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ABSTRACT 

The ascomycete fungus Magnaporthe oryzae, causative agent of rice blast 

disease, poses a threat to global food security, destroying enough rice to feed 60 million 

people each year.  Characterization of the host-pathogen interaction between rice and M. 

oryzae is critical, as better understanding of the system may lead to better disease control 

strategies.  The sequenced genome and repertoire of molecular tools available have made 

M. oryzae an ideal model system for understanding general plant-pathogen interactions as 

well. 

The objective of this dissertation was to characterize the M. oryzae homologs of 

Histoplasma capsulatum RYP (Required for Yeast Phase) genes that are required for 

transition to the parasitic phase.  H. capsulatum is a human pathogen that undergoes a 

dimorphic switch from filamentous to yeast cell growth at 37˚C, the host body 

temperature.  Four H. capsulatum RYP genes were identified in a forward genetic screen 

to identify genes required for entry into the yeast phase.  RYP1 is a member of the 

Gti1_Pac2 family, which contains previously characterized regulators of dimorphic 

switching.  RYP2 and RYP3 are homologs of vosA and velB, members of the Velvet 

family, best characterized in Aspergillus nidulans, where they coordinate morphological 

differentiation with secondary metabolism.  RYP4 is a zinc binuclear cluster protein, a 

main class in the zinc finger transcription factor family.  Deletion of the M. oryzae RYP1 

homolog, RIG1 (Required for Infectious Growth), resulted in a non-pathogenic mutant on 

susceptible rice cultivars, even upon removal of the host penetration barrier. ∆rig1 was 
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blocked in the transition to infectious hyphal growth, similar to H. capsulatum ryp1, 

which could not transition to the yeast phase. Deletion mutants of M. oryzae RYP2, 

RYP3, and RYP4 homologs were similar to the wild type in somatic growth and 

pathogenicity indicating that although RIG1 is a pathogenicity factor conserved in plant 

and animal pathogens, such conservation does not apply to all of the RYP pathogenicity 

genes identified in H. capsulatum.  

∆rig1 is the first M. oryzae mutant known to be blocked in production of primary 

infection hyphae.  Overall, the study suggests limited parallels exist in phase transition of 

fungal pathogens of plants and animals. 
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I.  INTRODUCTION 
 

 
1.1 Stages and genetic regulation in the infection cycle of Magnaporthe oryzae 

Magnaporthe oryzae is a filamentous fungus in the phylum Ascomycota.  As the 

causative agent of the rice blast disease, it destroys 10-30% of the annual rice harvest 

(Talbot, 2003).  Several features make it an ideal model system for dissecting the 

interactions between a pathogen and a plant: it is haploid, can be grown on simple 

laboratory media, the stages of its infection cycle from spore germination to penetration 

of host readily occurs ex planta, its genome was the first fungal plant pathogen to be 

sequenced (Dean et al., 2005), Magnaporthe comparative Sequencing Project, Broad 

Institute of Harvard and MIT, http://www.broadinstitute.org), and a number of molecular 

tools are available for its genetic manipulation in the laboratory.   

The goal of this dissertation is to explore whether there are parallels in phase 

transition among fungal pathogens of plants and animals.  Specifically, we sought to 

characterize the M. oryzae homologs of the Histoplasma capsulatum RYP (Required for 

Yeast Phase) genes (Nguyen & Sil, 2008, Webster & Sil, 2008). H. capsulatum, a human 

pathogenic fungus, undergoes a morphological switch from filamentous to yeast growth 

at 37 ˚C, the human body temperature.  Each one of the four RYP genes, RYP1, RYP2, 

RYP3, RYP4, is required for this dimorphic switch.  Homologs of all four RYP genes are 

present in M. oryzae, which although does not transition from mycelial to yeast form, 

produces infection hyphae inside the host that are morphologically different from the 

hyphae that grow saprobically. 

 



 

 

 

Figure A. Infection cycle of 

plant, the three-celled conidi

hooks, swells (B), and initiates an appressorium

penetration (C). The mature appressorium (D) is a melanized structure with high turgor 

pressure, which mechanically penetrates the host with a penetration peg (E). The fungus 

grows invasively in the host producing infection hyphae (F) that have been likened to 

have a beads-on-a-string morphology

hyphae of uniform diameter

occurs 3-5 days after inoculation, producing conidi

secondary infection cycles.

 

. Infection cycle of Magnaporthe oryzae. Once on the leaf surface of a host 

celled conidium of M. oryzae (A), germinates producing a germ tube that 

hooks, swells (B), and initiates an appressorium, the structure specialized for host 

(C). The mature appressorium (D) is a melanized structure with high turgor 

ure, which mechanically penetrates the host with a penetration peg (E). The fungus 

grows invasively in the host producing infection hyphae (F) that have been likened to 

string morphology, which is different from the narrow

hyphae of uniform diameter.  Under favorable environmental conditions, sporulation (G) 

5 days after inoculation, producing conidia which act as inocula to 

secondary infection cycles. 
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Efforts are continually being made to better understand the genetic regulation of 

the infection cycle of M. oryzae (figure A), with the ultimate goal of improving disease 

control strategies.  A general description of the current understanding of the genetic 

control of the infection cycle is presented below (see Table 1 for a summary of relevant 

genes and their mutant phenotypes), to put into context the uniqueness of the phenotype 

of an M. oryzae RYP1 homolog mutant that was constructed in the current study, and its 

placement in the often inter-connected web of M. oryzae genes that have been identified 

so far. 

 

1.1.1 Conidiation and Spore Tip Mucilage 

Conidia are the dispersal units of M. oryzae and thus spread the disease. 

Conidiogenous cells of M. oryzae form sequentially and sympodially.  Conidium initials 

arise through holoblastic conidiation, and are spherical, but elongate over time.  Mature 

conidia are teardrop-shaped, three-celled, and have unique surface ornamentation that is 

visible when observed with an electron microscope.  Conidial morphology is important 

for spore dispersal and virulence of M. oryzae (Bhadauria et al., 2010).  A mucilage 

deposit is present between the cell wall and the plasma membrane at the apex of the 

conidium.  Upon hydration, independent of coming into contact with a surface, this is 

exuded as a droplet of spore tip mucilage (STM).  STM facilitates “immediate and 

persistent” attachment of the spore to the hydrophobic leaf surface (or nearly any other 

surface) without spending metabolic energy, and ensures that water - which is needed for 

later events in the infection cycle - is present, but allows the spore to resist being 
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detached from the surface by the flow of water (Hamer et al., 1988, Howard, 1994) .  

Several genes important for production and function of conidia have been characterized 

in M. grisea.   

Seven Con (conidium; (Shi & Leung, 1994, Shi & Leung, 1995) genes were 

identified in a mutant screen using chemical and insertional mutagenesis (Shi & Leung, 

1995).  con5 and con6 mutants do not produce conidia.  Con1 and Con2 are important for 

the early steps in conidial formation: Sporulation of con1 and con2 single gene mutants is 

reduced by approximately 90% when compared to the wild type.  The con1 mutant 

produces elongated conidia; con2 produces only conidium initials in the absence of direct 

light, but forms conidia with a single or no septum under continuous light.  CON3 is also 

a regulator of conidiation in response to light.  Light is not required for sporulation of 

wild type M. grisea, but it increases the sporulation by 100- to 1000- fold.  The number 

of conidia produced by the con3- mutant in the dark is significantly higher than that of the 

wild type under the same condition.  The con- spores have the same conidium phenotype 

as the con2- mutant.  Sporulation of con4 and con7 mutants is reduced by 35% under 

illumination conditions, but the con7 mutant produces a significantly higher number of 

conidia under dark conditions.  Both mutants produce abnormally-shaped conidia.  con1 

and con7 do not produce appressoria, and are therefore non-pathogenic.  Appressorium 

formation and thus pathogenicity is significantly reduced in the con2 and con4 mutants as 

well (Shi & Leung, 1994, Shi & Leung, 1995).   

 Another gene important in conidiation - SMO (abnormal spore morphology; 

Hamer et al., 1989) - regulates cell shape, sensing of surfaces that are appropriate for 
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appressorium formation, and appressorial morphology.  smo mutants produce extensive 

germ tubes, which often produce abnormally shaped appressoria.  The shape of smo 

conidia and asci also deviate from the wild type.  A majority of smo mutant spores 

germinate and form appressoria on surfaces such as glass, which are non-inducive for 

appressorium formation of wild type spores.  Appressorium production is reduced on 

surfaces such as Teflon®, where the wild type spores preferentially undergo germination 

and appressorium formation.   

ACR1 (Acropetal; Lau and Hamer, 1998), a gene whose expression is spore-

specific, is required for formation of conidia in the normal sympodial pattern; acr1 

mutants produce spores in a “head-to-tail (acropetal)” chain.  Mutant spores also have a 

variable number of septa (1-10, depending on the age of the conidium) that are irregularly 

spaced and divide the spore into compartments that are sometimes devoid of nuclei, 

compared to the two, regularly-spaced septa of the wild type spores that divides it into 

three uninucleate compartments.  While the wild type spores germinate producing a germ 

tube generally along the long axis of the tip cell of a conidium, acr1 germ tubes often 

arise from the side of the spores, perpendicular to the spore axis.  acr1 mutants are 

reduced in virulence, producing a few, small lesions on susceptible rice plants.  Two 

reasons account for this.  First, acr1 spores do not form STM and therefore do not attach 

well to hydrophobic surfaces.  Second, not all acr1 spores produce appressoria; the older, 

larger acr1 spores resulting from acropetal conidiation do not form appressoria, only the 

younger and smaller spores do so.  The acr1 mutant also fails to release spores even 24 
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hours after initiation of conidiogenesis, while the wild type spores are dispersed between 

12-24 hours after the start of conidiation.   

COM1 (Conidial morphology mutant 1; Yang et al., 2010) is a gene that encodes 

a transcription factor required for normal conidium morphology, turgor generation in the 

appressorium, penetration of the host, and infectious growth.  ∆com1 strains produce 

about four-fold fewer conidia than the wild type, and the conidia are longer and more 

slender than wild type.  At 24 hours post-inoculation onto onion epidermal tissue, 

approximately 80% of wild type appressoria produce infection hyphae, but only 40% of 

∆com1 appressoria, do so.  The ∆com1 appressoria are also deficient in generation of 

appressorial turgor pressure.  These observations led to the suggestion that ∆com1 

appressoria are deficient in host penetration (Yang et al., 2010).  Compared to wild type 

appressoria, lipid body droplets in ∆com1 appressoria are smaller and do not form 

aggregates.  Since lipid bodies are important for glycerol accumulation, which is in turn 

critical for appressorial turgor generation (deJong et al., 1997), the reduced lipid bodies 

of the ∆com1 strain may be responsible for their decreased turgor pressure.  For those 

∆com1 conidia that do penetrate the host, their infectious hyphae are reduced in 

branching compared to wild type.  When inoculated onto susceptible rice plants, lesions 

produced by the ∆com1 mutants are smaller and significantly reduced in number 

compared to WT, which may be a collective result of all the defects described above.  

Bhadauria et al. (2010) used a proteomics approach based on two-dimensional gel 

electrophoresis and matrix assisted laser desorption ionization- time of flight mass 

spectrometry (2-DE/MALDI-TOF MS) to identify peptides that were differentially 



16 

 

 

regulated in the com1 mutant vs. WT.  They propose that proteins involved in a variety of 

cellular functions associated with conidial development and appressorium maturation and 

penetration are altered in the mutant, consistent with the proposal that Com1p plays an 

important role in early infection. 

MoDUO1, the M. oryzae homolog of the Saccharomyces cerevisiae DUO1 gene 

that regulates chromosome segregation during mitosis, is another gene that is important 

for vegetative growth, conidiophore formation pattern, conidial morphology, and full 

virulence on susceptible rice cultivars (Peng et al., 2011).  Although ∆duo1 produces 

conidia sympodially, the space between conidia is much greater than that of the wild 

type.  Mutant conidia are one to two-celled and are devoid of nuclei 40% of the time. The 

rate of germination of mutant conidia is significantly less than wild type. Mutant germ 

tubes succeed in making functional appressoria, but they are defective in formation of 

infection hyphae. When formed, infection hyphae of the mutant grew more slowly and 

were reduced in branching compared to wild type (Peng et al., 2011).   

MoCDC15, a gene isolated based on its homology to Schizosaccharomyces 

pombe CDC15, is another regulator of conidiation, a number of pre-infection 

developmental steps, and pathogenicity.  T-DNA insertion mutants and deletion mutants 

of MoCDC15 are defective in sporulation with a significant reduction in conidiophore 

and conidium production.  The conidia are viable, but have abnormal shapes and faulty 

septation patterns, resulting in a large number of conidia with two, four or five cells.  The 

ability of the conidia to adhere to and germinate on a hydrophobic surface is impaired.  

The cell wall porosity of the MoCDC15 mutant appressoria is altered, as was detected by 
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an appressorium cytrorrhysis assay.  Only a few mutant appressoria penetrated the host, 

and growth of invasive hyphae was reduced compared to wild type even in those that did 

penetrate.  Mutant hyphae growing saprobically on complete, minimal, and (carbon- and 

nitrogen-) starvation media had a greater number of septa, and thus shorter hyphal 

compartments (Goh et al., 2011).   

 

1.1.2 Germ Tubes and Appressoria 

Germination of M. oryzae conidia generally begins 30-90 minutes after being 

triggered by free water.  Germ tubes arise primarily from the apical and/or basal cell of 

the conidium and elongate along the long axis of the spore.  Between two to four hours 

post inoculation, germ tube elongation stops, the germ tube hooks and its apex swells.  

This marks the onset of appressorium formation.  Appressoria can differentiate on a 

variety of hydrophobic surfaces, from host plant leaves to a number of artificial 

membranes including polytetrafluoroethylene (Teflon®) and Gelbond® (Wilson & 

Talbot, 2009).  The nucleus of the cell from which the germ tube arose divides 

mitotically, and one of the daughter nuclei migrates to the germ tube tip, which then 

increases in diameter and the incipient appressorium is separated from the germ tube by 

the formation of a septum (Zeigler, 1994).  The cell cycle tightly regulates appressorium 

formation, as evidenced by live cell imaging of the wild type strain, and mutants of 

ATG1, NIM1, and BIM1 (Veneault-Fourrey et al., 2006, Saunders et al., 2010).  

Inhibition of DNA synthesis by hydroxyurea prematurely arrests the development of 

germ tubes, and blocks their differentiation.  Temperature-sensitive mutants of the M. 



18 

 

 

oryzae homolog of the A. nidulans nimA gene (never in mitosis, James, 1999), which 

arrests the cell cycle at late G2 phase, form swollen germ tubes, but a significantly 

reduced number of appressoria (Veneault-Fourrey et al., 2006, Saunders et al., 2010).  In 

contrast, genes required for progression through and exit from mitosis produce normal 

appressoria. These include BIM1 (Blocked In Mitosis 1, Saunders et al., 2010), that 

regulates mitotic progression, and CYC1 and CYC2 (Cyclin B 1 and 2), which via 

ubiquitin-mediated degradation of cyclin B are required for exit from mitosis (reviewed 

in Hochstrasser, 1996).  Together these mutants show that mitotic entry (G2-M) is the 

point of commitment for formation of appressoria (Saunders et al., 2010).  Appressorium 

formation continues following mitosis, with the migration of one daughter nucleus into 

the germ tube apex, while the other nucleus returns to the conidium, which, along with its 

nuclei, undergoes autophagic cell death (Veneault-Fourrey et al., 2006).  This autophagy 

is critical to infection, as demonstrated by analysis of MgATG8, a homolog of the S. 

cerevisiae ATG8/AUT7 gene which encodes a protein involved in delivering autophagic 

vesicles to the vacuole (Lang et al., 1998).  Vennault-Fourrey et al., (2006) show that 

MgATG8 is required for the autophagy of the conidium and its nuclei by analysis of an 

Mgatg8 deletion mutant.  The mutant forms appressoria around 24 hours post inoculation 

(hpi) like WT but the originating conidium does not undergo collapse and autophagic 

death  The ∆Mgatg8 appressoria are unable to penetrate the host and do not cause disease 

on susceptible rice cultivars (Veneault-Fourrey et al., 2006). 

M. oryzae germ tubes sense their environment via the G protein (guanine-

nucleotide binding protein)-coupled receptor Pth11 (Pathogenicity gene 11; Sweigard et 
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al., 1998, DeZwaan et al., 1999), and activate the cAMP (cyclic adenosine 

monophosphate) signaling pathway, or MAP-kinase (mitogen activated protein kinase) 

pathway, or possibly both (reviewed in Wilson and Talbot, 2009, see figure A for 

details). A pth11 insertional mutant is dramatically reduced in pathogenicity. The germ 

tubes of pth11 mutants hook and swell, indicating they are capable of the early 

recognition phase of appressorium initiation, but 85-90% of the swollen germ tubes do 

not form appressoria.  The pth11 mutant rarely penetrates host tissue and complete the 

infection cycle.  Addition of exogenous cAMP restores appressorium formation of the 

pth11 mutant to wild type levels, indicating cAMP signaling occurs downstream of Pth11 

receptor activity (DeZwaan et al., 1999, reviewed in Wilson and Talbot,2009).  M. oryzae 

also has genes that encode for a heterotrimeric (αßɣ) G-protein complex that could act 

downstream of the Pth11 receptor, although a physical interaction between them have not 

been observed (reviewed in Wilson and Talbot, 2009).  MagA, MagB, MagC encode for 

three Gα subunits (Liu & Dean, 1997), Mgb1 encodes for a Gß subunit (Nishimura et al., 

2003), and MGG_10193 encodes for a Gɣ subunit (Dean et al., 2005, Liu et al., 2007).  

The Gα subunit encoded by MagB is important for appressorium formation, and thus 

putatively involved in signaling downstream of Pth11: ∆magB strain germ tubes are long 

and straight, compared to the short, curved germ tubes of the wild type; only about 5% of 

∆magB germ tubes form appressoria, in contrast to >95% of the wild type (Liu & Dean, 

1997).  Addition of cAMP or 1,16-hexadecanediol - a minor component of cutin, restores 

∆magB appressorium formation to wild type levels (Liu & Dean, 1997).  MagB is similar 

to Gi protein α subunit in mammals, which inhibits adenylate cyclase activity and lowers 
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intercellular cAMP levels (Chen et al., 1996, Childers & Deadwyler, 1996).  MGB1, the 

gene encoding the Gß subunit of the G-protein complex, regulates appressorial 

penetration and in planta growth post-penetration.  mgb1 mutants produce longer than 

normal germ tubes that do not undergo differentiation to form appressoria.  In the 

presence of exogenous cAMP, the mgb1 mutants form melanized appressoria, but they 

have an irregular shape, and are incapable of penetrating the host.  When plants are 

inoculated after abrasion or by direct injection, thus removing the penetration barrier, the 

∆mgb mutant is still non-pathogenic, demonstrating it is deficient in post-penetration 

infectious growth.  Constitutive expression of MGB1 results in formation of appressoria 

on usually non-inductive hydrophilic- as well as inductive hydrophobic surfaces 

(Nishimura et al., 2003).  RGS1 (Regulator of G-protein Signaling 1, Liu, 2007), a 

member of the RGS protein family known to regulate G-proteins by accelerating the rate 

of hydrolysis of the GTP (guanosine triphosphate) bound to the Gα subunits in the G-

protein complexes (Siderovski and Willard, 2005), negatively regulates MagA, MagB, 

and MagC in M. oryzae as well.  The ∆rgs1 strain produces appressoria on both inductive 

and non-inductive surfaces (Liu et al., 2007). 

cAMP and some of its analogs such as 8-bromo cAMP and N6- monobutyryl 

cAMP regulate appressorium maturation (Lee & Dean, 1993). Addition of cAMP enables 

appressorium formation on otherwise non-inductive surfaces.  M. oryzae MAC1 

(adenylate cyclase) mutants do not produce appressoria but are rescued by addition of 

exogenous cAMP (Choi & Dean, 1997).  SUM1 (Suppressors of the Mac1 phenotype, 

Adachi and Hamer, 1998) encodes the regulatory subunit, while CPKA (cAMP-
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dependent Protein Kinase A; Mitchell and Dean, 1995) encodes the catalytic subunit of 

the cAMP-dependent protein kinase A (PKA) holoenzyme, another component of the 

cAMP signaling pathway, which acts downstream of Mac1.  The inability of ∆cpkA 

mutants to produce appressoria on hydrophobic surfaces or in response to addition of 

cAMP again provides direct evidence of the importance of cAMP in appressorium 

formation.  ∆cpkA mutants are non-pathogenic even upon removal of the penetration 

barrier by abrasion of leaves (Mitchell and Dean, 1995).  Both ∆cpkA and sum1 mutants 

are defective in glycogen and lipid reserve degradation during appressorium formation, 

suggesting an important role of PKA in turgor generation (Thines et al., 2000).  

