and Sep5:GFP in 
ΔnoxD. In the wild-type, both a septin and gelsolin ring was present at the 
appressorium pore (Ryder, et al., 2013) (Fig. 2.7D). In the ΔnoxD mutant, 
however, Sep5:GFP formed a disorganized mass in the infection cell as 
previously reported for Δnox2 and ΔnoxR expressing Sep5:GFP (Ryder, et 
al., 2013). Gelsolin:GFP rings in ΔnoxD also possessed distorted pores. 
Considering that gelsolin colocalizes with F-actin at the appressorial pore 
(Ryder, et al., 2013), the altered fluorescence pattern of gelsolin:GFP 
revealed that the toroidal F-actin ring was disorganized (Fig. 2.7D). 
Previous reports showed that Sep5:GFP and gelsolin:GFP patterns in the 
Δnox1 mutant displayed normal conformation (Ryder, et al., 2013). NoxD 
and Nox1 therefore appear to play alternative roles in cytoskeletal re-
modeling in appressoria of M. oryzae. 
 
DISCUSSION 
To cause disease in rice, M. oryzae forms a specialised cell called an 
appressorium, the development of which involves transitions from 
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polarised to isotropic cellular growth, followed by rapid turgor-driven 
polarisation to penetrate the leaf surface.  Understanding how these 
cellular transitions occur is critical to controlling the disease at an early 
stage, prior to entering the plant.  In this study, we have identified a 
transcription factor, Tpc1 that plays a key role in regulating plant 
infection, due to its role in polarity control.  We have also identified a 
putative mechanism by which it acts, via the regulated synthesis of 
reactive oxygen species and control of the NADPH oxidase complex, 
which regulates septin assembly and F-actin re-modelling at the base of 
the appressorium. Furthermore, we have found that Tpc1 is required for 
infection-associated autophagy, which is an essential pre-requisite for 
appressorium function. 
 We observed that the TPC1 mutants formed compact colonies, 
which resembled the colony morphology shared by a class of mutants 
with polarity defects in N. crassa (Seiler & Plamann, 2003). Conidial 
germination, and growth and branching of vegetative hyphae, were 
severely impaired in the two mutants lacking functional Tpc1, supporting 
defects in establishment of polarity in apically-growing hyphae. The 
absence of Tpc1 function altered the onset of infection-associated 
autophagy which occurs during appressorium development (Talbot & 
Kershaw, 2009). Although M1422 conidia appeared able to undergo 
conidial cell death, the cellular localization of autophagosomes and 
glycogen deposits suggested that the process was delayed. Consistent with 
this observation, Tpc1:GFP was also highly expressed in Δatg1 and Δatg8 
mutants impaired in autophagy, suggesting that the expression of TPC1 is 
de-repressed as a consequence of the inability to carry out autophagy and 
may therefore be an upstream positive regulator of infection-associated 
autophagy during appressorium maturation (Fig. 2.8). 

Autophagic cell death is linked with appressorium function and 
penetration in M. oryzae (Veneault-Fourrey, et al., 2006), and mutants 
lacking Tpc1 are also penetration defective. The formation of a 
penetration peg at the base of the appressorial pore is a cellular process 
intrinsically linked to polar growth (Macara & Mili, 2008, Riquelme, 
2013). The F-actin cytoskeleton plays a crucial role during germ tube re-
polarisation and penetration peg emergence. We therefore investigated 
cytoskeletal dynamics during appressorium maturation in the mutant 
background. The network of F-actin observed with fimbrin:GFP in mature 
wild-type appressoria (8h-24h) delineated the appressorial pore, which 
was strikingly absent in M1422. This result together with the mis-
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localization of Sep5:GFP and gelsolin:GFP in Δtpc1 indicated that the F-
actin network is disturbed in Tpc1-lacking strains.  

Oxidation-reduction processes were also significantly affected in 
Δtpc1, likely due in part to the down-regulation of the fungal homologue 
of the p22phox NADPH subunit, the NOXD gene (Lacaze, et al., 2014, 
Siegmund, et al., 2015). The M. oryzae ΔnoxD mutant was unable to 
infect rice leaves and roots. We established an interaction of NoxD with 
Nox1, but not with NoxR or Nox2, and confirmed the requirement of 
NoxD for superoxide generation and sexual reproduction in M. oryzae, 
consistent with NoxD functions in B. cinerea and P. anserina (Lacaze, et 
al., 2014, Siegmund, et al., 2015). We also identified ΔnoxD defects in 
repolarization of the F-actin cytoskeleton during infection-related 
development, supporting the previous role described for the M. oryzae 
NADPH oxidase complex (Ryder, et al., 2013). Remarkably, the 
disorganization pattern of gelsolin:GFP and Sep5:GFP in ΔnoxD was 
similar to that observed in Δnox2 and ΔnoxR mutants, whereas Δnox1 
formed nearly intact ring shapes (Ryder, et al., 2013). This result suggests 
that Nox1 and NoxD participate differently in septin-mediated 
cytoskeleton organization despite their interaction, and strengthens the 
view of the fungal NADPH oxidase as a dynamic complex (Tudzynski, et 
al., 2012). It seems likely that a Nox2-dependent process initiates septin 
ring formation, while Nox1 is necessary for maintenance of this 
conformation (Fig. 2.8).  NoxD may therefore be associated at a relatively 
early stage in recruiting Nox1 to the appressorium pore, perhaps 
explaining why its absence results in a more severe phenotype with 
respect to actin and septin assembly at the pore.  The role of NoxD, 
however, highlights that the Nox1 and Nox2 complexes are both 
necessary for penetration peg elaboration and extensive polar growth. It is 
worth noting that the tetraspanin PLS1 deletion mutants exhibit the 
phenotype of Δnox2 in M. oryzae and P. anserina (Lambou, et al., 2008, 
Ryder, et al., 2013), pointing out that Pls1 may act as the missing link 
between Nox2 and NoxD subunits of the fungal NADPH oxidase complex 
(Fig. 2.8). Interestingly, the B. cinerea ΔnoxD mutant showed growth 
defects in the presence of oxidative stressors in contrast to the wild-type 
growth exhibited by the M. oryzae ΔnoxD mutant, which suggests a 
diversification of the cellular functions of NoxD in fungi. This result also 
hints differences in the regulation of ROS-mediated signalling pathways 
in the fungal kingdom. 
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Here, we identified a potential mechanism by which the 
transcription factor Tpc1 regulates appressorium maturation and plant 
infection. The loss of pathogenicity associated with M. oryzae TPC1 
mutants and similar growth defects associated with the N. crassa Δnctpc1 
mutant, suggest that Tpc1 plays a key role as a transcriptional regulator in 
the re-establishment of polarity and the response to numerous signalling 
pathways, such as the Pmk1 MAP kinase and Atg1 kinase cascades. The 
role of Tpc1 in appressorium-mediated plant infection appears to be 
associated with the NADPH oxidase-dependent re-polarisation process of 
the appressorium, and the associated physiological changes such as 
autophagy, glycogen mobilisation and asymmetric reorganization of the 
F-actin cytoskeleton. Future studies will allow further dissection of this 
role and precise definition of the biological function of Tpc1 in 
filamentous fungi. 

Fig. 2.8. Polar growth and associated processes that take place during appressorium 
maturation in M. oryzae and model of Tpc1-mediated plant penetration. (A) Polarity 
factors regulate the emergence and elongation of the germ tube and the penetration peg 
required for appressorium development and function.  Polarity is concomitant with autophagic 
cell death and glycogen degradation, cellular processes that also control appressorium 
function. (B) During germination, environmental signals trigger the Pmk1 kinase cascade and 
the control of autophagy to activate Tpc1 function. Nuclear-localised Tpc1 in turn activates 
transcription of genes required for polar growth, autophagy, and glycogen degradation. 
Polarity is associated with cytoskeletal dynamics that is controlled by Nox1 and Nox2 NADPH 
oxidase complexes. NoxD interacts with Nox1 and maybe with Nox2 indirectly. Interactions of 
NoxR and Pls1 with Nox1 and/or Nox2 need to be confirmed. To initiate plant infection 
Nox1/Nox2 NADPH oxidases regulate the formation of the F-actin network at the 
appressorium pore, which leads to penetration peg emergence and subsequent elongation. 
Mutant strains used in this study are highlighted in black. 
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MATERIALS AND METHODS 
Strains, media and plant infections 
M. oryzae was routinely incubated in a controlled temperature room at 
25ºC with a 12h light/dark cycle. Media composition of complete medium 
(CM), minimal medium (MM), minimal medium without carbon (MM-C) 
or nitrogen (MM-N), and DNA extraction and hybridisation were all as 
previously described (Talbot, et al., 1993). Growth tests were carried out 
with 7 mm plugs of mycelium from Guy11 and the M1422 mutant strains 
as initial inoculum. The wild-type Neurospora crassa strain and isogenic 
deletion mutant NCU05996 were obtained from the Fungal Genetics 
Stock Centre (FGSC, Kansas City, Missouri, USA).  
Vogel’s minimal medium was used for cultivation of N. crassa strains at 
25ºC with a 12h light/dark cycle and for stock-keeping at 4ºC 
(http://www.fgsc.net/Neurospora/NeurosporaProtocolGuide.htm). Growth 
tests were carried out on Vogel plates with 5 mm plugs of mycelium from 
N. crassa wild type (wt) and NcTPC1 KO strains. Plates were incubated at 
25ºC for 2 days. M. oryzae leaf and root infection assays were carried out, 
as previously described (Tucker, et al., 2010, Franceschetti, et al., 2011).  
 
Conidiation and onion penetration assays 
Conidia were harvested after fungal cultures were incubated at 25ºC for a 
period of 10 days. Calculations were then carried out to determine the 
number of conidia generated per cm2 of mycelium. Values are the mean ± 
SD from >300 conidia of each strain, which were measured using the 
ImageJ software (Collins, 2007). Photographs were taken using the Zeiss 
Axioskop 2 microscope camera using differential interference contrast 
(DIC) microscopy or epifluorescence. Conidia were stained with 5μl 
calcofluor white (CFW) solution (Fluka) and incubated at 25ºC for 30 
minutes. Cell number per conidium was determine by visualizing septa 
with CFW. Appressorium-mediated penetration of onion epidermal strips 
was assessed using a procedure based on Chida and Sisler(Chida & Sisler, 
1987). A conidial suspension at a concentration of 1 x 105 conidia mL-1 

was prepared and dropped onto the adaxial surface of epidermal layers 
taken from onion. The strips were incubated in a moist chamber at 25°C 
and penetration events scored 24h to 48h later by recording images with 
an Olympus IX81 inverted microscope system. Glycogen staining solution 
contained 60 mg of KI and 10 mg of I2 per milliliter of distilled water. 
Glycogen deposits are visible immediately. 

http://www.fgsc.net/Neurospora/NeurosporaProtocolGuide.htm).
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Generation of mutant strains by gene replacement 
Gene deletion constructs were generated using multisite gateway 
technology (Invitrogen) as previously described (Franceschetti, et al., 
2011, Rodríguez-Romero, et al., 2015). TPC1, CON6, GH18, PEBP2 and 
NOXD coding sequences were replaced by the hygromycin resistance 
cassette and PEBP1 by the sulfonylurea resistance cassette in the gene 
replacement constructs. Primers for constructing entry plasmids are 
described in Annex Table A2.4. Fungal transformants generated by 
Agrobacterium-mediated transformation were selected growing in DCM 
solid media supplied with 5-fluoro-2’-deoxyuridine (50µM) and 200µg/ml 
Hygromycin or 150µg/ml Chlorymuronethyl in the case of Δpebp1. 
Knockout strains were confirmed by PCR or Southern blotting. Sequence 
data and gene numbers used in this study were taken from EnsemblFungi 
(Magnaporthe oryzae MG8; http://fungi.ensembl.org/index.html). 
 
Generation and cellular localisation of fluorescent proteins 
To determine the localisation of Tpc1, live-cell imaging was performed 
using a M. oryzae Guy11 strain containing two constructs, histone H1 
tagged with red fluorescent protein (H1:RFP) to visualize nuclei 
(Saunders, et al., 2010), and TPC1:GFP. For the construction of a 
functional TPC1:GFP gene fusion, primers were designed in order to 
amplify the TPC1 (MGG_01285) promoter region and ORF from 
genomic DNA of M. oryzae Guy11 (Annex Table A2.4). The 
TPC1_GFP_F forward primer was designed approximately 1.3 kb 
upstream from the TPC1 start codon to include a substantial component of 
the promoter sequence. The TPC1_GFP_R reverse primer spanned the 
stop codon and contained a complementary region to the GFP sequence. 
GFP primers were designed to amplify the 1.4 kb sGFP:TrpC construct 
cloned in pGEMT. Both fragments were joined together by fusion nested 
PCR. The amplicons were cloned into pGEMT-easy digested with EcoRI. 
The 4.3 kb TPC1:GFP fragment was gel purified and cloned into 
pCB1532 that had previously been digested with EcoRI. The pCB1532 
vector contains the 2.8 kb ILV1 gene, which encodes the acetolactate 
synthase-encoding allele bestowing resistance to sulfonylurea (Sweigard, 
et al., 1997). The resulting plasmid pCB1532-TPC1:GFP was used to 
transform protoplasts of M1422 mutant. For all rounds of PCR 
amplification, Phusion® High-Fidelity DNA polymerase (Finnzymes, 

http://fungi.ensembl.org/index.html).
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Thermo Fischer Scientific Inc.) was used, following the manufacturers’ 
guidelines for PCR conditions. 

The GFP:MoATG8 (Kershaw & Talbot, 2009) and the FIM:GFP 
(A.L. Martinez-Rocha and N.J. Talbot, unpublished data) constructs were 
used to transform protoplasts of M1422 mutant. The GFP:MoATG8 and 
the FIM:GFP protein fusion vectors were generated using the native M. 
oryzae MoATG8 gene (MGG_01062) and the native M. oryzae fimbrin-
encoding gene (MGG_04478), respectively. Both fragments were cloned 
into pCB1532 vector that contains the 2.8 kb ILV1 gene, which encodes 
the acetolactate synthase allele conferring sulfonylurea resistance. 
Transformants showing identical growth and colony morphology to the 
background strain were selected for further examination using 
epifluorescence or confocal microscopy. At least three different 
transformants of each were independently analysed. 

The TPC1:GFP gene fusion was cloned into pCB1532 vector 
(SURR) and used to transform protoplasts of Guy11 expressing Histone 
H1 fused with red fluorescent protein (H1:RFP) (Saunders, et al., 2010), 
and also introduced into isogenic Δpmk1, Δatg1 and Δatg8 mutants. 
Transformants were selected for further examination using confocal 
microscopy and verified as containing a single copy of the gene fusion 
construct by Southern blot hybridisation. At least three different 
transformants of each were used in all experiments. 
 
PCR site-directed mutagenesis of TPC1:GFP construct 
To create a mutation or deletion of a specific region of TPC1:GFP, 
primers were designed to contain each desired mutation (Annex Table 
A2.4). A first PCR round was used to amplify two parts of TPC1:GFP. To 
amplify part 1, a reverse primer was used containing the mutation or 
deletion desired, whereas to amplify TPC1:GFP part 2 the forward primer 
containing the specific mutation or deletion was used. A second PCR 
round was then used to join both fragments using flanking primers. To 
obtain TPC1ΔNLS:GFP, TPC1ΔRR:GFP and TPC1ΔKK:GFP, primers 
were engineered to delete the NLS, or two basic arginine (RR) and lysine 
(KK) amino acids present within the NLS. The other constructs were 
made in order to mutate a specific amino acid without changing the 
reading frame. TPC1_T168G:GFP, TPC1_T349G:GFP and 
TPC1noSUMO:GFP in which the putative phosphorylation sites (Thr at 
position 168 and 349) changed to a Gly residue and putative sumoylation 
site (Lys) changed to an Ala residue, respectively. Fragments were gel 
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purified and cloned into pGEMT-easy and mutations confirmed by DNA 
sequencing. The constructs with the mutation or deletion introduced 
correctly were then cloned into pCB1532 (SURR). The resulting plasmids 
were used to transform protoplasts of the wild-type strain Guy11 and the 
M1422 mutant background. At least three transformants were selected for 
further examination using confocal microscopy. 
 
RNA isolation and global gene expression profile using 
microarrays 
Using a modified protocol of LiCl method (Franceschetti, et al., 2011), 
RNA was extracted from 8-day old fungal mycelia grown on cellophane 
placed on top of CM agar plates (Supplemental Fig. S2.2D). Two to three 
additional washes with phenol:chloroform were implemented to avoid 
RNA degradation from cellophane samples. RNA quality control was 
carried out with Agilent RNA 6000 Nano kit (ref. 5067-1504). Four 
biological replicates were independently hybridized for each 
transcriptomic comparison. Each of these replicates derived from three 
technical repetitions. Slides were Agilent Magnaporthe II Oligo 
Microarrays 4x44K (ref. 015060). Background correction and 
normalization of expression data were performed as previously described 
(Franceschetti, et al., 2011). Hybridizations and statistical analysis were 
conducted by the Genomics Facility at the National Biotechnology Centre 
(Madrid, Spain). The GO term analysis was carried out with gProfiler 
(Reimand, et al., 2011). Using the 215 down-regulated genes in Δtpc1 
mutant two motifs in regions 1 kb upstream from the start codon  were 
detected with the DREME motif discovery algorithm (Bailey, 2011). 
CentriMo, a position-specific motif-enrichment analysis method, was also 
used for a statistical assessment of the positional preference of the motifs 
(Bailey & Machanick, 2012). Enriched motifs were not found when using 
the promoter regions of the 185 up-regulated genes. Microarray data are 
available in the ArrayExpress database (EMBL_EBI) under accession 
number E-MTAB-4127. 
 
Yeast-two hybrid screen 
In-Fusion Cloning based on in vitro homologous recombination was 
performed to generate vectors including NoxD into the pGADT7 prey 
vector, and Nox1, Nox2 and NoxR into the pGBKT7 bait vector. Genes 
were amplified from M. oryzae cDNA using primers with a 15bp 
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overhang and restriction site complementary to the target vector (Annex 
Table A2.4). For NoxD, a 435bp fragment was amplified, for Nox1, a 
1662bp fragment was amplified, for Nox2, a 1749bp fragment was 
amplified, and for NoxR, a 1578bp fragment was amplified. Respective 
fragments were cloned into pGBKT7 and pGADT7 plasmids linearized by 
digestion with EcoRI and SmaI. Yeast two-hybrid assays using pGADT7 
or pGBKT7 (Clontech) based constructs were performed according to the 
manufacturer’s instructions (MATCHMAKER Gold Yeast Two-Hybrid 
System). 
 
Imaging of fluorescent fusion proteins  
For the construction of NoxD:GFP, primers were designed to amplify the 
ORF including 2kb upstream of the start codon, GFP and TrpC terminator 
with 15bp overhangs complementary to adjacent fragments. Fragments 
were ligated into pCB1532 (Sweigard, et al., 1997), which carries the 
sulphonyl urea resistance cassette and had been digested with BamHI and 
HindIII and this construct transformed into of the wild-type strain Guy11 
using protoplasts (Ryder, et al., 2013). The NoxD:mRFP construct was 
generated using multi-site gateway technology (Life Technologies) with 
the entry mCherry-withSTOP and destination SULPH-R3R4 vectors 
(Franceschetti, et al., 2011), and PCR fragments amplified from M. oryzae 
genomic DNA using Phusion DNA polymerase (NEB) and primers 
detailed in Annex Table A2.4. Appressorium development assays were 
performed on hydrophobic borosilicate glass coverslips (Fisher 
Scientific), as described previously (Ryder, et al., 2013). For 
epifluorescence microscopy, conidia were incubated on coverslips and 
observed at each time point using an IX-81 inverted microscope 
(Olympus) and a UPlanSApo X100/1.40 oil objective. All microscopic 
images were analyzed using MetaMorph (Molecular Devices). Confocal 
imaging was performed with a Leica SP8 microscope. 
 
qPCR and ROS detection 
To confirm microarray results, the relative abundance of gene transcripts 
were analysed by qPCR. One µg of total RNA was reverse transcribed 
using PrimeScriptTM RT reagent Kit (Takara). The average threshold cycle 
(Ct) was normalized against actin transcript and relative quantification of 
gene expression was calculated by the 2ΔΔCt method(Pfaffl, 2001). Primer 
efficiency was tested using dilutions of cDNA samples. qPCR reactions 
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were carried out with 1 μl of reverse transcribed products and fast-start 
DNA master SYBR green I kit (Roche Diagnostics) in a final reaction of 
20 µl using the following program: one cycle of 95ºC for 4 min and 40 
cycles of 94ºC for 30 s and 60ºC for 30 s. The Ct (threshold cycle) 
provided a measure for the starting copy numbers of the target genes. 
Three technical repetitions from three independent biological experiments 
were used for each gene. For ROS detection in M. oryzae fungal 
structures, NBT staining(Egan, et al., 2007) and quantification method of 
pixel intensities in hyphal tips(Burgess, et al., 2010) were carried out as 
previously described. 
 
