
ABSTRACT 

SHARPEE, WILLIAM CAREY. Identification and Characterization of Effectors from the 

Filamentous Fungal Plant Pathogen Magnaporthe oryzae (Under the direction of Dr. Ralph 

A. Dean). 

 

A class of molecules produced by plant pathogens called effectors are secreted into 

the host to alter numerous plant processes for the benefit of the invading pathogen. A great 

deal has been learned about how effectors alter plant components for the benefit of the 

pathogen, but much is still unknown regarding the full arsenal of effectors that plant 

pathogens possess and how they affect virulence. The filamentous fungus Magnaporthe 

oryzae is the causal agent of rice blast disease and is the most destructive pathogen of rice 

worldwide.  It is described as having a hemibiotrophic lifestyle, characterized by a biotrophic 

phase during the early stages of infection followed by a necrotrophic phase defined by host 

cell death and lesion formation during the latter stages.  To mediate both phases of infection, 

fungal derived effectors are hypothesized to suppress the host-mediated hypersensitive 

response (HR) during the initial biotrophic phase and subsequently stimulate host cell death 

during the nectrotrophic phase.  This hypothesis was tested by developing an effectoromics 

screen through which candidate effector genes from M. oryzae were cloned and functionally 

characterized for cell death inducing or suppressing abilities in the model organism N. 

benthamiana.  A list of candidate effector genes were first compiled from the sequenced M. 

oryzae isolate 70-15 that fit the following criteria: contain an N-terminal signal peptide, are 

less than 250 amino acids in length, contain at least 3% cysteine, and are not transmembrane 

proteins.  This list was further refined to include candidates that were highly expressed 

during infection and those that were highly conserved amongst 39 re-sequenced isolates of 

M. oryzae and M. grisea.  Of the 233 compiled genes, 73 were successfully cloned and 



screened for host cell death inducing abilities by transient expression in the leaves of N. 

benthamiana.  Ten of the 73 were found to induce plant cell death.  Additionally, the cloned 

candidates were screened for plant cell death suppressing abilities by transiently expressing 

them in N. benthamiana and challenging with known plant cell death inducing genes, Nep1 

from M. oryzae and the BAX gene.  This led to the identification of 11 Suppressors of Plant 

Cell Death (SPD) genes able to suppress Nep1 mediated host cell death in a strong and 

statistically significant manner.  Additionally, 10 of the 11 SPD genes were also able to 

suppress BAX induced cell death.  Of the 11 candidate suppressors identified, 5 have been 

characterized in the past as either essential for virulence, secreted during disease 

development, or as suppressors or homologues to other characterized suppressors.  

Additionally, SPD8 was shown to be secreted into rice cells that are infected with and 

adjacent to M. oryzae infected cells.  Beyond the SPD genes that were previously reported to 

be required for full virulence or as a suppressor, this is the first report of a function associated 

with the remaining SPD genes.  Phylogenetic analysis of the SPD genes amongst 43 re-

sequenced genomes of M. oryzae indicated that SPD4 is highly polymorphic at the nucleotide 

level and has a nucleotide diversity that is higher than any currently known effector from M. 

oryzae, indicating that this effector could be evolving to avoid recognition by plant resistance 

(R) proteins.  To examine the suppressive abilities of these genes in rice, an assay was 

developed to measure the amount of reactive oxygen species (ROS) generated from rice 

suspension cells.  Using the FLG22 and lipopolysaccharide elicitors, an increase in H202 

could be detected from wild type rice suspension cells, indicating that this is a viable assay 

for detecting ROS from rice cells treated with known elicitors.     
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CHAPTER 1 

Form and Function of Fungal and Oomycete Effectors 

 

William C. Sharpee and Ralph A. Dean 

 

Fungal Genomics Laboratory, Center for Integrated Fungal Research, Department of Plant 

Pathology, North Carolina State University, Raleigh NC, 27606, USA 

 