The Pmk1 MAPK pathway has been demonstrated to play a key regulatory role in 

appressorium formation, invasive growth, and disease development (reviewed in Wilson 

and Talbot, 2009).  PMK1 (Pathogenicity Map Kinase 1, Xu and  Hamer, 1996)  encodes 

a protein kinase that is homologous to the S. cerevisiae FUS3/KSS1 MAP kinases.  

∆pmk1 germ tubes undergo hooking and subapical swelling on hydrophobic surfaces, but 

do not proceed beyond this stage and thus fail to produce appressoria. Similar to the wild 

type, ∆pmk1 germ tubes grow undifferentiated on hydrophilic surfaces, suggesting that 

Pmk1 may not be involved in thigmotrophism.  Both wild type and ∆pmk1 strains 

respond to the addition of cAMP when grown on hydrophilic surfaces: wild type 

produces appressoria, and ∆pmk1 undergoes hooking and swelling of its germ tubes 

which elevate, but are still unable to produce appressoria.  This shows that the ∆pmk1 

strain is responsive to cAMP, and suggests Pmk1 may act downstream of the cAMP (or a 

cAMP-dependent) signal.  As wild type conidia germinate, glycogen, a storage 



22 

 

 

carbohydrate of fungi, rapidly degrades, accumulates in the developing appressoria, and 

disappears again before turgor generation.  Lipid bodies also follow a similar pattern, 

moving to the incipient appressorium, merging into a central vacuole, and degrading as 

the turgor pressure increases.  ∆pmk1 strains are unable to mobilize lipids and glycogen, 

demonstrating a regulatory role for Pmk1 in the mass transfer of storage carbohydrates 

(glycogen) and lipids during appressorium formation (Thines et al., 2000).  Mutants 

carrying a kinase-inactive PMK1 allele or a nonphosphorylatable PMK1 allele do not 

complement the ∆pmk1 phenotype, confirming that Pmk1 has a kinase function and that 

Pmk1 must be phosphorylated by an upstream MAP kinase kinase for its activity (Bruno 

et al., 2004).   

The MAP kinase kinase that activates Pmk1 is Mst7, a homolog of the S. 

cerevisiae Ste7 (Sterile 7, initially described by MacKay and Manney, 1974a and 

MacKay and Manney, 1974b). Mst50, a protein that has an N-terminal sterile α-motif 

(SAM) domain acts as a scaffold to stabilize the interaction of Mst7 with Mst11, another 

SAM-domain containing protein, which is a homolog of the S. cerevisiae Ste11 MAP 

kinase kinase kinase. MST7 and MST11 deletion mutants are also deficient in formation 

of appressoria, and constitutive expression of Mst7 can partially rescue the phenotype of 

∆mst11 as well as ∆mst7 strains, indicating that Mst7 functions downstream of Mst11 

(Zhao et al., 2005).  MST12 (Magnaporthe Ste12; Park et al., 2002) functions 

downstream of Pmk1, and was isolated due to its homology to yeast Ste12, which is 

under the regulation of S. cerevisiae Kss1, one of the yeast homologs of Pmk1 (Bardwell 

et al., 1998).  In contrast to pmk1, mst7, and mst11 mutants, deletion mutants of mst12 
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form appressoria, but are defective in host penetration and infectious growth within the 

host (Park et al., 2002).  The inability of the mutant lacking Pmk1 to proceed beyond the 

hooking and swelling of germ tubes, and the ability of the MST12 deletion mutant to form 

mature appressoria, suggests the existence of a transcription factor(s) functioning 

between Pmk1 and Mst12.  These, as well as regulators of infectious growth within the 

host, which may function downstream of Mst12, are yet to be characterized. 

The mature appressorium of M. oryzae is a melanized, dome-shaped, high-turgor 

(up to 8 MPa) structure, specialized for penetration.  The melanin layer, a polymer of 1, 

8-dihydroxynaphthalene (DHN), is approximately 100 nm thick, and is sandwiched in 

between a chitin-rich cell wall and the plasma membrane (Chumley and Valent, 1990, 

Zeigler, 1994, Wilson and Talbot, 2009).  It acts as a permeability barrier by physically 

excluding the transport of molecules above a certain diameter, including glycerol, which 

is believed to be the key solute responsible for building up enormous turgor pressures in 

the appressorium via breakdown of glycogen (Bourett & Howard, 1990, Talbot, 2003).  

Accordingly, genes encoding enzymes catalyzing various steps of the melanin 

biosynthetic pathway, such as ALB, RSY, and BUF (Albino, Rosy, and Buff, Chumley and 

Valent, 1990) are required for pathogenicity of M. oryzae and specifically for breaching 

the host barrier.  Mutants of these genes can grow invasively in plants and cause disease 

when the penetration barrier is removed (Chumley & Valent, 1990). 
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1.1.3 Penetration Peg 

The penetration peg is an actin-rich protrusion originating from the appressorium, 

which penetrates through the epidermis and cell wall of a host plant cell.  It is about 700-

780 nm in diameter and up to 3.3 µm in length in vivo (Howard & Valent, 1996, Dagdas 

et al., 2012).  The cytoplasm of the penetration peg lacks organelles, including 

ribosomes, and thus is termed a ‘zone of exclusion’ (Bourett & Howard, 1992).  The 

future site of penetration peg formation is marked from the early stages of appressorium 

development: called the ‘appressorium pore’, vesicles cluster at this site, and the cell wall 

is very thin and disappears with time (Zeigler, 1994).  The melanin layer is absent in the 

pore region, so the fungal cytoplasm and host cytoplasm are separated only by their 

respective plasma membranes (Howard & Ferrari, 1989). As the appressorium reaches 

full turgor pressure, the penetration peg emerges as a rigid cellular protuberance, 

supported by the cortical rigidity and membrane curvature provided by septins, a class of 

small GTPases (Dagdas et al., 2012).  The importance of septins in peg formation was 

demonstrated by deletion analysis of M. oryzae core SEP genes (Septin; Dagdas et al., 

2012).  The ∆sep3 strain is non-pathogenic, and deletion mutants of the three other septin 

genes - SEP4, SEP5, and SEP6 - are severely reduced in virulence.  None of the mutants 

effectively penetrate the host cuticle (Dagdas et al., 2012).  Septins also act as a scaffold 

in assembling F-actin, a major component of the filasomes – a fungal organelle made up 

of a core of microvesicles embedded in a mesh that contains actin – which are present in 

abundance at the appressorial pore (Bourett & Howard, 1991) and the penetration peg.  

Green fluorescent protein-tagged septins co-localize with F-actins and form a ring in the 
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appressorial pore.  Mst12 is required for the septin ring formation in the pore (Dagdas et 

al., 2012), suggesting that the septins may act downstream from Mst12.  The importance 

of MAP kinases in disease is further shown by the role of MPS1 in remodeling of the 

appressorium cell wall to form the penetration peg.  MPS1 is a homolog of S. cerevisiae 

Slt2, a MAP kinase that is suggested to regulate cell wall integrity (Torres et al., 1991).  

∆mps1 strains produce melanized appressoria with turgor pressure similar to wild type, 

but they are non-pathogenic when spray-inoculated onto susceptible rice plants.  When 

inoculated onto onion epidermal cells, penetration is not observed, although further 

investigation is needed to determine if the mutant does not form a penetration peg or if it 

forms a penetration peg that is incapable of host penetration.  The ∆mps1 mutant 

produced small lesions when inoculated on abraded plant tissue, indicating Mps1 is not 

required for invasive growth inside the host (Xu et al., 1998).  Pls1 (Punchless1; Clergeot 

et al., 2001), a tetrespanin protein family member, defined by its four membrane-

spanning domains and conserved domains in its extracellular loops, has also been shown 

to be important in the penetration peg formation.  The ∆pls1 strain forms mature 

appressoria comparable to wild type, but these fail to differentiate penetration pegs and 

do not cause disease even when inoculated after removal of the penetration barrier 

(Clergeot et al., 2001).  This is in contrast to buf- and ∆mps1 mutants, which cannot 

penetrate intact plant leaves, but are able to cause disease when the penetration barrier is 

removed (Chumley & Valent, 1990).  Clergeot et al., hypothesize that the ability to form 

a penetration peg is essential to further growth in a host and that the buf and ∆mps1 

mutants are still able to form a peg when inoculated onto wounded plant tissue.  This peg, 
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although incapable of penetrating intact plant tissue, has the ability to invade wounded 

tissue and causes disease on abraded plants.  However, the ∆pls1 strain cannot form a 

penetration peg even on wounded tissue. Therefore Clergeot et al. suggest that the failure 

of the ∆pls1 strain to cause infection is a consequence of its inability to differentiate a 

penetration peg, and not due to the ∆pls1 strain being blocked in the infection process 

downstream.  Further experiments are needed to prove or disprove this hypothesis. 

 

1.1.4 Infection Hyphae 

Upon entering the plant cell lumen through mechanical penetration, the 

penetration peg forms a narrow primary infection hypha (approximately 3 µm in length), 

which grows for 10-20 µm, and then broadens to form extensive, branched, secondary 

infection hyphae (IH), which have a bead-like morphology due to periodic widening and 

narrowing (Heath et al., 1990).  The IH grows and fills up the first-infected cell within 8-

12 hours post penetration.  Around 32-36 hpi the IH enters the neighboring cells, 

regardless of how fast or how complete the invasion of the first-infected cell is, crossing 

cell walls preferentially via plasmodesmata at pit fields (Kankanala et al., 2007).  The 

secondary infection hyphae are enclosed in a membrane of plant origin, called the extra-

invasive hyphal membrane (EIHM).  Growth of the fungus inside a given cell is 

biotrophic, although the plant cell loses viability as the fungus spreads to the adjacent 

cell(s) (Kankanala et al., 2007). 

Relatively few genes important for the host colonization stage of infection have 

been characterized, compared to genes required for other life stages of M. oryzae (Talbot, 
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2003).  The only gene characterized so far that is dispensable for appressorium 

production and host penetration, but is required for the production of both primary and 

secondary infection hyphae is RIG1 (Required for Infectious Growth 1), which is 

described in chapter two of this dissertation.  MIG1 (MADS-box protein required for 

Infectious Growth 1, Mehrabi et al., 2008) encodes a MADS-box transcription factor that 

is required for the production of secondary infection hyphae.  ∆mig1 strains form 

melanized appressoria, penetrate the host and form primary infection hyphae, but fail to 

differentiate secondary infection hyphae, and are non-pathogenic on susceptible rice 

cultivars when inoculated through spraying- or after wounding- the plants.  However, 

∆mig1 strains form infection hypha-like structures on cellophane membranes or heat-

killed plant tissue, demonstrating that Mig1 is important either to overcome the defense 

response staged by a live plant cell or in differentiation of secondary infection hyphae 

(Mehrabi et al., 2008).  Mig1 is homologous to S. cerevisiae MADS-box transcription 

factor Rlm1 (Mehrabi et al., 2008), which acts downstream of the S. cerevisiae MAP 

kinase Slt2 (Watanabe et al., 1997).  In yeast two hybrid assays, Mig1 interacts with 

Mps1, the M. oryzae homolog of Slt2,,which is required for host penetration (Xu et al., 

1998), suggesting that Mig1 may be one of the downstream genes activated by the Mps1 

MAP kinase (Mehrabi et al., 2008).   

Although not required for growth of infection hyphae, several genes show IH-

specific expression.  One example is the BAS (Biotrophy Associated Secreted protein, 

Mosquera et al., 2009) suite of genes.  BAS2, BAS3, and BAS4 all encode small, cysteine-

rich secreted proteins, while BAS1 encodes a small, secreted protein that lacks any 
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cysteine residues.  In compatible interactions, all BAS proteins are secreted in specific 

patterns into rice cells.  The deletion of BAS1, the only gene deletion attempted of the 

BAS genes, did not have a disease phenotype (Mosquera et al., 2009).  The 

metalloprotease encoded by AVR-Pita1 (previously AVR-Pita, Orbach et al., 2000) is 

another effector secreted into host rice plant cells by growing infection hyphae. Avr-Pita 

acts as an avirulence factor on rice varieties carrying the resistance (R) gene Pi-ta (Bryan 

et al., 2000).  Expression of AVR-Pita1 was shown to increase by approximately 30-fold 

in infection hyphae, above a nearly undetectable level of expression in the mycelium 

(Mosquera et al., 2009). 
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Table 1. Summary of M. oryzae genes 

Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Conidiation 
 

ACR1 (acropetal) 
 

Repress conidiation, maintain 
sympodial pattern of conidia 
formation and thus, progression 
through the disease cycle. 

Produces conidia in a head-to-tail (acropetal) 
chain due to the indeterminate growth of the 
conidial tip cell.  Forms conidia that are larger in 
size, with a variable number of irregularly-
spaced septa. Some compartments of acr1 spores 
are devoid of nuclei. 
Alters germ tube emergence pattern: germ tubes 
emerge from the side and elongate perpendicular 
to the long axis of the spore.   
Larger, older spores (approximately 95% of the 
spore population) fail to form appressoria.  Fails 
to produce spore tip mucilage and thus are 
unable to attach to substrate.  Produces a few, 
small lesions on susceptible rice plants 
  

Conidiation MoCDC15 
(homolog of 
Schizosaccharomyces 
pombe CDC15) 
 

Regulate conidiation, a number 
of pre-infection developmental 
steps, and pathogenicity. 

Significant decrease in conidium and 
conidiophore production.  Non-WT conidium 
cell numbers: the majority of mutant conidia are 
two, four or five –celled.  Deficient in adhering 
to hydrophobic substrates.  Cell wall porosity of 
appressoria is altered, reducing the number of 
appressoria that penetrate the host.  Reduced 
growth of invasive hyphae in planta. 
Increased frequency of septa in vegetative 
mycelium, thus decreasing the length of a hyphal 
compartment. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Conidiation COM1(Conidial 
morphology mutant 
1) 
 

Regulate conidial development 
and invasive growth. 

Four fold decrease in conidium production.  
Increase in conidial length.  Reduction in the 
basal and middle cell width.   
Appressoria defective in turgor pressure 
generation.  Not all mutant appressoria make 
primary infection hyphae suggesting that mutant 
appressoria may be defective in host penetration.  
When formed, infectious hyphae are reduced in 
branching. The mutant also produces smaller, 
and significantly fewer lesions on susceptible 
rice plants. 
 

Conidiation MoDUO1 
(homolog of the 
Saccharomyces 
cerevisiae DUO1) 
 

Suggested to function in mitosis. Increases the spacing between conidia in a 
sympodial conidial cluster.  Produces one to two-
celled conidia that lack nuclei 40% of the time.  
The rate of conidial germination is significantly 
decreased.  Forms infection hyphae that grow 
more slowly and have fewer branches than WT.  
Shows attenuated virulence on susceptible rice 
plants. 

Conidiation SMO (abnormal 
spore morphology) 
 

Regulate cell shape 
determination, sensing of 
surfaces conducive for 
appressorium formation, and 
appressorial morphology. 

Forms abnormally-shaped conidia that produce 
unusually long germ tubes.  Ascus shape also 
deviates from the wild type.  Reduced 
appressorium formation on conducive 
hydrophobic surfaces and increased formation on 
hydrophilic surfaces. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Conidiation 
 

CON (conidium) 
 

Regulate production of conidia. • con1 – Produces ~90% fewer conidia than 
WT. Conidia are more elongated. Fails to 
produce appressoria, and is non-pathogenic. 
 

• con2 – Produces only conidium initials in the 
absence of direct light.  Forms conidia with 
zero or one septa under continuous light.  
Significantly reduced appressorium 
formation and thus, significantly reduced 
pathogenicity. 
 

• con3 – Significantly increased production of 
conidia in the dark. 
 

• con4 – Produces 35% less conidia under 
continuous illumination.  Reduced 
appressorium formation, resulting in a 
significant reduction in pathogenicity. 

 
• con5 – Fails to produce conidia 
• con6 – Fails to produce conidia 

 
• con7– Produces 35% fewer conidia under 

continuous illumination, but produces 
significantly more conidia than the wild type 
in the dark.  Fails to produce appressoria, and 
is thus non-pathogenic. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Conidiation MoDUO1 
(homolog of the 
Saccharomyces 
cerevisiae DUO1) 
 

Suggested to function in mitosis. Increases the spacing between conidia in a 
sympodial conidial cluster.  Produces one to two-
celled conidia that lack nuclei 40% of the time.  
The rate of conidial germination is significantly 
decreased.  Forms infection hyphae that grow 
more slowly and have fewer branches than WT.  
Shows attenuated virulence on susceptible rice 
plants. 
 

Conidiation SMO (abnormal 
spore morphology) 
 

Regulate cell shape 
determination, sensing of 
surfaces conducive for 
appressorium formation, and 
appressorial morphology. 

Forms abnormally-shaped conidia that produce 
unusually long germ tubes.  Ascus shape also 
deviates from the wild type.  Reduced 
appressorium formation on conducive 
hydrophobic surfaces and increased formation on 
hydrophilic surfaces. 

 
Appressorium 
formation 

MgNIMA 
(homolog of A. 
nidulans nimA; never 
entry into mitosis)  

Homolog of MgNIMA encodes a 
protein kinase necessary for 
mitosis. 

Mitosis is arrested (fails to progress past the G2 
phase) upon shifting to the restrictive 
temperature.  Appressorium differentiation is 
significantly decreased. 
 

Appressorium 
formation 

MgATG8 
(homolog of S. 
cerevisiae 
AUT7/ATG8; 
Autophagocytosis 
mutant)  
 

Necessary for autophagy in M. 
oryzae. 
Homolog of MgATG8 is 
required for delivering 
autophagic vesicles to the 
vacuole of the cell. 

Conidium (and its nuclei) fails to degenerate 
upon appressorium formation.  The appressorium 
fails to breach the host cell wall and is thus non-
pathogenic. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Appressorium 
formation 

PTH11 
(Pathogenicity gene 
11)  

Encodes a G-protein-coupled 
receptor for sensing the 
environment and activation of 
downstream pathway(s). 

Forms swollen germ tubes but fails to produce 
appressoria 85-90% of the time.  Rarely 
penetrates host and completes the infection 
cycle, thus resulting in reduced virulence. 
 