Phylogenetic analysis of Tpc1 
First, 141 M. oryzae protein sequences containing a fungal Zn(II)2Cys6 
binuclear cluster domain (PF00172) were identified from the 
Magnaporthe sequence database at the Broad Institute 
(http://www.broadinstitute.org/ ) and the Fungal Transcription Factor 
Database (http://ftfd.snu.ac.kr/intro.php). HMM search from 
HMMER3(Eddy, 2011) was used to screen the genome assembly of M. 
oryzae proteins with the fungal Zn2Cys6 profile hidden Markov model 
pHMM zn_clus_ls.hmm (PF00172.13) from Pfam database (Punta, et al., 
2012) (http://pfam.sanger.ac.uk/). Subsequently, gene numbers were 
updated using the MG8 genome version of EnsemblFungi database 
(http://fungi.ensembl.org/index.html). Out of these 141 sequences, only 
113 had a full length zinc cluster domain, and extra six closest sequences 
were included to build Supplemental Fig. S2.4.  Additional Zn(II)2Cys6 
proteins found in Lu et colleagues (Lu, et al., 2014) were included in 
Annex Table A2.2. Basic Local Alignment Search Tool (BLAST) was 
used to find orthologous proteins of TPC1/MGG_01285 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein sequences were pre-
aligned using HMMalign and the pHMM zn_clus_ls.hmm (Supplemental 
Fig. S2.3) from Pfam. The Zn(II)2Cys6 binuclear cluster domain region 
was extensively manually aligned in BioEdit 
(http://www.mbio.ncsu.edu/BioEdit/BioEdit.html). Unambiguous aligned 
positions were used for the subsequent phylogenetic analyses. The 
maximum likelihood (ML) analyses were performed with the program 
PhyML version 3.0.1(Guindon & Gascuel, 2003).  
All trees were visualised using the program Figtree 
(http://tree.bio.ed.ac.uk/software/figtree/). 

http://www.broadinstitute.org/
http://ftfd.snu.ac.kr/intro.php).
http://pfam.sanger.ac.uk/).
http://fungi.ensembl.org/index.html).
http://blast.ncbi.nlm.nih.gov/Blast.cgi).
http://www.mbio.ncsu.edu/BioEdit/BioEdit.html).
http://tree.bio.ed.ac.uk/software/figtree/).
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SUPPLEMENTAL INFORMATION 
 

Figure S2.1  

Fig. S2.1. M1422 phenotype defects are restored by re-introduction of TPC1:GFP 
construct. (A) The T-DNA in M1422 is positioned 0.9 kb after the start codon of the 
MGG_01285 gene. This gene has been termed TPC1 (Transcription factor for Polarity 
Control-1). Features of TPC1-encoding protein: NLS, nuclear localisation signal (brown 
box); Zn(II)2Cys6 binuclear cluster DNA binding domain (green box); MAPK docking site 
(blue box);phosphorylation sites Thr168 and Thr349 (indicated by one and two asterisks, 
respectively). (B) Southern hybridization of total genomic DNA digested with MfeI and 
probed with hygromycin phosphotransferase. The presence of a single hybridising 
restriction fragment of ~9 kb confirms a single T-DNA insertion event in M1422 genome. (C) 
Rice cv. CO39 leaves infected with a conidial suspension (105 conidia ml-1) of Guy11, 
M1422 and M1422 complemented with TPC1:GFP. (D) Colonies of the wild-type (WT) strain 
Guy11, M1422 and M1422 complemented with TPC1:GFP. Photographs were taken after 
incubating on CM at 25°C for 10 days. (E) M1422 also displays impaired ability to grow on 
minimal medium (MM) depleted of carbon (MM-C) and nitrogen (MMN). (F) Colony edges of 
WT Guy11 strain show complex branching hyphae compared to mutant M1422. 



Chapter 2: Tpc1 

77 
 

Figure S2.2 
 

 
  

Fig. S2.2. Gene-replacement strategy to generate TPC1 deletion mutants. (A) Gene 
replacement construct lacking the entire coding sequence (CDS) of TPC1 was 
introduced into wild-type (WT) strain Guy11. (B) Confirmation of Δtpc1 mutants was 
carried out by Southern blotting. Total genomic DNA digested with MluI and probed with 
TPC1 CDS (right panel) gave the expected band size (8.2 kb) in the WT strain and no 
bands in knockout strains. Similarly, total genomic DNA digested with SphI and probed 
with TPC1 5’UTR (left panel) confirmed the presence of a 7.4 kb band in TPC1 deletion 
mutants. (C) Introduction of TPC1:GFP fusion construct into the Δtpc1 mutant recovered 
its severe growth defects. (D) CM plates covered with cellophane were used to grow WT 
and Δtpc1. Eight-day old mycelia on CM plates covered with cellophane (upper plates) 
and sixday grown mycelia after removing the cellophane (lower plate). In contrast to the 
WT, Δtpc1 is unable to grow on CM after removing the cellophane, which suggested its 
inability to cross this plastic barrier. 
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Figure S2.3 
 

 

Fig. S2.3. Phylogenetic analysis of M. oryzae Tpc1 protein. (A) HMM pattern for 
Zn(II)2Cys6 binuclear cluster protein family. The fungal Zn(II)2Cys6 cluster protein family is 
characterised by 6 cysteine residues arranged as the motif CX2CX6CX5-12CX2CX6-8C that 
bind to two zinc atoms. (B) Homology of the Zn(II)2Cys6 binuclear cluster motif. Alignment 
constructed using HMMER3 and fungal Zn2Cys6 binuclear cluster domain Hidden Markov 
Model (PF00172.13) with Zn2Cys6 regions of the following fungal transcription factors: 
Magnaporthe oryzae TPC1 (MGG_01285) and PIG1 (MGG_07215); Saccharomyces 
cerevisiae GAL4 (YPL248C); Aspergillus nidulans FacB (ANID_00689); Neurospora crassa 
NIT4 (NCU08294); Schizosaccharomyces pombe MOC3 (SPAC821.07c) and Nectria 
hematococca CTF1α (AAA96824.1). Conservative aminoacid substitutions are indicated in 
gray boxes and identical aminoacids in black boxes. (C) Maximum likelihood tree of M. 
oryzae Tpc1 protein (MGG_01285) with its closest fungal orthologues. Orthologous proteins 
of MGG_01285 were identified using BLAST and aligned manually in BioEdit program. This 
unrooted phylogenetic tree was constructed using an alignment of 22 fungal sequences from 
different fungal species: Ajellomyces capsulatus (EH07230.1), A. clavatus 
(XP_001271908.1), A. fischerianus (XP_001266982.1), A. flavus (EED55362.1), A. 
fumigatus (XP_751792.1), A. niger (An04g06640), A. oryzae (XP_001820273.1), A. terreus 
(XP_001210781.1), Botryotinia fuckeliana (BC1G_06121), Chaetomium globosum 
(CHGG_09110), Coccidioides immitis (CIMG_00566), Fusarium graminearum (FG08769.1), 
N. crassa (NCU05996), M. oryzae (MGG_01285), Podospora anserine (XP_001906056.1), 
Paracoccidioides brasiliensis (EEH45457.1), Penicillium chrysogenum (Pc22g12400), P. 
marneffei (XP_002151174.1), Phaeosphaeria nodorum (SNOG_06665), P. stipitatus 
(EED24478.1), Pyrenophora tritici (XP_001931826.1) and Sclerotinia sclerotiorum 
(SS1G_00170). Fungal species within a pink, green and yellow balloon belong to the 
Dothideomycetes, Sordariomycetes and Leotiomyc etes classes, respectively. The other 
species belong to Eurotiomycetes (Ajellomyces, Aspergillus, Paracoccidioides and 
Penicillium species) and Euascomycetes (Coccidioides) classes. Asterisks in the clades 
denote high likelihood ratio test (LRT) support values (*LRT > 80%). 
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Figure S2.4 

 
 
 

Fig. S2.4. Maximum likelihood tree of M. oryzae Zn(II)2Cys6 cluster proteins. Proteins 
containing Zn(II)2Cys6 domain were identified in the Magnaporthe database using PFAM 
pHMM zn_clus_ls.hmm. The unrooted phylogenetic tree was constructed using an alignment 
of 119 zinc cluster M. oryzae sequences. Asterisks in the clades denote high LRT support 
values (* LRT > 80%). 
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Fig. S2.5. M. oryzae Tpc1 has an orthologue in N. crassa with similar roles in 
polarized growth development. (A) Alignment of M. oryzae Tpc1 (MGG_01285) with N. 
crassa Tpc1 (NCU05996). Amino acid residues of the nuclear localisation signal (NLS), 
Zn(II)2Cys6 cluster domain and MAPK docking site are within boxes. The red arrowheads 
indicate the putative phosphorylation sites (Thr residues), while the black arrowhead 
indicates the putative sumoylation site (Lys residue) present in the M. oryzae Tpc1. (B) 
Vegetative growth and colony morphology of NcTPC1 deletion mutant. The NcTPC1 KO 
mutant colony was severely reduced in vegetative growth and the branching of the 
vegetative hyphae was different to that observed for the isogenic N. crassa wild-type (WT) 
strain. (C) Diameter of WT and NcTPC1 KO colonies reveals the increased tolerance to 
NaCl (mean±SD; three biological replica). (D) Colony images of Vogel’s medium plates with 
increased concentrations of sodium chloride (NaCl). Colony edge is indicated with a black 
arrow. (E) Colony images of CM plates with increased concentrations of sodium chloride 
[NaCl] (left). Diameter of WT and M1422 colonies measured at 10 days post-inoculation 
(dpi) reveals the increased tolerance to NaCl (right graph). Error bars represent the 
standard deviation of three independent biological replicas. 

Figure S2.5 
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Figure S2.6 

 

 
 
 
 
 
 
 
 

Fig. S2.6. Motif enrichment analysis using the 215 down-regulated genes in Δtpc1. 
Using 1,000 nucleotides upstream the start codon of each gene, two motifs were 
detected based on the DREME motif discovery algorithm, and were followed by a 
statistical assessment of the positional preference of the motifs using CentriMo. (A) The 
logo GGGGAK is similar to the DNA sequence recognized by the yeast Zn2(Cys)6 
protein Oaf1 (DREME E value 3.5 e-4), and it is present in 133 genes. (B) The logo 
CCCCTTK is similar to the DNA sequence recognized by the yeast Zn finger C2H2 
protein Com2 (DREME E value 2.8 e-3), and it is present in 123 genes, 70 of which 
contain the GGGGAK motif. Dash lines in the centrimo graphs represent the negative 
dataset used in the analysis. The negative dataset was obtained using 1,000 nucleotides 
upstream the start codon of the rest of M. oryzae genes (12,591). Motifs enriched in the 
promoter regions of up-regulated genes were not found. 



Chapter 2: Tpc1 

82 
 

 
Figure S2.7 

 
 

 
 

Fig. S2.7. Gene replacement of M. oryzae CON6, GH18, NOXD, PEBP1 and PEBP2 
genes. Left panels, schematic diagram showing targeted gene deletion strategy. Middle 
panels, confirmation of gene replacements by Southern blotting or PCR. Right panels, 
growth of two deletion mutants on CM and infections tests in rice. Δcon6, Δgh18, ΔnoxD, 
Δpebp1 and Δpebp1Δpebp2 were confirmed by Southern using genomic DNA digested with 
MscI. Only Δpebp2 was confirmed by PCR with primers indicated in the diagram. Expected 
bands sizes are shown. Primers HSVTK and 3’Andy-T3 were used to detect presence of the 
timidine kinase gene (lane TK); lack of a PCR band indicates absence of ectopic insertions. 
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Figure S2.8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. S2.8. NoxD is not involved in M. oryzae response to stress conditions. (A) 
Comparison of expression levels of five Tpc1-dependent genes. qPCR experiments 
confirmed microarray expression changes for selected genes. qPCR data were normalized 
against actin and wild-type (WT) expression of the gene. (B) Fungal NoxD proteins were 
aligned using CLUSTAL Omega (EMBL-EBI server). Bc, Botrytis cinerea (EMR81583); Pa, 
Podospora anserina (CDP23073); Sm, Sordaria macrospora (CAL68654); Mo, Magnaporthe 
oryzae (MGG_09956.8). TM, transmembrane regions predicted using M. oryzae NoxD and 
TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). TargetP 1.1 localizes M. 
oryzae NoxD in the secretory pathway although lacks a clear signal peptide prediction. (C) 
Growth tests on CM and MM. The ΔnoxD mutant grows slightly faster on CM while no 
differential growth of ΔnoxD is observed upon exposure to carbon starvation, calcofluor white 
and pH 9.5. (D) Effect of different oxidative stresses in WT, ΔnoxD and Δnox1Δnox2 strains. 
Both mutants were more resistant than WT on complete medium (CM) supplemented with 
1mM Methyl-V and 1mM H2O2 but not on CM with 5 mM H2O2. Growth was monitored at 8 
dpi. CM is taken as reference for each strain. 

http://www.cbs.dtu.dk/services/TMHMM/).
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CHAPTER 3 
 
 
 
 
 
 
 
Exp5, a Magnaporthe oryzae nucleo-cytoplasmic receptor 
involved in non-coding RNA metabolism and plant pathogenesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results presented in this chapter are included within a manuscript currently in preparation:  
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ABSTRACT 
Magnaporthe oryzae is an important plant pathogenic ascomycetous 
fungus that causes the rice blast disease, one of the most damaging fungal 
diseases of rice. The M. oryzae karyopherin Exp5 protein is the 
orthologue of the human karyopherin exportin-5 and the Saccharomyces 
cerevisiae Msn5. Karyopherins are involved in the translocation of 
proteins and/or RNAs between the nucleus and the cytoplasm. The M. 
oryzae Δexp5 mutant is strongly impaired in plant disease symptoms 
production, suggesting that cargoes translocated by M. oryzae Exp5 play 
an important role during infection. To better understand the role of this 
karyopherin during plant infection we set out to identify its cargoes. 
Several t-RNA synthetases, seven subunits of the 26S proteasome and key 
components of pathogenesis-related signal transduction pathways such the 
mitogen activated protein kinases Pmk1 and Mps1 were found to 
immunoprecipitate with Exp5. An important set of mitochondrial proteins 
including TIM44 and TOM70 also immunoprecipitate with Exp5, which 
suggest that mitochondrial dysfunction can be contributing to the strong 
root infection defects exhibited by Δexp5. Additional deficiencies such as 
accumulation of sRNAs derived from transposon elements and tRNAMet in 
the mutant supports the involvement of Exp5 in sRNA metabolism and 
tRNA transport. Our results suggest that Exp5 is required for the transport 
of specific classes of proteins, tRNAs and small RNAs, several of which 
contribute to M. oryzae pathogenicicity. 
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INTRODUCTION 
Magnaporthe oryzae is one of the most important airborne fungal 
pathogens of rice worldwide and the causal agent of the devastating rice 
blast disease. M. oryzae is closely related to root-infecting pathogens such 
as M. poae, which infects turfgrasses and Gaeumannomyces graminis, 
which causes the take-all disease on wheat. M. oryzae leaf infection 
process has been studied with exquisite detail, and this fungus can also 
infect roots under laboratory conditions (Sesma & Osbourn, 2004, Besi, et 
al., 2009). Different mechanisms and signaling pathways mediate M. 
oryzae infection of leaves or roots although common genes and pathways 
have also been found necessary for fungal infection on both plant organs 
such as the mitogen activated kinases Pmk1 and Mps1 (Dufresne & 
Osbourn, 2001, Sesma & Osbourn, 2004, Besi, et al., 2009, Tucker, et al., 
2010). 
 Hydrophilic polystyrene surfaces (PHIL-PS) can induce the 
infection-related development observed during M. oryzae root 
colonization (Tucker, et al., 2010). Twenty mutants with altered ability to 
differentiate pre-invasive hyphae (pre-IH) on PHIL-PS were identified 
from an insertional library of 2,885 M. oryzae T-DNA transformants. 
Among them, the mutant M1373 presented reduced ability to infect roots 
and leaves although the defects on roots were remarkably stronger 
(Tucker, et al., 2010). The T-DNA insertion in M1373 is located in the 
open reading frame of the gene MGG_09560, which encodes a protein 
homologue to the yeast Msn5 and the human exportin-5 karyopherins. 
The deletion mutant Δexp5 confirmed the in planta phenotype of M1373. 
Colony morphology and growth in complete (CM) and minimal (MM) 
media of the Δexp5 mutant were very similar compared to the wild type 
strain (Tucker, et al., 2010). However, in addition to the altered pre-IH 
growth on PHIL-PS Δexp5 showed a reduction in conidia production, and 
it was unable to produce appressoria on artificial surfaces. A strong 
reduction in root disease symptoms production was also confirmed in the 
deletion mutant Δexp5 (Tucker, et al., 2010). Remarkably, this mutant 
produced similar number of lesions on leaves compared to the wild type 
strain, indicating that appressoria development was restored in planta. 
However, the size of these lesions was smaller than those produced by the 
wild type, which suggested a defect in invasive growth of aerial tissues. 
The Exp5 protein showed a steady-state nuclear localization under all 
conditions tested (Tucker, et al., 2010). 
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In eukaryotic organisms, the nucleus is physically separated from 
the cell cytoplasm and the transport of proteins and RNAs between these 
two compartments is essential for living cells. All nuclear proteins such as 
histones and transcriptions factors need to be imported into the nucleus 
from the cytoplasm where they are synthesized. Equally, transfer RNA 
(tRNA), ribosomal RNA (rRNA) and messenger RNA (mRNA), which 
are synthesized in the nucleus during transcription, have to be imported 
into the cytoplasm where translation occurs. Nuclear pore complexes 
(NPCs) mediate these transport processes. Each NPC is formed of 
approximately 30 different proteins present in multiple copies called 
nucleoporins (Nups) (Doucet, et al., 2010). Lower and higher eukaryotes 
have a conserved NPC structure. The central channel of the NPCs is 
formed by a class of Nups that contain Phe/Gly aminoacid repeats named 
FG-Nups. The FG-Nups proteins limit the diffusion of macromolecules 
across the nuclear envelope, recognize the transport factors carrying their 
cargo and mediate their movement through the NPC channel (Fig. 3.1) 
(Gorlich & Kutay, 1999, Cook, et al., 2007, Terry, et al., 2007, Chook & 
Süel, 2011). Movement of small molecules occurs passively through the 
NPCs. Cargoes larger than 40kDa are translocated actively by transport 
receptors that recognized signals to import (NLS, nuclear localization 
signal) or export (NES, nuclear export signal) present in their cargoes. 
The karyopherin protein family constitutes the largest group of nuclear 
transport receptors that mediate active nuclear transport of specific 
cargoes in a Ran-dependent mechanism (Harel & Forbes, 2004). Ran is a 
small GTPase whose nucleocytoplasmic gradient controls the direction of 
karyopherins transport. Karyopherins represent one major class of nuclear 
transport receptors found in all eukaryotic organisms from yeast to 
humans (Kimura & Imamoto, 2014, Cautain, et al., 2015, Sloan, et al., 
2016). Fourteen karyopherins have been identified in S. cerevisiae and 
twenty-two in humans. In M. oryzae, thirteen out of the fourteen yeast 
kayopherins are present (Supplemental Table. S3.1). 

A range of cellular processes linked to stress responses, 
pseudohyphal differentiation, glucose repression, phosphate metabolism, 
nitrogen metabolism and cell cycle have been assigned to the yeast Msn5. 
This protein exports from the nucleus several transcription factors 
including Pho4p (Kaffman, et al., 1998), Mig1p (DeVit & Johnston, 
1999), Msn2p-Msn4p (Gorner, et al., 2002), Crz1 (Boustany & Cyert, 
2002), Rtg1p-Rtg3p (Komeili, et al., 2000), Swi6p (Queralt & Igual, 
2003), and other proteins such as the Cln-Cdc28p inhibitor Far1p 
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(Blondel, et al., 1999), the MAPK scaffold protein Ste5 (Mahanty, et al., 
1999), the chaperone hsp70-Ssa4p (Quan, et al., 2006) and the Ho 
endonuclease (Bakhrat, et al., 2008). 
 

 
Fig. 3.1. β-Karyopherins mediate the transport of cargoes between the cytoplasm and 
the nucleus. (A) Proteinaceous and RNA cargoes containing nuclear export signals (NES) 
associate with exportins (Exp; β-karyopherins with export functions) and RanGTP in the 
nucleus (Nuc.). After translocation through the NPC (white oval), hydrolysis of RanGTP to 
RanGDP and inorganic phosphate (Pi) releases the cargo into the cytoplasm (Cyt.). Then, 
the exportin is recycled back to the nucleus. (B) Cargos containing nuclear localization 
signals (NLS) bind importins (Imp; β-karyopherins with import functions) at low RanGTP 
concentrations in the cytoplasm and translocate to the nucleus as a dimeric complex. 
Association in the nucleus of RanGTP with the importin releases the cargo and the importin-
RanGTP complex is exported to cytoplasm. Picture based on (Sloan, et al., 2016). 
 
 To our knowledge, the replication protein A (RPA) is the only 
cargo shown to be imported to the nucleus by Msn5 (Yoshida & Blobel, 
2001). Mns5 also binds mature (spliced and aminoacylated) tRNAs and 
short non-coding dsRNAs in a Ran-GTP dependent mechanism (Shibata, 
et al., 2006, Murthi, et al., 2010, Phizicky & Hopper, 2010, Wu, et al., 
2015). Yeast strains lacking either Los1 or Msn5 alone revealed only 
moderate defects in the nuclear export of tRNAs, and the double knockout 
is still viable although it displays a strong synthetic defect in mature tRNA 
export (Takano, et al., 2005, Huang & Hopper, 2015, Wu, et al., 2015). 
This suggests that Los1 and Msn5 are not the only tRNA nuclear 
exporters. Since splicing of tRNA introns occurs in the cytoplasmic side 
of the mitochondrial membrane in yeast, the accumulation of mature 
tRNAs in the nucleus under certain conditions led to the discovery of the 
tRNA retrograde pathway (Hopper, 2013). Although Msn5 covers a minor 
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role in the primary tRNA export route (i.e. export of tRNAs encoded by 
intron-containing genes), it is a main player in the re-export of these 
tRNAs to the cytoplasm together with Mtr10 (Murthi, et al., 2010). 
Surprisingly, no sequence similarity has been found among the protein 
cargoes and the nuclear export signal (NES) recognised by Msn5 (Shibata, 
et al., 2006, Cautain, et al., 2015), which suggest that the NES motif 
recognised by Msn5 is more likely to be determined by protein structure 
or post-translational modifications.  
 In animals and plants, much less is known about exportin-5 
protein cargoes. Metazoan exportin-5 is required for 60S ribosome 
biogenesis, and the 60S export is dependent on at least two exportins, 
Crm1 and Exp5 (Wild, et al., 2010). Metazoan Exportin-5 also exports 
dsRNA-binding proteins in a dsRNA-dependent manner (Brownawell & 
Macara, 2002, Gwizdek, et al., 2004) and tRNAs by forming a ternary 
complex with tRNA along with the translation factor eEF1A (Bohnsack, 
et al., 2002, Calado, et al., 2002, Sloan, et al., 2016). Furthermore, human 
exportin-5 recognizes directly precursor of miRNAs (pre-miRNAs) and is 
an important component of the miRNA biogenesis machinery. It directly 
recognizes the 2-nt single-stranded 3’ overhang of the ~60-70 pre-miRNA 
to transport them to the cytoplasm where they are cleaved by Dicer 
(Bohnsack, et al., 2004, Lund, et al., 2004, Czech & Hannon, 2011, 
Kimura & Imamoto, 2014). In A. thaliana, loss-of-function mutations in 
HASTY (the plant exportin-5 orthologue) reduce the level of most 
miRNAs but do not affect the accumulation of tRNAs, and the hemi-
methylated miRNA duplexes are transported to the cytoplasm either by 
HASTY or through HASTY-independent mechanisms (Park, et al., 2005), 
although the exact form of sRNAs exported cargo by HASTY remains to 
be discovered. These cumulative findings suggest that in most organisms 
Exp5 orthologues may play major roles in the export of non-coding 
RNAs. Tef1, the yeast orthologue of the translation elongation factor 
eEF1A, is also required for the tRNA reexport and its subcellular 
localization relies on the karyopherins Mtr10 and Msn5 (Murthi, et al., 
2010, Sloan, et al., 2016). 
 In contrast to the yeast Δmsn5 mutant, which presents defects in 
carbon-sources utilization and higher sensitivity to high concentration of 
several ions (Alepuz, et al., 1999 1530), the Δexp5 mutant only shows 
different colony morphology and growth at pH 9.5 and 0.3 M LiCl 
(Tucker, et al., 2010). These results hint a functional divergence among 
the Exp5-like karyopherins in the fungal kingdom. In M. oryzae Exp5 is 
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required for full disease symptoms production on leaves and roots. We 
therefore focused this study on deciphering the protein and RNA cargoes 
transported by M. oryzae Exp5 in order to increase our knowledge on the 
mechanisms that regulate infection processes in this fungal pathogen of 
rice. 
 