Abstract 

 

Plants are able to recognize conserved features of potential microbial invaders and 

mount an active defense in most cases. Over the course of evolution, a number of these 

microbes including plant pathogenic fungi and oomycetes have evolved means through the 

secretion of small molecules (effectors) to block these defenses and promote virulence.  In 

recent years, research has uncovered a wealth of knowledge regarding how effectors function 

within the plant cell to promote disease.  Function of effectors ranges from altering plant 

cellular metabolic pathways and signaling cascades, RNA silencing, anti-microbial 

inhibition, and interfering with recognition machinery.  The importance of understanding 

effector function has given rise to a new area of research termed effectoromics, which in this 

review refers to high-throughput studies to elucidate the function of a large number of 

candidate effector genes.  Effectoromics research has led to the identification of a number of 

effectors with redundant function, indicating that pathogenic fungi and oomycetes contain 

effectors that are individually dispensable but functionally redundant that act synergistically 

to promote disease. 
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Introduction 

 

 The interactions of fungi and oomycetes with plant hosts play a significant role in 

many ecosystems.  In some situations, interaction with organisms such as mycorrhizal fungi 

confer beneficial properties in the plant rhizosphere (Haverkort et al., 2008; OERKE, 2005; 

Soka and Ritchie, 2014).   On the other hand, although plants do not typically succumb to 

invading microorganisms, fungi and oomycetes have evolved to become pathogens and cause 

millions of dollars of loss in annual agricultural revenue in a number of instances.  In recent 

years much light has been shed on the molecular basis of these interactions (Ortíz-Castro et 

al., 2009; Lo Presti et al., 2015).  During initial infection stages, plant cell surface-localized 

pattern recognition receptors (PRRs) are able to recognize conserved elements of the 

invading microbe, which are referred to as microbe-associated molecular patterns (MAMPs).  

Molecular communication between PRRs and MAMPS triggers a defense response called 

MAMP-triggered immunity (MTI), which is sufficient to deter many would-be pathogens.  

However, pathogens evolved molecules, often small, secreted proteins that not only block 

MTI but also alter specific plant processes for the benefit of the invading pathogen, which are 

known as effectors (Dodds and Rathjen, 2010; Lo Presti et al., 2015; Rovenich et al., 2014; 

Thomma et al., 2011).  During the course of the molecular arms race between pathogens and 

their hosts, plants evolved mechanisms to recognize these effectors, collectively known as 

resistance (R) proteins.  This recognition allows the plant to mount a defense response often 

involving the hypersensitive response (HR) to kill the invading pathogen, thus causing 

effector triggered immunity (ETI) (Martin et al., 2003).  The continued interplay between the 
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invading pathogen and host plant is encapsulated in the “zig-zag” model, which elegantly 

describes the evolutionary warfare between the invading pathogen and host plant (Jones and 

Dangl, 2006).      

 Effectors have been shown to be essential for the virulence of numerous pathogenic 

fungi and oomycetes.   Data is now beginning to emerge that reveal the remarkable array of 

plant processes that are targeted by pathogen effectors (Bozkurt et al., 2012; de Jonge et al., 

2011; Lo Presti et al., 2015; Rovenich et al., 2014; J. Win et al., 2012).  In some instances, 

understanding of how effectors work has led to extraordinary scientific breakthroughs.  For 

example, knowledge of TAL effectors from the plant pathogenic Xanthamonas species 

enabled the development of a powerful genome editing tool called TALENS (Bogdanove et 

al., 2010; Bogdanove and Voytas, 2011).  This tool has been recently used as a novel cancer 

treatment (Reardon, 2015).  This and other applications would not have been possible had it 

not been for understanding how effectors from plant pathogenic bacteria affect host plant 

biology and underscores the powerful knowledge that can be gained from understanding how 

effectors function within the host. 