Appressorium 
formation 

MAGB 
 

Encodes for the Gα subunit of 
the heterotrimeric (αßɣ) G-
protein complex,  which is 
involved in signal transduction 
downstream of Pth11. 
 

Forms long, straight germ tubes, vs. WT short, 
curved germ tubes.  Approximately 95% of 
∆magB germ tubes fail to form appressoria. 

Appressorium 
formation 

MGB1 
(M. grisea G-protein 
beta subunit)) 
 

Encodes for the Gß subunit of 
the heterotrimeric (αßɣ) G-
protein complex,  which is 
involved in signal transduction 
downstream of Pth11. 

Produces germ tubes that are longer than wild 
type, and fail to form appressoria.  Non-
pathogenic when inoculated onto plants by 
spraying or after abrasion. 
Produces melanized appressoria in presence of 
cAMP, but these are irregular-shaped and also 
fail to penetrate host. 
 

Appressorium 
formation 

RGS1 
(Regulator of G-
protein Signaling 1) 
 

Represses Gα subunit-encoding 
genes MAGA, MAGB, and 
MAGC. 
 
 

Produces appressoria on both inductive and non-
inductive surfaces. 

Appressorium 
formation 

MAC1  
(Magnaporthe 
adenylate cyclase) 
 

Encodes adenylate cyclase, 
which catalyzes the production 
of cAMP from ATP. 

Fails to produce appressoria. Appressorium 
formation is restored by addition of exogenous 
cAMP. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Appressorium 
formation 

SUM1  
(Suppressor of the 
Mac1 phenotype) 
 

Encodes the catalytic subunit of 
the cAMP-dependent protein 
kinase A (PKA), which is a 
component of the cAMP 
signaling pathway. 
 

Fails to produce appressoria on hydrophobic 
surfaces.  Faster-than-normal glycogen and lipid 
reserve degradation occurs before the completion 
of appressorium formation. 

Appressorium 
formation 

CPKA (cAMP-
dependent Protein 
Kinase A) 
 

Encodes the regulatory subunit 
of the cAMP-dependent protein 
kinase A (PKA). 

Fails to produce appressoria, and the defect is not 
restored by addition of exogenous cAMP. 
Mobilization of glycogen and lipid to the 
incipient appressorium is retarded.  Non-
pathogenic even after removal of the penetration 
barrier. 

Appressorium 
formation and 
invasive growth 

PMK1 (Pathogenicity 
Map Kinase 1)  

Encodes a protein kinase that 
regulates appressorium 
formation and invasive growth. 

Germ tubes hook and swell, but fail to produce 
appressoria.  Glycogen and lipids fail to mobilize 
to the incipient appressorium.  Non-pathogenic 
when inoculated to susceptible plants by 
spraying or injection. 
 

Appressorium 
formation 

MST7 
(Magnaporthe Sterile 
7, homolog of S. 
cerevisiae Ste7) 
  

Encodes a MAP kinase kinase 
that activates Pmk1. 

Fails to form appressoria. Non-pathogenic when 
inoculated to susceptible plants by spraying or 
injection. 

Appressorium 
formation 

MST11 
(Magnaporthe Sterile 
11, homolog of S. 
cerevisiae Ste11)  

Encodes a MAP kinase kinase 
kinase that acts upstream of 
Mst7.  This protein has an N-
terminal sterile α-motif (SAM) 
domain. 

Fails to form appressoria. Non-pathogenic when 
inoculated to susceptible plants by spraying or 
injection. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Appressorium 
formation 

MST50 
(Magnaporthe Sterile 
50, homolog of S. 
cerevisiae Ste50) 
 

Encodes a scaffold that 
stabilizes the interaction of Mst7 
with Mst11.  Mst50 has an N-
terminal sterile α-motif (SAM) 
domain.  Also interacts with 
multiple upstream components 
(Ras1, Ras2, Cdc42, and Mgb1) 
of the Pmk1 signaling pathway. 
 
 

Fails to form appressoria. Non-pathogenic when 
inoculated to susceptible plants by spraying or 
injection. 

Appressorium 
melanization 

ALB, RSY, BUF 
(Albino, Rosy, Buff)  

Encodes enzymes of the DHN-
melanin biosynthetic pathway. 

alb – white colonies, secretes a yellow pigment 
to the medium; rsy - white colonies that later 
turn tan, secretes a rosy pigment to the medium; 
buf – reddish-tan colonies.   
Mutant appressoria fail to breach host tissue due 
to inability to produce necessary turgor pressure.  
Non-pathogenic on susceptible plants by 
spraying, but pathogenic when inoculated after 
removal of the penetration barrier. 
 
 

Appressorium 
formation 

MST12 
(Magnaporthe Ste12, 
homolog of S. 
cerevisiae Ste12) 
  

Regulates genes involved in 
host penetration (e.g. SEP 
genes) and infectious growth 
within the host. 

Forms melanized appressoria, but fails to 
penetrate and grow invasively within the host. 
Non-pathogenic when inoculated by spraying or 
injection to susceptible plants. 
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Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Penetration peg 
formation 

PLS1 
(Punchless1)  

Encodes a tetraspanin-like 
protein required for 
differentiation of the penetration 
peg. 

Fails to form a penetration peg. Non-pathogenic 
when spray- or abrasion- inoculated.  Clergot et 
al., suggests that buf, rsy, alb, and mps1 mutants 
differentiates a penetration peg that is unable to 
penetrate intact tissue, but has the ability to 
invade tissue when inoculated to abraded tissue.  
The pls mutant fails to form a penetration peg on 
both intact and wounded tissue.  The non-
pathogenic phenotype is a consequence of this 
deficiency.   

Host 
penetration 

MPS1 
(homolog of S. 
cerevisiae Slt2)  

Encodes a MAP kinase 
suggested to be involved in a 
signaling cascade required for 
remodeling of the appressorium 
cell wall to form the penetration 
peg. Acts upstream of septins. 

Forms melanized appressoria, but these fail to 
form the septin ring or penetrate host, and are 
thus incapable of causing disease when spray-
inoculated. Pathogenicity is restored when 
injected or inoculated onto abraded tissue. 

Host 
penetration  

SEP 
(Septin, Homologs of 
Saccharomyces 
cerevisiae 
Cdc3, Cdc10, Cd11, 
and Cdc12)  
 

Encodes a class of five GTPases 
that scaffolds F-actin, thus 
providing the cortical rigidity 
and membrane curvature 
required for the formation of the 
penetration peg. 

• sep3 – Fails to form a penetration peg.  Non-
pathogenic. 
 

• sep4 – Severely reduced in pathogenicity, 
only forming small necrotic flecks. 
 

• sep5 – Same disease phenotype as sep4. 
 

• sep6 – Same disease phenotype as sep4. 
Each sep gene deletion mutant results in mis-
localization of the remaining septins. 



37 

 

 

Life stage of  
M. oryzae 
 

Gene Gene function Mutant phenotype (relative to the wild type) 

Infection 
hyphae 
formation 

MIG1  
(MADS-box protein 
required for 
Infectious Growth 1) 
 

Required for the production of 
secondary infection hyphae.  
Suggested to act downstream of 
Mps1. 

Produces primary, but not secondary, infection 
hyphae.  Non-pathogenic on susceptible hosts. 

Effectors BAS (Biotrophy 
Associated Secreted 
protein) 

Encodes a family of four, small 
secreted proteins (Bas1, Bas2, 
Bas3, Bas4) 

bas1 deletion does not alter the virulence.  
(Mutation of the other BAS genes has not been 
reported) 

Effectors AVR-Pita1 
(previously AVR-
Pita)  

Encodes a metalloprotease that 
acts as an avirulence factor on 
rice varieties carrying the 
resistance (R) gene Pi-ta 

Mutant does not trigger a resistance response 
from plants carrying the Pi-ta R gene (unlike 
strains containing Avr-Pita1) 
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1.2 Gene families of Histoplasma capsulatum RYP genes 

In the current dissertation, we attempted to characterize the M. oryzae homologs 

of H. capsulatum RYP genes.  While the mutant phenotype of the RYP1, RYP2, RYP3, 

and RYP4 genes is the same – they are all locked in the mycelial phase regardless of 

temperature – the four RYP genes belong to three families of transcription factors: RYP1 

is a member of the Gti_Pac2 family (Nguyen & Sil, 2008), RYP2 and RYP3 are Velvet 

family members (Webster & Sil, 2008), and RYP4 is a zinc binuclear protein belonging to 

the zinc finger family (Vorhies and Sil, personal communication).  Described below are 

the characteristics of some prominent members in each family, as members of the same 

gene family often share common or overlapping function(s) across different species, and 

the evolution of novel functions, or loss of common functions, in a member of a gene 

family in a given species then becomes easy to detect. 

 

1.2.1 The Gti1_Pac2 family 

The Gti1_Pac2 gene family is named after its first members Schizosaccharomyces 

pombe genes gti1 and pac2.  Members of this family of conserved fungal proteins 

regulate different types of transitions, often in response to environmental signals (Nguyen 

& Sil, 2008).  Based on sequence similarity of the predicted proteins, the family is further 

divided into two main groups (Michielse et al., 2009): one with gti1 and its homologs and 

the other with pac2 and its homologs. 

gti1 (gluconate transport inducer 1; Caspari, 1997) was identified in a forward 

genetic screen producing a gti1 mutant unable to utilize gluconate as the sole carbon 
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source.  It is required for gluconate/H+ symport upon glucose starvation, a condition that 

also causes S. pombe to enter stationary phase or undergo conjugation and meiosis.  gti1 

has a highly-conserved 65KRWTDG70 motif in its N-terminus (Caspari, 1997), later 

expanded to give the conserved sequence SGIKRWTDG (Michielse et al., 2009), found 

in all of the members of the Gti1 group of the Gti1_Pac2 family. 

One of the best characterized members of this family is the C. albicans WOR1 

(White Opaque Regulator 1, Huang et al., 2006 and Zordan et al., 2006; also known as 

TOS9, Srikantha et al., 2006 and EAP1, Li and Palecek, 2003).  This gene was isolated as 

the putative cell wall adhesin EAP1 (Enhanced Adherence to Polystyrene 1), because 

when transformed into Saccharomyces cerevisiae flo8∆ cells, which are otherwise less 

adherent that the wild type, it increased the ability of flo8∆ cells to adhere to polystyrene 

and kidney epithelial cells.  It also restores haploid invasive growth and diploid 

pseudohyphal formation in S. cerevisiae flo8∆ cells.  In C. albicans, EAP1 is not induced 

at 37 ˚C during the dimorphic switch from yeast to hyphal and pseudohyphal growth.  

However, it is regulated by C. albicans EFG1 (Enhanced Filamentous Growth1; Stoldt, 

1997), a transcription factor which is a positive regulator of filamentous growth (Leng et 

al., 2001, Li & Palecek, 2003). 

In a high copy suppressor screen of the invasive growth defect of S. cerevisiae 

flo8∆ cells on solid media, EAP1 was re-discovered as WOR1 (Huang et al., 2006).  In C. 

albicans, WOR1 is required for the white-opaque switching.  It is expressed specifically 

in opaque cells and it is induced by Wor1p.  C. albicans a/α cells do not express WOR1 

due to its repression by a1-α2 complex (Tsong et al., 2003) and are unable to switch 
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phenotype or mate.  Deletion of both copies of WOR1 in a/α cells does not affect growth 

or hyphal development.  When WOR1 is expressed ectopically in a/α cells they are able 

to switch from the white to opaque phase although the opaque cells are unstable and 

cannot mate.  Huang et al. were the first to note the sequence conservation of the WOR1 

N-terminus (amino acids 6-87) with several other fungal proteins: S. pombe gti1, pac2, 

and S. cerevisiae Yel007w.  They also demonstrated that this region is required for 

WOR1 function in S. cerevisiae cells. 

EAP1 was also isolated by Zordan et al. (2006), who independently named it 

WOR1 again due to its role as a regulator of white-opaque switching in C. albicans.   

Observations by Zordan et al. are very similar to Huang et al.: Wor1p accumulates in 

opaque cells, and binds to its own promoter activating WOR1 transcription.  Ectopic 

expression of WOR1 in white cells converts them to the opaque phase, and when 

ectopically expressed in a/α cells, it converts them into opaque cells as well.  

In a chromatin immunoprecipitation-microarray (ChIP – chip) assay done to identify a 

“master switch gene” responsible for the white – opaque transition, Srikantha et al., 2006 

also isolated TOS9 (EAP1 / WOR1).  Using a GFP fusion, they demonstrated that Tos9p 

localizes to the nucleus.  They were the fourth group to isolate this gene and third to 

demonstrate its function as a master regulator of phase transition. 

The S. pombe pac2 (pat1 compensator2; Kunitomo et al., 1995) gene is the first 

and defining member of the second group in the Gti1_Pac2 family.  It was isolated as a 

high-copy suppressor of the pat1 mutation. Pat1 is a gene that is an inhibitor of 

conjugation and sporulation in diploid S. pombe cells (Parthenogenesis 1; Iino and 
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Yamamoto, 1985; also known as Ran1; Nurse, 1985).  Overexpression of pac2 results in 

haploid cells that are sterile, and diploid cells that are meiosis-deficient.  Sterility is due 

to the inability to express Ste11, a key transcription factor required for sexual 

development (Sugimoto et al., 1991), in response to nitrogen starvation.  The pac2-

controlled negative regulation of sexual development acts independently of the cAMP 

signaling cascade, which is the other main pathway controlling sexual development in S. 

pombe (Kunitomo et al., 1995).  While pac2 homologs have been identified in other 

fungi such as C. albicans (Pth2, Lohse et al., 2010; Candida genome database 

http://www.candidagenome.org/cgi-

bin/locus.pl?locus=pth2&organism=C_albicans_SC5314), Fusarium oxysporum 

(FoPAC2, Michielse et al., 2009), and Fusarium graminearum (FGP2, Jonkers et al., 

2012), their function is yet unknown. 

Interest in the Gti1_Pac2 family was reignited with the discovery of Histoplasma 

capsulatum RYP1 (Required for Yeast Phase 1; Nguyen and Sil, 2008), a gene belonging 

to the Gti1 group of the family.  H. capsulatum, a dimorphic fungal pathogen of humans, 

switches from filamentous to yeast growth when grown at 37 ˚C, the human body 

temperature.  RYP1 was discovered in a forward genetic screen to identify genes required 

for the switch to yeast phase at 37 ˚C.  ryp1 mutants grow as mycelia at 37 ˚C.  They also 

aberrantly give rise to conidia when grown in shaking cultures at room temperature, 

indicating a function for RYP1 at room temperature.  RYP1 is transcriptionally regulated, 

being induced fourfold in yeast cells grown at 37 C vs. mycelium at room temperature.  It 

is a major regulator of temperature induced genes, with 98% of the 756 genes 
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significantly up-regulated in wild type cells at 37 ˚C, being RYP1-dependent.  These 

include two genes important in Histoplasma pathogenicity - CBP1 (Calcium-Binding 

Protein1; Sebghati et al., 2000), a virulence factor and YPS3 (Yeast Phase Specific3; 

Keath and Abidi, 1994), required for host colonization in mice.  ChIP analysis showed 

that RYP1 associates with its own promoter, resulting in a positive feedback loop for 

RYP1 expression. 

M. oryzae RIG1 (Required for Infectious Growth 1), characterized in this 

dissertation, was discovered using a reverse genetics approach based on its sequence 

similarity to H. capsulatum RYP1.  Around the same time, Fusarium oxysporum 

Gti1_Pac2 family members SGE1 (SIX Gene Expression 1) and FoPAC2 (F. oxysporum 

pac2) were discovered in a forward genetic screen by Michielse et al. (2009).  SGE1, 

which shows more sequence similarity to gti1 (rather than pac2) encodes for a nuclear-

localized protein.  Its expression increases two- to five-fold during infection of host roots.  

While Sge1 is not essential for the penetration and colonization of the root, it regulates 

the expression of the effector proteins SIX (Secreted In Xylem) 1,2,3,5, and thus, sge1 

mutants are non-pathogenic.  SGE1 does not affect vegetative growth, but deletion of the 

gene reduces production of microconidia by six-fold.  FoPAC2, whose sequence is more 

similar to Pac2 rather than Gti1, “plays at most a minor role during infection” (Michielse 

et al., 2009), and was not further characterized. 

Michielse et al. further observed that the conservation of SGE1 and Gti1_Pac2 

family members across the fungi and constructed a neighbor joining, mid-point rooted 

phylogenetic tree, which confirmed the division of the family into two groups.  Most 
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Ascomycetes have one member from each group, though there are exceptions: 

Neurospora crassa lacks a Gti1 group member, and both Coprinus cinereus, Rhizopus 

oryzae have more than two members (Michielse et al., 2009).  Michielse et al. proposed 

that Sge1 and its homologs were required for the parasitic growth of non-dimorphic 

(plant) pathogenic fungi.  Since then Gti1_Pac2 family members have been characterized 

in Botrytis cinerea (BcReg1; Michielse et al., 2011) and Fusarium graminearum (FGP1; 

Jonkers et al., 2012). 

BcReg1 (Regulator 1), the B. cinerea ortholog of SGE1, which has a nuclear 

localization signal and a putative protein kinase A phosphorylation site similar to other 

Gti1 group members, is also required in pathogenicity.  The ∆Bcreg1 mutant penetrates 

host tissue, but is more sensitive to oxidative stress than the wild type (demonstrated 

using sensitivity to hydrogen peroxide).  It does not produce botryane sesquiterpenes, 

polyketides botcinic acid and botcinin, which are phytotoxins utilized by B. cinerea, and 

therefore is unable to grow beyond penetration or produce lesions.  The mutant shows no 

difference in its vegetative growth and sclerotia formation relative to the wild type.  

However, formation of ∆BcReg1 macroconidia is severely reduced, because the denticles 

at the tip of mutant conidiophores do not develop into mature conidia (Michielse et al., 

2011). 

FGP1 (F. graminearum GTI1/PAC2 1; Jonkers et al., 2012), the Gti1 group 

member in F. graminearum regulates pathogenicity and mycotoxin (trichothecene) 

production.  Growth of the ∆fgp1 mutant halts at the rachis node of the first-inoculated 

spikelet and does not spread toward the glume.  This failure to penetrate the rachis node 
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and the resulting loss of pathogenicity is due to the mutant’s inability to produce 

trichothecene toxins in planta.  The mutant fails to express TRI14, a marker for 

expression of the TRI (Trichothecene) biosynthetic gene cluster, on putrescine medium.  

The ∆fgp1 also fails to undergo a morphological change on putrescine medium that is 

observed in wild type hyphae (Jonkers et al., 2012).  Wild type hyphae are of “uniform 

thickness over their entire length and grow in long branches” on control medium, but 

make bulbous sub-apical structures on putrescine medium. These bulbous structures, 

which the authors speculate might accommodate toxin production, are fewer and smaller 

in the ∆fgp1 mutant.  The F. oxysporum SGE1 gene is unable to complement the F. 

graminearum ∆fgp1 mutant, and vice versa.  Although the N-terminus of the Gti1_Pac2  

family members are conserved, transformation with an SGE1 N-terminus – FGP1 C-

terminus fusion construct under the FGP1 promoter only partially complements the F. 

graminearum ∆fgp1 mutant; transformation with an FGP1 N-terminus – SGE1 C-

terminus fusion construct under the SGE1 promoter does not complement the F. 

oxysporum ∆sge1 mutant.  Based on this, Jonkers et al. suggests that although the C-

terminal portions of the Gti1 group members are divergent, they are critical for the 

function of the gene in the species of origin.  FGP1 does not play a role in vegetative 

growth. However, deletion of the gene affects asexual and sexual reproduction: fewer 

macroconidia are formed, conidiospores are smaller, ascospore formation is delayed, and 

fewer ascospores are formed.  The F. graminearum Pac2 group member FGP2 (F. 

graminearum GTI1/PAC2 2; Jonkers et al., 2012) has no obvious function in vegetative 

growth, sexual reproduction or pathogenicity. 
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S. cerevisiae, the second saprobic fungus, after S. pombe, in which Gti1_Pac2 

family members have been characterized also has two members: MIT1 (Muc1 expressed 

Independent of TEC1, http://www.yeastgenome.org/cgi-bin/locus.fpl?locus=mit1, also 

known as YEL007W) and YHR177W.  MIT1 is required for S. cerevisiae haploid invasive 

growth and diploid pseudohyphal growth (Cain et al., 2012).  MIT1 is also required for 

filamentous growth.  It affects these phenotypes at least in part due to its control over 

FLO11 (also known as MUC1), a cell wall floculin critical for filamentous growth.  