RESULTS 
Lack of Exp5 increases the expression of the karyopherins 
Kap104, Pse1, Cse1, and Kap123 in M. oryzae under complex 
and carbon-depleted media 
Thirteen karyopherin (kap) proteins have been identified in M. oryzae 
based on their yeast counterparts (Supplemental Table S3.1). To 
understand the relevance of these set proteins and their potential links 
with Exp5, we started by analising their expression levels in the wild type 
and Δexp5 strains under rich and poor media, i.e. liquid complex medium 
(CM), carbon starvation (MM-C) and nitrogen starvation (MM-N). All the 
karyopherin genes showed lower expression levels than the actin gene in 
these media (Fig. 3.2A, 3.3A and Supplemental Fig. S3.1A). In CM, we 
classified the karyopherins in four groups based on their expression 
profiles in the wild type strain (Fig. 3.2A). The first group contained only 
the karyopherin Kap120, which showed the lowest expression levels. The 
second group included three kaps (Kap104, Pse1 and Rsl1), and the third 
group seven kaps (Exp5, Pdr6, Los1, Kap114, Kap123, Cse1 and Crm1). 
Kap mRNA levels in the second and third groups were two and three 
orders of magnitudes higher than Kap120, respectively. The fourth group 
included Nmd5 and Mtr10, which displayed the strongest expression. In 
yeast, Nmd5 mainly imports into the nucleus the transcription factor IIS 
(TFIIS) (Albertini, et al., 1998). TFIIS binds RNA polymerase II and 
stimulates cleavage and elongation of nascent pre-mRNA in the 
transcription elongation complex (Luse, 1991, Borukhov, et al., 1993). 
High transcriptional activity is expected in actively growing fungal cells. 
Consequently, the increased expression of Nmd5 in rich media suggests 
that Nmd5 transport activity is supporting RNA polymerase II-mediated 
transcription by increasing TFIIS import into the nucleus. The yeast 
Mtr10 imports into the nucleus mRNA-binding proteins involved in 
splicing and/or nuclear export of mRNAs (Senger, et al., 1998), and it is 
also required for the re-export of mature tRNAs. The mRNA and tRNA 
re-export pathways are known to be regulated by nutrient availability 
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since both are required to maintain high translation rates during active 
fungal growth (Murthi, et al., 2010). Therefore, Nmd5 and Mtr10 
expression levels correlated with the expected high translation rates in 
CM. 
 To identify the links between M. oryzae Exp5 and the rest of the 
kaps, gene expression ratios between the Δexp5 mutant and wild type 
strains were analysed under all conditions tested (Fig. 3.2B, 3.3B, Table 
3.1 and Supplemental Fig. S3.1B).  

In CM, Δexp5 showed increased expression in all the karyopherin 
genes. The biggest variations were observed in PSE1 (group II), NMD5 
(group IV) and KAP123, LOS1 and CSE1 (group III) with a 95-, 61-, 31-, 
13- and 11-fold change, respectively (Fig. 3.1B). In yeast, Pse1 interacts 
with the NPC and imports several transcriptional regulators including 
Pdr1 that is involved in the pleiotropic drug response, the regulator of 
mating and pseudohyphal/invasive growth Ste12, and Yap1 and Aft1, 
which are required for oxidative stress tolerance and iron homeostasis 
(Bardwell, et al., 1998, Mamnun, et al., 2002, Ryo Ueta, 2003, Gulshan, 
et al., 2012, Ueta, et al., 2012). Nmd5 and Sxm1 are two distinct but 
related karyopherin proteins in yeast (Supplemental Table S3.1). We 
found only one orthogue (MGG_02927) for both proteins in M. oryzae. In 
addition to TFIIS, the yeast Nmd5 also imports Crz1, a transcriptional 
factor that regulates calcium-dependent signaling (Albertini, et al., 1998, 
Ferrigno, et al., 1998, Polizotto & Cyert, 2001) whereas Kap123 mediates 
nuclear import of ribosomal proteins and histones H3 and H4. Kap123 can 
interact with Pse1, Sxm1 and Nmd5 in yeast (Sydorskyy, et al., 2003), 
suggesting already a close link between them. Cse1 is a recycling factor 
that mediates the nuclear export of the α-karyopherin (Kapα/Srp1) back to 
the cytoplasm, thereby allowing its participation in multiple rounds of 
nuclear import through its interaction with Rsl1 (Schroeder AJ, 1999, 
Yuksel, et al., 2015), which interacts with Nups to carry out the Kapα 
nuclear import (Lonhienne, et al., 2009, MacKinnon, et al., 2009). 
Overall, our results suggest that in the absence of Exp5, the fungal cell 
increase the expression of these five kaps (PSE1, NMD5, KAP123, LOS1 
and CSE1) in order to supplant the transport role of Exp5 during active 
growth. This correlates with the weak phenotype display by the Δexp5 
mutant in CM. 
 In carbon starved cells, expression of mostly all kaps in the wild 
type strain was reduced compared to CM except for the PSE1 (group II), 
EXP5 and RSL1 (group III), and KAP120 (group I), which showed a 15-, 
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6.9-, 3.2- and 2.2-fold increase in their expression levels (Fig 3.3A-B and 
Table 3.1). Possibly Pse1, Exp5, Rsl1 and Kap120 play an important role 
in the adaptation to carbon starvation, particularly Pse1 and Exp5. 

With regard to the behaviour of kap genes in Δexp5 carbon 
depleted cells, a two-fold up-regulation in the expression of KAP104, 
KAP123, and CSE1 (group III) and three-fold in PSE1 (group II) was 
found while other kap genes from group III such as LOS1, KAP114 and 
PDR6 showed a three-fold reduction (Supplemental Fig. S3.3A-B). It is 
worth noting that many of the altered kaps in the mutant under this 
condition display important roles controlling RNA polymerase II 
transcription and cell cycle. The yeast Kap104 mediates nuclear import 
and re-import of mRNA-binding proteins, and it regulates asymmetric 
protein synthesis in daughter cells during mitosis (van den Bogaart, et al., 
2009). In addition to recycling Kapα, Cse1 is also required for cell 
division and mitotic chromosome segregation (Xiao, et al., 1993) whereas 
Kap114 is responsible for the import of specific proteins such as the 
transcription factors Spt15 and Sua7 and histones H2A and H2B. The 
Spt15 and Sua7 proteins are involved in the formation of the preinitiation 
complex at promoter regions and the start site selection of RNA 
polymerase II, respectively (Hodges, et al., 2005). Similarly, Pdr6 imports 
the RNA polymerase II TFIIA complex into the nucleus (Titov & Blobel, 
1999). The increase expression of Pse1 and Kap123 in Δexp5 carbon 
starved cells strengthens the previous link observed between these two 
kaps and Exp5 in CM. 
 A similar analysis was also carried out in nitrogen starved cells. 
Pse1 (group II), Kap120 (group I) and Exp5 (group III) were the only up-
regulated kaps in the wild type strain with a 4.9-, 4.0- and 2.3-fold change, 
respectively (Supplemental Fig. S3.2A-B). In the mutant, the expression 
of kaps was down-regulated except for PseI (group II), CseI and Crm1 
(group III) and Nmd5 (group IV). Interestingly, both Kap123 (group III) 
and Nmd5 (group IV) showed the lowest levels of expression in both 
carbon- and nitrogen-starved cells (Fig. 3.3B and Supplemental Fig. S3.1 
A-B).  
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Fig. 3.2. Pse1, Nmd5, Kap123, Los1 and Cse1 are overexpressed in Δexp5 cells grown 
in complex medium (CM). (A) Expression analysis of M. oryzae karyopherins in wild type 
and Δexp5 strains. Gene expression is represented by fold change (2-ΔΔCt) normalized 
against actin. Karyopherins show lower levels of expression than the actin gene (decimal 
values in Y-axis). (B) Gene expression ratios between wild type and Δexp5 strains. 
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Fig. 3.3. Kap104, Kap123, Cse1 and Pse1 are overexpressed in carbon-starved Δexp5 
cells. (A) Expression analysis of karyopherins in wild type and Δexp5 strains in carbon 
starved cells (MM-C). Gene expression is represented by fold change (2-ΔΔCt) normalized 
against actin. Karyopherins show lower levels of expression than the actin gene (decimal 
values in Y-axis). (B) Gene expression ratio between Δexp5 and Guy11 in MM-C. 
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Proteins involved in mitochondrial protein import, primary 
metabolism, protein homeostasis and MAPK signaling 
immunoprecipitate with Exp5 
 
In order to identify proteins that directly interact with Exp5 amino and 
carboxy fusions using HA-Flag were generated for immunoprecipitation 
assays. The Δexp5 mutant strains complemented with Flag-HA:EXP5 and 
EXP5:HA-Flag constructs were selected based on their expression levels 
and their ability to restore appressoria formation on coverslips (Fig. 3.4 A-
B). 
 The immunoprecipitation assays were carried out with the C9 
strain, which contains the HA-Flag fused to the C-terminus of the protein 
(Fig. 3.5). After tandem affinity protein purification, wild type and C9 
eluates obtained from the last purification step were analysed by liquid 
chromatography coupled to tandem mass spectrometry (LC-MS/MS; final 
HA-eluate in Fig. 3.5B). We found a total of 258 proteins with at least two 
unique peptides of difference between wild type and C9 strains after 
validating the results using a False Discovery Rate (FDR) >20 for protein 
match (Table 3.2). These parameters are usually set when the reference 
database is not well annotated or the total proteome is too small as it 
occurs in our case, i.e. a genome of 40 Mb in size and ca. 13,000 proteins. 
  

MM-C MM-N CM MM-C MM-N
MM-C/CM ratio MM-N/CM ratio Δexp5 /WT ratio Δexp5 /WT ratio Δexp5 /WT ratio

I KAP120 2.2 ± 0.0 4.0 ± 0.0 2.2 ±0.9 -1.6 ± 1.3 -3.5 ± 2.2
II KAP104 -2.2 ± 0.9 -3.2 ± 1.4 2.6 ± 0.8 2.4 ± 0.4 -1.6 ± 0.1

RSL1 3.2 ± 0.0 1.3 ± 0.0 5.6 ± 2.5 -1.3 ± 0.9 -1.7 ± 0.6
PSE1 15.2 ± 0.0 4.9 ± 0.0 95.3 ± 29.8 1.9 ± 0.5 1.4 ± 0.2

III EXP5 6.9 ± 0.1 2.3 ± 0.2
PDR6 1.4  ± 0.3 1.1 ± 0.4 1.8 ± 0.5 -3.0 ± 1.3 -2.5 ± 0.9
LOS1 -1.4 ± 4.9 -3.5 ± 1.4 13.3 ± 3.4 -3.5 ± 1.9 -3.9 ± 1.6
KAP114 -1.2 ± 2.2 -13.9 ± 5.3 4.7 ± 2.1 -3.7 ± 0.7 -1.2 ± 0.3
KAP123 -32.5 ± 16.1 -124.4 ± 61.7 31.7 ± 15.8 2.9 ± 0.7 -2.6 ± 0.5
CSE1 -4.9 ± 2.5 -16.7 ± 8.3 11.2 ± 5.5 2.0 ± 0.5 1.5 ± 0.3
CRM1 -1.4 ± 1.7 -7.5 ± 1.8 5.5 ± 2.7 1.1 ± 0.2 1.2 ± 0.1

IV NMD5 -30.4 ± 14.2 -196.6 ± 91.7 60.9 ± 30.5 -1.1 ± 0.5 1.5 ± 0.1
MTR10 -3.2 ± 1.6 -5.8 ± 2.9 5.4 ± 2.7 1.1 ± 0.3 -1.9 ± 0.4

WT Δexp5  mutant

Table. 3.1. Summary of the expression analysis of karyopherins in wild type and 
Δexp5 strains in different media. Bold numbers represent fold of change. Standards 
desviation are also written. Dark red: highly reduced; red: reduced; dark green: highly up-
regulated; green: up-regulated.  
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  We classified all the proteins identified in the 
immunoprecipitation assay into eight functional groups according to their 
potential roles in nucleo-cytoplasmic transport (7 proteins), general 
metabolism (95 proteins), mitochondria (33 proteins), RNA metabolism 
and ribosome biogenesis (32 proteins), endocytosis/secretion/cell wall (13 
proteins), cytoskeleton (8 proteins), signaling (7 proteins) and other 
functions (53 proteins). In addition, we found nine proteins that lacked 
any known domain. 

A 

Fig 3.4. Identification of ∆exp5 strains expressing Exp5:HA-Flag fusion constructs. (A) 
Eight-day old plates of wild type (WT) Guy11, Δexp5 and Δexp5 complemented with 
EXP5:HA-Flag amino and carboxy fusions in CM. Conidia (c) formed appressoria (a) on 
coverslips. Scale bar: 20 µm. (B) Western blot using total protein extracts of Δexp5 
complemented with amino and carboxy EXP5:HA-Flag fusions. Strains expressing amino 
(RBP35N+) and carboxy (RBP35C+) HA-Flag fusions of Rbp35 were used as positive 
controls. Carboxy HA-Flag constructs of Exp5 showed higher expression levels than the 
amino constructs. The C9 strain (Δexp5/EXP5:Flag-HA) was selected for 
immunoprecipitation assays (marked with an asterisk). 

B 
* 
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  The validity of the immunoprecipitation assay was supported by 
the presence of RanGTP and the nucleoporin Ndc1 among Exp5-
interacting proteins. We found additional proteins associated with 
nucleocytoplasmic transport including the group III kaps Cse1, Kap123 
and Crm1, and two additional kaps from group II, Rsl1 and Pse1. The 
interaction of Exp5 with Pse1, Cse1 and Kap123 correlated with their 
overexpression in the absence of Exp5.  

Within the metabolism group several pathogenicity-related 
proteins were identified including the homocitrate synthase 
(MGG_01092) (Zhang, et al., 2014), the neutral trehalase Nth1 
(MGG_09471) (Foster, et al., 2003), the S-adenosylmethionine synthase 
(MGG_00383) (Dean, et al., 2005), the trehalose synthase and glucose 
sensor Tps1 (MGG_03860) (Bell, et al., 1998), the 
tetrahydroxynaphthalene reductase involved in melanin synthesis 
(MGG_02252) (Andersson, et al.), a glutathione dehydrogenase 
(MGG_06011) (Lee, et al., 2012), a glycogen synthase (MGG_07289) 
(Badaruddin, et al., 2013) and a serine hydroxymethyltransferase 
(MGG_13781) (Cui, et al., 2015). Alterations in their transport can affect 
the ability to grow inside the plant cell. This correlates with the invasive 
growth defect observed in aerial parts of the plant in the Δexp5 mutant. 

Fig. 3.5. Control tests carried out during immunoprecipitation assays. Left panel: initial 
protein extracts oriole stained in a polyacrylamide gel. 20 µg of protein per well was used. 
Right panel: Western blot using anti-HA antibody of the different aliquots obtained during 
each immunoprecipitation step. Red arrow indicates the expected protein band size 
corresponding to the Exp5:HA-Flag protein.  
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The next most abundant groups of Exp5-interacting proteins 
included 33 mitochondria-related proteins and 32 proteins involved in 
RNA metabolism and ribosome biogenesis (Table 3.2). Two important 
pathways of protein import into mitochondria are mediated by the TOM 
and the TIM protein complexes (Harbauer, et al., 2014). Pre-proteins that 
carry a cleavable presequence are transferred in the mitochondria from 
TOM, which is a translocase located in the outer membrane into the 
translocase TIM23 complex of the inner membrane (Harbauer, et al., 
2014). This process is driven by the mitochondrial membrane potential. In 
our experiment, Tom70 and Tim44, both of which are components of the 
TOM and TIM23 complexes respectively, immunoprecipitated with Exp5. 
This possibly explained the amount of mitochondrial proteins found in 
these experiments. With respect to the proteins involved in RNA 
metabolism and ribosome biogenesis, it is particularly abundant the 
involvement of proteins in translation elongation. We found four 
translation elongation factors, 12 t-RNA synthetases, the complex 
Gcn1/Gcn20 that also regulates translation elongation and 13 ribosomal 
proteins. 

Eleven out of the thirteen proteins within the 
endocytosis/secretion/cell wall group were predicted to participate in 
vesicle trafficking and sorting. Two chitin synthases also associated with 
fungal cell wall biosynthesis were within this group. Due to the relevance 
of this pathway in fungal growth and the little defects in colony 
morphology displayed by the Δexp5 mutant, it is highly probable that 
several kaps including Exp5 participate in the translocation of proteins 
associated with these biological processes. With regard to the cytoskeleton 
group, the presence of actin and tubulin supported the role of karyopherins 
in microfilament regulation as previously suggested (Mosammaparast & 
Pemberton, 2004, Sloan, et al., 2016). Among this group was also found 
the Rac1 protein, which has a significant role in pathogenesis due to its 
role in regulating actin cytoskeleton and polarized cell growth (Jeon, et 
al., 2007, Chen, et al., 2008).  

Several proteins involved in signal transduction pathways 
associated with M. oryzae infection process were also found to interact 
with Exp5, including the mitogen-activated protein kinases (MAPKs) 
Mps1 (MGG_04943.8) and Pmk1 (MGG_09565). Mps1 is essential for 
appresoria penetration and regulates the cell wall integrity pathway while 
Pmk1 is required for appressorium development and invasive growth (Fig. 
1.5) (Xu & Hamer, 1996, Xu, et al., 1998). Their potential translocation 
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by Exp5 supports the relevance of this protein in the biology of M. oryzae 
infection. Exp5 also seemed to be involved in protein homeostasis due to 
their interaction with the cytosolic 26S proteasome (12 subunits were 
found in the immunoprecipitation experiments), the assembly factor of E3 
ubiquitin ligases and 5 different proteases. Two of them, the subtilisin-like 
proteinase Spm1 and the prenyl protease 1 were previously reported to be 
involved in pathogenicity (Jeon, et al., 2007, Saitoh, et al., 2009).  

In conclusion, these immunoprecipitation experiments allowed us 
to identify several cellular processes in which Exp5 potentially 
participates due to its role as nucleo-cytoplasmic transporter. These 
include translation elongation, mitochondrial protein import, glucose 
metabolism, endocytosis/exocytosis pathways, MAPK signaling, 
polarized growth and protein homeostasis.  

 
Nuclear accumulation of sRNAs in the Δexp5 mutant 
To elucidate the involvement of M. oryzae Exp5 in sRNA pathways we 
carried out the sequencing of sRNA libraries derived from wild type and 
Δexp5 strains. To achieve this, we used a new approach focused in high 
definition adapters (HD). These adapters allow a higher number of 
ligation combinations with sRNAs, reducing the bias produced by 
standard sRNA-seq adapters (Sorefan, et al., 2012). The experiment was 
carried out by triplicate. We obtained good quality of reads with less than 
1 error per 100 nucleotides (Supplemental Table S3.2). The read length 
after removal of internal adapters oscillated between 13-26 bp in both 
strains and their distribution reflected the presence of two sRNA 
population sizes, the biggest one of 20±3 nt and the smallest of 14±1 nt in 
length (Supplementary Fig. S3.4). 
 A total of 23,907 transcripts with more than one read per million 
were assembled from the sRNA sequencing data (Fig. 3.6A). Most of the 
transcripts were derived from transposable elements (38.4 %) or from 
viruses (22.4 %). (19.3 %) had an unknown origin and (7.2 %) came from 
intergenic regions. (3.9 %) of the transcripts matched to rDNA, and other 
unclassified ESTs represented (4.9 %) of total transcripts. (3.2 %) of the 
transcripts were cDNAs, and tRNAs and introns were (0.3 %) each other.  
 The small transcriptome data differed between Δexp5 and wild 
type. The size distribution of the mutant changed with the disappearance 
of the 14-nt peak (Supplementary Fig. S3.4). Possibly, this 14-nt peak 
contained fragments derived from tRNAs and rDNAs since the Δexp5 
mutant showed a significant alteration in the sRNA populations derived 
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from these two groups. Additionally, almost all the transcripts were down-
regulated in the mutant, i.e. tRNAs, rDNA, cDNA, viruses, other 
classified ESTs and unknown transcripts. Only transposable elements and 
transcripts located in intergenic regions and introns were up-regulated in 
Δexp5 (Fig. 3.6B).  

In order to elucidate the role of Exp5 in sRNA transport Northern 
blots were carried out using sRNAs extracted from the nuclear and 
cytoplasmic fractions of wild type and Δexp5 strains (Supplemental Fig. 
S3.5). The small nuclear RNAs U6 and U2 are components of different 
subunits of the spliceosome, and they were used as specific markers of the 
nuclear fraction. Presence of their corresponding bands in the nuclear 
fractions of wild type and mutant strains confirmed the right separation of 
nuclear and cytoplasmic sRNA pools (Fig. 3.7A). Additional probes 
identified from the sRNA sequencing data were used to compare their 
profile patterns in different subcellular compartments.  

Two probes were used for the analysis of tRNAs, tRNAMet and 
tRNALys(CUU). Their corresponding genes are found in nine and eight 
different genomic loci, respectively and can vary in size. We observed an 
enrichment of the mature tRNAMet and the  1̴50 nt precursor band of 
tRNALys in the nuclear fractions of ∆exp5, which suggested that both 
tRNAs were being retained in the nucleus of the mutant (Fig. 3.7B). The 
tRNAMet size varies between 72 nt for the mature spliced form and 104 to 
113 nt for its precursors. Similarly, the size of the tRNALys(CUU) varies 
between 73 nt for the mature tRNA and 94 nt/101 nt/114 nt if it contains 
the intron. In our experiments we only detected one band of tRNAMet 
corresponding to the mature tRNAMet form, which was barely seen in the 
Δexp5 cytoplasmic fraction despite of its overexpression in the total RNA 
fraction (Fig. 3.7B). With regard to the tRNALys(CUU) two different bands 
were observed. A band of aproximately 150 nt that matched with the size 
of one of the tRNALys(CUU) precursors was retained in the nuclear fraction 
of the Δexp5 mutant and was similarly distributed in the cytoplasm of 
both strains.  
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Fig. 3.7. Small RNA libraries were sequenced to compare transcriptional profiles 
between Δexp5 and WT strains. (A) Total of transcripts assembled in the wild type  
strain compared to total unique reads. (B) Bar graph indicating the number of contigs 
differentially expressed in Δexp5. 

A

B 
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 This suggested that Exp5 was not the only karyopherin involved in the 
transport of tRNALys(CUU) to the cytoplasm. The second band of 80 nt 
corresponded to the mature form of tRNALys(CUU) and it was exclusively 
detected in the cytoplasmic fraction of both wild type and Δexp5. Since no 
change was observed for this band between the two strains, our results 
indicated that Exp5 is required for the export of the precursor but not the 
mature form of tRNALys(CUU). 

MAGGY and RETRO5 are two retrotransposons that belong to 
the gypsy-like transposable elements and contain long terminal repeats 
(LTR) (Farman, et al., 1996, Farman, et al., 2002). One of the roles of the 
RNA silencing machinery in a living cell is to silence transposon elements 
and viruses (Murata, et al., 2007). Since the sRNA derived from these two 
retrotransposons were found up-regulated in Δexp5, probes were also 
designed to confirm these results by Northern blotting. We observed a 
conserved pattern for both retrotransposons (Fig. 3.7C). An increase of 
~50 nt sRNAs of RETRO5 was found in the mutant nucleus compared to 
the wild type strain. Similarly, nuclear sRNAs ~30-40 nt in size of 
MAGGY accumulated in Δexp5. However, both RETRO5 and MAGGY 
sRNAs were detected at the same level in the cytoplasmatic fractions of 
the wild type and Δexp5 strains.  
 Remarkably, the analysis of the sRNA sequencing data allowed us 
to discover the presence of a single stranded RNA (ssRNA) virus in the 
M. oryzae wild type isolate used in this study named as Guy11. The 
Guy11 strain is a rice-infecting isolate recovered from an infected rice 
field of the French Guiana (Leung, et al., 1988, Valent & Chumley, 1991). 
This new mycovirus was named MOLV1 (Magnaporthe oryzae ourmia-
like virus 1; see chapter 4). We used a probe of MOLV1 to confirm the 
presence of sRNAs derived from this virus in M. oryzae (Fig. 3.7D). It is 
worth noting that Exp5 was not required for silencing the RNA levels of 
MOLV1 (Fig. 3.7D). 
 Overall, we observed differences in the sRNA patterns between 
the nuclear and cytoplasmic fractions of wild type and Δexp5 strains, 
which supported the idea that Exp5 is involved in the export of sRNAs to 
the cytoplasm. With respect to tRNA transport, our data suggest that Exp5 
is involved in the primary export of tRNALys(CUU) and the re-export of 
tRNAMet in M. oryzae. 
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Fig. 3.8. Nuclear accumulation of sRNAs in the Δexp5 mutant. Detection of sRNAs by 
Northern blotting using probes against A) small nuclear RNAs (snRNAs) U6 and U2; B) 
tRNAMet and tRNALys(CUU); C) RETRO5 and MAGGY retrotransposons; and D) MOLV1 
virus. Probes were designed anti-sense to our sRNA targets except for those used 
against retrotransposons (RETRO5 and MAGGY). Retrotransposon probes were 
designed to identify their anti-sense small RNAs, which were up-regulated in the mutant. 
Numbers represent band intensities, which were quantified using ImageJ program as 
follows. Ratio 1 was given to pixel intenties of the wild type (WT) under each condition 
and represents the ratio between Northern blot and EtBr band intensities. Ratios in the 
mutant were obtained in the same way and each ratio was normalized against the 
corresponding WT ratio value. Green and red numbers indicate accumulation or 
reduction of sRNAS in Δexp5 compared to WT. 
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DISCUSSION 
Karyopherins belong to a conserved protein family that represents the 
largest group of nuclear transport receptors found across organisms from 
yeast to humans (Harel & Forbes, 2004). Karyopherins interact with their 
cargoes, with specific proteins of the NPC and RanGTP (Mosammaparast 
& Pemberton, 2004). Msn5 is the only yeast karyopherin identified to date 
with roles in both import and export of different RNAs and proteins 
between the cytoplasm and the nucleus (Sloan, et al., 2016). Exp5, the M. 
oryzae orthologue of Msn5 is one of the thirteen karyopherins present in 
M. oryzae. Although Exp5 was reported to be involved in plant virulence 
(Tucker, et al., 2010), the mechanisms by which it regulates M. oryzae 
pathogenicity have not been elucidated yet.  
 To characterise the role played by Exp5 in the rice blast fungus, 
we started by analyzing the expression levels of all kaps under different 
nutritional conditions and looking at their potential links with Exp5. 
Expression of the EXP5 gene is significant in CM and MM-C, suggesting 
that Exp5 is involved in fungal adaptation to these two nutritional 
conditions. In the Δexp5 mutant, all the kaps increase their expression in 
CM, particularly Pse1 (group II), Kap123 (group III), and Nmd5 (group 
IV). In addition to the involvement in ribosomal proteins export, Pse1 and 
Kap123 can also transport transcription factors and histones, respectively. 
Pse1 also interacts with Nups. The yeast Nmd5 translocates MAPK-
dependent transcription factors to the cytoplasm for its activation by 
phosphorylation as in the case of Ste12 (Errede & Ammerer, 1989), which 
activates genes involved in mating or pseudohyphal/invasive growth 
pathways (Roberts & Fink, 1994, Bardwell, et al., 1998). The yeast 
MAPK Fus3/Kss1 involved in this pathway is well conserved in fungi and 
controls the infection process of all fungal pathogenic species tested 
(Turrà, et al., 2014). Overexpression of Nmd5 in the Δexp5 background 
can be due to nuclear transport defects in Pmk1, the M. oryzae orthologue 
of the yeast Fus3/Kss1 proteins and one of the two MAPKs that 
immunoprecipitate with Exp5. During M. oryzae vegetative growth Pmk1 
is located in the cytoplasm while Pmk1 localises in the nucleus during 
appressoria development (Bruno et al., 2004). Exp5 is possibly involved 
in the translocation of Pmk1 during this infection-related development. 
The inability of Δexp5 to form appressoria on coverslips supported this 
idea. Further experiments are needed to confirm the Exp5 links with this 
relevant pathogenesis-related signaling pathway.  
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The low expression levels of all the kaps under carbon and 
nitrogen starvation is an indication of the low metabolic activity carried 
out by the fungal cell. Under these conditions, a small increase in 
karyopherins expression is observed in Δexp5 compared to wild type 
standing out Pse1 and Kap104 from group II, and Kap123 and Cse1 from 
group III. The overexpression of Pse1, Kap123 and Cse1 in the Δexp5 
mutant in CM and MM-C suggests that they potentially share common 
cargoes with Exp5. Supporting this, we found that Exp5 
immunoprecipites with these three kaps as well as with Rsl1 (group II) 
and Crm1 (group III). The mechanism of cargo recognition by kaps is 
very flexible allowing two karyopherins with very low sequence identity 
to transport the same cargo (Mühlhäusser, et al., 2001, Mosammaparast & 
Pemberton, 2004, Chook & Süel, 2011). Some cargoes, specifically those 
with essential cell functions normally have several routes of transport 
through the nuclear envelope. Thus, Exp5 is possibly regulating the 
nucleocytoplasmic transport of several cargoes associated to these kaps. 
The GDP-to-GTP exchange factor Gsp1/Ran (MGG_09952) and the 
nucleoporin Ndc1 also immunoprecipitate with Exp5, corroborating the 
strength of the assay. However, we still need to confirm if all these 
proteins are directly recognised by Exp5. 

Karyopherins are involved in the assembly of nucleopore channels 
and regulate the S-phase during the cell cycle (Forbes, et al., 2015). Msn5, 
the yeast orthologue of Exp5 is involved in the transition of cells from the 
G1 to the S phase of the cell cycle (Queralt & Igual, 2003). Entry into the 
S-phase is critical for the regulation of the initiation of appressorium 
development in M. oryzae, and completion of mitosis during appressorium 
development is an essential prerequisite to plant infection (Saunders, et 
al., 2010). The inability of Δexp5 to form appressoria on hydrophobic 
surfaces and its hyperbranching phenotype on PS-PHIL surfaces 
associates this protein with its potential defects in cell cycle. Further 
experiments will need to confirm this hypothesis. Evidence supporting the 
significance of cell cycle control in morphogenesis and fungal plant 
virulence comes from studies on the cell cycle-regulated autophagy 
process in M. oryzae (Veneault-Fourrey, et al., 2006) and on the cyclin-
dependent kinase Cdk5 that is necessary for polarized growth and 
pathogenicity in Ustilago maydis (Castillo-Lluva, et al., 2007). 

Karyopherins are not only nucleocytoplasmic transport receptors 
but they can function in microtubule regulation. It has been demonstrated 
that some kaps bind microtubule-associated proteins promoting the 
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inactivation of microtubule aster production during interphase, a process 
that regulates the entry into mitosis (Mosammaparast & Pemberton, 2004, 
Forbes, et al., 2015). The observed interaction of Exp5 with the tubulin 
alpha and beta chains (MGG_11412, MGG_00604 and MGG_06650) 
suggests potential links with microtubule-related processes and associated 
proteins. In fact, Exp5 immunoprecipitates with Cdc48, a protein that is 
required for mitotic spindle disassembly in yeast (Cao, et al.). The 
potential interaction of Exp5 with actin (MGG_03982) and other proteins 
involved in the exocytosis/endocytosis pathway point to an additional 
involvement of Exp5 in processes that required short distance transport in 
the cell.  

Fungal respiration has been showed to play a relevant role in root-
colonizing fungi (Tamasloukht, et al., 2003, Sesma & Osbourn, 2004). 
The Δexp5 mutant also shows severe defects in root colonisation. This is 
possibly due to its transport defects in mitochondrial proteins, some of 
which are directly involved in fungal respiration (Table 3.1), including 
several subunits of the ATP synthase, the NADPH P450 reductase and the 
NADH cytochrome b5 reductase 1. Tps1 is a key protein involved in 
primary metabolism in M. oryzae and immunoprecipitates with Exp5. This 
protein is regulates the carbon catabolite repression pathway in M. oryzae 
and acts as a sensor of glucose. The interaction of Exp5 with Tps1 and the 
expression of Exp5 in CM and carbon-starved cells hint a role of Exp5 in 
sensing and regulating carbon metabolism in the fungal cell.  

The RNA-binding properties of the Exp5 orthologues are 
evolutionary conserved from humans to budding yeast, although there are 
significant differences in their substrate preferences (Shibata, et al., 2006). 
Since M. oryzae Exp5 orthologues can transport tRNAs, dsRNAs and pre-
miRNAs, we decided to study and compared the sRNA profiles between 
wild type and Δexp5 mutant strains. The sequencing of sRNA libraries has 
demonstrated that Exp5 also participates in sRNA metabolism and tRNA 
transport. All the sRNA populations are down-regulated in Δexp5 with the 
exception of transcripts derived from introns, intergenic regions and 
transposable elements. The sRNAs derived from tRNAs are also down-
regulated in Δexp5. In S. cerevisieae, Msn5 has preference for the export 
of mature tRNAs (spliced and aminoacetylated) coming from retrograde 
pathway while the karyopherin Los1 is in charge of the first transport of 
tRNAs (precursors). Once tRNAs reach the cytoplasm, they are processed 
in the mitochondrial membranes and re-enter into the nucleus (Takano, et 
al., 2005, Shibata, et al., 2006, Murthi, et al., 2010, Phizicky & Hopper, 



Chapter 3: Exp5 

110 
 

2010). This reverse transport regulates the quantity and quality of tRNAs 
in the cytoplasm, which subsequently regulates the translation of new 
proteins by an unknown mechanism. The nuclear accumulation of the 
precursor of tRNALys(CUU) and the mature form of tRNAMet in Δexp5 
suggest that Exp5 is required for their export to the cytoplasm. This 
pathway is possibly dependent on Los1 since we have observed a 13-fold 
increase in LOS1 gene expression in the ∆exp5 mutant background in CM.  

Transposable elements are important determinants of fungal 
genome evolution since they are drivers of macro-micro rearrangements, 
inducers of point mutations in surrounding coding or noncoding regions, 
and modifiers of gene expression (Beare, et al., 2009, Rouxel, et al., 2011, 
Grandaubert, et al., 2014, Chiapello, et al., 2015, Ai, et al., 2016, 
Yoshida, et al., 2016). The control of their expression is crucial for the 
correct function of the cell. The RNAi silencing machinery has been 
partially characterized in M. oryzae. M. oryzae genome contains two 
Dicer-like proteins, Mdl-1 and Mdl-2, three Argonautes and three RNA-
dependent RNA polymerases (Kadotani, et al., 2004, Nunes, et al., 2011). 
The lack of Mdl-1 and Mdl-2 does not altered disease symptoms 
production, suggesting that the canonical RNAi pathway in M. oryzae 
does not play a major role during infection. In Δexp5 sRNAs derived from 
MAGGY and RETRO5 are up-regulated. The size of these sRNAs 
oscillate between 30 to 50 nt, which indicates that these fragments either 
are sRNA precursors that can act in retrotransposon silencing pathways or 
they are just degradation products. Further characterisation of the mutants 
lacking each of the components of the RNAi machinery will help to 
dissect the sRNA pathways present in this organism and their contribution 
to M. oryzae virulence.  
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MATERIAL AND METHODS 
Fungal Strains, Growth Conditions and infections assays. 
M. oryzae strains used in this study were the wild type strain Guy11 
(Leung, et al., 1988) and the deletion mutant ∆exp5 (Tucker, et al., 2010). 
M. oryzae strains were incubated in a controlled temperature room at 25ºC 
with a 16h light/8h dark cycle. Growth media (complete medium-CM, 
defined complex medium-DCM), and leaf and root infection assays were 
carried out as previously described (Foster, et al., 2003, Tucker, et al., 
2010, Franceschetti, et al., 2011).  
 
Cellular fractionation, RNA extractions and sRNA library 
preparation. 
M. oryzae cellular fractionation was performed using a modified protocol 
from Arabidopsis thaliana (Khang, et al., 2005). Briefly, cellular 
fractionation was carried out using grinded, frozen mycelia obtained from 
liquid CM cultured during 48h at 25ºC 120rpm in darkness. The same 
volume of cell wall-disrupting buffer (10 mM potassium phosphate/ 
pH7.0; 0.1M NaCl; 10 mM β-mercaptoethanol; 1M hexylene 
glycol/Sigma M-1408) was added to the mycelia. After centrifugation at 
1,500 x g for 10 min at 4ºC both, the supernatant and the pellet were 
recovered. Supernatant was re-centrifuged at 13,000 x g for 15 min at 4oC. 
The supernatant after the second centrifugation was saved as the 
cytoplasmic fraction. Pellet from the first centrifugation was washed with 
nuclei preparation buffer (10mM potassium phosphate/pH7.0; 0.1M NaCl; 
10mM β-mercaptoethanol, 1M hexylene glycol; 10mM MgCl2 ; 0.5% 
Triton X-100) and centrifuged  at 1,500 x g for 10 min at 4oC. Washing 
and centrifugation were repeated 4-5 times, and the final pellet was saved 
as the nuclear fraction. 
 Total RNA isolation was done using a modified protocol of the 
LiCl method (Franceschetti, et al., 2011). Two to three additional washes 
with phenol:chloroform were implemented to avoid RNA degradation and 
increase RNA purity. Using this protocol RNAs more than 500nt in length 
were detected in the precipitate, while and sRNAs <500nt remained in the 
supernatant. To precipitate these sRNAs 2x volume of ethanol 100%, 1.5x 
volume of 7.5M Ammonium acetate and 2µl glycogen (5mg/ml) were 
added. Samples then were incubated during 1h at -80ºC and centrifuged at 
13.000 x g for 30 min at 4°C. The pellet was washed with EtOH 70% and 
resuspended with RNases-free water. A cleaning step with phenol-
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clorophorm 1:1 volumes was carried out, incubating samples for three 
minutes at room temperature. After centrifugation at 13.000 x g 30 min at 
4°C, supernatant was taken and added 0.1x volume 3M sodium acetate pH 
5.2, 2.5x volumes of ethanol 100% and glycogen (5mg/ml), leaved at -
80ºC for an 1h, and centrifuged at 13.000 x g for 30min at 4°C. The final 
pellet was resuspended in 50µl RNases-free water. A second method for 
RNA isolation was carried out using Trizol extraction buffer (Invitrogen). 
After total RNA was extracted from the sample, RNAs were treated with 
the mirVana kit (Ambion) for enrichment in sRNAs up to 200nt length. 
sRNAs were enriched using at least 10 µg of total RNA. Small cDNA 
library was performed as previously described (Sorefan, et al., 2012).  
 
Quantitative polymerase chain reaction (qPCR). 
One µg of total RNA was reverse transcribed using PrimeScriptTM RT 
reagent Kit (Takara). The average threshold cycle (Ct) was normalized 
against actin transcript and relative quantification of gene expression was 
calculated using the 2ΔΔCt method (Pfaffl, 2001). Primer efficiency was 
tested using dilutions of cDNA samples. qPCR reactions were carried out 
with 1 μl of reverse transcribed products and fast-start DNA master SYBR 
green I kit (Roche Diagnostics) in a final reaction of 10 µl using the 
following program: one cycle at 95°C for 4 min, followed by 40 cycles at 
94°C for 30 s and 60°C for 30 s. The Ct (threshold cycle) provided a 
measure for the starting copy numbers of the target genes. Three technical 
repetitions from three independent biological experiments were used for 
each gene. 
 
Bioinformatic analysis. 
FASTQ files were processed using the FASTX-toolkit (Blankenberg, et 
al., 2010). The sRNA TrueSeq adapter was removed with the 
fastx_clipper tool, reads were filtered based on quality score with 
fastq_quality_filter (arguments -q 30 -p 70) and artifacts were removed 
with fastx_artifacts_filter. HD adapters were removed from reads 
trimming 4 nt on both ends. Reads longer than 17 nt were aligned on M. 
oryzae reference genome (Dean, et al., 2005) using bowtie (Langmead, et 
al., 2009), allowing no mismatches. The sRNA transcriptome was 
assembled using the Inchworm software module from the Trinity package 
(Haas, et al., 2013), setting 21 as kmer length. Differential expression was 
performed with DEseq2 (Love, et al., 2014). 
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Northern blotting assays of sRNAs. 
10 µg of non-fractionated and cytoplasmic sRNAs, and 7.5 µg of nuclear 
sRNAs obtained from both sRNA isolation methods used from Guy11 and 
Δexp5 mutant were run on a denaturing 15% polyacrylamide gel with 7M 
urea, and transferred onto a Hybond-NX nylon membrane and fixed by 
chemical crosslinking. Complementary DNA oligonucleotide probes 
(Sigma) to targeted sRNAs were labelled with [γ-32P]-ATP using T4 PNK 
(Roche) and detected using phosphorimager screens (Fujifilm). The 
Biorad molecular software, Image Lab. 3.0.1. (Beta 2), was used for 
signal visualization, and ImageJ software was used for quantification of 
signal strength and image processing (http://rsb.info.nih.gov/ij/). 
 
Complementation of Δexp5 with HA-FLAG tag. 
Amino and carboxy translational fusion constructs of Δexp5/EXP5:HA-
FLAG were generated by Multisite Gateway cloning as follows. A 1.21-kb 
fragment containing the 5’UTR of EXP5 (exp5-GW1) was amplified 
using primers containing the attB4 and attB1R sites. A 5.14-kb fragment 
containing EXP5 ORF and 3’-untranslated region (exp5-GW2) was 
amplified with primers containing attB2R and attB3 sites. A 5.62-kb 
fragment consisting of the 5’ UTR and ORF (omitting the stop codon) of 
EXP5 (exp5-GW3) was amplified with primers containing attB4 and 
attB1R sites, and a 0.73-kb fragment of the 3’-untranslated region (exp5-
GW4) was amplified with primers containing attB2R and attB3 sites. 
Fragments exp5-GW1 and exp5-GW3 were cloned into pDONR P4-P1R 
(Invitrogen), and fragments exp5-GW2 and exp5-GW4 were cloned into 
pDONR P2R-P3 (Invitrogen). To complement the Δexp5 with the HA-
FLAG:EXP5 amino fusion construct, plasmids containing exp5-GW1 (5’ 
entry), exp5-GW2 (3’ entry), and HA-FLAG without a stop codon 
(middle) were cloned into the binary vector pSULPH-R3R4 (Tucker, et 
al., 2010). To generate the EXP5:FLAG-HA carboxy fusion construct, 
plasmids containing exp5-GW3 (5’ entry), exp5-GW4 (3’ entry), and HA-
FLAG with a stop codon (middle) were cloned into the same binary 
vector. The two final plasmids were introduced into A. tumefaciens AGL1 
and used to transform the Δexp5 strain with A. tumefaciens mediated 
transformation (ATMT) (Tucker, et al., 2010).  
 