Under the conditions tested, the second Gti1_Pac2 family member YHR177W did not 

play any obvious role in vegetative or filamentous growth. 

MIT1, YHR177W, as well as Gti1_Pac2 family members Gti1, Pac2, WOR1, 

RYP1, SGE1, and Pth2 all have a “WOPR box” (for Wor1, Pac2, Ryp1) domain, which is 

broadly conserved in all fungi, although members of this gene family have only been 

characterized in a few fungal species (Lohse et al., 2010).  The WOPR box is defined as 

the N-terminal 300 amino acid region (positions 1–321, out of 785 total amino acids) in 

Wor1p.  Electrophoretic gel mobility shift assays and gel filtration chromatography show 

that the WOPR box directly binds DNA as a monomer.  It is made of two conserved 

blocks of sequence called the WOPRa and WOPRb boxes that encode globular domains 

and are, separated by a less conserved region of variable length.  Both boxes are required 

for the binding of Wor1 to its targets.  MEME  (Multiple EM for Motif Elicitation) 

analysis and competitive binding assays done on base substitution mutants reveal that 

Wor1 recognizes a 14-base pair sequence motif, with a nine base pair core motif 

(positions 6-14 in Wor1).  This core motif is sufficient for activation of transcription by 
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Wor1.  More recently, using electrophoretic mobility shift experiments, it was discovered 

that H. capsulatum RYP1 and S. cerevisiae Mit1p binds the same DNA sequence as 

Wor1 (Cain et al., 2012).  Both C. albicans WOR1 and H. capsulatum RYP1 are able to 

restore haploid invasive growth to a ∆mit1∆yhr177w S. cerevisiae strain.  Mit1in S. 

cerevisiae binds the core motif that is recognized by Wor1as its target in C. albicans 

(Lohse et al., 2010) .  This was shown by the reduced transcriptional activation resulting 

from the introduction of point mutations in this domain in S. cerevisiae FLO11, a 

transcription factor controlled by MIT1, if point mutations are introduced into the 

consensus binding site in FLO11.  

The set of genes targeted by Mit1 was identified using ChIP-chip analysis, and 

was mapped to their orthogroups in C. albicans. Here it was seen that while 66 of the 

genes in the Mit1 regulon had at least one ortholog in C. albicans, only a small portion 

(thirteen) were bound by Wor1 in C. albicans.  Therefore, while the binding site 

recognized by Gti1_Pac2 family members has remained conserved from 200 million to 

1.2 billion years ago, the estimated time at which C. albicans, H. capsulatum, and S. 

cerevisiae diverged from a common ancestor, genes have moved in and out of the 

Wor1/Mit1/Ryp1 regulon.  Cain et al. (2012) suggests that this movement must be at 

least partially responsible for the differences in morphology among these species: yeast 

cells and pseudohyphae in S. cerevisiae, yeast cells and hyphae in H. capsulatum, and the 

white and opaque cells in C. albicans. 

 

 



47 

 

 

1.2.2 The Velvet Family 

The velvet family of regulatory proteins plays a key role in regulating 

differentiation processes (formation of sclerotia, fruiting bodies, and asexual and sexual 

spores) and secondary metabolism in fungi (Bayram & Braus, 2012).  The four members 

of the velvet family of proteins have been defined based the presence of a conserved 

velvet domain: VeA (Velvet A; Kafer, 1965) - the first identified member, VelB (Velvet 

like B; Bayram et al., 2008), VosA (Viability of spores A; Ni and Yu, 2007), and VelC 

(Velvet like C; Bayram et al., 2010).  The velvet domain is conserved in Fungi from the 

Chytridiomycota to the Basidiomycota.  This domain is approximately 150 amino acids 

in length, and is speculated to function in protein-protein interactions (Bayram & Braus, 

2012). 

Aspergillus nidulans veA was identified due to the increased ‘velvet-like’ 

conidiation of an X-ray-induced mutant (Kafer, 1965).  Null mutants of the gene do not 

produce sexual structures.  Compared to the wild type, veA overexpression strains 

produce more sexual structures, form cleistothecia and Hϋlle cells (proposed to protect 

and nourish the development of a young fruiting body) even under usually non-inductive 

culture conditions, but produce fewer conidial heads.  Therefore, in A. nidulans, veA is 

both a positive regulator of sexual development and a negative regulator of asexual 

development (Kim et al., 2002).  In contrast, an A. parasiticus ∆veA strain produces less 

conidia and no sclerotia.  Sporulation is reduced in the A. fumigatus ∆veA mutant 

(Krappmann et al., 2005), but it is further reduced when veA is over-expressed  (Dhingra 

et al., 2012), demonstrating the requirement of wild type VeA levels to maintain wild 
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type conidiation levels.  VeA is involved with the production of secondary metabolites in 

both fungi: the A. parasiticus ∆veA mutant does not express the aflatoxin-cluster-

activator genes aflR and aflJ, and is thus blocked in aflatoxin production (Calvo et al., 

2004);  Expression of gliZ and gliP genes, both of which are required for gliotoxin 

biosynthesis, is reduced in the A. fumigatus ∆veA mutant, and thus gliotoxin production is 

reduced (Dhingra et al., 2012). Similarly, the A. flavus veA homolog is required for the 

production of aflatoxin and sclerotia, as well as for regulation of the mycotoxins 

cyclopiazonic acid and aflatrem (Duran et al., 2007).  veA homologs have been 

characterized in several other ascomycetes as well: Fusarium verticillioides FvVE1, the 

first veA homolog studied in a non-Aspergillus genus, regulates cell wall integrity, 

hydrophobicity of the cell surface, polarity of hyphae, and the ratio of macroconidia to 

microconidia (Li et al., 2006).  It is also required for the production of the mycotoxins 

fumonisin and fusarin (Myung et al., 2009).  FfVel1, the Fusarium fujikuroi veA 

homolog, again is necessary for fumonisin, fusarin, and giberrelic acid production, but 

represses the production of the polyketide pigment bikaverin, thus simultaneously 

regulating secondary metabolism both positively and negatively.  FfVel1 is also required 

for virulence (Wiemann et al., 2010).  Deletion of the veA homolog velvet-1 (ve-1) in 

Neurospora crassa reduces conidiation and causes stunting of the aerial hyphae (Bayram 

et al., 2008). Penicillium chrysogenum velA (PcVelA) controls conidiation, penicillin 

biosynthesis, and expression of PclaeA, the P. chrysogenum homolog of A. nidulans 

laeA, a global regulator of secondary metabolism (Hoff et al., 2010).  In the 

cephalosporin C producer Acremonium chrysogenum, the veA homolog AcveA controls 
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the expression of cephalosporin biosynthetic genes, as well as hyphal branching, 

fragmentation, and thus arthrospore formation (Dreyer et al., 2007). 

 The other velvet family members are studied in less detail than veA, both in A. 

nidulans and in other fungi.  The second member of the A. nidulans velvet family, velB, 

was identified using tandem affinity purification technique due to the interaction of VelB 

with VeA protein in fungal hyphae. Initial studies observed that the phenotypes of veA 

and velB deletion mutants are similar, with minor differences.  For example, conidiation 

of the ∆velB mutant was less impaired than that of the ∆veA mutant (Bayram et al., 

2008).  However, a later study (Park et al., 2012) observed that the deletion of velB 

reduced the number of conidia produced, and that the over-expression of velB increased 

conidial production by two-fold, confirming the importance of velB in as a positive 

regulator of conidiation.  However, ∆velB conidia germinate earlier than the wild type, 

suggesting a repression of conidial germination by velB.  Interestingly, functions of 

Ffvel2, the A. nidulans velB homolog in F. fujikuroi, are similar to Ffvel1.  It is required 

for aerial hyphae formation, production of microconidia, and virulence on rice (Wiemann 

et al., 2010).  A. nidulans vosA, the third velvet family member, is specifically expressed 

during asexual and sexual spore formation and is required for the viability of both conidia 

and ascospores. It is also essential for accumulation of trehalose in conidia.  However, 

vosA also acts as a repressor of asexual spore formation via a negative feedback loop (Ni 

& Yu, 2007).  Interestingly, an immuno-pull-down assay done using a FLAG-tag fused to 

the C-terminus of VelB showed VosA (which acts as a repressor of conidiation) 

interacting with VelB (which acts as a promoter of conidiation).  A ∆velB ∆vosA double 
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mutant shows a conidiation phenotype intermediate to those of the two single mutants. 

These observations have led to the suggestion that VelB and VosA play an inter-

dependent role in viability, trehalose accumulation and germination of conidia (Park et 

al., 2012). 

In Histoplasma capsulatum, a dimorphic fungal pathogen of animals, three of the 

velvet family members were studied in detail.  VEA1, the H. capsulatum homolog of A. 

nidulans veA, is required for formation of cleistothecia, but has no obvious role in 

conidiation VEA1-silenced strains are attenuated in virulence, which is suggested to be 

due to their increased sensitivity to acidic growth conditions.  Relative to the wild type 

strain, these strains also transition to the mycelial phase faster, and are impaired in 

transitioning to the yeast phase, although they are not locked exclusively in the mycelial 

growth form (Laskowski-Peak et al., 2012).  In contrast to the VEA1-silenced strains, 

single gene mutants of vosA and velB homologs in H. capsulatum are locked in the 

mycelial phase.  These genes, called RYP2 (Required for Yeast Phase 2) and RYP3 

respectively, were identified in a forward genetic screen for mutants unable to undergo 

the morphological switch from the mycelial to yeast phase in response to temperature.  

ryp2 and ryp3 mutants also show “robust, inappropriate sporulation” under culture 

conditions in which the wild type produces few spores.  However, viability of the mutant 

spores is severely reduced (Webster & Sil, 2008), suggesting a similar role in spore 

viability for RYP2 and RYP3 as their A. nidulans homologs.  VEA1expression is inversely 

related to RYP3 expression, but there is no significant association of VEA1 level with 

RYP3 or LAEA levels (Laskowski-Peak et al., 2012).  Expression of RYP2 and RYP3 are 



 

 

inter-dependent, and also dependent on 

Gti1_Pac2 family (Webster & Sil, 2008

The role of velC, the fourth member of the velvet family, is yet to be fully 

investigated.  Preliminary data indicate 

(Bayram, 2012; Bayram, 2010).

 

Figure B. Interactions between velvet family proteins and LaeA in 

Figure from Bayram and Braus, 2012.

 

Current understanding of the molecular level

members in A. nidulans is described by Bayram and Braus (2012; figure 

a dimer with VelB.  Under dark conditions, the dimer enters the nucleus, facilitated by 

the α-importin KapA.  The dimer by itself is import

bodies.   VelA bridges VelB to LaeA (

dependent, and also dependent on RYP1, a transcription factor belonging to the 

Webster & Sil, 2008).   

, the fourth member of the velvet family, is yet to be fully 

investigated.  Preliminary data indicate VelC promotes sexual development in 

Bayram, 2010). 

Interactions between velvet family proteins and LaeA in Aspergillus nidulans. 

Figure from Bayram and Braus, 2012. 

Current understanding of the molecular level interactions of velvet family 

is described by Bayram and Braus (2012; figure 

a dimer with VelB.  Under dark conditions, the dimer enters the nucleus, facilitated by 

importin KapA.  The dimer by itself is important for the formation of fruiting 

bodies.   VelA bridges VelB to LaeA (loss of alfR expression A; Bok and Keller, 2004), 
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interactions of velvet family 

is described by Bayram and Braus (2012; figure B):  VelA forms 

a dimer with VelB.  Under dark conditions, the dimer enters the nucleus, facilitated by 

ant for the formation of fruiting 

Bok and Keller, 2004), 
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the global regulator of secondary metabolism, to form the heterotrimeric velvet complex 

(Bayram et al., 2008).  The velvet complex is important for the coordination of 

development and secondary metabolism.  In addition to being a member of the VelA-

VelB heterodimer and being part of the velvet complex, VelB forms a second 

heterodimer with VosA.  VosA-VelB promotes spore viability and trehalose biogenesis, 

but represses asexual growth.  VelB also forms a homodimer, but its function is yet to be 

deduced.  Meanwhile, VelA interacts with red (FphA) and blue (LreA and LreB) light 

receptors. 

 

1.2.3 Zinc binuclear cluster proteins 

Zinc binuclear cluster proteins, also referred to as Zn(II)2Cys6 (Zn2C6) proteins, 

class III zinc finger proteins, or zinc cluster proteins, belong to one of the three main 

classes of zinc finger transcription factors (reviewed in MacPherson, Larochelle, and 

Turcotte, 2006).  They have three functional domains: a DNA-binding domain of six 

cysteine residues bound to two zinc atoms, a regulatory “middle homology region”, and 

an acidic C-terminal region.  Zinc cluster proteins may bind DNA as monomers, 

homodimers, or heterodimers.  They are specific to fungi, being present primarily in 

ascomycetes.  Saccharomyces cerevisiae Gal4 (first described by Douglas and 

Hawthorne, 1964) is arguably the most prominent member of the family, such that this 

group is sometimes called the Gal4p family of transcription factors (Bailey and Ebbole, 

1998; Rerngsamran, 2005).  Gal4 is a transcriptional activator that positively regulates a 

suite of genes (e.g. GAL1, GAL2, GAL7, GAL10, and MEL1) required for the import and 
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metabolism of galactose (Traven et al., 2006, Weake & Workman, 2010).  Besides S. 

cerevisiae, zinc cluster proteins have been functionally characterized in several fungi 

including Aspergillus species, Neurospora crassa and others and have diverse regulatory 

roles (reviewed by Todd and Andrianopoulos, 1997), and more recently in Histoplasma 

capsulatum (Anita Sil, personal communication). 

facB (fluoro acetate resistant B; Apirion, 1962; Apirion 1965), a major regulator 

of acetamide and acetate utilization (Todd et al., 1997), is a Zinc cluster protein 

characterized in A. nidulans.  It has an N-terminal Zn(II)2Cys6 binuclear zinc cluster, a 

linker region, five leucine zipper-like coiled coil motifs, and several putative acidic 

helical regions (Todd et al., 1997).  A. nidulans facB mutants grow very poorly on media 

containing acetate as the sole carbon source, but are able to grow on media having fluoro-

acetate, a toxic analogue of acetate that inhibits growth of the wild type (Apirion, 1962). 

Acetate-induction of several enzymes responsible for actetate utilization, such as acetyl-

CoA synthase (ACS; facA), isocitrate lyase (ICL; acuD), malate synthase (MAS; acuE), 

phosphoenolpyruvate carboxykinase (PEPCK; acuF) and fructose-1,6-bis phosphatase 

(FBP; acuG), are facB-dependent (summarized in Todd, Kelly, Davis and Hynes, 1997).  

Despite this, facB mutants show leaky growth on medium with acetate as the sole carbon 

source, leading to the suggestion that a minor pathway for acetate utilization is also 

existent (Apirion, 1965).  Two independent mutations – one which resulted in the 

production of a C-terminally-truncated facB protein, and the other a non-conservative 

substitution in the linker region of the protein - cause ACS, ICL, and MAS induction to 

be thermolabile, but do not affect  the induction of acetamidase and NADP-IDH 
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enzymes.  This, together with the extreme growth deficiency on acetate medium of the 

facB mutant with a truncated C-terminus has led to the suggestion that in addition to its 

regulatory role, facB may also have a structural function in acetate utilization (Todd et 

al., 1997).  However, further studies have not been reported that clarify what, if any, 

structural role facB has in acetate utilization. 

The N. crassa acu15 (acetate non-utilizing) gene was identified by PCR 

amplification using primers based on the zinc-finger domain of A. nidulans facB, and 

screening a cosmid library with the amplified fragment.  Although facB complemented 

the defect of acu15, there was limited similarity between the two genes, other than in the 

N-terminal region encoding the DNA-binding and linker domains.  Induction of several 

enzymes required for acetate utilization - acetyl-CoA synthetase, isocitrate lyase and 

malate synthase – is reduced, but not completely abolished in the acu15 mutant in 

response to acetate, again resulting in leaky growth on acetate medium (Bibbins et al., 

2002).   

Zinc cluster transcription factors have also been shown to be important in 

regulation of morphological transitions in several fungi.  Two examples are the N. crassa 

fluffy gene (fl; initially described by Lindergren, 1933) and the H. capsulatum RYP4 gene 

(Required for Yeast Phase 4; Anita Sil, personal communication).  Mutation of fl, a 

conidiation-specific transcription factor, resulted in white “fluffy” colonies bearing very 

few or no conidia, but having numerous small sclerotia-like bodies (Lindegren, 1933).  

Aerial hyphae of the fluffy mutant bud a few times forming minor constrictions, but do 

not continue growing or produce major constriction chains, which is the committed step 
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for conidiation (Springer & Yanofsky, 1989),.  H. capsulatum RYP4 was identified along 

with three other genes (named RYP1, RYP2, and RYP3, due to their function) in a forward 

genetic screen to identify genes that are required for yeast phase growth of H. capsulatum 

at 37 ˚C.  Ryp4 protein is required for the switch from filamentous to yeast phase in 

response to temperature (Anita Sil, personal communication).  This morphological 

transition is also associated with the pathogenicity of H. capsulatum. 

 
 

 

 

 

 

 

 
 

 

  



56 

 

 

II.  PRESENT STUDY 

In H. capsulatum, a fungal pathogen of humans, a set of genes required for the 

dimorphic transition from filamentous to yeast phase was identified in a screen of T-

DNA insertion mutants unable to switch to yeast form at 37 ˚C (Nguyen & Sil, 2008, 

Webster & Sil, 2008).  These RYP (Required for Yeast Phase) genes consist of RYP1, a 

Gti1_Pac2 transcription factor family member (Nguyen & Sil, 2008), RYP2 and RYP3, 

homologs of the A. nidulans Velvet transcription factor family (Webster & Sil, 2008), 

and RYP4 (unpublished), which encodes a zinc binuclear cluster transcription factor with 

sequence similarity to A. nidulans facB and N. crassa acu15.   

The present study characterizes M. oryzae homologs of the H. capsulatum RYP 

genes, via comparison of the somatic and pathogenic phenotypes of deletion mutants of 

each gene to their wild type progenitor 70-15.  The methods, results, and conclusions for 

the M. oryzae RYP1 homolog RIG1 is presented in appendix A, and those for M. oryzae 

RYP2, RYP3, and RYP4 homologs are in appendix B.  In summary, the M. oryzae RYP1 

homolog RIG1 is dispensable for the early stages of infection structure development 

including spore germination, appressorium formation and function, and host penetration.  