 
 

http://rsb.info.nih.gov/ij/).
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Protein extractions and tandem affinity protein purification. 
10 days-old mycelia grown on CM plates were cut out from the agar, 
homogenised in a food Blender (Waring Commercial, USA) with 150 ml 
of liquid CM media, placed in 250 ml flasks and incubated in darkness on 
a shaker at 25°C/120 rpm for 2 days. Mycelia (1–3 g of wet weight) were 
collected by filtering through a double layer of miracloth, washed with 
sterile water and grounded in liquid nitrogen. Proteins were extracted 
from 300–400 mg of mycelia (wet weight) using 760 ml of extraction 
buffer (50 mM Tris pH 7.5, 5 mM EDTA, 1% Triton x-100, 10% glycerol, 
2 mM Phenylmethanesulfonyl fluoride) and 20 ml/ml Protease Inhibitor 
Cocktail (PIC, Sigma). Cell debris were removed by centrifugation for 30 
min at 4°C at 20000 x g. For Westerns, 40 µg of total protein extract were 
used per lane. The following antibodies and dilutions were used for 
Western blotting: anti-FLAG (Sigma; 1:10000); anti-mRFP (Abcam; 
1:5000) and anti-HA (Abcam; 1:10000). 
 For purification of Exp5:FLAG-HA, 4 g of mycelia from liquid 
culture were homogenised in 15 ml of IP buffer (50 mM Tris HCl pH 7.5, 
5 mM MgCl2, 10% glycerol, 1% Triton X-100, 1 mM PMSF, 2% PIC). 
Extracts were centrifuged at 20 x g for 30 min, at 4ºC and 12 ml of 
supernatant were incubated with 0.350 ml of anti-FLAG M2 magnetic 
beads (Sigma) and rinsed with TBS (50 mM Tris–HCl, pH 7.4; 150 mM 
NaCl, 1 mM PMSF; 2% PIC) for 2 h at 4ºC with rotation. Beads were 
collected using a magnetic stand and washed extensively with TBS. 
Bound proteins were eluted by competition with 0.875 ml of FLAG 
peptide (150 ng/ml, Sigma), incubated with 0.150 ml of HA resin 
(Sigma), and rinsed with RIPA buffer (150 mM NaCl, 1% Igepal CA-630, 
0.5% sodium deoxycholate, 0.1% SDS, 50 Mm Tris HCl pH 8, 1 mM 
PMSF, 2% PIC) for 1.5 h at 4ºC with rotation. After transferring to 
SigmaPrep spin columns, resins were washed with RIPA buffer and 
proteins eluted by incubation with 0.180 ml of 50 mM Tris pH 7.5, 2% 
SDS at 65ºC for 15 min. Eluted proteins were sent to the CNB proteomic 
facility for liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis. Mass spectrometry data were aligned with the predicted 
set of M. oryzae proteins and parameters set to False discovery rate 
(FDR>20) from protein match and a minimum of two unique peptide 
matches. 
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Coverage 

Nucleo-cytoplasmic transport (7+1)     MGG_09560 5 90 48.3 2 82 42.4 2 110 48.6 91.0 Exp5; PHI:2167 Reduced virulence 
MGG_11165 4 14 11.8 - 11 10.6 - 5 5.1 8.7 kap Cse1  MGG_09952 5 9 37 3 6 30.6 3 7 31.5 3.7 RanGTP; GTP-binding nuclear protein Gsp1/Ran  MGG_03537 1 7 5.9 - 4 4 - 1 1 3.6 kap Pse1  MGG_02526 - 6 4.8 - 2 2.4 - 2 1.9 3.3 kap Crm1  MGG_16711 4 8 8.1 1 3 4.1 1 4 3.8 3.0 Kap123  MGG_17732 - 5 8.4 - 1 1.1 - 1 1.6 2.3 nucleoporin protein Ndc1  MGG_03668 1 5 5.7 - 1 1.1 - 1 1.1 2.0 kap Rsl1  General metabolism (95)     MGG_10912 6 26 11.7 1 35 17.5 1 15 6.9 22.7 Mycocerosic acid synthase  MGG_07613 3 20 8.7 - 12 5.5 - 4 2 11.0 Acetyl-CoA carboxylase  MGG_04550 1 12 14.5 - 15 16.9 - 7 8.8 11.0 Calcium-translocating P-type ATPase  MGG_02471 10 16 22.3 3 18 24.2 3 13 17 10.3 Transketolase  MGG_05247 3 9 9 2 13 13 2 10 10.2 8.3 NAD-specific  glutamate dehydrogenase  MGG_04994 5 14 14.3 - 8 9.1 - 6 5.5 7.7 Plasma membrane H+-ATPase  MGG_12805 3 9 14.9 - 9 17.9 - 7 15.2 7.3 Tryptophan synthase  MGG_07216 8 14 49.3 1 11 43.1 1 6 24.1 7.0 Versicolorin reductase  MGG_04503 - 11 8.6 - 4 4.3 - 4 4 6.3 Carbamoyl-phosphate synthase subunit arginine-specific  large (metabolic process)  MGG_06719 10 10 18.9 3 11 19.1 3 14 29.5 6.3 ATP-citrate synthase subunit 1  MGG_07200 8 16 18.4 10 15 15.4 10 16 15.9 6.3 Plasma membrane ATPase  MGG_09007 13 15 44.5 6 14 47.2 6 14 44.5 6.0 Xyl2p (1e-04); alcohol dehydrogenase  zinc-type  MGG_02503 14 16 29.8 6 15 25.9 6 13 24.2 6.0 Glucose-regulated  protein  MGG_10910 5 7 30.8 3 11 42 3 11 42.8 6.0 Aflatoxin biosynthesis ketoreductase nor-1  MGG_15774 3 10 22 - 9 21.5 - 3 8 6.3 Ketol-acid reductoisomerase  MGG_03915 - 6 31 - 4 23 - 7 39.1 5.7 Pyridoxamine  phosphate oxidase  MGG_01092 2 6 15.3 - 7 15.5 - 6 14 5.7 Homocitrate synthase; PHI:3234 Reduced virulence 
MGG_07626 4 10 19.9 - 5 10.7 - 6 14.1 5.7 Cytochrome P450 monooxygenase  MGG_11597 8 11 20 4 14 22 4 8 15 5.7 Glucosamine-fructose-6-phosphate aminotransferase  MGG_02624 7 10 34 3 11 41.4 3 9 30.9 5.7 Transaldolas  MGG_12752 - 8 20.9 - 4 14 - 4 12.6 5.3 Epidermal retinal dehydrogenase  2  MGG_07756 5 12 11 1 7 6.8 1 4 3.8 5.3 Pyruvate carboxylase  MGG_01566 2 8 28.1 - 6 17.2 - 3 8.3 5.0 Homoisocitrate  dehydrogenase  MGG_01790 4 8 16.6 - 6 10.5 - 5 12.4 5.0 Acyl-CoA desaturase  MGG_10607 7 10 33.8 5 8 27.6 5 14 39.5 5.0 Enolase  MGG_09471 4 10 13.3 - 6 9.6 - 3 4.5 5.0 NTH1; Neutral trehalase; PHI:123; PHI:775; PHI:794 Reduced virulence 

MGG_03860 4 6 12.7 - 8 18 - 5 12.5 5.0 TPS1; trehalose-phosphate synthase 1; PHI:1064; PHI:2172; PHI:322 Reduced virulence 
MGG_06868 5 9 11.6 - 6 8.2 - 5 9.1 5.0 Acetolactate synthase catalytic subunit  MGG_05046 - 12 12.9 - 1 0.8 - 1 0.8 4.7 Adenine phosphoribosyltransferase (purin biosynthesis)  
MGG_00256 4 7 13.4 - 7 14.8 - 4 7.5 4.7 Cytosolic non-specific dipeptidase  MGG_16813 7 12 34.4 1 5 15.2 1 6 20.1 4.7 NADPH-dependent oxidoreductase  

C
hapter 3: Exp5 

Table 3.2. List of proteins that interact with Exp5:HA-Flag by immunoprecipitation (IP) assays. a IP experiments were carried out by triplicate; b peptide 
number; c percentage of the protein sequence covered by matching peptides; d The mean peptide number has been used to rank proteins that interact with 
Exp5:HA-Flag. This number is the result of subtracting the sum of the peptides of a given protein obtained from Δexp5/Exp5:HA-FLAG  and the sum of peptides 
obtained from the negative control (WT strain).*Proteins selected for further analysis. 
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MGG_00383 7 9 22.8 1 9 20.8 1 5 14.5 4.7 S-adenosylmethionine synthase; PHI:877 Reduced virulence 
MGG_16230 5 5 9.4 1 10 26.5 1 6 17.3 4.7 Succinyl-CoA ligase subunit beta  MGG_04435 2 5 10.6 - 7 15.5 - 4 9.1 4.7 Bifunctional purine biosynthesis protein ADE17  MGG_01288 2 4 12.6 - 5 17.9 - 6 22 4.3 Mannose-1-phosphate guanyltransferase  MGG_02252 4 7 26.5 3 10 33.2 3 6 23.7 4.3 Tetrahydroxynaphthalene reductase; PHI:2022; PHI:685 Avirulent 
MGG_00135 6 9 16.3 1 7 15.2 1 5 10.6 4.3 T-complex protein 1  MGG_05078 - 10 9.9 - 1 1 - 1 1.3 4.0 Potassium/sodium  efflux P-type ATPase   
MGG_01084 
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11 

 
17 

 
47 
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glyceraldehyde-3-phosphate deshydrogenase  (65% identity with TDH1/2/3 of S. 
cerevisie: cytoplam and cell wall located)  

MGG_06639 7 11 20.5 - 6 12 - 2 4.8 4.0 T-complex protein 1 subunit gamma  MGG_00923 5 5 12 2 10 23.7 2 6 13.3 4.0 Serine hydroxymethyltransferase  MGG_08063 4 7 13.8 2 8 19.7 2 5 11.2 4.0 Pyruvate kinase  MGG_01995 8 10 25.4 2 6 15.8 2 7 18.1 3.7 Isocitrate dehydrogenase  subunit 1   
MGG_15700 
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3.7 

glucose transporter; plasma membrane high glucose sensor that regulates glucose 
transport; Rgt2 / Snf3 (e-90)  

MGG_04432 2 6 13.5 - 5 10.3 - 2 4.4 3.7 Cytochrome P450 51; PHI:2191 Virulent 
MGG_07268 6 9 17.6 1 5 14.2 1 5 9.6 3.7 Isocitrate dehydrogenase  MGG_10569 3 6 18.3 1 5 11.7 1 5 14.4 3.7 Pyruvate dehydrogenase  E1 component subunit beta  MGG_03441 - 3 2.5 - 6 6.8 - 1 1.3 3.3 Trehalose-phosphatase  MGG_01551 3 6 10.8 - 5 8.9 - 2 4.2 3.3 Long-chain-fatty-acid-CoA ligase 1  MGG_06011 2 4 12.6 - 5 14.4 - 3 12.1 3.3 S-(Hydroxymethyl)glutathione dehydrogenase;  PHI:4616 Reduced virulence 
MGG_08895 2 5 22.1 1 5 18 1 4 14.8 3.3 Fructose-1,6-bisphosphatase  MGG_08012 2 5 16.3 - 5 19 - 2 9.2 3.3 UDP-glucose 4-epimerase  MGG_11927 3 4 13.5 - 5 18.2 - 4 17.2 3.3 3-oxoacyl  MGG_02378 4 6 9.3 2 7 11.8 2 5 9.1 3.3 Glutamate decarboxylase  MGG_06720 6 9 20.8 3 8 18.5 3 4 7.8 3.0 ATP-citrate synthase subunit 2  MGG_07289 1 6 7.2 - 2 2.5 - 2 3.2 3.0 Glycogen synthase; PHI:3816 Reduced virulence 
MGG_00832 - 6 13.5 - 1 2.6 - 2 4.7 3.0 Cytochrome P450  MGG_06459 1 6 6.5 1 3 2.9 1 3 3.3 3.0 Hsp98-like protein  MGG_10492 1 6 17.1 - 3 8.1 - 1 2.6 3.0 Carnitine/acyl carnitine carrier  MGG_00805 2 6 10.4 - 2 3.8 - 3 5.3 3.0 Kynurenine 3-monooxygenase  MGG_10334 1 5 11.6 - 4 10.2 - 1 2.8 3.0 Mannitol 2-dehydrogenase  MGG_11794 2 3 10.2 - 5 14 - 3 10.6 3.0 D-3-phosphoglycerate dehydrogenase  2  MGG_13781 1 6 10.9 - 3 4.8 - 1 2.1 3.0 Serine hydroxymethyltransferase; PHI:4491 Reduced virulence 
MGG_06609 4 6 13.9 1 7 15.8 1 2 5.9 3.0 Acetyl-CoA hydrolase  MGG_06276 3 6 10.1 - 5 9.4 - 1 2.2 3.0 FAD-NAD(P) binding domain; Nde1p (e-150)  MGG_01582 - 5 11.3 - 2 6.4 - 1 2.3 2.7 T-complex protein 1 subunit delta  MGG_08814 - 6 13.8 - 1 2.3 - 1 2.3 2.7 Dihydroorotate  dehydrogenase  MGG_01631 4 5 7.6 - 5 9.8 - 2 4.2 2.7 UTP-glucose-1-phosphate uridylyltransferase  MGG_04156 2 6 17.1 - 2 4.8 - 2 4.6 2.7 Aspartate aminotransferase  MGG_06371 4 5 12.7 - 5 8.9 - 2 4.6 2.7 Pyruvate dehydrogenase  E1 component subunit alpha  MGG_12767 3 4 4 - 4 5.8 - 3 3.4 2.7 2-oxoglutarate  dehydrogenase  MGG_17513 6 6 10.2 3 6 10.8 3 8 15.2 2.7 Delta-1-pyrroline-5-carboxylate dehydrogenase  MGG_00901 5 5 10.6 1 6 13.7 1 4 10 2.7 2,3-bisphosphoglycerate-independent phosphoglycerate  mutase  MGG_00969 - 4 4.8 - 3 4.8 - 1 1.2 2.7 Asparagine synthetase  MGG_17677 - 6 13.9 - 1 3.2 - 1 2.1 2.7 Polyamine transporter; Tpo3 (2e-41)  MGG_11786 - 3 6 - 3 6.6 - 2 5.4 2.7 Basic amino acid transporter  MGG_14574 2 6 9.3 - 2 3.2 - 2 4.7 2.7 Pyridine nucleotide-disulphide oxidoreductase;  FAD-bidning domain  MGG_09931 - 5 3.7 - 2 2.1 - 1 1.2 2.7 Lipid A export ATP-binding/permease MsbA  MGG_00865 - 3 1.7 - 2 0.9 - 3 1.6 2.7 1,3-beta-glucan  synthase component FKS1  MGG_04404 - 2 4.4 - 3 7.7 - 2 5.6 2.3 Pisatin demethylase  
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MGG_09501 - 4 11.4 - 1 4.5 - 2 8.7 2.3 Serine racemase  
MGG_13986 - 3 5.4 - 2 4.2 - 2 4.2 2.3 Delta(14)-sterol reductase  MGG_01026 2 3 5.7 - 4 9.9 - 2 6.4 2.3 Hydroxymethylglutaryl-CoA synthase  MGG_00175 7 9 22 6 9 23 6 8 16.5 2.3 6-phosphogluconate dehydrogenase  MGG_03250 2 4 14.8 - 3 12.1 - 2 9.4 2.3 Enoyl reductase TSC13  MGG_10568 1 3 9.5 - 3 6.8 - 2 4.5 2.3 Sterol 24-C-methyltransferase  MGG_09550 1 3 8.6 - 4 10.5 - 1 3.9 2.3 Homoserine kinase; involved in glycine, serine and threonine metabolism  MGG_03494 - 2 5 - 3 7.8 - 1 2.8 2.0 Aminotransferase  MGG_05480 - 1 2.7 - 3 12.9 - 2 8.1 2.0 Succinyl-CoA ligase subunit alpha  MGG_09901 - 2 5.6 - 3 7.7 - 1 2.7 2.0 NAD dependent epimerase/dehydratase  MGG_16886 1 3 8.8 - 2 4.8 - 2 4.8 2.0 required for  UDP-galactose  transport to the Golgi lumen; Hut1p (e-62)  MGG_00223 1 2 4.4 - 3 9.7 - 2 7.2 2.0 Fructose-bisphosphate aldolase 1  MGG_02540 1 3 7.7 - 3 6.2 - 1 3 2.0 Isovaleryl-CoA dehydrogenase  2  MGG_05223 4 4 12.6 - 4 10.1 - 2 5.7 2.0 3-isopropylmalate  dehydrogenase  Mitochondria (33)     MGG_01925 6 19 16.3 - 14 14.6 - 12 12.9 13.0 Bifunctional P-450/NADPH-P450 reductase  MGG_03185 13 21 42 8 23 41.8 8 22 47.1 12.3 ATP synthase subunit beta  MGG_07752 15 21 33.2 11 25 33 11 26 39.9 11.7 ATP synthase subunit alpha  MGG_16149 15 19 35.9 7 18 39 7 18 39 8.7 ADP,ATP Mitochondrial carrier protein  MGG_06289 5 10 33 - 11 35.3 - 9 34.6 8.3 NADH-cytochrome b5 reductase 1  MGG_03244 2 8 18.9 - 9 23 - 6 16 7.0 V-type proton ATPase subunit B  MGG_04752 2 8 27.2 - 8 28.9 - 5 22.8 6.3 ATP synthase subunit 4  MGG_04469 - 8 13 - 6 9.6 - 5 7.6 6.3 Cytochrome P450 97B3  MGG_03224 1 9 28.9 - 6 17.4 - 4 16.4 6.0 Mitochondrial GTP/GDP transporter; Ggc1p (1e-153)  MGG_09906 4 11 33 - 5 16.2 - 4 13.1 5.3 Mitochondrial phosphate carrier protein 2  MGG_03600 6 8 17.1 2 8 15 2 10 17.3 5.3 Mitochondrial-processing peptidase subunit beta  MGG_02370 9 11 37.5 5 12 39.8 5 11 37.9 5.0 Mitochondrial phosphate carrier protein;PHI:2038 Virulent 
MGG_00968 4 8 24.7 2 5 13.8 2 8 26.9 4.3 Mitochondrial outer membrane protein porin  MGG_11021 - 9 13.7 - 2 3.4 - 2 3.4 4.3 Mitochondrial ATPase; involved in mitochondrial protein sorting  MGG_00488 1 6 23.4 - 6 31.4 - 1 5.1 4.0 Mic26; a component of the MICOS complex  MGG_07307 9 12 41.6 1 5 21.4 1 5 21.1 3.7 NADH-cytochrome b5 reductase 2  MGG_12983 1 5 16.2 - 4 13.4 - 3 9.5 3.7 Bifunctional triacylglycerol lipase and 1-acyl DHAP reductase;  Ayr1  (e-41)  MGG_04969 - 3 5.5 - 3 7.5 - 4 9.4 3.3 Electron transfer protein 1  MGG_00979 1 6 13 - 3 4.8 - 2 3.4 3.3 Mitochondrial import receptor subunit tom-70  MGG_12005 - 4 3.4 - 3 3.5 - 2 2.7 3.0 p-type ATPase;  Spf1 (e0.0); PHI:2100 Reduced virulence 
MGG_01210 1 4 17 - 3 11.1 - 3 11.1 3.0 Mitochondrial hypoxia responsive domain-containing protein  MGG_01135 2 4 23.7 - 3 18.8 - 3 18.8 2.7 Cytochrome c oxidase polypeptide IV  MGG_07117 1 7 10.6 - 1 1 - 1 2 2.7 NADPH-cytochrome P450 reductase/NADPH-cytochrome P450 reductase  MGG_08087 4 7 14.5 2 5 9.4 2 4 6.6 2.7 V-type proton ATPase catalytic subunit A  MGG_07201 3 5 15.1 2 5 13.2 2 5 13.2 2.7 Mitochondrial DNA replication protein YHM2  MGG_11419 1 7 15.8 - 1 2 - 1 2 2.7 Mitochondrial inner membrane translocase subunit TIM44  MGG_01232 1 3 17.9 - 4 21.4 - 2 9.2 2.7 Mitochondrial ATPase  Atp20p (e-15)  MGG_06878 - 4 4 - 2 2.2 - 2 1.9 2.7 Mitochondrial inner membrane half-type ABC transporter; Mdl2  MGG_16462 4 5 19.8 - 3 11.1 - 3 11.1 2.3 Cytochrome c1  MGG_16866 2 4 15.3 - 3 14.4 - 2 11 2.3 Cytochrome b-c1 complex subunit Rieske  MGG_03154 1 5 9.4 - 1 3.7 - 2 3.7 2.3 mitochondrial PP2C superfamily Ptc5 (e-112)  MGG_04483 - 4 10.8 - 1 4.4 - 1 4.1 2.0 Mitochondrial carrier protein  MGG_03188 - 2 17.4 - 2 16.2 - 2 16.2 2.0 Cytochrome c oxidase polypeptide 5  RNA metabolism and ribosome biogenesis (32)     MGG_04042 19 28 29.5 3 22 24.3 3 19 20.2 14.7 Leucyl-tRNA synthetase  MGG_12574 9 15 26.5 1 15 27.9 1 12 21 10.3 Aspartyl-tRNA synthetase  
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MGG_03607 2 16 15.2 - 10 9.7 - 6 6.4 10.0 Alanyl-tRNA synthetase  
 

MGG_03641 
 

12 
 

13 
 

35.7 
 

6 
 

13 
 

32.1 
 

6 
 

16 
 

40.8 
 

6.0 
Elongation factor Tef2; nctions in the binding reaction of aminoacyl-tRNA  (AA- 
tRNA) to ribosomes; may also have a role in tRNA re-export from  nucleus  

MGG_05673 15 17 64.1 8 17 63.7 8 14 50.4 5.7 40S ribosomal protein S3  MGG_01742 11 17 22.5 11 17 19.8 11 16 17.9 5.7 Elongation factor 2; Eft2; catalyzes ribosomal translocation during protein synthesis   
MGG_06936 

 
9 

 
10 

 
25.7 

 
4 

 
12 

 
24.5 

 
4 

 
11 

 
26.5 

 
5.3 

Gamma subunit of translational elongation factor eEF1B; stimulates the binding of 
aminoacyl-tRNA  (AA-tRNA) to ribosomes by releasing eEF1A (Tef1p/Tef2p) from 
the ribosomal complex 

 
MGG_04829 4 8 40.7 3 9 51 3 9 53.1 5.3 60S ribosomal protein L9-A  MGG_04396 4 8 9.3 2 9 11 2 6 6.2 5.0 Valyl-tRNA synthetase  MGG_10357 4 6 12 1 9 18.2 1 6 11.7 5.0 Prolyl-tRNA synthetase  MGG_04710 - 10 3.8 - 3 1.3 - 1 0.4 4.7 Translational activator GCN1  MGG_06913 3 4 11.5 - 8 17.3 - 5 11.5 4.7 Seryl-tRNA synthetase  MGG_02952 7 11 47.6 2 6 23.6 2 8 34 4.7 40S ribosomal protein S9   
MGG_14971 

 
15 

 
19 

 
18.5 

 
10 

 
16 

 
14.1 

 
10 

 
13 

 
12.5 

 
4.3 

Elongation factor 3; Hef3/Yef3; stimulates EF-1 alpha-dependent  binding of 
aminoacyl-tRNA  by the ribosome  