However, RIG1 is required for the production of infection hyphae, a stage parallel to the 

mycelia to yeast transition in H. capsulatum.  Based on the phenotypes of the 

characterized members of this group, we propose that RIG1 and its homologs are required 

for the rapid invasion of their host by plant and animal pathogenic fungi.  M. oryzae 
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homologs of RYP2, RYP3, and RYP4 do not appear to have an obvious role of somatic 

growth or pathogenicity in the lifecycle of M. oryzae. 

Dr. Marc J. Orbach supervised the research summarized in appendices A and B.  

Dr. M. Alejandra Mandel oriented me on general laboratory protocols, guided in the 

designing of all the gene replacement and complementation constructs, and with 

quantitative real time PCR (qRT-PCR).  I executed all experiments to characterize RIG1, 

namely, creation and analysis of RIG1 gene replacement and complementation 

constructs, generation of strains expressing Lifeact or fluorescent proteins, microscopic 

observation of 70-15, ∆rig1 and other transformant strains, and qRT-PCR. 

I supervised Dr. Anupreet Kour and Marie Harder in all experiments involved in 

the generation and characterization of gene deletion mutants for M. oryzae RYP2 and 

RYP3 orthologs.  I also made and conducted assays to observe the somatic growth and 

pathogenicity of a gene deletion mutant in the M. oryzae RYP4 ortholog.  Taylor C. 

Abbey conducted experiments on the growth of this mutant in media that contained 

acetate as a sole carbon source. 
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III.  FUTURE RESEARCH PERSPECTIVES 

On the leaf surface of a susceptible host, a spore of the rice blast pathogen M. 

oryzae germinates, forms appressoria, penetrates the host surface, and upon entry to the 

lumen of the host plant cell initiates infection, producing a primary infection hypha which 

then differentiates into secondary infection hyphae that grow invasively in the host plant.  

This dissertation describes the characterization of RIG1, the first gene known to be 

required for the production of primary infection hyphae in M. oryzae.  Two main 

pathways have been shown to be critical in appressorium formation: the cAMP signaling 

pathway and the PMK1 MAP kinase signaling pathway.  Based on the hierarchy of 

infection structure morphology, it is highly likely that RIG1 is under the regulation of 

gene(s) involved in one or both of these signaling pathways.  In a preliminary effort to 

determine regulators of RIG1, its expression levels were determined through quantitative 

real time PCR in the mycelium and appressoria of ∆pmk1 and ∆mst12 strains, mutants of 

two genes in the PMK1 MAP kinase signaling pathway.  In comparison to wild type 

appressoria, there was approximately a two-fold decrease in RIG1 expression in ∆pmk1 

during appressorial induction, and a two-fold increase in RIG1 expression in ∆mst12 

appressoria. The decrease in RIG1 transcript accumulation in the ∆pmk1 strain may 

suggest that expression induction occurs during appressorium development and thus does 

not occur in this mutant.  The ∆mst12 strains do produce mature appressoria but they fail 

to form infection pegs.  It is possible that in appressoria, RIG1 expression is repressed by 

Mst12.  Further studies need to be done both with mutant strains in the PMK1 MAP 
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kinase pathway as well as those in the cAMP signaling pathway to determine the 

upstream regulators of RIG1 and the nature of their regulation.   

In accordance with its role as a transcription factor, Rig1 likely regulates a 

number of downstream targets.  Total RNA was isolated from the mycelium and 

appressoria of the wild type and mutant strains, and quantitative real time PCR was 

performed on four candidate genes in order to determine if their expression was affected 

by the deletion of RIG1.  The four candidate genes were: MGG_03014, an M. oryzae 

homolog of the H. capsulatum YPS3 gene, which has been shown to have RYP1-

dependent expression in H. capsulatum, two M. oryzae secreted effectors previously 

shown to have increased expression in infection hyphae – MGG_09693 (BAS2) and 

MGG_11610 (BAS3) and the M. oryzae Pac2 group member of the Gti1_Pac2 family of 

transcription factors.  BAS2 showed approximately a 50-fold reduction of expression in 

∆rig1 appressoria relative to wild type appressoria, but none of the other candidate genes 

had a significantly altered expression pattern in the ∆rig1 strain.   

RNA-seq has recently been used as a tool to carry out high resolution analysis of 

genome-wide changes in the transcriptome of M. oryzae (Soanes et al., 2012), and is 

ideally suited to identify the regulon of RIG1.  To this end, an RNA-seq experiment is in 

progress in collaboration with Dr. Mitch Magee at the Biodesign Institute, Arizona State 

University.  Total RNA was isolated from the mycelium and appressoria of the  ∆rig1 

strain described in this thesis and its parental strain 70-15 and is currently being subjected 

to RNA-seq analysis. Two biological replicates of each strain/condition combination 

were made.  Upon processing of the RNA-seq data, a better understanding of downstream 
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targets of Rig1 may be obtained.  Functional characterization of these targets may 

identify novel genes that regulate processes following the formation of primary infection 

hyphae, such as differentiation of secondary infection hyphae and host colonization. 

Our current observations with light microscopy on wild type and ∆rig1 strains, 

and fluorescence microscopy using Lifeact-tagged wild type and ∆rig1 strains suggest 

that the ∆rig1 appressoria penetrate the host.  However, transmission electron microscopy 

(TEM) is required to clearly visualize the penetration peg, which has previously been 

observed to be 700-780 nm in diameter.  Wild type and ∆rig1 spores were incubated for 

36 hours on rice leaf sheaths, chemically fixed, and delivered to Dr. Robby Robertson at 

Arizona State University to carry out TEM.  The recent development of additional 

cytological markers that define the appressorium pore such as the Sep3 and the I-BAR 

proteins offer additional tools to more carefully define infection peg development using 

confocal microscopy (Dagdas et al., 2012). 

The velvet family of genes, to which H. capsulatum RYP2 and RYP3, and their M. 

oryzae homologs belong, has been shown to be important in secondary metabolism and 

morphological differentiation processes in A. nidulans and a number of other fungi 

(reviewed in Bayram and Braus, 2012).  Velvet members have also shown to play a role 

in the virulence of Fusarium spp.  The functions of velvet family members in M. oryzae 

are yet to be discovered.  Gene deletion mutants were generated for M. oryzae homologs 

of A. nidulans, velB and vosA, as described in this thesis, and recently we have made 

deletion mutants of veA, and the gene encoding the velvet-interacting protein laeA 

(Matthew Shallenberger, A. Wickramage and M.J. Orbach, unpublished).  Preliminary 
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assays showed that deletion mutants of velB, vosA, and laeA do not deviate significantly 

from the wild type in somatic growth and sporulation in continuous light conditions and 

that their pathogenicity is similar to wild type.  This may be due to the overlapping 

functions carried out by velB, vosA, and laeA homologs in M. oryzae.  Generation of 

double mutants of different gene combinations may assist in determining if functional 

overlap occurs between these genes.  Assaying of mutant phenotypes under specific 

environmental conditions that are different from those currently tested, such as 

continuous dark or light-dark cycle cycling conditions, may also reveal function(s) of the 

M. oryzae velB, vosA, and laeA homologs.  The disease phenotype and somatic growth 

and sporulation of the deletion mutant of the M. oryzae veA mutant is currently being 

tested, and the effect of the deletion of velvet proteins on sporulation under dark 

conditions is yet to be determined.  VelC is the least characterized member of the velvet 

family, and is suggested to have an auxiliary role, compared to the other velvet family 

members (Bayram & Braus, 2012).  Preliminary studies in A. nidulans observed that it 

positively regulated sexual reproduction (Bayram et al., 2010).  Conidiation is 

significantly increased under dark conditions, and the macroconidia is significantly 

reduced in size in the F. oxysporum ∆velC strain (Lopez-Berges et al., 2013).  Generation 

of a gene deletion mutant of the M. oryzae velC homolog is proposed in order to 

determine its function in M. royzae. 

In summary, it can be concluded that while the current dissertation research 

characterized RIG1, a gene required for infectious growth in M. oryzae, and broadened 

our understanding about parallels in phase transition in fungal pathogens of animals and 
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plants, it also led to the formation of new research questions about the regulators of 

RIG1, regulon of RIG1, and the function of the velvet family proteins in M. oryzae. 
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ABSTRACT 

RIG1, a gene that shows sequence similarity to RYP1 – a conserved transcription 

factor that regulates the morphogenetic switch from hyphal to yeast form in the human 

pathogen Histoplasma capsulatum – is required for pathogenicity in the plant pathogen 

Magnaporthe oryzae.  In this study, we deleted the RIG1 gene and our results show that 

while it is dispensable for somatic growth it is essential for virulence.  The RIG1 deletion 

mutants (∆rig1) produce germ tubes that are significantly longer than the wild type, but 

terminate in appressoria, which were morphologically and functionally indistinguishable 

from the wild type.  The ∆rig1 mutants appear to penetrate host tissue, but fail to produce 

infection hyphae from the appressoria, making them incapable of infectious growth in 

planta.  Deletion mutants are non-pathogenic on susceptible rice (Oryza sativa) cultivars 

even after removal of the penetration barrier.  Transcript levels of RIG1 were 6-11 fold 

higher in mature appressoria compared to mycelia.  RIG1 is the first M. oryzae gene 

reported to be required for the production of primary infection hyphae. 

 

INTRODUCTION 

Magnaporthe oryzae, the rice blast fungus, is responsible for annual destruction 

of 10 to 30% of the rice produced worldwide, that is sufficient to feed 60 million people 

(Howard, 1994, Talbot, 2003).  Besides its importance as a threat to global food security 

this hemibiotrophic filamentous ascomycete is important as a model for studying the 

molecular basis of fungal pathogen-plant interactions.  It was the first phytopathogenic 
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fungus to have its genome sequenced (Dean et al., 2005), and has been subjected to 

extensive genetic, genomic and gene expression analyses. 

The infection cycle begins when an M. oryzae conidium contacts the host plant 

surface, or an inductive surface, and attaches via spore-tip mucilage (reviewed in Howard 

and Valent, 1996, Talbot, 2003).  In the presence of free water, a germ tube emerges 

within two hours post-inoculation (hpi).  The germ tube hooks and swells in response to 

nutritional, chemical and physical cues, such as the absence of exogenous nutrients, 

presence of soluble cutin monomers and hydrophobicity or hardness of the surface, 

terminating in a dome-shaped, melanized appressorium.  The appressorium builds up 

enormous turgor pressure up to 8.0 MPa (Howard et al., 1991) and penetrates the host 

plant surface through formation of a narrow penetration peg.  The site of peg emergence 

is the appressorial ‘pore’, where the plasmalemma of the fungus directly contacts the 

plant surface. 

 After penetration of susceptible plants, M. oryzae undergoes a subtle 

morphological switch: the appressorium produces a narrow primary infection hypha, 

which soon widens to form extensive, branched, secondary infection hyphae (Heath et 

al., 1990).  These secondary infection hyphae have a bulbous appearance due to periodic 

widening and narrowing along the length of the hypha, and their morphology has been 

compared to yeast cells growing as pseudohyphae (Heath et al., 1990, Talbot, 2003).  

After 32 – 36 hours of growth, M. oryzae spreads via plasmodesmata to adjacent cells, 

colonizing the host tissue (Heath et al., 1990, Kankanala et al., 2007).  Host colonization 

results in necrosis and loss of photosynthetic capability resulting in yield loss.  
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Sporulation from necrotic lesions provides inocula for repeated rounds of infection.  The 

number of genes identified to play a role in post-penetration infectious growth of M. 

oryzae remains small in comparison to the large number of genes found to be important 

in host sensing and appressorium formation (reviewed in Talbot, 2003 and Wilson and 

Talbot 2009). 

In this study, two Gti1_Pac2 family (PF09729) members were identified and 

characterized in M. oryzae, MGG_08850 and MGG_06564.  Our results showed that 

MGG_08850 is important for post-penetrative infectious growth within the host, and was 

named RIG1 (Required for Infectious Growth), while MGG_06564 does not seem to have 

any obvious role in the somatic or parasitic growth phase of the fungus.  Members of the 

Gti1_Pac2 gene family share significant sequence similarity at their N-terminus with 

Wor1 (also known as Tos9 or Eap1) that regulates the white to opaque morphological 

switch important in morphology, mating, and virulence in Candida albicans (Huang et 

al., 2006, Srikantha et al., 2006, Zordan et al., 2006).   The family is divided 

phylogenetically into two groups: The proteins encoded by one group are important for 

pathogenicity (including Rig1) and the other contains proteins with no obvious role in 

pathogenicity (to which the MGG_06564 protein belongs) (Michielse et al., 2009).  

Interest in this gene family has been rekindled with the recent characterization of family 

members RYP1 (required for yeast phase1) in the human pathogenic fungus Histoplasma 

capsulatum (Nguyen & Sil, 2008), SGE1 (SIX Gene Expression 1) in the plant pathogenic 

fungus Fusarium oxysporum (Michielse et al., 2009), REG1 (Regulator 1) in the plant 

pathogen Botrytis cinerea (Michielse et al., 2011), FGP1 (F. graminearum GTI1/PAC2 
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1) in the plant pathogen F. graminearum (Jonkers et al., 2012), and the proposal that 

SGE1, and its homologs, are required for the parasitic growth of F. oxysporum and other 

plant pathogenic fungi (Michielse et al., 2009). 

 Mutants lacking the Rig1 protein are unable to differentiate infection hyphae: 

This subtle switch is comparable to the hyphal - yeast transition in the animal pathogens 

C. albicans and H. capsulatum that undergo a phase transition as they invade the host.  

Although F. oxysporum is not dimorphic, the sge1 strain is also limited in host invasion, 

and is unable to undergo extensive growth inside the xylem.  Our results provide further 

support for the proposal by Michielse et al. (2009) that genes in the RIG1, FGP1, SGE1, 

RYP1, WOR1 branch of the Gti1_Pac2 family are important for the parasitic growth 

phase in plant pathogenic fungi.  We also propose that RIG1, and its homologs 

specifically function to initiate rapid invasion of the host in plants and animals. 

 

MATERIALS AND METHODS 

Fungal strains and culture conditions 

Wild type M. oryzae strain 70-15 and transformant strains were grown at 25 °C 

under constant fluorescent illumination, on supplemented complete medium (SCM, 

Talbot et al., 1993) and were stored on filter paper discs, with desiccation, at -200C.  

Infection assays were performed as previously described (Valent et al., 1991).  For 

transformations, SCM was supplemented with hygromycin at 300 µg/ml and 

monoconidial isolates were selected on SCM containing 200 µg/ml hygromycin. 
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For isolation of genomic DNA from mycelium, cultures were grown in 24-well 

cell plates at 28 °C, without light for 4-5 days, and processed as described below.  

 

Nucleic Acid Preparation 

Genomic DNA was isolated from protoplasts by the method  as previously 

described  (Sweigard, 1990).  

For mycelial RNA isolation, cultures were grown in 250 ml flasks containing 200 

ml of Iwasaki medium (Chida & Sisler, 1987)  following inoculation with a homogenized 

section of a 14-day old agar culture.  Cultures were shaken (125 rpm) at room 

temperature for 36 hours.   Mycelia was harvested by filtration, immediately frozen in 

liquid nitrogen, and 0.25 g placed into O-ring screw cap tubes containing one ml of glass 

beads and treated for isolation of RNA as described below.  For isolation of appressorial 

RNA, 50 ml of a spore suspension (1 x 105 spores/ml) was inoculated onto wax-coated 

150 mm Petri dishes and incubated for 24h prior to extraction (J.-R. Xu, personal 

communication).  Germinated spores and appressoria were scraped off the Petri dishes 

using a sterile razor blade, placed into pre-chilled O-ring screw-cap tubes containing one 

ml of glass beads and placed into a liquid N2 bath prior to RNA isolation. 

RNA was extracted using the RNeasy Plant Minikit (Qiagen Inc, Valencia, CA, 

USA) following the manufacturer’s instructions with a modification in the 

homogenization step.  After addition of 450 µl of RNeasy buffer RLC, fungal material 

was homogenized using three 20-second pulses on a Vortex with a Mo Bio Adaptor (Mo 

Bio, Carlsbad, CA, USA) separated by 20-second intervals on ice between pulses.  Total 
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RNA was treated with RNase-free DNase (Ambion ®, Austin, TX) to remove any 

genomic DNA contamination prior to poly (A)+ RNA isolation using the Oligotex 

mRNA isolation kit (Qiagen Inc). 

 

Targeted disruption of MGG_08850 and MGG_06564 

M. oryzae genes MGG_08850 and MGG_06564 were targeted for disruption 

based on similarity to H. capsulatum RYP1. 

A gene replacement cassette for MGG_08850 was constructed using double-joint 

PCR (Yu et al., 2004). DNA fragments of approximately 1.2kb representing the 5’ and 3’ 

flanking sequences of MGG_08850 were amplified by PCR with oligonucleotide primer 

combinations OAM1147/OAM1148, and OAM1149/OAM1150, respectively.  (See 

Supplemental Table 1 for primer sequences). The hygromycin resistance (Hph) cassette 

was amplified with primers OAM597/OAM598.  These three amplicons were then 

recombined as described (Yu et al., 2004).  The extension product was amplified by PCR 

with the nested primers OAM1151/OAM1152.  The resulting PCR product was 

transformed into competent protoplasts of M. oryzae 70-15 as described (Sweigard et al., 

1995, Betts et al., 2007).  Transformants were selected on SCM containing 300 µg/ml 

hygromycin.  After monoconidial purification, putative deletion mutants were screened 

by PCR and confirmed by DNA hybridization.  The same procedure was performed to 

obtain MGG_06564 deletion mutants, using the oligonucleotide primers 

OAM1306/OAM1307, and OAM1308/OAM1309, to amplify the 5’ and 3’ flanking 

sequences, respectively, and primers OAM1310/OAM1311 for the nested PCR reaction.  
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Infection assays 

Rice infection assays were done as previously described (Valent et al., 1991), 

with the following modifications:  Spores were harvested from two-week-old fungal 

cultures grown on SCM and sprayed onto two-week-old rice plants of cultivars Sariceltik 

and Maratelli.  In some assays, rice leaves were abraded using fine sand paper (grade 

220) to create wound sites for pathogen entry, prior to inoculation by spraying (Chumley 

& Valent, 1990).  For inoculation by injection, spore suspensions containing 500,000 

spores/ml were directly injected to the plants using 25G 5/8” syringe needles.  All 

infection assays were done in triplicate.  Symptoms were scored seven days post 

inoculation (dpi), by giving an average score to the plant set of a given cultivar in a pot. 

 

 

Complementation of ∆rig1 mutants 

The yeast gap-repair cloning method (Oldenberg et al., 1997) was used to 

generate a construct containing the MGG_08850 gene and 1.2 kb of 5’ and 3’ flanking 

sequences to complement the ∆rig1 mutant strain.  A fragment containing the RIG1 ORF, 

1.2 kb of 5’- flanking sequences and 88 bp of 3’- flanking sequences was amplified from 

70-15 genomic DNA by PCR using Accuprime® Taq polymerase (Invitrogen, Carlsbad, 

CA) with oligonucleotide primers OAM1163/OAM1169.  This amplicon was cloned into 

pGEM®-T Easy (Promega, Madison, WI), generating pAM1554, which was sequenced 

to verify that no mutations were introduced.  The construct was isolated from pAM1554 

as a BglII/BamHI fragment and cloned into pAM1550, generating pAM1580.  Plasmid 
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pAM1550 is a modified version of pKB03 in which the bleomycin-resistance selectable 

marker as well as the GpdA promoter and a remnant of the TrpC terminator, that had 

been part of the Hph marker of pSM565 (Bourett et al., 2002), a precursor to PKB03, 

were removed (data not shown).  A 1.25 kb fragment containing 243 bp encoding the C-

terminal end of the RIG1 ORF and 1.0 kb of flanking sequences was amplified by PCR as 

described above, and the PCR product was cloned into pAM1580 using the yeast gap 

repair method.  Transformants were selected on yeast drop-out medium with no 

tryptophan, and putative RIG1 clones were sequenced to ensure that no mutations were 

introduced.  The resulting plasmid was named pAM1606.  Two independent ∆rig1 strains 

(∆rig1-10 and ∆rig1-45) were co-transformed with pAM1606 and pCB1635, which 

contains a bialaphos resistance cassette, and strains were selected on plates containing 

regeneration-bottom agar containing 35 µg/ml bialaphos (Sigma-Aldrich, St. Louis, MO, 

USA) (Sweigard et al., 1997). 

 

 

Generation of fluorescent-tagged M. oryzae 70-15 and ∆rig1 strains 

Strain 70-15 constitutively expressing the enhanced yellow fluorescent protein 

gene (EYFP) was created by introduction of plasmid pSK1017 (generously supplied by 

Seogchan Kang) carrying EYFP controlled by the M. oryzae RP27 promoter, by 

protoplast transformation as described above. The deletion mutant strain ∆rig1-45 

expressing the red fluorescent protein gene (RFP) was created by introduction of pMF334 
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(Freitag & Selker, 2006).  Transformed strains were selected on SCM containing 

hygromycin at 300 µg/ml. 

 

Generation of Lifeact-tagged M. oryzae 70-15 and ∆rig1 strains 

Strain 70-15 and a ∆rig1 strain expressing Lifeact, a peptide consisting of the first 

17 amino acids of the S. cerevisiae actin binding protein 140 (ABP140) fused to green 

fluorescence protein (Riedl et al., 2008, Delgado-Alvarez et al., 2010), were made by co-

transformation of the Lifeact plasmid (generously supplied by Rosa R. Mouriño-Pérez) 

and pCB1635 into each strain.  Transformants were selected on regeneration-bottom agar 

containing 35 µg/ml bialaphos (Sigma-Aldrich, St. Louis, MO, USA) (Sweigard et al., 

1997), were visually screened for fluorescence under UV light, subjected to 

monoconidial purification, and used for onion skin penetration assays. 

 

 

Phenotypic analysis of mutant strains 

Conidial germination and appressorium development were characterized on 

GelBond® film (Lonza, Rockland, ME, USA) as described (Beckerman & Ebbole, 

1996), with some modifications.  In brief: conidia of 14-day cultures grown on SCM 

were harvested in sterile distilled water, pelleted and adjusted to 1 x 105 spores/ml in 

0.25% gelatin.  Three 25-µl aliquots of strain 70-15 and ∆rig1 mutant conidia were 

inoculated onto the hydrophobic surface of GelBond® film, incubated in a moist chamber 

at room temperature.  Spore germination and appressorium formation were observed by 



81 

 

 

light microscopy for 24 hours at 4-hour intervals.  At each time point, spores were 

photographed and 30 spores analyzed for germination, appressorium development and 

germ tube length. Germ tubes were measured using ImageJ software 

(http://rsb.info.nih.gov/ij/).   

∆rig1 strains were screened microscopically for defects in appressorium 

formation, appressorial morphology, and melanization.  Appressorium turgor pressure 

was determined using the cytorrhysis assay, as previously described (Howard et al., 1991, 

deJong et al., 1997).  Briefly, 40 µl drops of 1x105 spores/ ml were incubated on plastic 

coverslips for 24 hours.  The water was removed and replaced with 40 µl of glycerol 

solution in concentrations ranging from 0.5 to 4 M.  Strains were incubated for 10 

minutes, and the percentage of collapsed appressoria, out of 300 observed, was 

determined. 

To visualize penetration peg formation, Lifeact-tagged 70-15 and ∆rig1 strains 

were observed in an onion skin assay that was done as previously described (Chida & 

Sisler, 1987), but with  some modifications.  Briefly:  strips of epidermal peels were 

obtained from the outer scale leaves of a yellow onion and were directly placed on 

distilled water in a 24-well microtiter plate.  Spores of each strain were harvested using 

0.25% gelatin, spun down at 3000 rpm for five minutes in a tabletop centrifuge.  The 

supernatant was discarded; the pellet resuspended in 5 ml of distilled water and the spore 

concentration was adjusted to 2 x 105 spores/ml.  20 µl droplets of the spore suspension 

were placed on each onion peel, were incubated at 25 ˚C for approximately 24 hours, and 

observed under the fluorescence microscope. 
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Progress of infection was followed microscopically using a rice leaf sheath assay 

(Koga et al., 2004, Kankanala et al., 2007, Mosquera et al., 2009), with minor 

modifications.  In brief: spores were harvested from two- to three week-old cultures of 

70-15 and ∆rig1 mutant strains, and concentration was adjusted to 1x105 spores/ml.  The 

outermost leaf sheaths were excised from three-week old plants of susceptible rice 

cultivar Sariceltik.  The midvein region of the sheath was excised and the remaining 

lateral leaf sheath parts were cut into pieces approximately 3cm in length.  These were 

placed on glass microscope slides, and the hollow cavity of these lateral segments was 

inoculated with 1-2 µl of spore suspensions.  The specimens were incubated for 36-40 

hours in a moist chamber, and observed under the microscope. 

 

Microscopy 

Light microscopy of appressorial differentiation on GelBond® and progression of 

infection on leaf sheaths was performed using bright-field optics on an Olympus BX51 

microscope.  Images were captured using Olympus DP controller software, or with an 

Olympus BX60 microscope using Olympus MicroFire TM software, per manufacturer’s 

instructions.  Confocal fluorescent images were acquired on a Leica DMI 6000 CS fully 

automated inverted microscope equipped with TCS SP5 spectral confocal system using a 

HCX PLAPO 63X oil-immersion objective lens with a 1.4 numerical aperture. Bright-

field images corresponding to the fluorescent images were taken with the same 

microscope. 488 nm and 543 nm excitation were used to image YFP and RFP 

fluorescence, and transmitted light was used to obtain bright field images. 
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Analysis of RIG1 expression by quantitative real-time PCR 

Poly(A)+ RNA from mycelia and appressoria was used to synthesize first-strand 

cDNAs with oligo-dT12−18 and SuperScript®  Reverse Transcriptase III (Invitrogen, San 

Diego, CA) following the manufacturer’s protocol, followed by treatment with RNAse H 

(Invitrogen). Serial (half-fold) dilutions of each first strand cDNA were tested in 

quantitative real-time PCR (qRT-PCR) experiments using a specific set of 

oligonucleotide primers for each gene (See Table 1 in supplemental data for a list of the 

oligonucleotide primers used) and the Kapa SYBR FAST universal qPCR kit (Kapa 

Biosystems, Woburn, MA).  These experiments were repeated twice. Relative 

quantification calculations were performed using the algorithm X = 2−∆∆Ct
 ± SPE (Livak & 

Schmittgen, 2001).  

 

RESULTS 

M. oryzae contains two genes with similarity to H. capsulatum RYP1 

 Using tblastn, two M. oryzae genes – MGG_08850 and MGG_06564 – were 

identified with homology to the H. capsulatum dimorphic switch regulatory gene RYP1.  

At the protein level, MGG_08850 shared 30% identity and 14% similarity with Ryp1, 

whereas MGG_06564 had 18% identity and 12% similarity with Ryp1 (Fig. 1).  The 

sequence similarity between the proteins occurs in their N-terminal regions.  The M. 

oryzae proteins were 24% identical and 12% similar to each other. 

The MGG_08850 gene encodes a protein of 464 amino acids, and is predicted to 

contain a 128-base intron in its 5’ untranslated region, identified via RNAseq data. 



84 

 

 

(wwww.broadinstitute.org/annotation/genome/magnaporthe_comparative/MultiHome.ht

ml). MGG_06564 encodes a protein of 463 amino acids and contains no introns. 

Both proteins contain the Gti1_Pac2 domain, identified via pfam.sanger.ac.uk/, in 

their N-terminus.  This conserved region is present only in fungi and has been shown to 

be involved in regulating a variety of processes including sexual development, 

carbohydrate transport, phase switching, cell morphology, and virulence (Kunitomo et 

al., 1995, Caspari, 1997, Huang et al., 2006, Srikantha et al., 2006, Nguyen & Sil, 2008).  

Two highly conserved domains defined for the Candida albicans transcriptional regulator 

Wor1, WOPRa and WOPRb (Lohse et al., 2010) are present in MGG_08850 and 

MGG_06564 (Fig. 1 and data not shown).  Using protein-prediction software 

(WolfPSort.org and predictprot.org), three overlapping putative nuclear localization 

regions were determined for MGG_08850 starting at amino acids 95, 96, and 99, 

respectively, as shown in Figure 1.  A conserved threonine residue within a putative 

protein kinase A phosphorylation site (Michielse et al., 2009) is also shown in the 

WOPRa domain (Fig. 1). 

 

Whole-gene replacement mutant MGG_08850 strains are non-pathogenic, but 

MGG_06564 mutants are not affected in pathogenicity 

 To define the potential role of MGG_08850 in pathogenicity in M. oryzae, strain 

70-15, was transformed with a gene replacement construct and 45 hygromycin-resistant 

transformants were analyzed.  Of these, three gene replacement strains were detected by 

PCR screening, and confirmed by Southern hybridization (data not shown).  These three 
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isolates and two other strains where the gene replacement construct had inserted 

ectopically were used for phenotypic analysis of the MGG_08850 deletion mutant. 

Radial growth rate and sporulation of the three MGG_08850 deletion mutant 

strains on agar medium showed no significant difference from 70-15, although the 

sporulation of ectopic transformants were significantly different from the both the 

MGG_08850 deletion mutant and 70-15 (ANOVA, p=0.0021, F8,27=4.26, see table 1 for 

actual spore counts).  This, combined with visual observation of conidial morphology, 

indicated the mutant strains exhibited no obvious defect in the asexual saprotrophic 

growth phase in M. oryzae.  This is in contrast to the reduced conidiation observed for 

deletion mutants of orthologs of this gene in F. oxysporum, F. graminearum and B. 

cinerea and the aberrant conidiation of the H. capsulatum ryp1 mutant.  However, when 

the three MGG_08850 deletion mutant strains were inoculated by spraying onto 

susceptible rice cultivars Sariceltik and Maratelli, no disease symptoms were observed 

(Figure 2 and data not shown).  Rice plants inoculated with the gene replacement strains 

appeared identical to the mock-inoculated plants.  Plants inoculated with 70-15 or the 

ectopic insertion strains developed characteristic necrotic lesions (Fig.2). 

 To test whether MGG_08850 mutants are able to cause disease when the plant 

penetration barrier is removed, conidia were sprayed onto abraded leaves or were injected 

directly into rice plants.  The mutant strains produced no lesions in these assays, while 

70-15 and the ectopic insertion strains produced normal disease symptoms (data not 

shown).  Thus, we hypothesized that like its homolog, RYP1 in H. capsulatum, 
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MGG_08850 encoded a pathogenicity factor that potentially regulates post-penetration 

infectious growth in M. oryzae, and named it RIG1, for Required for Infectious Growth. 

 To demonstrate that deletion of RIG1 was responsible for the pathogenicity 

defect, two independent mutant strains (∆rig1-10 and ∆rig1-45) were transformed with 

the wild type RIG1 gene containing 1.2 kb of 5’ and 3’ flanking regions.  Reintroduction 

of RIG1 restored pathogenicity to the mutant strains (Fig. 2 and data not shown). 

 Mutants of the other M. oryzae Gti1_Pac2 gene, MGG_06564, were constructed 

as described for ∆rig1.  Plants inoculated with MGG_06564 deletion strains showed no 

defect in pathogenicity, with disease symptoms comparable to strain 70-15 (Fig. 2).  The 

MGG_06564 deletion strains showed no significant difference from70-15, with both 

colonial growth rates and sporulation indistinguishable from 70-15 (data not shown) and 

were not subjected to further analysis. 

 

∆rig1 mutants are delayed in appressorium formation  

  Observation of appressorium development on GelBond® membranes 

identified that the ∆rig1 mutant is delayed in appressorium formation relative to strain 

70-15.  Both ∆rig1 strains (∆rig1-10 and ∆rig1-45) initiated appressorium formation 

approximately 8 hours later than 70-15.  Because of the delay in the switch from germ 

tube growth to appressorium development, ∆rig1 germ tubes were significantly longer 

than those of 70-15 at all time points after 8 hpi (12, 16, 20, and 24 hpi), the time at 

which appressorium development had been initiated in 60% of 70-15 germlings (fig. 3).  

While most  70-15 germlings terminated in appressoria between 8 and 12 hours, the 
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mutant germ tubes continued elongating.  By 24 hpi, the percentages of germ tubes 

terminating in appressoria were similar in 70-15 and the ∆rig1 mutant strains.   

 

Appressorium morphology and turgor pressure of ∆rig1 mutants are equivalent to 

the wild type strain 

  Appressoria of ∆rig1 isolates appeared morphologically normal when observed 

microscopically.  To determine whether they were able to develop normal turgor pressure 

as required for host penetration, an appressorial cytorrhysis assay was performed.  There 

was no significant difference (least sum of squares F-test, F 1, 29 = 0.0888, p = 0.768) 

between the turgor pressure of the ∆rig1 strain and 70-15, indicating that turgor pressure 

was not limiting for appressorial penetration (Fig. 4).   

 

RIG1 mutants fail to produce infection hyphae on rice plants 

To determine the point of the infection process at which the ∆rig1 strains are 

blocked, infection structure development was followed using a rice leaf sheath assay.  

Development proceeded on rice leaf sheaths in a manner similar to on GelBond®; ∆rig1 

spores were delayed in appressorium initiation and thus produced germ tubes longer than 

those of 70-15.  As on GelBond®, by 24 hours post-inoculation, the ∆rig1 germ tubes 

terminated in appressoria that were morphologically similar to those of 70-15 (data not 

shown).  When qRT-PCR was performed on RNA from 70-15 appressoria grown on 

GelBond at this time point, a 6-11 fold increase in RIG1 transcript levels was observed 

relative to that in mycelium.  Putative host penetration by strain 70-15 and ∆rig1 were 
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observed using light microscopy (Fig. 5).  On rice leaf sheaths, 70-15 produced bulbous 

infection hyphae, which filled the initially-infected rice cells and had grown into adjacent 

cells by around 36 hpi (Fig. 5A).  The ∆rig1 strain appeared to penetrate rice cells, as 

indicated by the presence of a penetration peg seen as a visible spot in the center of the 

appressorial pore at 36 hpi (Fig. 5B), but had no visible development of infectious 

hyphae.  Even at 40 hpi, the ∆rig1 strains did not produce primary or secondary 

infectious hyphae inside the host cell.   

To further define penetration by the ∆rig1 strain, spores of Lifeact-tagged mutant 

and 70-15 spores were inoculated onto onion epidermal peels.  Around 24 hpi, 

fluorescence was detectable in penetration pegs associated with some ∆rig1 appressoria, 

as well as in 70-15 appressoria.  The frequency of penetration peg emergence from ∆rig1 

appressoria was approximately 25-50%.  This suggests that Rig1 is not required for host 

penetration.  

To confirm these observations, we constructed fluorescently-labeled 70-15 and 

∆rig1 mutant strains.  We transformed 70-15 with a construct that constitutively 

expresses yellow fluorescent protein (YFP) in the cytoplasm (Fig. 6).  Likewise, we 

created a strain of ∆rig1 that constitutively expresses red fluorescent (RFP) protein in its 

cytoplasm (Fig.6).  When infection with these fluorescently-tagged strains was observed 

in rice leaf sheath assays, our previous results were confirmed (Fig. 6). 

 These results suggest that the ∆rig1 strain is unable to transition to infectious 

hyphal growth, similar to the dimorphic switch defect in the H. capsulatum ryp1 mutant. 
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DISCUSSION 

The infection cycle of M. oryzae has been studied in detail with a focus on the 

processes of conidial germination, appressorium development, and maturation (reviewed 

by Talbot, 2003, Wilson and Talbot, 2009).  Mutational analyses have identified a 

number of genes involved in conidiation, the role of the cAMP and Pmk1 signaling 

pathways, in surface recognition and appressorium development, and genes critical for 

host penetration.  There have been fewer details defined for the important stages 

following host penetration.  In this paper, we demonstrate that one of the two M. oryzae 

Gti1_Pac2 family members, which we named RIG1, is essential for pathogenicity, but 

shows no obvious role in saprotrophic growth.  Upon germination on conducive surfaces, 

initiation of appressorium formation by ∆rig1 conidia is delayed by approximately eight 

hours resulting in germ tubes that are significantly longer than those of 70-15.  This may 

be due to a deficiency in surface sensing or a delay in responding to surface cues, or a 

combination of both.  However, around 24 hpi, appressoria formed by the ∆rig1 strain 

were melanized and morphologically similar to WT, allowing development of normal 

appressorial turgor pressure.  Light microscopy and fluorescent microscopy of Lifeact-

tagged 70-15 and ∆rig1 strains, indicate that some of the ∆rig1 appressoria penetrate the 

host, suggesting that Rig1 is dispensable for host penetration.  Once inside the host, the 

∆rig1 strain does not form primary or secondary infection hyphae.  Failure of the ∆rig1 

strain to produce lesions either in the presence or absence of a penetration barrier 

indicates failure to grow in the host.  Extensive microscopy of rice leaf sheaths and onion 

epidermal peels show that while 70-15 produces infection hyphae that start filling the 
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first-infected cell by 30 hpi, the ∆rig1 strain fails to produce any visible hyphae in host 

cells even after 48 hpi (data not shown).  This demonstrates that the mutant is incapable 

of, and not delayed in producing primary and secondary infection hyphae, indicating that 

RIG1 is required for the transition to infectious growth in planta.  This phenotype of the 

∆rig1 mutant, and thus the function of the RIG1 gene, is unique among the M. oryzae 

genes that have been characterized; RIG1 is the first gene identified to be required for 

production of primary infection hyphae, the first step in the transition to parasitic growth 

phase in planta.  This distinguishes the ∆rig1 mutant from the ∆mig1 mutant (Mehrabi et 

al., 2008), which develops primary infection hyphae from the appressorium, but is not 

capable of differentiating secondary infection hyphae.  It also suggests that RIG1 is 

upstream of MIG1, which may be investigated through RNA-seq and real time PCR 

analysis.  Holbrook and Rappleye (2008) suggested that the RIG1 homolog in H. 

capsulatum – RYP1 – may act together with the MADS-box transcription factor MCM1 

to regulate the morphological switch and also as a part of a positive feedback loop to 

enhance its own production. Therefore it seems plausible that Rig1 could interact with the 

M. oryzae MADS-box transcription factor Mig1.   

Expression of RIG1 is increased 6-11 fold in 70-15 appressoria relative to 

mycelia.  This is reminiscent of the fourfold increase in expression of H. capsulatum 

RYP1 transcription factor at 37 ˚C (Nguyen & Sil, 2008), and the two- to five-fold 

increase of F. oxysporum SGE1 transcript levels during infection of tomato plants 

(Michielse et al., 2009). Potential targets of Rig1 include the secretion protein-encoding 

BAS suite of genes (Biotrophy Associated Secreted protein, Mosquera et al., 2009), and 
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the metalloprotease-encoding AVR-Pita1gene.  The BAS genes, BAS1, BAS2, BAS3 and 

BAS4, are preferentially expressed in infection hyphae, with their expression level 

increased more than 50-fold relative to the level in mycelium (Mosquera et al., 2009).  