MGG_01046 1 8 11 - 4 6.6 - 2 3.6 4.3 Methionyl-tRNA  synthetase  MGG_02432 1 7 6.2 - 4 4.7 - 3 3 4.3 Leucyl-tRNA synthetase  MGG_03220 13 19 16.8 - 2 2.9 - 4 3 4.0 Isoleucyl-tRNA  synthetase  MGG_12892 3 6 38.2 1 6 36.1 1 5 38.2 4.0 40S ribosomal protein S16  MGG_04696 5 10 36.4 3 7 32.3 3 6 33.6 4.0 60S ribosomal protein L10a  MGG_11776 6 9 31 5 8 22 5 10 27.9 3.7 40S ribosomal protein S0  MGG_04444 3 8 36.1 2 6 27.2 2 3 12.9 3.3 60S ribosomal protein L6-B  MGG_02747 7 11 35.1 1 6 22.5 1 2 9.2 3.3 40S ribosomal protein S4-A  MGG_09540 3 5 10.9 - 4 8.3 - 3 6.7 3.0 Tryptophanyl-tRNA synthetase  MGG_03653 4 7 43.1 2 6 34.5 2 4 24.1 3.0 60S ribosomal protein L20  MGG_04966* 4 5 7.2 - 4 8.3 - 3 4.4 2.7 Lysyl-tRNA synthetase  MGG_05449 6 8 29.2 3 6 25.2 3 6 24.8 2.7 60S ribosomal protein L16  MGG_06044 1 3 25.8 - 3 28.9 - 3 28.9 2.7 60S ribosomal protein L40  MGG_06919 8 10 37.1 3 6 21.1 3 6 21.1 2.7 40S ribosomal protein S1  MGG_09194 3 6 33.3 2 4 23.7 2 4 23.1 2.3 60S ribosomal protein L17  MGG_11547 2 3 5.7 - 2 3.1 - 3 4.7 2.0 Gcn20; forms a complex with Gcn1; Positive regulator of Gcn2  MGG_06321 6 8 11.6 3 7 11.2 3 3 5.9 2.0 Glycyl-tRNA synthetase  MGG_08640 1 3 9.4 - 2 5.1 - 2 5.1 2.0 Rbg2; Protein with a role in translation; forms a complex with Gir2p  Endocytosis/secretion/cell wall (13)    MGG_06860 7 11 15.1 - 13 16.3 - 10 11.4 9.0 Coatomer subunit beta  MGG_03511 6 14 13.5 - 8 6.9 - 2 1.7 6.0 Coatomer alpha subunit  MGG_04856 3 8 15.8 - 8 14.5 - 5 10.7 6.0 Protein transporter SEC61 subunit alpha  MGG_06362 3 8 38.1 - 6 34.9 - 6 39.2 5.7 Small COPII coat GTPase SAR1; anterograde transport   
MGG_06962 

 
- 

 
3 

 
19.3 

 
- 

 
6 

 
32.2 

 
- 

 
7 

 
32.2 

 
5.3 

GTP-binding protein ypt1; Rab family GTPase; involved in the ER-to-Golgi step of 
the secretory pathway  

MGG_02634 - 9 10.3 - 5 6 - 2 2.7 5.3 Coatomer subunit gamma  MGG_13014* - 5 3.2 - 3 2.1 - 4 2.3 4.0 Class V chitin synthase; PHI:2302; Loss of pathogenesis Avirulent 
MGG_01802 1 7 8.1 - 4 4.7 - 1 1.5 3.7 Chitin synthase 1; PHI:2299 Reduced virulence 
MGG_04438 1 4 23 - 4 21.9 - 4 31.1 3.7 ADP-ribosylation  factor; involved in vesicle trafficking   

 
MGG_01185 

 

 
3 

 

 
4 

 

 
20.4 

 

 
- 

 

 
3 

 

 
14.5 

 

 
- 

 

 
4 

 

 
19.5 

 

 
2.7 

GTP-binding protein ypt5; endosomal Rab family GTPase; required for endocytic 
transport and sorting of vacuolar hydrolases; required for endosomal localization of 
the CORVET complex; required with YPT52 for MVB biogenesis and sorting 

 

MGG_00506 - 3 3.5 - 2 1.8 - 2 1.7 2.3 Vacuolar protein sorting/targeting protein 10  MGG_09517 3 4 4.7 - 2 3.2 - 3 4.4 2.0 dynamin; Vacuolar protein sorting-associated  protein 1   
MGG_11279 

 
1 

 
3 

 
3.8 

 
- 

 
3 

 
4.8 

 
- 

 
1 

 
1.4 

 
2.0 

Synaptojanin-1;  egulates levels of membrane phosphatidylinositol-4,5-bisphosphate 
and membrane trafficking  
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Cytoskeleton (8)      MGG_11412 6 12 21.6 - 8 21.1 - 11 29.5 8.3 Tubulin alpha chain  
MGG_00604 10 14 25.1 6 16 27.1 6 15 31.1 7.7 Tubulin beta chain  MGG_06650 5 10 20.7 - 10 21.6 - 6 13.8 7.0 Tubulin alpha-B chain  MGG_03982 13 19 46.9 9 17 35.5 9 16 41.1 7.0 Actin  MGG_04143 2 3 14.4 - 6 38.8 - 3 16.3 3.3 Ras-like protein Rab-6A  MGG_02731* - 5 26.6 - 4 22.1 - 1 4 3.3 Rac1; Ras-like protein ced-10; PHI:2054 Avirulent 
MGG_01079 1 2 10.4 1 3 13.7 1 4 19.9 2.0 Ras-like protein Rab-11A  MGG_06726 1 3 10.1 1 3 10.1 1 3 10.1 2.0 Septin like Spn2  Signaling (7)      MGG_06175 1 7 11.1 - 3 4.4 - 4 5.3 4.3 Thioredoxin  Mpd1 (e-12 ); redox signalling  MGG_00567 1 8 4.6 - 3 2 - 2 1.9 4.0 STAND N-terminal signal; signal transducing ATPase; Tetratricopeptide  repeat  MGG_09565* 2 4 9.8 - 5 12.4 - 3 7.9 3.3 Pmk1; MAPK protein kinase; PHI:2163;PHI:56;  PHI: 690 Reduced virulence 
MGG_04943 2 8 16.4 1 2 4.3 1 3 4.6 3.0 Mps1; MAPK protein kinase; PHI:113 Reduced virulence 
MGG_04719 4 4 15.8 - 6 22.8 - 3 13 3.0 beta G protein subunit  MGG_13806 4 7 25.9 1 3 10.8 1 2 7.2 2.0 14-3-3 family protein  MGG_01722 - 1 2.1 - 3 5.6 - 2 3.9 2.0 Adenylyl cyclase-associated  protein  Other functions (53)     MGG_07110 21 32 36.5 14 26 27.8 14 33 32.4 14.0 N-methyltransferase  MGG_01581 9 16 40.3 - 11 27.1 - 12 30.3 10.0 26S protease regulatory subunit 7  MGG_06958 20 23 37.6 5 18 29.2 5 16 27.6 9.0 Hsp70-like protein  MGG_07120 6 15 17.5 - 10 10.8 - 7 8.9 8.7 26S proteasome regulatory subunit rpn-1  MGG_06759 14 20 24.2 6 17 23.1 6 14 19.4 8.3 Heat shock protein 90  MGG_14872 14 19 30.9 - 8 14.7 - 10 17.2 7.7 Calpain-9  MGG_00884 6 13 25.7 - 8 13.8 - 7 12.4 7.3 26S proteasome non-ATPase regulatory subunit 3  MGG_01014 6 12 12.1 2 14 15.6 2 6 7.4 7.3 C-1-tetrahydrofolate synthase   
MGG_04863 

 
7 

 
16 

 
13 

 
2 

 
9 

 
7.4 

 
2 

 
7 

 
5.6 

 
7.0 

Cullin-associated  NEDD8-dissociated protein 2; assembly factor of SCF (SKP1-CUL1- 
F-box protein) E3 ubiquitin ligase complexes  

MGG_05671 1 6 9.5 1 8 14 1 6 10.4 5.7 Protein phosphatase PP2A regulatory subunit A  MGG_00908 5 13 29.5 - 4 9.7 - 4 9.7 5.3 26S protease regulatory subunit 6B  MGG_11862 5 7 11.5 1 7 10.8 1 7 11.6 4.7 ABC transporter ATP-binding protein ARB1  MGG_09941 - 7 4.4 - 3 2.7 - 4 2.8 4.7 ABC transporter; Nod factor export ATP-binding protein I  MGG_01674 1 11 7.6 - 2 1.7 - 2 1.4 4.7 ABC transporter  MGG_11141 - 7 8.3 - 5 5.9 - 2 2.5 4.7 Lon protease like protein  MGG_12925 1 8 17.7 - 3 6 - 3 7.5 4.3 26S protease regulatory subunit 6A  MGG_05193 8 13 16.8 4 9 12.6 4 7 10 4.3 Cdc48, Cell division control protein 48  MGG_09287 1 10 21.5 - 2 3.3 - 2 3.7 4.3 Oligosaccharyltransferase alpha subunit  MGG_03670 1 7 13.6 1 6 16 1 3 6 4.3 Subtilisin-like  proteinase Spm1; PHI:2117 Reduced virulence 
MGG_06004 1 5 20.4 - 5 21.5 - 3 11.3 4.0 Prohibitin-1  MGG_11513 14 14 25.4 11 18 29.3 11 16 30.8 4.0 Heat shock protein SSB1  MGG_02954 - 6 5.6 - 2 2.8 - 3 3.5 3.7 Dolichyl-phosphate-mannose-protein mannosyltransferase 1  MGG_06065 2 6 9.3 - 4 7.2 - 3 5.3 3.7 Hsp88-like protein  MGG_00330 7 7 22.8 - 6 16.9 - 4 11.8 3.3 26S protease subunit rpt4  MGG_03211* - 3 7.1 - 5 11.6 - 2 4 3.3 26S proteasome non-ATPase regulatory subunit 11  MGG_00133 - 3 4.9 - 4 6 - 2 4 3.0 Siderophore iron transporter mirC  MGG_05686 - 5 10.8 - 2 3.4 - 2 3.6 3.0 Dolichyl pyrophosphate  Glc1Man9GlcNAc2 alpha-1,3-glucosyltransferase~~  MGG_07190 2 3 4.2 - 5 8.1 - 3 5.2 3.0 Dolichyl-phosphate-mannose-protein mannosyltransferase 2  MGG_00500 - 5 8 - 2 3.1 - 1 1.1 2.7 Meiotically up-regulated 71 protein  MGG_03524 2 3 7.9 - 3 6.5 - 4 9.9 2.7 26S proteasome regulatory subunit RPN9  MGG_03039 2 5 6.9 - 4 4.6 - 1 0.9 2.7 Hsp70-like protein  MGG_13438 2 4 7.4 1 7 13.5 1 1 2.4 2.7 Probable Xaa-Pro aminopeptidase  PEPP               
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MGG_00195 6 5 7.3 - 6 9.9 - 3 4.6 2.7 Clock-controlled-9 protein  MGG_12775 - 3 9.3 - 4 7.9 - 1 3.4 2.7 Voltage-gated K+ channel beta subunit  MGG_08304 12 14 14.3 1 2 2.6 1 6 7 2.7 Mechanosensitive  ion channel family protein  MGG_02821 - 4 9.9 - 3 6.2 - - - 2.3 Dolichyl-di-phosphooligosaccharide-protein glycotransferase  MGG_06951 1 4 7.8 - 3 7.2 - 1 2.2 2.3 CAAX prenyl protease 1; PHI:807 Reduced virulence 
MGG_09766 4 3 8.6 - 6 15.7 - 2 5.5 2.3 3-deoxy-7-phosphoheptulonate synthase  MGG_16743 3 8 13 - 1 1.7 - 1 1.4 2.3 Heterokaryon incompatibility  protein (ascomycete fungi)  MGG_00937 - 4 1.9 - 1 0.5 - 2 1.2 2.3 ABC transporter; PHI:1017; mutant phenotype mixed outcome  MGG_03512 1 3 14.4 - 4 16.2 - 1 4.5 2.3 26S proteasome non-ATPase regulatory subunit 8  MGG_04197 1 4 23.8 - 2 8 - 2 8 2.3 reticulon (ER protein); Rtn1 (e-9); Reticulon protein; stabilizes membrane curvature; 

involved in nuclear pore assembly and maintenance of tubular ER morphology  
MGG_03736 - 2 1.1 - 2 1.3 - 2 1.4 2.0 ABC transporter; Multidrug resistance-associated protein 1  MGG_00106 - 2 3.6 - 1 1.9 - 3 4.7 2.0 Bud site selection protein 7  MGG_00738 - 3 9.6 - 1 2.3 - 2 5.2 2.0 Zinc-binding alcohol dehydrogenase  domain-containing protein 2  MGG_01140 1 4 8.1 - 1 1.6 - 2 3.5 2.0 Alpha-1,2 mannosyltransferase KTR1  MGG_11343 1 2 2.5 - 4 7.7 - 1 1.4 2.0 Phosphoribosylformylglycinamidine cyclo-ligase  MGG_02648 2 5 6.5 - 3 4.8 - - - 2.0 Interferon-induced  GTP-binding protein Mx  MGG_08795 - 1 1.5 - 4 7.4 - 1 2.4 2.0 Cytochrome P450 superfamily  MGG_05271 - 2 5.3 - 2 7.2 - 2 7.2 2.0 Pex11 (Peroxisomal biogenesis factor 11); mutant not required for infection  MGG_05991 2 5 4.9 - 2 2.3 - 1 1.5 2.0 26S proteasome regulatory subunit rpn2  MGG_16706 1 2 6.8 - 3 10 - 2 5.9 2.0 26S proteasome regulatory subunit rpn11  MGG_06504 2 6 10.7 1 2 5 1 2 3 2.0 26S proteasome regulatory subunit RPN7  Unknown function (9)      MGG_07470 - 9 15.6 - 4 6.6 - 3 5.4 5.3 Metallo-dependent phosphatase  MGG_07792 - 4 12 - 3 11.7 - 4 12 3.7 4 transmembrane  helix  MGG_09167 - 7 12.4 - 2 5.6 - 2 4.7 3.7 3 transmembrane  helix  MGG_03197 - 4 16.9 - 2 7 - 3 9.1 3.0 6 transmembrane  helix; eukaryotic DUF1751  MGG_01461 1 2 7.4 - 4 9.8 - 3 9.8 2.7 6 transmembrane  helix; fungal DUF1774  MGG_05188 1 5 9.6 - 3 6.9 - 1 3.3 2.7 eukaryotic DUF1682  MGG_17528 3 7 30.8 - 3 14.5 - 1 3.6 2.7 Metal-dependent  hydrolase  MGG_05849 1 3 14.3 - 3 15.8 - 2 9.8 2.3 2 transmembrane  helix  MGG_03327 1 3 8.3 - 2 4.8 - 2 4.8 2.0 4 transmembrane  helix  
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SUPPLEMENTAL INFORMATION 
A 

 
B 

 
Supplemental Fig. S3.1. Mostly all the kaps show reduced expression levels in Δexp5 
cells grown in MM-N. (A) Expression analysis of the thirteen karyopherins between and 
wild type and Δexp5 strains in nitrogen starvation (MM-N). Gene expression is represented 
by fold change (2-ΔΔCt) normalized against actin. Karyopherins show lower levels of 
expression than the actin gene (decimal values in Y-axis). (B) Gene expression ratio 
between Δexp5 and Guy11 in nitrogen starved cells.  
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Supplemental Fig. S3.2. Expression relationship between each of the twelve 
karyopherins in the Guy11 strains in MM-N. (A) Expression analysis of the thirteen 
karyopherins (Exp5 included) between nitrogen starvation (MM-N) and complex medium 
(CM) in Guy11 strain. Gene expression is represented by fold change (2-ΔΔCt) normalized 
against actin. (B) Karyopherins are lower expressed than actin to represent those data in 
an easily visual way we have decided represent the gene expression ratio between MM-N 
and CM in Guy11 strain.  
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Supplemental Fig. 3.3. PSE1, EXP5, RSL1 and KAP120 genes showed higher 
expression levels in carbon-starved cells in the wild type strain. (A) Wild type 
expression levels of all the karyopherins in complex medium (CM) or carbon-starved cells 
(MM-C). Gene expression is represented by fold change (2-ΔΔCt) normalized against actin. (B) 
Gene expression ratios of karyopherin genes between CM and MM-C in the wild type strain. 

 



  Chapter 3: Exp5 
 

131 
 

 
  

Supplemental Fig. S3.4. Reads lenght distribution in the Δexp5 mutant changed with the 
disappearance of the 14-nt peak. After adapters removal the reads length is between 18 and 24 nt 
in both strains. Besides, there is a subpopulation of 14 nt reads in the wild type that is not present in 
Δexp5. 
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Supplemental Fig. S3.5. Polyacrilamide gel stained with ethidium bromide (EtBr) 
and loaded with total sRNA content and sRNAs extracted from nuclear and 
cytoplasmic fractions from wild type (WT) and Δexp5. Small RNAs were extracted 
with Trizol and enriched with the MirVana kit, data showed. Also northern blots with 
sRNA isolated with LiCl method were performed. Both data correlates. LiCl data were 
not shown. 
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Supplemental Table S3.1. β-Karyopherins described in Magnaporthe oryzae and Saccharomyces 
cerevisiae. Nmd5 and Sxm1 possibly derived from gene duplication since both proteins have 
MGG_02927.8 as a clear M. oryzae orthologue.   Alternative names for each karyopherin are also shown. 
Asterisks denote karyopherins encoded by essential gene. 

M. oryzae S. cerevisiae S. cerevisiae  karyopherins functions References 
MGG_00744.8

Group I Kap120 (Lph2) 4.2e-9
 

Responsible  for the nuclear import of Rpf1p; Rpf1p is a 
ribosome maturation factor 

(Caesar, et al., 2006) 

MGG_01449.8
Group IV 

Mtr10 (Kap111) 3.4e-20
 Nuclear import receptor; mediates the nuclear localization of 

proteins involved in mRNA-nucleus export; promotes 
dissociation  of mRNAs from the nucleus- cytoplasm mRNA 
shuttling protein Npl3p; required for retrograde  import of mature 
tRNAs; relocalizes from cytoplasm to the nuclear periphery upon 
DNA replication stress 

(Windgassen, et al., 2004, 
Murthi, et al., 2010, Tkach, 
et al., 2012) 

MGG_02927.8
Group IV 

Nmd5 (Kap119) 2.2e-20
 Translocates transcription factors to the cytoplasm for its activation 

by phosphorylation as in the case of Ste12 
(Albertini, et al., 1998, 
Ferrigno, et al., 1998) 

Sxm1 (Kap108) 9.4e-28
 Involved in protein transport between the cytoplasm  and 

nucleoplasm; similar to Nmd5p, Cse1p, K a p 1 2 0 , and the 
human cellular apoptosis susceptibility protein, CAS1 

(Seedorf & Silver, 1997, 
Sydorskyy, et al., 2003) 

MGG_03537.8
Group II 

*Pse1 (Kap121) 7.1e-47
 Interacts with the nuclear pore complex; acts as the nuclear 

import receptor for specific proteins, including Pdr1p, Yap1p, 
Ste12p, and Aft1p 

(Agnès Delahodde, 2001, 
Takeshi Isoyama‡, 2001, 
Leslie, et al., 2002, Ryo 
Ueta, 2003) 

MGG_16711.8
Group III 

Kap123 1.7e-46
 Mediates nuclear import of ribosomal proteins prior to assembly 

into ribosomes  and import of histones H3 and H4; localizes to 
the nuclear pore, nucleus, and cytoplasm; exhibits genetic 
interactions  with RAI1 

(Sydorskyy, et al., 2003, 
Mosammaparast & 
Pemberton, 2004) 

MGG_11165.8
Group III 

Kap114 3.3e-14
 Responsible  for nuclear import of Spt15p, Sua7p, histones H2A 

and H2B, and Nap1p; amino terminus shows similarity to those 
of other importins, particularly  Cse1p; localization is primarily 
nuclear; function is regulated by sumoylation; protein 
abundance increases in response to DNA replication stress 

(Mosammaparast, et al., 
2002, Hodges, et al., 
2005, Rothenbusch, et 
al., 2012, Tkach, et al., 
2012) 

MGG_00475.8
Group III 

Pdr6 (Kap122) 1.2e-6
 Responsible for import of the Toa1p-Toa2p complex into the 

nucleus; binds to nucleoporins Nup1p and Nup2p; may play a 
role in regulation of pleiotropic drug resistance 

(Titov & Blobel, 1999) 

MGG_03668.8
Group II 

*Rsl1 (Kap95) 4.2e-52
 Forms a complex with Kap α/Srp1p; interacts with 

nucleoporins to mediate nuclear import of NLS-containing 
cargo proteins via the nuclear pore complex; regulates p o re 
complex biosynthesis; GDP-to-GTP exchange factor for 
RanGTP 

(Cordula Enenkel, 1995, 
Aitchison, et al., 1996, 
Rexach, 2003, 
Lonhienne, et al., 2009, 
MacKinnon, et al., 
2009) 

MGG_09208.8
Group II 

Kap104 2.4e-25
 Mediates nuclear import/reimport of mRNA-binding proteins 

Nab2p and Hrp1p; regulates asymmetric  protein synthesis in 
daughter cells during mitosis 

(Aitchison, et al., 1996, 
Seedorf & Silver, 1997, 
Lee, 1999, van den 
Bogaart, et al., 2009) 

MGG_09560.8 
(Exp5) 

Group III 

Msn5, Ste21 (Kap142) 
1.2e-29

 
Involved in nuclear import and export of proteins, including 
import of replication protein A and export of Far1p and 
transcription factors Swi5p, Swi6p, Msn2p, and Pho4p; 
required for re-export of mature tRNAs. Associated with cell 
cycle 

(Kaffman, et al., 1998, 
Alepuz, et al., 1999, 
Blondel, et al., 1999, 
Yoshida & Blobel, 
2001, Queralt & Igual, 
2003, Shibata, et al., 
2006, Murthi, et al., 
2010, Taberner, et al., 
2012, Sunnåker, et al., 
2013) 

MGG_03994.8
Group III 

*Cse1 (Kap109) 1.8e-68
 Mediates the nuclear export of Kapα/Srp1p back to the 

cytoplasm;  required for accurate chromosome segregation and 
cell division 

(Xiao, et al., 1993, Hood 
& Silver, 1998, 
Schroeder AJ, 1999, 
Yuksel, et al., 2015) 

MGG_02526.8
Group III 

*Crm1, Xpo1 (Kap124) 
0.0 

Involved in export of proteins, RNAs, and ribosomal 
subunits from the nucleus 

(Maurer, et al., 2001, 
Elson, et al.) 
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MGG_10127.8
Group III 

Los1  2.1e-4
 Involved in nuclear export of pre-tRNA and in re-export of 

mature tRNAs; deletion mutation extends replicative lifespan, as 
does exclusion of Los1p from the nucleus in response to caloric 
restriction 

(Hurt, et al., 1987, Shen, 
1993, Hellmuth, et al., 
1998, Murthi, et al., 2010, 
McCormick, et al.) 
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Sample Total reads Filtered read Filtered read % Unique Unique % 
∆exp5 _1 25580902 23662841 7.50% 1962459 8.29% 

∆exp5 _2 39423030 37346923 5.27% 2625645 7.03% 

∆exp5 _3 16606918 12293728 25.97% 1242286 10.11% 
WT_1 13826696 10577152 23.50% 1067465 10.09% 

WT_2 21412622 17398315 18.75% 1559790 8.97% 
WT_3 14168509 11826616 16.53% 1266876 10.71% 

Supplemental Table S3.2. Reads obtained from small cDNA libraries from WT and 
Δexp5 strains. FASTQ files were processed and filtered. Artifacts and HD adapters were 
removed. Reads longer than 17 nucleotides were aligned on the Magnaporthe oryzae 70-
15 reference genome (Dean, et al., 2005). The small RNA transcriptome was assembled 
using the Inchworm software module from the Trinity package (Haas, et al., 2013). 
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ABSTRACT 
In this study we characterize a novel positive and single stranded RNA 
(ssRNA) mycovirus isolated from the rice field isolate of Magnaporthe 
oryzae Guy11. The ssRNA contains a single open reading frame (ORF) of 
2,373 nucleotides in length and encodes an RNA-dependent RNA 
polymerase (RdRp) closely related to ourmiaviruses (plant viruses) and 
ourmia-like mycoviruses. Accordingly, we name this virus Magnaporthe 
oryzae ourmia-like virus 1 (MOLV1). Although phylogenetic analysis 
suggests that MOLV1 is closely related to ourmia and ourmia-like viruses, 
it has some features never reported before within the Ourmiavirus genus. 
3’ RLM-RACE (RNA ligase-mediated rapid amplification of cDNA ends) 
and extension poly(A) tests (ePAT) suggest that the MOLV1 genome 
contains a poly(A) tail whereas the three cystein and the three guanine 
residues present in 5’ and 3’ untranslated regions (UTRs) of ourmia 
viruses are not observed in the MOLV1 sequence. The discovery of this 
novel viral genome supports the hypothesis that plant pathogenic fungi 
may have acquired this type of viruses from their host plants.
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INTRODUCTION 
Mycoviruses or fungal viruses are widespread in all taxonomic groups of 
fungi. Different outcomes result from the interaction between 
mycoviruses and their respective fungal hosts. Usually, a mycovirus 
infection remains latent and shows no symptoms in the fungal host 
(Ghabrial & Suzuki, 2009). Other mycoviruses are able to cause severe 
lesions and impair the vegetative growth of their fungal host, causing 
economic losses as in the case of the cultivated mushroom Agaricus 
bisporus (Ghabrial & Suzuki, 2009, Ghabrial, et al., 2015). Presence of a 
mycovirus can also be beneficial for all the partners in the tripartite 
interaction of virus, fungus and plant host. This is the case described for a 
tropical panic grass and its fungal endophyte when infected by a virus, 
which increases its survival under stress temperature conditions (Márquez, 
et al., 2007). The mycovirus can additionaly cause fungal hipovirulence in 
the host plant making it a good option for biological control, as is the case 
for the well-known Criphonectria hypovirus 1 (CHV1) and chestnut 
blight control in Europe (Nuss, 2005, Xie & Jiang, 2014). 