Expression of AVR-Pita1 (Orbach et al., 2000), which acts as an avirulence factor in rice 

cultivars carrying the resistance gene Pi-ta, was observed to increase by approximately 

30-fold in infection hyphae, compared to non-detectable levels in the mycelium.  RNA-

seq analysis comparing mycelial and appressorial gene expression profiles between 70-15 

and the ∆rig1 strain should allow identification of the genes regulated by Rig1. 

Orthologs of RIG1, which all cluster together in the Gti1 group of the Gti1_Pac2 

family of transcription factors, have been shown to be critical for pathogenicity in both 

animal and plant pathogens, indicating that this gene is a conserved fungal pathogenicity 

factor.  In dimorphic fungal pathogens of animals such as H. capsulatum and C. albicans, 

Gti1 group members such as RYP1 and WOR1 regulate the phase switch from 

filamentous to yeast phase (or vice versa).  Gti1 group members SGE1, FGP1, and 

BcREG1 are also pathogenicity determinants in plant pathogenic fungi such as F. 

oxysporum, F. graminearum, and B. cinerea, which are generally not considered to have 

a dimorphic life cycle.  RIG1 holds a unique intermediate position between these two 

groups, as it is required for the pathogenicity of M. oryzae, a plant pathogen with a 

transition in morphology from narrow saprobic hyphae to bulbous infection hyphae.  The 

∆rig1 strain is also unusual in that it shows no defect in conidiation or somatic growth, in 

contrast to the reduced conidiation observed in the mutants of F. oxysporum, F. 

graminearum and B. cinerea and the aberrant conidiation of the H. capsulatum ryp1 
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mutant.   As Gti1 group members are also present in non-pathogenic fungi (gti1, the first-

identified member of the group, is from the fission yeast S. pombe), Michielse et al. 

(2009) suggests that Gti1 group members may act in fungi as a regulator of 

morphological or physiological transitions and that pathogens have adapted this switch to 

adjust to the host environment.  The defect in the infection cycle of the M. oryzae ∆rig1 

strain is the transition to infection hyphae, the stage comparable to the mycelial-to-yeast 

transition in H. capsulatum, yeast-to-mycelial transition in C. albicans, and initiation of 

extensive growth inside the xylem in F. oxysporum.  Each of these is a transition that 

enables the rapid invasion of host by the fungus.  Inability to undergo this transition 

would result in an incapability to rapidly spread and colonize the host tissue.  Therefore, 

we propose that RIG1, RYP1, WOR1, SGE1 and their homologs in the Gti1 group 

specifically function to initiate rapid invasion of the host plant and animal pathogenic 

fungi. 

Unlike H. capsulatum, where the signal that induces the switch from hyphal to 

yeast growth and thus the activity of RYP1, is known to be the host (human) body 

temperature, the host signal or the signaling pathway for activating the expression of 

RIG1 is not known.  RIG1 expression may be regulated by the Pmk1 MAP kinase 

pathway, the cAMP signaling pathway, or both, which together play a key role in 

appressorium formation (reviewed in Wilson and Talbot, 2009).  Preliminary qRT-PCR 

results suggest that RIG1 transcript levels were increased 2-fold in ∆mst12 appressoria 

compared to 70-15 appressoria (Wickramage, Mandel, and Orbach, unpublished data).  

This suggests Mst12 may repress the normal induction of RIG1 during appressorium 
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development and that RIG1 may be regulated by the cAMP signaling pathway as well as 

by Pmk1 signaling.  Further investigation of RIG1 expression levels in mutants of other 

putative regulators of RIG1 is needed to understand the precise genetic control of RIG1.  

Based on its mutant phenotype, it is likely that RIG1 acts downstream of genes required 

for host penetration.  The tetraspanin-like protein-encoding PLS1 (Clergeot et al., 2001) 

is the most likely candidate to function immediately upstream of RIG1. The ∆pls1 strain 

forms mature appressoria comparable to wild type, but does not make penetration pegs, 

and is non-pathogenic even when inoculated onto wounded rice plants.  Clergeot et al. 

(2001) proposes that the inability of the ∆pls1 strain to cause disease is due to its failure 

to differentiate a penetration peg on intact, as well as wounded tissue, and not due to a 

deficiency in infectious growth in planta.  Other genes acting upstream of RIG1 may 

include the MAP kinase-encoding MPS1 (Xu et al., 1998) and the SEP genes that encode 

the septin class of small GTPases (Dagdas et al., 2012).   

The Gti1_Pac2 gene family was initially proposed to be transcription factors 

based on their regulation of a large number of genes (Huang et al., 2006, Zordan et al., 

2006, Nguyen & Sil, 2008).  Recently, two well-conserved domains of this gene family 

were demonstrated to be responsible for their DNA-binding specificity in C. albicans 

WOR1, the WOPRa and WOPRb domains (for Wor1, Pac2, Ryp1) (Lohse et al., 2010). 

These domains define the WOPR box, a new superfamily of DNA-binding proteins.  The 

Rig1 protein sequence has the WOPRa domain from amino acids 11 to 93, and the 

WOPRb domain from amino acids 157 to 212.  It also has a potential protein kinase A 

phosphorylation site (KRWTDG, Michielse et al., 2009), found in a number of Gti1 
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group members, located from amino acids 68 to 73. A nuclear localization signal 

(PPGEKKRA) is present from amino acids 96 to 103.  This confirms that Rig1 is indeed 

a member of the Gti1_Pac2 family of transcription factors. 

In the insertional mutagenesis screen that led to the identification of RYP1, three 

other genes, RYP2, RYP3, and RYP4, which were also required for transition to the yeast 

phase in H. capsulatum, were isolated.  RYP2 and RYP3 are homologs of A. nidulans 

vosA and velB, both members of the Velvet family of transcription factors.  RYP4 is a 

member of the zinc binuclear cluster proteins, a class in the zinc finger family of 

transcription factors, and is a homolog of Aspergillus nidulans facB (Apirion, 1962, 

Apirion, 1965, Todd et al., 1997) and Neurospora crassa acu15 (Bibbins et al., 2002).  

We generated gene replacement mutants for the M. oryzae homologs of RYP2 

(MGG_00617), RYP3 (MGG_01620), and RYP4 (MGG_04108).  These mutants behaved 

similar to 70-15 in somatic growth and pathogenicity, suggesting either a possible 

functional overlap with other genes, or functionality under different environmental 

conditions than the ones they were currently tested in.  This also indicates that while 

RYP1 and RIG1 play parallel roles in transition from saprobic to parasitic phase in the 

lifecycles of H. capsulatum and M. oryzae, respectively, the other RYP orthologs while 

essential for the switch in H. capsulatum are dispensable for pathogenicity in M. oryzae.  

The deletion mutant of MGG_06564, the M. oryzae Pac2 group member of the 

Gti_Pac2 family, showed no difference from its wild type 70-15 progenitor in 

pathogenicity or somatic growth.  This is similar to the observation that  function of pac2 

homologs in a number of fungi, including F. oxysporum (FoPac2, Michielse et al., 2009), 
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F. graminiearum (FGP2, Jonkers et al., 2009), Histoplasma capsulatum (HCAG_05432) 

and C. albicans Pth2(Lohse et al., 2010), play no role in pathogenicity.  Except for the 

function of S. pombe pac2, the founding member of this group, which negatively 

regulates sexual reproduction via repression of ste11 (Kunitomo et al., 1995), the role of 

the Pac2 group in the Gti1_Pac2 gene family has not been identified. . 

In conclusion, we report the characterization of RIG1, a gene that is critical for the 

transition to in planta parasitic growth as the mutant is able to penetrate host tissue, but 

unable to initiate infection hyphal growth.  Its function draws a parallel to that of H. 

capsulatum RYP1, a gene required for the dimorphic switch in an animal pathogenic 

fungus.  Determination of the regulon of RIG1 may offer insights to the gene circuitry 

underlying the infectious growth phase of M. oryzae. 
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FIGURES. 

Figure 1. Alignment of N-terminal 227 amino acids of M. oryzae Rig1 with the N-

terminal protein sequences of select Gti1 group members of the Gti1_Pac2 family.  The 

arrows span the WOPRa and WOPRb domains.  A potential protein kinase A 

phosphorylation site (KRWTDG, boxed), which has a conserved threonine residue 

(asterisk), and a putative nuclear localization site (NLS, PPGEKKRA, boxed) are also 

shown. 

 

 

  



 

 

Figure 2. The ∆rig1 strain is non

plants inoculated by M. oryzae 

gelatin (negative control)

complemented strain and 

 

 

 

 

 

 

strain is non-pathogenic on susceptible rice cultivars.  Leaves of 

M. oryzae (clockwise): wild type parental strain 70-15, 

gelatin (negative control), the MGG_06564 gene deletion strain (∆06564.63),

and ∆rig1 strain. All leaves were photographed at seven dpi.
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Figure 3. ∆rig1 mutants are delayed in appressorium formation.  
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Figure 4. Germ tubes of the 

tube formation on the hydrophobic surface of Gelbond® sheets at 24h, by 

and the mutant (below). 

 

Germ tubes of the ∆rig1 mutant are significantly longer the wild type. 

on the hydrophobic surface of Gelbond® sheets at 24h, by 
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on the hydrophobic surface of Gelbond® sheets at 24h, by 70-15 (above) 



 

 

Figure 5: Rice leaf sheath infection assays show no infectious structures with 

mutant strains.  At 36 hpi, infectious hypha

with the appressorium of the strain 70

45a has penetrated the host cell, but fails to form infectious hyphae (

µm.  a - Appressorium, i 

putative sites of penetration peg emergence.

 

 

 

 

 

 

 

 

 

Rice leaf sheath infection assays show no infectious structures with 

At 36 hpi, infectious hyphae are visible in the host rice cell

with the appressorium of the strain 70-15 (panel A).  At the same time point, 

45a has penetrated the host cell, but fails to form infectious hyphae (panel B

 – Infectious hyphae, s – Germinated spore. Arrows indicate 

putative sites of penetration peg emergence. 

100 

Rice leaf sheath infection assays show no infectious structures with ∆rig1 

cells in contact 

At the same time point, ∆rig1mutant 

panel B).  Bar: 20 

. Arrows indicate 
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Figure 6. Fluorescent-tagged wild type and ∆rig1 strains demonstrate the inability of 

∆rig1 to produce infection hyphae. Around 30 hpi, infection hyphae are visible inside the 

host cell infected by 70-15 while there is no sign of initiation of infectious hyphae from 

the ∆rig1mutant appressorium, as seen here in the brightfield (A, C) and fluorescent (B, 

D) images. 

Magnification of A and B: x20x4; magnification of c and d: x63x2. Abbreviations: a - 

Appressorium, i – Infection hyphae, s – Germinated spore 
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TABLES 
 
Table 1. Sporulation of M. oryzae parental strain 70-15 and RIG1 gene replacement 
mutant isolates (10a, 40b, 45a, 45b) are similar at 15 dpi, but sporulation of ectopic 
mutant isolates (2a, 2b, 23a, 23b) are significantly different from both 70-15 and ∆rig1 
strains (ANOVA, p=0.0021, F8,27=4.26) 
 
Isolate Number of spores (x 106, in four 

replicates) 
70-15 18.656, 30.096, 6.840, 57.240 
2a 86.760, 92.070, 43.290, 70.000 
2b 94.710, 109.140, 68.780, 83.460 
10a 17.590, 17.860, 20.720, 20.090 
23a 62.650, 64.750, 66.420, 64.600 
23b 81.20, 78.280, 48.330, 51.150 
40b 34.920, 46.550, 24.150, 345.800 
45a 41.040, 33.600, 36.720, 22.080 
45b 37.440, 25.900, 42.700, 30.720 
 
 
 
 
SI table 1: List of primers 
 
Name Purpose Sequence  

OAM 

1147 

Oligo to 
disrupt 
MGG_08850
.  5’ to 3’ (5’ 
flank). 

5’-GCCGCCTAGTTTAGAGTAGTCAAGC-3’ 

OAM 

1148 

Oligo to 
disrupt 
MGG_08850
.  3’ to 5’ (5’ 
flank). 

5’-

GCTCCTTCAATATCAGTTAACGTCGATGTCGAATGTG

CTGTCGGGAAATCA-3’ 

OAM 

1149 

Oligo to 
disrupt 
MGG_08850
.  3’ to 5’ (3’ 
flank). 

5’-TGAGAACATGCTGTAGTCGCCATCG-3’ 
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OAM 

1150 

Oligo to 
disrupt 
MGG_08850
.  5’ to 3’ (3’ 
flank). 

5’-

AGATGCCGACCGGGAACCAGTTAACACCTGCCACAG

GCCCGACAGCACCAT-3’ 

OAM 

1151 

Nested 
primer to 
disrupt 
MGG_08850
.  5’ to 3’ 
(Upstream). 
Amplificatio
n of the 1.2kb 
region 
upstream(5’) 
of 
MGG_08850 

5’-GACCACCCACTCAACAGATTACGGG-3’ 

OAM 

1152 

Nested 
primer to 
disrupt 
MGG_08850
.  3’ to 5’ 
(Downstream
). 

5’-CTCATCAGCAGCACAGACGACGGCG-3’ 

OAM 

597 

Amplificatio
n of the 
hygromycin 
phospho-
transferase 
cassette 
(Forward 
primer). 

5’-CGACGTTAACTGATATTGAAGGAGC-3’ 

OAM 

598 

Amplificatio
n of the 
hygromycin 
phospho-
transferase 
cassette 
(Reverse 
primer). 

5’-GTTAACTGGTTCCCGGTCGGCATCT-3’ 

OAM To screen for 
MGG_08850 
gene 

5’-TAAGGTATCCCGAGAGACATGCCTC-3’ 
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1161 replacement 
transformants
. 3’to 5’. 
Close to 5’ 
end. 

OAM 

1162 

To screen for 
MGG_08850 
gene 
replacement 
transformants
. 5’to 3’. 
Close to 3’ 
end. Also 
used for the 
amplification 
of the 1.2kb 
region 
downstream(
3’) of 
MGG_08850 
(for 
complementa
tion 
construct) 

5’-CACAGCCAGCCCTTTTCCAACCCA-3’ 

OAM 

1163  

Amplificatio
n of the 1.2kb 
region 
upstream(5’) 
of 
MGG_08850 
(5’ to 3’, for 
making the 
complementa
tion 
construct)  

5’-GGGGGATCCGCCGCCTAGTTTAGAGTAGTCAAGC-3' 

 

OAM 

1169 

Amplificatio
n of 
MGG_08850
(3’ to 5’, for 
making the 
complementa
tion 
construct) 

5’-GGTGGATCCGCCTAAGCCTCCCAAGGTATCATCC-3’ 
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OAM 

1278  

3’>5’ oligo 
for 
amplification 
of the 1.2kb 
region 
downstream(
3’) of 
MGG_08850
(for 
complementa
tion 
construct) 

5’-

GCCGCTCTAGAACTAGTGGATCCTGAGAACATGCTGT

AGTCGCC-3’ 

OAM 

1306 

5'>3' oligo 
for 
MGG_06564 
gene 
replacement 
construct (5’ 
flank) 

GCTCTGTTGGTCATTATGTCCGAAA 

OAM 

1307 

3'>5' oligo 
with Hph tail 
for 
MGG_06564 
gene 
replacement 
construct (5’ 
flank) 

GCTCCTTCAATATCAGTTAACGTCGATGTATGTCTGTG

GGTTGTGTGTCTG 

OAM 

1308 

3'>5' oligo 
for 
MGG_06564 
gene 
replacement 
construct (3’ 
flank) 

AGTGTCATACAACAGTCGAATTCCC 

OAM 

1309 

5'>3' oligo 
with Hph tail 
for 
MGG_06564 
gene 
replacement 
construct (3’ 
flank) 

AGATGCCGACCGGGAACCAGTTAACAGGAGAATTTG

TCGAGTTTCGTCTCT 

OAM 5'>3' nested 
oligo for 

CCCTCGAAGCAGCATGAAAGTTAAG 
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1310 MGG_06564 
gene 
replacement 
construct (5’ 
flank) 

OAM 

1311 

3'>5' nested 
oligo for 
MGG_06564 
gene 
replacement 
construct (3’ 
flank) 

TCGAATCTTGTTTTTTCCACCTCCT 

OAM 

1094 

5'>3' to 

amplify actin 

for RT-PCR 

CGATCATGAAGTGCGATGTCG 

OAM 

1095 

3'>5' to 

amplify actin 

for RT-PCR 

CCTTCTGCATACGGTCCGAAA 

OAM1
294 

5'>3' MGG-
09693 oligo 
for real time 
PCR 

CCACTTTCGCTGCTATACTCGCC 

OAM1
295 

3'>5' MGG-
09693 oligo 
for real time 
PCR 

CTGCTGGCCGTTACCTGTGC 

OAM1
296 

5'>3' MGG-
11610 oligo 
for real time 
PCR 

GCGGCTCCCAGACCACTTGC 

OAM 
1297 

3'>5' MGG-
11610 oligo 
for real time 
PCR 

GTGGGCACTGTTGGCAGCG 

OAM1
300 

5'>3' MGG-
06564 oligo 
for real time 

AGAGGTTCCCAGGAGCAAAGTC 
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PCR 

OAM1
301 

3'>5' MGG-
06564 oligo 
for real time 
PCR 

TGCCATAGCGTAAGCCGAAG 

OAM1
302 

5'>3' MGG-
06327 oligo 
for real time 
PCR 

GCTCGTCTTGGACCTGGTAACTTC 

OAM1
303 

3'>5' MGG-
06327 oligo 
for real time 
PCR 

AGAACATTGGTGCCCTTGCC 

OAM1
304 

5'>3' MGG-
03014 oligo 
for real time 
PCR 

CATTTACACCAGCATCAGCATCAC 

OAM1
305 

3'>5' MGG-
03014 oligo 
for real time 
PCR 

TGTTCGCACGACGCTCCTC 
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ABSTRACT  

In the human pathogenic fungus Histoplasma capsulatum RYP1, RYP2, RYP3, 

and RYP4 are required for the transition from filamentous to yeast growth at 37 ˚C.  

RYP1 is a Gti1_Pac2 family member.  RYP2 and RYP3 belong to the velvet family of 

transcription factors, while RYP4 is a member of the zinc cluster transcription factors. 

The role of RYP homologs in the plant pathogenic fungus Magnaporthe oryzae was 

investigated, with the objective of exploring if there were parallels in the transition from 

saprotrophic to parasitic growth between fungal pathogens of plants and animals.  We 

have demonstrated that RYP1 is required for pathogenicity of M. oryzae on rice, but does 

not play any obvious role in somatic growth.  Investigation of the role of RYP2, RYP3, 

and RYP4 on somatic and parasitic growth of M. oryzae is described here. 

 

INTRODUCTION 

Histoplasma capsulatum is a fungal pathogen of humans which switches from 

filamentous to yeast form growth in response to 37 ˚C.  RYP1 (Required for Yeast Phase 

1), RYP2, RYP3, and RYP4 were identified in a forward genetic screen to identify genes 

required for this phase transition.  Single gene mutants of ryp2, ryp3 and ryp4 fail to 

switch to yeast growth at 37 ˚C (Nguyen & Sil, 2008, Webster & Sil, 2008). 

RYP2 and RYP3 are homologous to Aspergillus nidulans vosA and velB, 

respectively, both of which are members of the velvet family of transcription factors 

(Webster & Sil, 2008).  veA (velvet A; Kafer, 1965) and velC (velvet like C; Bayram et 

al., 2010) are the other two members of the velvet family.  veA promotes sexual 
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development and acts as a negative regulator of asexual development in most fungi, 

although there are exceptions such as Aspergillus parasiticus, in which deletion of veA 

reduces the production of conidia and abolishes the production of sclerotia (Calvo et al., 

2004).  The veA homologs are also involved in the production of secondary metabolites, 

and affect virulence when present in pathogenic fungi (reviewed in Bayram 2012):  The 

A. parasiticus ∆veA mutant does not produce aflatoxin; A. flavus veA is required for the 

production of the mycotoxins aflatoxin and aflatrem and induction of cyclopiazonic acid; 

the Fusarium fujikuroi veA homolog FfVel1 regulates secondary metabolism both 

positively and negatively: it is necessary for fumonisin, fusarin, and gibberellic acid 

production, but represses the production of the polyketide pigment bikaverin.  FfVel1 is 

also a virulence factor (Wiemann et al., 2010). In A. nidulans, veA has been demonstrated 

to interact with laeA, the global regulator of secondary metabolism (Bayram et al., 2008), 

supporting observations which associate veA with regulation of secondary metabolism. 

Aspergillus nidulans velB (velvet like B; Bayram et al., 2008) promotes the 

production, but delays the germination, of conidia.  It is also critical for Hülle cell and 

cleistothecial development.   Interestingly, VelB, an activator of conidiation was 

demonstrated to interact with VosA (viability of spores A; Ni and Yu, 2007) another 

velvet family member known to repress conidiation, using an immuno pull-down assay 

with a FLAG tag-fused velB gene (Park et al., 2012). Together, VelB and VosA regulate 

asexual development, and are required for the viability of conidia and ascospores and for 

trehalose accumulation, that promotes tolerance to heat and oxidative stress (Ni & Yu, 

2007, Park et al., 2012).  In Fusarium graminearum, the main causal agent of Fusarium 
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Head Blight (FHB) (O'Donnell et al., 2000), FgVELB maintains hyphal hydrophobicity 

and cell wall integrity.  It also represses conidiation, regulates lipid metabolism and is 

involved in the biosynthesis of aurofusarin, the pigment that gives Fusarium species its 

characteristic pink color.  Deletion of FgVELB results in a 16-fold reduction in 

deoxynivalenol (DON) production, and restricts the infection to the first-inoculated 

spikelet and a few nearby spikelets, demonstrating that the gene is needed for full 

virulence on wheat (Jiang et al., 2012).  

Preliminary studies indicate that velC promotes sexual development in A. 

nidulans (Velvet like C; Bayram et al., 2010), but this gene is yet to be fully 

characterized. 

RYP4, the fourth gene characterized to be required for the transition to the yeast 

phase in H. capsulatum, shows sequence similarity to A. nidulans facB (fluoro acetate B; 

Apirion, 1962; Apirion 1965) and Neurospora crassa acu15 (acetate non-utilising 

mutant; Bibbins et al., 2002) (Mark Vorhies and Anita Sil, personal communication).  

Both facB and acu15 are important in utilization of acetate as a sole carbon source, and 

single gene mutants of each show reduced, but leaky growth on acetate medium.  They 

are also zinc binuclear cluster proteins, one of the three groups of the zinc finger family, a 

family of fungal-specific transcription factors (reviewed in MacPherson, Larochelle, and 

Turcotte, 2006).  Other well-characterized zinc binuclear cluster proteins include N. 

crassa fl (fluffy; initially described by Lindergren, 1933, Bailey and Ebbole, 1998), 

whose mutation causes N. crassa to produce white “fluffy” colonies with very few or no 
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conidia, and Saccharomyces cerevisiae Gal4 (first described as ga4 by Douglas and 

Hawthorne, 1964), a positively regulator of a number of genes (e.g. GAL1, GAL2, GAL7, 

GAL10, and MEL1) encoding proteins required for the import and metabolism of 

galactose (Traven et al., 2006, Weake & Workman, 2010) 

 

 

MATERIALS AND METHODS 

Fungal strains and culture conditions 

Culturing, transformation, and storage of M. oryzae cultures were done as 

previously described (Wickramage et al., in preparation). 

 

Nucleic Acid Preparation 

Genomic DNA was extracted from M. oryzae wild type strain 70-15 and 

transformants by the method of Sweigard et al., (1990), with modifications described in 

Wickramage et al., (in preparation).  

 

Targeted disruption of MGG_000617, MGG_01620, and MGG_04108 

MGG_000617, MGG_01620, and MGG_04108 were targeted for gene deletion 

studies based on their sequence similarity to H. capsulatum RYP2,  RYP3, and RYP4 

respectively.   The double-joint PCR protocol (Yu et al., 2004) was used to generate gene 

replacement constructs (See Table 1 for primer sequences) which were then used to 

transform M. oryzae 70-15 protoplasts, as previously described (Sweigard et al., 1995).  
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Transformants were processed and gene replacement mutants identified as described in 

Wickramage et al., (in preparation), with primers listed in table 1. 

 

Infection assay 

Rice infection assays were done and scored as previously described (Valent et al., 

1991), with modifications described in Wickramage et al. (in preparation). 

 

Somatic growth assay 

To compare the growth of M. oryzae mutants  to strain 70-15,  7 mm diameter 

discs were cut from the actively growing margin of cultures and inoculated onto the 

center of a Supplemented Complete medium plate (SCM; Talbot et al., 1993). Plates 

were incubated at 25 ˚C and the diameter of colonies was measured in centimeters daily 

from 2 days post inoculation (dpi) to 10 dpi, along two axes marked perpendicular to 

each other.  Each strain was tested in triplicate and the experiment was repeated twice. 

 

Sporulation assay 

The plates used for the growth assay (described above) were used to assess 

sporulation of the single gene deletion mutants of ryp2, ryp3 and ryp4 homologs.  To 

assay sporulation, the cultures were allowed to continue growing until they were 

approximately two weeks old.  Conidia were harvested by adding 5 ml of 0.25% gelatin 

to the plates, scraping the surface of the cultures, and then filtering the resulting 

suspension through two layers of cheesecloth into a clean test tube.  Plates were then 
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washed using 3 ml of 0.25% gelatin which was filtered and added to the first suspension.  

Conidia were resuspended by vortexing after sealing the mouth of the test tube with 

parafilm® (Pechiney Plastic Packaging, Chicago, IL 60631, USA) prior to counting, 

using a hemocytometer.  The total number of conidia per isolate was calculated by 

multiplying the volume of the conidial suspension by the spore concentration (in number 

of spores per milliliter). As above, each strain was tested in triplicate and the experiment 

was repeated twice. 

 

 

RESULTS 

M. oryzae contains genes with sequence similarity to H. capsulatum RYP genes 

Using tblastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi), MGG_00617, 

MGG_01620, and MGG_04108 were identified to be the M. oryzae homologs of H. 

capsulatum RYP2, RYP3, and RYP4 respectively.  

 

MGG_00617 encodes a protein of 501 amino acids, and shares 28% identity and 

14% similarity with its homolog, the H. capsulatum RYP2 gene.  Homolog of H. 

capsulatum RYP3, MGG_01620, encodes a protein of 441 amino acids, and share 44% 

identity and 11% similarity.    MGG_00617 and MGG_01620 have the conserved velvet 

factor domain (PF11754; http://pfam.sanger.ac.uk/family/PF11754.3), at amino acid 

positions 57-227 and 104-428, respectively.  The velvet domain is conserved in fungi 
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from the Chytridiomycota to Basidiomycota, and is speculated to be important for 

protein-protein interactions (Bayram & Braus, 2012). 

 

MGG_04108, the M. oryzae homolog of H. capsulatum RYP4 encodes a protein 

of 912 amino acids. The two genes are 40% identical and 16% similar to each other.  

Pfam (http://pfam.sanger.ac.uk/family/PF00172.13) identifies a fungal zinc binuclear 

cluster domain present from amino acids 22-59 on the protein. 

 

 

Generation of MGG_00617, MGG_01620, and MGG_04108 single gene replacement 

mutants 

Gene replacement constructs were created for MGG_00617, MGG_01620 and 

MGG_04108 using double-joint PCR, inserting the hygromycin phosphotransferase 

(Hph) gene between the 5’- and 3’- untranslated flanking regions of each gene.  

Protoplast transformation of the MGG_00617, MGG_01620, and MGG_04108 gene 

replacement constructs into wild type 70-15 resulted in 37, 40, and 16 hygromycin 

resistant colonies, respectively.  Three, four, and two gene replacement mutants of 

MGG_00617, MGG_01620, and MGG_04108 respectively, were identified by PCR 

screening of transformant genomic DNAs.  These gene deletion mutant isolates and two 

other strains from each transformation where the gene replacement construct had inserted 

ectopically were used for assaying the effect of each single gene deletion on 

pathogenicity, somatic growth, and sporulation.  
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Somatic growth of MGG_00617, MGG_01620, and MGG_04108 single gene 

replacement mutants is not significantly different than wild type M. oryzae 

The radial growth rate and sporulation of gene replacement mutants of 

MGG_00617, MGG_01620, and MGG_04108, grown on SCM at 25 ˚C, were measured.  

The gene replacement mutants showed no significant difference from the wild type in 

radial growth or sporulation (data not shown).  Conidia of mutants looked 

morphologically identical to wild type under microscopic observation (data not shown). 

 

MGG_00617, MGG_01620, and MGG_04108 whole-gene replacement mutants are 

not affected in pathogenicity 

Infection assays were done by spraying spores of ∆MGG_00617, ∆MGG_01620, 

and ∆MGG_04108 mutants onto susceptible rice cultivars Sariceltik and Maratelli.  Rice 

plants inoculated with each mutant developed disease symptoms identical to rice plants 

inoculated with the wild type strain 70-15 (data not shown). 

 

 

DISCUSSION 

H. capsulatum grows in filamentous form at room temperature, and switches to 

yeast phase growth at 37 ˚C, the body temperature of its human host.  The switch in 

morphology is associated with its pathogenicity.  A forward genetic screen performed 

with the objective of identifying regulators of this phase transition identified the set of 

RYP (Required for Yeast Phase) genes (Nguyen & Sil, 2008, Webster & Sil, 2008).  
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Although M. oryzae, the causative agent of rice blast disease, does not transition from 

filamentous to yeast phase growth, we hypothesized that the transition from saprotrophic 

to parasitic growth in M. oryzae may be regulated by orthologs of the H. capsulatum RYP 

genes.  In M. oryzae, spores germinate on a host surface, develop a short germ tube, and 

then differentiate a dome-shaped appressorium, which allows it to penetrate into host 

cells and produce infection hyphae.  The process of appressorium development has been 

studied in detail and requires the MAPK pathway including PMK1 that regulates MST12.  

Appressorium maturation requires deposition of melanin between the cell wall and the 

plasma membrane to support development of turgor pressure up to eight atmospheres, 

which provides mechanical pressure for the emerging penetration peg to breach the plant 

cell wall.  Once inside the host cell, the penetration peg expands to a narrow primary 

hypha (Talbot, 2003, Kankanala et al., 2007, Wilson & Talbot, 2009). This differentiates 

into bulbous infection hyphae, the initial growth of which has been likened to the 

pseudohyphal propagation of yeast cells (Bourett & Howard, 1990, Balhadere et al., 

1999, Talbot, 2003), in contrast to the saprobic hyphae, which are generally of uniform 

diameter.  We propose the formation of infection hyphae represents a morphological 

transition in M. oryzae, parallel to the hyphal-yeast morphological switch in the infection 

cycle of H. capsulatum; it represents a differential in-host growth form associated with 

pathogenicity. We have shown that RIG1, the M. oryzae homolog of H. capsulatum RYP1 

is required for the formation of infection hyphae supporting the hypothesis that this gene 

functions in a parallel manner in plant and animal pathogens (Wickramage et al., in 

preparation).  However, the current study indicates that gene deletion mutants of the M. 
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oryzae homologs of RYP2, RYP3, and RYP4 show somatic growth and pathogenicity 

comparable to the wild type, and therefore are presumably not significantly altered from 

the wild type in the morphological transition to infection hyphae.  This suggests that 

parallels in phase transition among fungal pathogens of animals and plants do exist (e.g. 

RYP1 and RIG1 both regulate a morphological switch), but are limited and are not 

universal (e.g. RYP2, RYP3, RYP4 are each required for the morphological switch in H. 

capsulatum, but their homologs in M. oryzae by themselves are not). 

We observed that M. oryzae MGG_01620 and MGG_00617 single gene deletion 

mutants were equivalent to the wild type strain in pathogenicity, somatic growth, and 

sporulation.  Our observation was supported by whole genome oligonucleotide 

microarrays and quantitative real time (qRT-PCR) done to measure changes in gene 

expression during conidiation by Kim and Lee (2012) who saw that the expression of 

MGG_01620 and MGG_00617 were not significantly altered (at a two-fold expression 

difference cutoff) during conidiation. The ∆MGG_00617 mutant they generated did not 

have any conidiation defects either.  Together, these observations suggest that these two 

velvet domain genes each have function(s) that significantly overlap with each other or 

with other genes, or that they do not play a significant role in the radial growth, 

sporulation or pathogenicity in M. oryzae.  This contrasts with several other characterized 

homologs of MGG_01620 and MGG_00617, which have important roles in the fungal 

life cycle, produce phenotype(s) significantly different from the wild type upon deletion, 

and have been shown to interact: A. nidulans VelB promotes conidiation, as demonstrated 

by the impaired conidiation of  a VelB mutant (Bayram et al., 2008). VosA represses 
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conidiation, is required for the viability of conidia and ascospores, and is necessary for 

accumulation of trehalose in conidia. Deletion of VosA reduces viability, trehalose 

accumulation, and stress tolerance of conidia, but activates conidiation under otherwise 

non-inductive conditions (Ni & Yu, 2007).  Although VelB and VosA have opposing roles 

in conidiation, they were shown to interact in spores to play an inter-dependent role in 

viability, trehalose accumulation and germination of conidia (Park et al., 2012).  H. 

capsulatum RYP2 and RYP3 are each required for the transition from mycelial to yeast 

phase. T-DNA insertion and RNA interference mutants of ryp2 and ryp3 are each locked 

in the mycelial phase at 37 ˚C, and unlike the wild type, shows “inappropriate, robust 

sporulation” at room temperature.  Expression of RYP2 and RYP3 (and also RYP1) is 

inter-dependent; RYP2 transcript levels are low compared to the wild type at room 

temperature in the ryp3 mutant, and RYP3 transcript levels are low compared to the wild 

type at room temperature in the ryp2 mutant (Webster & Sil, 2008).  It is unknown if the 

products of MGG_01620 and MGG_00617 interact in M. oryzae.  Tandem affinity 

purification (TAP) or FLAG-tagging of either protein and yeast two-hybrid experiments 

are two potential ways this could be analyzed.  Creation and observation of the phenotype 

of a double mutant would allow understanding if the two genes have overlapping 

function(s) that is critical for the somatic growth and/or pathogenicity of the fungus. 

M. oryzae has homologs of all four members of the velvet family (Ni and Yu, 

2007), two of which, MGG_08556 (VeA homolog) and MGG_01314 (VelC homolog), 

were not characterized in the present study.  qRT-PCR detected no significant alteration 

(at a two-fold expression difference cutoff) of these two genes during conidiation (Kim 
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and Lee, 2012).  However, single gene deletion mutants of these genes are currently 

being generated (Shallenberger, Wickramage, and Orbach, unpublished data) with the 

objective of fully understanding their functions in M. oryzae. 
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TABLE 1:  List of primers used 

Name of 

primer 

Purpose Sequence (5’ to 3’) 

OAM597 Oligo to amplify the 
hygromycin phospho-
transferase (hph) cassette 
5’>3’ direction 

CGACGTTAACTGATATTGAAGGAGC 

OAM598 Oligo to amplify the hph 
cassette  
3’>5’ direction 

GTTAACTGGTTCCCGGTCGGCATCT 
 

OAM619 Hph internal oligo to detect 
gene replacement mutants 
3’>5’ direction 

ACAGACGTCGCGGTGAGTTC 

OAM432 Hph internal oligo to detect 
gene replacement mutants 
5’>3’ direction 

GATAGTGGAAACCGACGCCCCAGCAC 

OAM1213 Oligo to disrupt 
MGG_000617 5’>3’ 
direction; 5’ end of 5’ flank 

CAGAAAGAGGATCGACCGCACAGG 

OAM1214 Oligo to disrupt 
MGG_000617 3’>5’ 
direction; hybrid oligo with 
MGG_00617 5’ flank 
sequence and hygromycin 
phospho- transferase 
cassette sequence 

GCTCCTTCAATATCAGTTAACGTCG 
ACCTACGGACCCAATGCTCGGAAGTG 

OAM1215 Oligo to disrupt 
MGG_000617 3’>5’ 
direction; 3’ end of 3’ flank 

CTGGTATGCTCCCGCGCCGCCCCCT 

OAM1216 Oligo to disrupt 
MGG_000617 5’>3’ 
direction; hybrid oligo with 
hygromycin phospho-
transferase cassette 
sequence and 3’ flank 
MGG_00617 sequence 
(Note: This oligo was later 
replaced by OAM1229)  

AGATGCCGACCGGGAACCAGTTAACA 
CAATGAGAGAGCCCGGTTTCGATTC 

OAM1217 Nested oligo to disrupt 
MGG_000617 5’>3’ 

CGCACATCCTATCCTCGCTTCCCCT 
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direction; 5’ end of 5’ flank 
OAM1218 Nested oligo to disrupt 

MGG_000617 3’>5’ 
direction; 3’ end of 3’ flank 

ACTGACGCGAACCATCAACCCTCTC 

OAM1223 Oligo to disrupt 
MGG_01620 5’>3’ 
direction; 5’ end of 5’ flank 

TCTCTCTCCTGCGCCGCTGCTATCC 

OAM1224 Oligo to disrupt 
MGG_01620 3’>5’ 
direction; hybrid oligo with 
MGG_01620 5’ flank 
sequence and hygromycin 
phospho- transferase 
cassette sequence 

GCTCCTTCAATATCAGTTAACGTCGA 
CTCTTGTTTAAAACTATCGCGCTCC 

OAM1225 Oligo to disrupt 
MGG_01620 5’>3’ 
direction; hybrid oligo with 
hygromycin phospho- 
transferase cassette 
sequence and MGG_01620 
3’ flank sequence 

AGATGCCGACCGGGAACCAGTTAAC 
ACGTTCATCCCCTTTCTTCTTCGCTA 

OAM1226 Oligo to disrupt 
MGG_01620 3’>5’ 
direction; 3’ end of 3’ flank 

CAGAGGTCTTGAGCGTCGGCGTCTC 

OAM1227 Nested oligo to disrupt 
MGG_01620 5’>3’ 
direction; 5’ end of 5’ flank 

GCAGGGGACCGATGGTTGCATTAGC 

OAM1228 Nested oligo to disrupt 
MGG_01620 3’>5’ 
direction; 3’ end of 3’ flank 

TCGACAATGTTGCCTGCGCCACCCC 

OAM1229 Oligo to disrupt 
MGG_000617 5’>3’ 
direction; hybrid oligo with 
hygromycin phospho-
transferase cassette 
sequence and 3’ flank 
MGG_00617 sequence 
(Note: This oligo replaced 
OAM1216)  

AGATGCCGACCGGGAACCAGTTAACA 
TCGATTCTTGAATACCACTTCGGGA 
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