Mycoviruses have a diverse genome organization. Most viruses 
have double stranded RNA (dsRNA) or linear positive (+) ssRNA 
genomes (Ghabrial & Suzuki, 2009). Unclassified linear negative ssRNAs 
genomes and circular ssDNA viruses have also been isolated (Liu, et al., 
2014, Ghabrial, et al., 2015, Marzano & Domier, 2016, Marzano, et al., 
2016). Linear (+) ssRNA mycoviruses are classified into 5 families: 
Alphaflexiviridiae, Gammaflexiviridae, Hypoviridae, Narnaviridae and 
Barnaviridae (Andrew King, 2012, Ghabrial, et al., 2015). The 
Narnaviridae family includes the Mitovirus and Narnavirus genera.  
 The (+) ssRNA genomes from Narnaviridae family are the simplest 
mycoviruses. Members of this family have a 2-3 Kb genome size, which 
usually encodes an RNA-dependent RNA polymerase (RdRp) needed for 
their own replication. The Narnaviruses lack the coat protein (CP) that 
forms the capside structure or the movement protein (MP) (Hillman & 
Cai, 2013). Phylogenetically, the narnaviruses are the closest relatives of 
the Ourmiavirus plant genus (Rastgou, et al., 2009, Hillman & Cai, 2013). 
Plant ourmiaviruses contain a tripartite ssRNA genome that codes for 
three proteins, the RdRp, the CP and the MP (Rastgou, et al., 2009). 
Phylogenetic analyses support the idea that the Ourmiavirus genus 
represents a link between mycoviruses and plant viruses (Hillman & Cai, 
2013, Donaire, et al., 2016). 
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 The ascomycetous fungus Magnaporthe oryzae causes the damaging 
rice blast disease and results in approximately 30% yield loss in rice fields 
every year (Skamnioti & Gurr, 2009). M. oryzae was the first plant 
pathogenic fungus where the presence of a polyhedral virus was reported 
(Yamashita, et al., 1971, Hunst PL., 1986). Several viruses from different 
families have been found in this fungal species. Magnaporthe oryzae virus 
1, 2 and 3 (MoV1, MoV2 and MoV3) are dsRNA viruses belonging to 
Totiviridae family (Yokoi, et al., 2007, Maejima, et al., 2008, Tang, et al., 
2015). Magnaporthe oryzae chrysovirus 1A and B (MoCV1-A and 
MoCV1-B) also are dsRNA viruses that belong to the Chrysoviridae 
family. They can impair vegetative and invasive growth during M. oryzae 
host colonisation (Urayama, et al., 2010, Urayama, et al., 2012, Urayama, 
et al., 2014). Recently, a (+) ssRNA virus has been described for the first 
time in this fungal species (Ai, et al., 2016), Magnaporthe oryzae virus A 
(MoVA). The genome of MoVA is 3,246 nt in length and contains two in-
frame ORFs, one of which encodes a protein with similarity to an RdRp 
observed in plant viruses of the Tombusviridae family. 
 In this work we describe a second and novel type of ssRNA virus 
found in the M. oryzae rice isolate Guy11, Magnaporthe oryzae ourmia-
like virus 1 (MOLV1), a polyadenylated (+) ssRNA virus 
phylogenetically related to plant viruses from the Ourmiavirus genus. 
 
RESULTS AND DISCUSSION 
Discovery of a new mycovirus in Magnaporthe oryzae 
During the analysis of sequences derived from small RNA libraries 
isolated from the rice field isolate Guy11 (Leung, et al., 1988), we 
detected  sequences that were not present in the published M. oryzae 
genome of the laboratory strain 70-15 (Chao & Ellingboe, 1991), a near-
isogenic strain of Guy11. We additionally confirmed this by downloading 
EST sequences from M. oryzae Guy11 and aligning them to the reference 
genome. EST sequences that failed to align were collected and assembled 
using the Cap3 DNA sequence assembly program (Huang & Madan, 
1999). Using these unknown ESTs, we predicted putative ORFs using the 
getorf tool from the EMBOSS suite (Rice, et al., 2000), which were 
aligned against the NCBI non-redundant sequence collection (Pruitt, et al., 
2005) by blastp (Camacho, et al., 2009). This allowed us to identify 
transcripts showing similarities with ourmia-like mycoviruses, and plant 
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viruses of the Ourmiavirus genus. Consequently, we named this viral 
genome Magnaporthe oryzae ourmia-like virus 1 (MOLV1). 
 Presence of MOLV1 RNA virus in M. oryzae Guy11 strain was 
confirmed by Northern blotting using total RNA extracts (Fig. 4.1A). 
Almost all of the retrieved MOLV1 sequence was used as a DNA probe, 
and actin DNA was used as the control. A band of aproximately 2.3 Kb in 
the M. oryzae Guy11 strain was observed, in addition to other smaller 
bands. These RNA molecules were not detected in the M. oryzae 
laboratory strain 70-15. This is consistent with the absence of these viral 
sequences from EST collections other than those of the fungal isolate 
Guy11. 

 
3’ RLM-RACE and ePAT experiments suggest that MOLV1 is 
a polyadenylated (+) ssRNA virus 
To identify 5’ and 3’ untranslated regions (UTRs) of MOLV1 we carried 
out an RNA ligase-mediated rapid amplification of cDNA ends (RLM-
RACE) (Fig.4.1B). The 3’ terminus is usually polyadenylated before 
conducting a 3’ RLM-RACE in non-polyadenylated viruses. In our case 
we obtained a clear band without adding any adenosine to the RNA 
sample. We purified and sequenced the largest bands obtained from both 
5’ and 3’ RLM-RACE experiments (asterisks, Fig. 4.1B). The 5’ and 3’ 
UTRs of MOLV1 are 116 nt and 430 nt in length, respectively. To 
confirm the presence of a poly(A) tail in the MOLV1 genome an 
extension poly(A) test (ePAT) experiment was carried out (Fig.4.1C). 
This method allows measurement of the poly(A) tail length of 
polyadenylated RNA molecules (Jänicke, et al., 2012). The difference in 
band sizes between MOLV1 and the negative control TVN-PAT indicated 
that the poly(A) tail of MOLV1 is between 25-30 nt in length. 
 These experiments suggested that the MOLV1 genome is a positive 
and polyadenylated ssRNA molecule of 2,364 nt, excluding the poly(A) 
tail. We also performed the ePAT experiment to determine if the BOLV 
genome contained a poly(A) tail and found that it did not. With the 
exception of S. sclerotiorum mitovirus 1/KL-1 (SsMV-1/KL1) and 2a 
(CcMV-2a), no other members of the family Narnaviridae are 
polyadenylated at their 3’ end (Xie & Ghabrial, 2012, Hillman & Cai, 
2013). To our knowledge, this is the first describe ourmia-like mycovirus 
that has a poly(A) tail. However, this results should be treated caustiosly 
since it is possible to find amplification products with oligodT primers in 



Chapter 4: MOLV1 

152 
 

non-polyadenylated RNA viruses due to the presence of small fractions of 
gRNA with poly(A) tails (Raju, et al., 1999, Li, et al., 2014) .  
 The MOLV1 genome has a unique open reading frame (ORF) from 
position 117 to 1931 (Fig.1D). The translation of this 818 nt ORF 
generates a polypeptide of 605 aa with a theoretical molecular weight of 
67.12 kDa.  

Fig.4.1. Characterisation of a novel polyadenylated RNA virus in the rice blast 
fungus. (A) Northern blots using 30µg of total RNA extracted from M. oryzae Guy11 grown 
on complete media. MOLV1 and actin probes were PCR products amplified with 
MOLV1_fw (5’- GCTTTCGCTTCTTTGGTCGT -3’) / MOLV1_rv (5’ –GCTCCCTAA 
CGTGGCGATAA -3’), and Actin_fw (5’- CTTCTCTCGGTTGGACTTGG - 3’) / Actin-rv (5’- 
TTCTACAACGAGCTGCGTGT -3’) primers, respectively. The actin probe was used as 
hybridization control. Ethidium bromide gel staining of 28S ribosomal RNA is shown as a 
loading control. (B) 5’ and 3’ RLM-RACE reactions were carried out using 5’ Outer (5’- 
ACTCTCAGATCAACCCTGAAGGT-3’) / 5’ Inner (5’-TCACTAAGCAGTCCAGAGAACGA -
3’) and 3’ Outer (5’-AGGCGTATCGTCGAAAAGCCAA -3’) / 3’ Inner (5’- TTAAAG 
TTGTCGGTGAACGCGA -3’) primers, respectively. PCR products were loaded into 2% 
agarose gel. Bands selected for cloning and further sequencing are indicated with 
asterisks. (C) ePAT experiment using total RNA from M. oryzae Guy11. PCR amplification 
of cDNA derived from 1 µg of RNA sample using gene-specific primers for the virus 
(ePAT_Fw 5’-GCCGGTCTGCTGTTGGGAT -3’ and reverse 5’- TTTTTTTTTTTTCTTAA 
ACCTACATGCTGGTC -3’). This ePAT reaction generated a fragment of aprox. 468 bp, 
which reflects the size of the 3’UTR plus the length of the poly(A) tail. The TVN-PAT 
reaction was used with the same forward primer and the universal ePAT reverse primer (5’-
GCGAGCTCCGCGGCCGCG-3’), which generated a fragment of aprox. 438 bp consistent 
with amplification of the 3’UTR without the poly(A) tail.  PCR products from ePAT and TVN-
PAT reactions were visualised in 2% agarose gels.  (D) Schematic representation of 
MOLV1 RNA genome showing the ORF, UTRs and location of primers used for ePAT and 
Northern experiments. 
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Fig.4.2. Sequence analysis of MOLV1. Leyend next page. 
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This protein has higher identity with the RdRp of Rhizoctonia solani 
although it is also similar to other ourmia-like mycoviruses and plant 
ourmiaviruses (Fig.4.2). The MOLV1 viral protein contains the conserved 
domains of the RdRp present in (+) ssRNA viruses (Koonin, 1991), 
including the highly conserved core domain GDD in motif VI (Fig.4.2A). 
These findings suggest that the ORF of MOLV1 encodes a putative RdRp. 
The amino acid alignment of MOLV1 with the BOLV sequence showed 
no conservation of the three cystein residues at the 5’ UTR and the three 
guanine residues at the 3’ UTR. The predicted secondary structure 
indicated the presence of a stable terminal stem-loop structure only for the 
first 40 nt of MOLV1 (ΔG value of -10.00 kcal/mol) (Fig.4.3A). The last 
34 nt of the 3’ UTR could be folded into a less stable stem-loop structure 
with ΔG value of -6.30 kcal/mol. These secondary structures at both 

Fig.4.2. Sequence analysis of MOLV1. (A) Alignment showing RdRp conserved motifs I 
to VIII of MOLV1 (LT593139), RsOLV1 (ALD89131.1), BOLV (LN827955), SsOLV2 
(ALD89139.1), RsOLV2 (ALD89132.1), SsOLV1 (ALD89138.1), SaOurV2 (KT598247.1) 
and SaOurV1 (KT598235.1). (B) Phylogenetic tree obtained by the Maximum Likelihood 
method with the RdRp sequences of 25 mycoviruses, including MOLV1, and 3 plant 
ourmiaviruses. The RdRp sequence of TMV (ABN79257.1) was included as an outgroup. 
The gray box shows ourmia-like fungal viruses. All bootstrap values (%) are represented 
at each node of the tree (test with 1000 replicates). Branch lengths are proportional to the 
number of amino acid substitutions and are measured by the scale bar. Sequence 
accession numbers of viruses used are: Botrytis ourmia-like virus (LN827955),  Soybean-
associated ourmiavirus 1 (KT598235.1),  Soybean-associated ourmiavirus 2 
(KT598247.1), Sclerotinia sclerotiorum ourmia-like virus 1 (ALD89138.1), Sclerotinia 
sclerotiorum ourmia-like virus 2 (ALD89139.1), Rhizoctonia solani ourmia-like virus 1 
(ALD89131.1) Rhizoctonia solani ourmia-like virus 2 (ALD89132.1), Sclerotinia 
sclerotiorum mitovirus 6 (AHX84133.1), Ophiostoma mitovirus 3a (NP_660176.1), 
Sclerotinia sclerotiorum mitovirus 7 (AHE13866.1), Botrytis cinerea mitovirus 1 
(YP_002284334.1), Cryphonectria parasitica mitovirus 1-NB631 (NP_660174.1), 
Cryphonectria cubensis mitovirus 2a (AAR01973.1), Ophiostoma mitovirus 1a 
(CAJ32466.1), Sclerotinia sclerotiorum mitovirus 2 (AEX91879.1), Cryphonectria cubensis 
mitovirus 1a (AAR01970.1), Sclerotinia sclerotiorum mitovirus 8 (AHE13867.1), 
Ophiostoma mitovirus 6 (NP_660181.1), Sclerotinia sclerotiorum mitovirus 5 
(AHX84130.1), Ophiostoma mitovirus 4 (NP_660179.1), Phytophthora infestans RNA virus 
4 (AEM89293.1), Saccharomyces 20S RNA narnavirus (NP_660178.1), Saccharomyces 
23S RNA narnavirus (NP_660177.1), Cassava virus C (CsVC, YP_003104770.1), Ourmia 
melon virus (OuMV, YP_002019757.1) and Epirus cherry virus (EpCV, YP_002019754.1). 
Evolutionary analysis was conducted using the software MEGA6 (Tamura, et al., 2013). 
Multiple sequence alignments of amino acid sequences of viral RdRps were obtained 
using MUSCLE (Multiple sequence comparison by log-expectation, (Edgar, 2004)) using 
default parameters. Phylogenetic relationships were inferred using the Maximum 
Likelihood method based on the WAG+G+F protein evolution model (Whelan & Goldman, 
2001), and a bootstrap phylogeny test with 1,000 replicates. All positions with less than 
50% site coverage were eliminated. 
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UTRs could play a role in the replication of MOLV1 by providing a 
recognition site for RdRp and/or protecting the genome from degradation 
as has been proposed for BOLV and mitoviruses (Hong, et al., 1999, Xie 
& Ghabrial, 2012, Hillman & Cai, 2013). 
 

 
 
MOLV1 is closely related to plant ourmiaviruses and ourmia-
like mycoviruses 
Full-length amino acid sequences of published RdRps (29 proteins) were 
selected to construct a phylogenetic tree to infer the evolutionary history 
of MOLV1 (Fig.4.2B). The RdRp of the tobamovirus tobacco mosaic 
virus (TMV) was used as an outgroup in the tree. The maximum 
likelihood (ML) phylogenetic tree was inferred from the amino acid 
sequences of viral RdRps after removing positions with less than 50% site 
coverage. The phylogenetic analyses clearly showed two clades. The first 
clade grouped all mitoviruses. The second clade grouped the two 
Saccharomyces narnaviruses and Phytophthora infestans RNA virus (82% 
bootstrap support), and all the ourmia-like mycoviruses and the plant 
ourmiaviruses (97% bootstrap support). This ML analysis indicates that 
fungal ourmia-like viruses are more closely related to plant viruses of the 
Ourmiavirus genus than mycoviruses of the Narnaviridae family. As 
previously shown, this phylogenetic tree places ourmia-like viruses as 

Fig. 4.3. Predicted secondary structure of the 5’ (left) and 3’ (right) UTRs of MOLV1 
with their corresponding ΔG in kcal/mol. 
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more closely related to members of the genus Narnavirus than to 
members of the genus Mitovirus (Rastgou, et al., 2009, Cai, et al., 2013, 
Donaire, et al., 2016). 
 Different theories have been suggested for mycoviruses evolution 
(Ghabrial, 1998). The plant ourmiavirus genomes have three RNA 
molecules which encode three proteins, the RdRp, the CP and the MP 
(Rastgou, et al., 2009). The identification of ourmia-like mycoviruses 
such as MOLV1, which contain a single ORF and being closely related to 
plant ourmia viruses suggest that they might have been originated by gene 
loss events during their adaptation to the fungal host as has been 
suggested for other ourmia-like mycoviruses (Donaire, et al., 2016, 
Marzano & Domier, 2016, Marzano, et al., 2016). However, we cannot 
discard the possibility of ourmia-like mycovirus being the ancestor of 
plant ourmiaviruses as it has been proposed (Rastgou, et al., 2009). 
In summary, MOLV1 is a novel (+) ssRNA virus isolated from the rice 
blast fungus closely related to ourmia-like mycoviruses and plant ourmia 
viruses that exhibits new features such as a poly(A) tail and showed no 
conservation of the three cystein residues at the 5’ UTR and the three 
guanine residues at the 3’ UTR. 
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MATERIAL AND METHODS 
Fungal Strains, Growth Conditions and infections assays 

M. oryzae strains growth in this study were the wild-type strain 
Guy11 (Leung et al., 1988) and the mutants Exp5, MGG_09560.8 which 
was generated previously (Tucker et al., 2010) and Rbp35, MGG_02741.8 
(Franceschetti, et al., 2011, Rodríguez-Romero, et al., 2015). M. oryzae 
strains were incubated in a controlled temperature room at 25ºC with a 
16h light/8h dark cycle. Media composition of complete medium (CM) 
was previously described (Sweigard, et al., 1997, Foster, et al., 2003).  M. 
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oryzae leaf infection assays were carried out, as previously described 
(Tucker, et al., 2010, Franceschetti, et al., 2011) 
 
RNA and cDNA isolation 
Using a modified protocol of (TLES) LiCl method (Franceschetti, et al., 
2011), RNA was extracted from 8-day old fungal mycelia grown on CM 
agar plates. Two to three additional washes with phenol:chloroform were 
implemented to avoid RNA degradation. One µg of total RNA treated 
with DNase (Invitrogen) was reverse transcribed using PrimeScriptTM RT 
reagent Kit (Takara) 
 
Northern assay 
Northern blot analyses were performed withtotalRNA (30 μg) from 
Magnaporthe oryzae Guy11 field isolate strain. This strain is consider as 
wild-type. 70-15 laboratory strain was used as negative control. Other 
mutant strains derived form Guy11 (Δexp5 and Δrbp35) and their 
complemented strains (Δexp5:Exp5-HA-FLAG and Δrbp35:Rbp35-HA-
FLAG) were analyzed to checked the presence of MoOLV. Different 
DNA probes were obtained using as template total cDNA. Actin probe of 
1700 nt was generated by Actin-fw (positive sense) (5’ 
CTTCTCTCGGTTGGACTTGG 3’) and Actin-rv (negative sense) (5’ 
TTCTACAACGAGCTGCGTGT 3’) primers. MoOLV probe of 2300 nt 
was generated by 5’ PCR-MoOLV (5’GCTTTCGCTTCTTTGGTCGT3’) 
and 3’ PCR-MoOLV_(5’GCTCCCTAACGTGGCGATAA3’) primers  
DNA probes were labeled with α-dCTP(32p) 3000Ci/mmol using a High 
Prime kit (Roche) according to the manufacturer’s instructions.  
 
RLM-RACE 
Total RNAs were used as templates to perform RNA Ligase Mediated 
Rapid Amplification of cDNA Ends (RLM-RACE). We used FirstChoice 
RLM-RACE kit according to the manufacturer's instructions 
(LifeTechnologies). PCRs were performed with specific primers and 
HighFidelity TaqDNApolymerase (Invitrogen). For 5’ RACE MoOLV 
outer primer (negative sense) (5’ ACTCTCAGATCAACCCTGAAGGT 
3’) and MoOLV inner primer (negative sense) (5’ TCACTAA 
GCAGTCCAGAGAACGA 3’) were used; and for 3’ RACE MoOLV 
outer primer (positive sense) (5’ AGGCGTATCGTCG AAAAGCCAA 
3’) and MoOLV inner primer (positive sense) (5´ TTAAAGTTGTCGG 
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TGAACGCGA 3’) were used. The PCR products were cloned using 
pGEM®series [Promega] which allow T: A cloning of PCR fragments. In 
this case is needed heat to 70ºC for 30 minutes in the presence of 0.2 mM 
dATPs, 5 U Taq polymerase (Roche), 10 x Taq polymerase buffer and 2.5 
mM MgCl

2 
in a total volume of 10 μL before cloning in order to add a 

single overhanging A to facilitate cloning into the desired vector. Ligation 
reactions were performed at 4ºC (Sambrook, et al., 1989). After 
transformation in Escherichia coli DH10β competent cells, recombinant 
clones were selected using α-complementation of lacZ (Sambrook, et al., 
1989). Plasmid were amplified with M13 universal primers from 
Individual colonies and sequenced (htpp://www.STAVIDA.com). 
 
Phylogenetic analysis 
Evolutionary analysis was conducted using the software MEGA6 
(Tamura, et al., 2013). Multiple sequence alignments of amino acid 
sequences of viral RdRps were obtained using MUSCLE (Multiple 
sequence comparison by log-expectation, (Edgar, 2004) program, under 
the default parameters. The phylogenetic relationships was inferred by 
using the Maximum Likelihood method based on the WAG+G+F protein 
evolution model (Whelan & Goldman, 2001), using the bootstrap 
phylogeny test with 1000 replicates. All positions with less than 50% site 
coverage were eliminated. The tree is drawn to scale, with branch lengths 
measured in the number of substitutions per site. 
 
ePAT virus 
The ePAT experiment was carried out with 1 µg of total RNA from 
Guy11 strain. RNA were combined with 1 µL of 100mM PAT-anchor 
primer (GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT) or TVN-ePAT 
primer (GCGAGCTCCGCGGCCGCGTTTTTTTTTTTTVN) for TVN 
control and brought to a volume of 8 µL with dH2O in a 200-µL PCR 
tube. The mixture was incubated at 80°C for 5 min and then cooled to 
room temperature. Once cooled, the sample was flash-centrifuged, and 12 
µL of a master mix was added that contained 4 µL dH2O, 4 µL 
Superscript III buffer (Life Technologies), 1 µL 100 mM DTT, 1 µL 10 
mM dNTPs, 1 µL RNaseOUT (Life Technologies), and 1 µL (5 U) 
Klenow polymerase (NEB M0212S) per reaction. The sample was mixed 
thoroughly by inversion, flash-centrifuged, and then incubated at 37°C for 
1 h. The polymerase was then inactivated by increasing the temperature to 

http://www.STAVIDA.com).
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80°C for 10 min prior to cooling the reaction to 55°C for 1 min. While 
maintaining the tubes at that temperature in the block, 1 µL (200 U) of 
Superscript III (Life Technologies) was added to the tubes. Incubation 
was then resumed at 55°C for 1 h, followed by inactivation of the reverse 
transcriptase by increasing the temperature to 80°C for 10 min. For the 
PCR reactions, cDNA was diluted 1:6 by the addition of 120 µL dH2O. 
The PCR reactions were conducted in a total volume of 20 µL using 5 µL 
of diluted cDNA input and 105 µL OneTAQ Hot Start Quick-Load 2X 
Master mix (NEB). PCR program: 94ºC 5min 30X (94ºC for 30 seg, 60ºC 
for 30 seg, 72ºC for 30 seg); 72ºC 1 min. Primers: MoOLV inner primer 
(positive sense) (5´ TTAAAGTTGTCGGTGAACGCGA 3’) and 
universal reverse primer ePAT template oligo: (5’ 
GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT 3’). 
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GENERAL DISCUSSION 
In this study, we sought to characterise novel genetic determinants for 
successful colonisation of plant organs by M. oryzae. The two major 
outcomes of this research project have been the identification and 
characterisation of two genes associated with M. oryzae pathogenicity. 
These two genes were previously identified during the screening of a M. 
oryzae T-DNA insertional library looking for pathogenicity-deficient 
mutants. The TPC1 and EXP5 genes were disrupted in the T-DNA 
mutants M1422 and M1373, respectively. The initial screening was 
carried out on hydrophilic polystyrene surfaces (PS-PHIL) and rice roots. 
Both genes were found to be required for root infection as well as aerial 
infection.  
 The T-DNA insertion of M1422 was located within the open 
reading frame of a gene (MGG_01285.8) encoding a Zn(II)2Cys6 
binuclear cluster protein, a domain only found in fungi. We named the 
gene TPC1 for Transcription factor for Polarity Control 1. Our results 
indicate that TPC1 plays an important role in vegetative fungal growth 
and in planta fungal colonisation. This study also shows that the 
establishment of polarity in M. oryzae is intimately linked to general 
developmental processes. Autophagic cell death is linked with 
appressorium function and penetration in M. oryzae (Veneault-Fourrey, 
et al., 2006) and it is an essential prerequisite for appressorium function 
(Talbot & Kershaw, 2009). Tpc1 is required for penetration, and is also 
required for infection-associated autophagy. Although M1422 conidia 
are able to undergo conidial cell death, the cellular localization of 
autophagosomes and glycogen deposits suggests that the process is 
delayed. Consequently, Tpc1 seems to be an upstream positive regulator 
of infection-associated autophagy during appressorium maturation. The 
formation of a penetration peg at the base of the appressorial pore is a 
cellular process intrinsically linked to polar growth (Macara & Mili, 
2008, Riquelme, 2013). The F-actin cytoskeleton plays a crucial role 
during germ tube repolarisation and penetration peg emergence, and it is 
known to be regulated by the Nox proteins (Ryder, et al., 2013).  

The studies on Tpc1 lead us to the discovery and 
characterisation of NoxD, a protein component of the fungal NADPH 
complex. The oxidation-reduction processes are significantly affected in 
Δtpc1, likely due in part to the down-regulation of the fungal homologue 
of the p22phox NADPH subunit, the NOXD gene (Lacaze, et al., 2014, 
Siegmund, et al., 2015). The deletion of this gene makes the fungus 
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unable to infect leaves and roots of the rice host. We have confirmed 
that NoxD is part of the NADPH complex based on its interaction with 
Nox1. However, NoxD does not interact with NoxR or Nox2, the other 
two subunits of the NADPH complex. We have also confirmed the 
requirement of NoxD for superoxide generation and sexual reproduction 
in M. oryzae, consistent with NoxD functions in B. cinerea and P. 
anserine (Lacaze, et al., 2014, Siegmund, et al., 2015). Nox2-dependent 
process initiates septin ring formation, while Nox1 is necessary for 
maintenance of this conformation. NoxD may therefore be associated at 
a relatively early stage in recruiting Nox1 to the appressorium pore. This 
can explain why its absence results in a more severe phenotype with 
respect to actin and septin assembly at the pore. Since the NADPH 
oxidase complex regulates septin assembly and F-actin remodelling at 
the base of the appressorium in M. oryzae, Tpc1 orchestrates 
cytoskeleton remodeling during penetration peg formation by regulating 
NoxD expression. It is worth noting that B. cinerea ΔnoxD mutant 
shows growth defects in the presence of oxidative stressors in contrast to 
the wild type growth that M. oryzae ΔnoxD exhibits. This suggests that 
NoxD can play different roles in fungi. Consequently, a diversification 
of the cellular functions of NoxD has occurred during fungal evolution. 
This result also suggests differences in ROS-mediated signalling 
pathways in the fungal kingdom.  

The second T-DNA mutant M1373 was inserted in the coding 
sequence of the M. oryzae protein orthologue of the human exportin-5 
and the yeast Msn5 (Exp5, MGG_09560.8). Exp5 is one of the 13 
karyopherins present in M. oryzae and it is able to transport cargoes 
between nucleus and cytoplasm in a Ran-GTP dependent manner 
(Tucker, et al., 2010, Sloan, et al., 2016). Exp5 is required for full 
virulence in M. oryzae. The Δexp5 mutants barely produce any disease 
symptoms on roots. However, they are still able to cause disease 
symptoms on leaves, producing similar lesion numbers at penetration 
points although their perimeter is significantly smaller compared to the 
wild type strain, which suggests deficiencies in invasive growth (Tucker, 
et al., 2010). These differences indicate that some of its cargoes can 
confer the ability to infect more efficiently roots. Based on these results, 
the role of Exp5 in M. oryzae has been studied in more detail to identify 
cargoes and RNAs associated with this karyopherin.  
 First, we have looked at the expression levels of the rest of 
karyopherins in wild type and Δexp5 to understand their relevance and 
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potential links with Exp5 under different nutritional conditions. The 
expression of all the karyopherins increases in the background of the 
Δexp5 mutant in CM. The most highly expressed kaps are Kap123 and 
Pse1 (group III) and Nmd5 (group IV). They show a 95-, 61- and 32-
fold increase in gene expression in Δexp5. In yeast, Kap123 exports 
ribosomal proteins and histones, Pse1 is an essential karyopherin that 
exports transcription factors and ribosomal proteins and Nmd5 
translocates primarily transcription factors for its activation by 
phosphorylation in the cytoplasm. The overexpression of Kap123 and 
Pse1 correlates with the need of the cell to maintain fast growth rates, 
i.e. a high number of ribosomal proteins and histones in the proper 
cellular compartment (Sydorskyy, et al., 2003, Kobayashi & Matsuura, 
2013).  

The lack of carbon and nitrogen sources reduces drastically cell 
growth, and canonical protein translation is drastically reduced, except 
for the mRNAs and proteins required for helping the fungus to survive 
under these conditions (Spriggs, et al., 2008). Very low expression level 
of the kaps has been detected in carbon and nitrogen starved cells even 
in the absence of Exp5. The reduction of nucleo-cytoplasmic receptors is 
in accordance with the drastic reduction of protein levels in the cell. In 
the background of the mutant in carbon starved cells, in addition to 
Kap123 and Pse1 two new karyopherins are overexpressed, Kap104 
(group II) and Cse1 (group III). The yeast Kap104 is involved in export 
of mRNA binding proteins whereas Cse1 is an essential karyopherin 
involved in cell cycle, cell division and mitotic chromosome 
segregation. Cse1 also mediates the nuclear export of Kapα and Pse1 in 
S. cerevisiae (Hood & Silver, 1998, Künzler & Hurt, 1998, Solsbacher, 
et al., 1998, Yuksel, et al., 2015). Kapα is the α-karyopherin that forms a 
dimer with Rsl1 to mediate import of different nuclear proteins. 
Additionally, Kapα is involved in cotranslational protein degradation 
and binds ribosome-bound nascent polypeptides (Ha, et al., 2014). In 
nitrogen starved cells, not only Nmd5, Cse1 and Pse1 but also Crm1 
(group III) increased their expression in Δexp5. Crm1 is an essential 
yeast protein that can bind DNA and is involved in DNA damage 
checkpoint regulation and protein quality control (Choi, et al., 2012, 
Tkach, et al., 2012, Gallina, et al., 2015). Taking in account the 
compensation effects at expression level of Kap123, Pse1, Cse1 and 
Nmd5 in the Δexp5 background, and the observed interaction of Exp5 
with the kaps Rsl1, Crm1 and Pse1, our results suggest that Exp5 
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participates at least in two important processes previously associated 
with infection in M. oryzae, i.e. cell cycle control (Saunders, et al., 
2010) and protein quality control (Yi, et al., 2009). Twelve components 
of the 26S proteasome and Cdc48 immunoprecipite with Exp5 and 
corroborate the potential links of Exp5 with these cellular processes. The 
hyperbranching phenotype associated with ∆exp5 growth in PS-PHIL 
surfaces, the inability to develop appressoria in hydrophobic surfaces 
and the interaction of Exp5 with microtubule-associated proteins further 
support the potential role of Exp5 in cell cycle control.  
 The M. oryzae Δrac1 mutant is not able to infect leaves or roots 
indicating that maintenance of polarized cell growth is important for 
infection in both tissues (Chen, et al., 2008). The Δexp5 hyperbranching 
phenotype is also an indicative of polarity-associated defects (Tucker, et 
al., 2010). M. oryzae Rac1 interacts with Nox1 and Nox2 NADPH 
oxidases (Chen, et al., 2008), and Rac1 also immunoprecipitates with 
Exp5. It is possible that Exp5 facilitates the transport of Rac1 to regulate 
the NADPH complex. Interestingly, our results converge at this point.  
The transcription factor Tpc1 also controls the NADPH complex by 
regulating NoxD expression. Further experiments will help to confirm if 
Exp5 impose other level of regulation in the NADPH complex by 
participating in the nucleo-cytoplasmic transport of Tpc1. Tpc1:GFP 
localisation in the background of the Δexp5 mutant will help to confirm or 
exclude this hypothesis.  

The up-regulation of M. oryzae Nmd5 suggests that Exp5 can 
export certain type of transcription factors. In yeast, Ste12 is found 
among Nmd5 cargoes. This transcription factor is activated by the 
Fus3/Kss1 MAPK signalling cascade. In M. oryzae the transcription 
factor Mst12 is the orthologue of the yeast Ste12. Mst12 plays an 
important role in appressorium-mediated leaf penetration and invasive 
growth (Errede & Ammerer, 1989, Roberts & Fink, 1994, Bardwell, et 
al., 1998). The reduction on symptoms observed in Δexp5 can be due to 
an impaired transport of the active form of Mst12. Alternatively, the 
lcoalisation of Mst12 is possibly regulated by its phosphorylation status, 
which is controlled by the MAPK Pmk1 in M. oryzae. Overexpression of 
Nmd5 in the absence of Exp5 can be linked to nuclear transport defects 
of Pmk1, one of the two MAPKs that immunoprecipitate with Exp5 and 
the orthologue of the yeast Fus3/Kss1 kinases. This signalling pathway 
is conserved in fungi and controls the infection process of all the fungal 
pathogenic species tested (Turrà, et al., 2014). During M. oryzae 
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vegetative growth Pmk1 is located in the cytoplasm while Pmk1 
localises in the nucleus of the appressoria (Bruno et al., 2004). Exp5 can 
be involved in the translocation of Pmk1 during appressorium 
development. The defects in appressorium formation displayed by the 
Δexp5 mutant on coverslips supports this hyphotesis. 

To address if Exp5 is involved in sRNA metabolism, sRNA 
libraries from wild type and mutant were generated and sequenced. 
These experiments have shown us that overall all the transcripts are 
down-regulated in Δexp5 except those derived from introns, intergenetic 
regions and transposable elements. Specifically, tRNAs are down-
regulated in Δexp5. The northern experiments carried out using the 
tRNALys and tRNAMet suggest that Exp5 is involved in their export to the  
cytoplasm. The transport of tRNAs was considered one-way movement 
from nucleus to the cytoplasm until the discovery of the tRNA 
retrograde pathways (Shaheen & Hopper, 2005, Takano, et al., 2005, 
Whitney, et al., 2007, Hopper, 2013). In S. cerevisiae, Msn5 is 
implicated in re-export of tRNAs to the cytoplasm after a carbon 
starvation period. Msn5 is also required for the retrograde import of 
tRNAs into the nucleus (Takano, et al., 2005, Shibata, et al., 2006, 
Murthi, et al., 2010). In M. oryzae, the involvement of Exp5 in this 
process might also be relevant since Los1, an important kap highly 
conserved required for the first transport of immature tRNAs into 
cytoplasm showed 13-fold increase in expression levels in the mutant 
background. 

The analysis of sRNA populations has provided two additional  
results. First, we have observed a nuclear accumulation of sRNAs derived 
from retrotransposons in Exp5, which suggests an involvement of this 
karyopherin in their transport. Second, it allowed us to discover the 
presence of the ssRNA virus MOLV1. The protein sequence of the viral 
RNA polymerase shows similarities with Ourmia-like mycoviruses, and 
plant viruses from Ourmiavirus genus. MOLV1 is a single-stranded 
polyadenilated (+) ssRNA virus, and it is the first Ourmia-like virus 
whose RNA is polyadenylated. It is at least surprising that this virus was 
also not found earlier since this is a reference strain and several labs work 
with this fungal strain worldwide. Based on our preliminary infection 
tests, the comparison of the wild type strain Guy11 with the near isogenic 
strain 70-15 suggested that the presence of the virus does not limit Guy11 
infection ability although it seems to affect moderately in vitro fungal 
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growth. The introduction of the MOLV1 virus into 70-15 strain will help 
to confirm this effect in Guy11 fitness. 
 In this study, we aimed to better understand M. oryzae infection-
related processes. We have achieved this by expanding our knowledge in 
M. oryzae infection processes through the characterisation of the 
transcription factor Tpc1 and the karyopherin Exp5. Pathogenicity 
pathways related to leaf infection have been studied in exquisite detailed 
although other pathways of entry into the plant such as neck, panicle or 
roots are still largely uncharacterized. New studies towards understanding 
these novel pathways of entry in the host plant looking at the participation 
in these pathways of the NADPH oxidases regulated by Tpc1 and the 
proteins translocated by Exp5 will provide new data for a more 
sustainable and durable control methods against this devastating rice 
disease. 
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CONCLUSIONS 
 

1. Tpc1 is a transcription factor with a Zn2Cys6 binuclear cluster 
domain involved in the regulation of autophagy, F-actin network 
and glycogen degradation during appressorium development. 
 

2. Tpc1 controls the spatial and temporal organization of F-actin 
cytoskeleton through the regulation of the NOXD gene and the 
NADPH complex during appressorium repolarization. 
 

3. M. oryzae NoxD is an ER- and plasma membrane-localised 
protein that interacts with Nox1, a component of the fungal 
NADPH oxidase complex. In M. oryzae NoxD is required for 
superoxide production, sexual development and plant penetration. 
 

4. Nuclear accumulation of sRNAs derived from retrotransposons 
and tRNAs in the Δexp5 mutant suggest the involvement of Exp5 
in their export to the cytoplasm. 
 

5. Karyopherins Pse1, Cse1 and Kap123 immunoprecipitate with 
Exp5 and are overexpressed in the mutant background in several 
media. These evidences suggest that Exp5 either shares cargoes 
with these three karyopherins or participates in common cellular 
processes.  
 

6. In vivo immunoprecipitation assays allowed us to identify 
potential candidates translocated by Exp5, including proteins 
involved in several cellular processes such as mitochondrial 
protein import, primary metabolism, protein homeostasis and 
MAPK signaling. 
 

7. MOLV1 is a novel polyadenylated, positive and single stranded 
RNA virus closely related to ourmia plant viruses isolated from 
the M. oryzae field isolated Guy11.  
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Annex Table A2.1. List of characterized transcriptional regulators in M. oryzae. 
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Annex Table A2.2. Complete list of Zn(II)2 Cys6 binuclear family of transcriptional 
regulators present in M. oryzae genome. 
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Annex Table A2.3. List of differentially expressed genes in Δtpc1 identified by transcriptome 
analysis. 
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FunCat description 

Adjusted 
p-valuea

 

 
genes/category 

% genes/ 
category 

 
genes/input 

% 
genes/input 

Cell rescue, defense and virulence 
stress response 0.000065536 28 / 258 10.9 28 / 258 10.9 
unfolded protein response (e.g. ER quality control) 0.012882 10 / 77 12.98 10 / 258 3.9 
Cellular transport, transport facilitation and transport routes 
electron transport 0.00026168 28 / 288 9.7 28 / 258 10.9 
protein transport 0.0081995 21 / 239 8.8 21 / 258 8.14 
transport ATPases 0.0000082609 17 / 91 18.7 17 / 258 6.9 
mitochondrial  transport 0.00011391 17 / 114 14.9 17 / 258 6.9 
ABC transporters 0.016878 10 / 81 12.3 10 / 258 3.9 
Energy 
glycolysis and gluconeogenesis 0.00018172 14 / 84 16.7 14 / 258 5.4 
electron transport and membrane-associated energy conservation 0.00066716 14 / 98 14.3 14 / 258 5.4 
aerobic respiration 0.00094489 14 / 102 13.7 14 / 258 5.4 
respiration 0.0031278 11 / 75 14.7 11 / 258 4.3 
metabolism of energy reserves (e.g. glycogen, trehalose) 0.00018172 10 / 43 23.3 10 / 258 3.9 
tricarboxylic-acid pathway (citrate cycle, Krebs cycle, TCA cycle) 0.00047279 10 / 49 20.4 10 / 258 3.9 
energy generation (e.g. ATP synthase) 0.027868 5 / 25 20 5 / 258 1.9 
Interaction with the environment 
homeostasis  of protons 0.027868 8 / 61 13.1 8 / 258 3.1 
Metabolism 
C-compound  and carbohydrate  metabolism 0.00094489 54 / 800 6.75 54 / 258 20.9 
phosphate metabolism 0.015443 37 / 554 6.7 37 / 258 14.3 
sugar, glucoside, polyol and carboxylate catabolism 0.015443 18 / 203 8.9 18 / 258 6.9 
sugar, glucoside, polyol and carboxylate anabolism 0.00011391 13 / 69 18.8 13 / 258 5.04 
purin nucleotide/nucleoside/nucleobase metabolism 0.040174 12 / 126 9.5 12 / 258 4.7 
tetrahydrofolate-dependent C-1-transfer 0.02621 4 / 15 26.7 4 / 258 1.6 
C-1 compound anabolism 0.030134 3 / 8 37.5 3 / 258 1.2 
Protein fate (folding, modification,  destination) 
protein targeting, sorting and translocation 0.030745 23 / 313 7.3 23 / 258 8.9 
modification  with sugar residues (e.g. glycosylation,  deglycosylation) 0.010741 9 / 62 14.5 9 / 258 3.5 
Protein synthesis 
translation 0.0000021682 25 / 172 14.5 25 / 258 9.6 
aminoacyl-tRNA-synthetases 0.000037359 11 / 42 26.2 11 / 258 4.3 
translation elongation 0.0074951 6 / 26 23.1 6 / 258 2.3 
Protein with binding function or cofactor requirement  (structural or analytic) 
protein binding 0.023353 79 / 1483 5.3 79 / 258 30.6 
ATP binding 0.00000075672 54 / 590 9.2 54 / 258 20.9 
nucleotide/nucleoside/nucleobase binding 0.0035602 32 / 414 7.7 32 / 258 12.4 
GTP binding 0.00018217 18 / 135 13.3 18 / 258 6.9 
structural protein binding 0.023084 8 / 58 13.8 8 / 258 3.1 
thiamine pyrophosphate  binding 0.023084 3 / 7 42.9 3 / 258 1.2 
Regulation of metabolism and protein function 

regulation by binding / dissociation 0.00058737 15 / 109 13.8 15 / 258 5.8 
      

Annex Table A3.1. Exp5 is mainly involved in metabolism. List of Go Terms obtained from 
immunoprecipitation results. FungiFun 2.2 web tool was used for functional enrichment analysis of fungal 
protein obtained from immunoprecipitation experiment (Priebe et al., 2015). Standard parameters were 
used. a p-value adjust  <0.05 (adjust to number of genes input). 



 

 
 

 
 
 
 
 
 