 Although TAL effectors from bacterial plant pathogens are well characterized, how a 

majority of effectors from filamentous microbes interact with and modify their host targets is 

still largely unknown.  Characterizing how effectors function within plant cells is essential 

for understanding how pathogens overcome their plant hosts and has become a driving force 

in molecular plant pathology (Hogenhout et al., 2009).  This review uses specific examples 

to describe the current knowledge of how effectors from fungi and oomycetes manipulate the 
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host plant for their own benefit.  In addition, progress in developing systematic high 

throughput strategies to identify unknown effectors and functionally define their role in 

virulence, hereby defined as effectoromics is discussed.     

Cellular Effectors 

The location of fungal or oomycete effectors within the plant provides clues to how they 

function to affect virulence of the invading pathogen.  Effectors from fungi and oomycetes 

have been shown to operate at two main locations: in the host cell and in the apoplastic space 

between adjacent cells (Giraldo and Valent, 2013).  Within the host cell, effectors from 

filamentous organisms interact with numerous plant components to alter plant metabolism, 

signaling pathways, and gene transcription to manipulate the plant defense response (Table 

1.1).   

One of the primary mechanisms through which effectors block defense responses is 

through the alterations to the plant metabolic pathways (Djamei et al., 2011; Liu et al., 2014; 

Plett et al., 2014).  Salicylic acid (SA) and jasmonic acid (JA) are two essential 

phytohormones that act antagonistically in response to pathogen infection (Niki et al., 1998).   

SA acts to mediate MTI, to regulate host cell death, and is a key player for systemic acquired 

resistance (SAR), which is a broad spectrum response to pathogen invasion that prepares a 

plant and its progeny for pathogen attack (Dempsey et al., 2011; Fu and Dong, 2013; Lo 

Presti et al., 2015).  JA is also involved in plant defense responses as well as cell 

development and vegetative growth (McDowell and Dangl, 2000; Thomma et al., 2001).  

Cmu1, a chorismate mutase from the maize pathogen Ustilago maydis, is secreted into the 
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host cell during infection to reduce SA levels (Djamei et al., 2011).  Similarly, effectors 

Pslsc1 from Phytophthora sojae and Vdlsc1 from Verticillium dahliae are required for full 

virulence of both pathogens and reduced the amount of SA when expressed within pant cells 

(Liu et al., 2014).  Like Cmu1, these effectors act as isochorismatases that hydrolize 

isochorismate, a precursor to SA, and downregulate SA mediated defense responses (Liu et 

al., 2014).  Plant pathogenic nematodes have also shown to secrete chorismate mutases into 

plant cells during pathogenesis, indicating that manipulating SA levels is a common target of 

many plant pathogenic organisms (Bekal et al., 2003; Doyle and Lambert, 2003).  Effectors 

have also been shown to affect JA signaling.  The ectomycorrhizal fungus Laccaria bicolor 

secretes the effector MiSSP7 during plant colonization that is targeted to the plant nucleus 

and is essential for the establishment of mutualism between the fungus and the plant (Plett et 

al., 2011).  To promote mutualism, MiSSP7 interacts with and prevents the degradation of 

the transcriptional repressor protein PtJAZ6 to prevent JA-induced changes in gene 

transcription (Plett et al., 2014).   

Beyond alterations of SA and JA, effectors from filamentous plant pathogens have been 

shown to alter the levels of other hormones and metabolites in order to gain entry into the 

host plant (Evangelisti et al., 2013; Tanaka et al., 2014).  Tin2 from U. maydis interacts with 

and prevents the degradation of the maize protein kinase ZmTTK1, which is responsible for 

the activation of genes involved in anthocyanin biosynthesis.  Maize infected with Tin2 

knockout strains of U. maydis show strong lignification at the sites of infection, indicating 

Tin2 redirects metabolite production into anthocyanins and away from other metabolites that 
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would otherwise be beneficial for plant defense (Tanaka et al., 2014). Finally, PSE1 from 

Phytophthora parasitica alters the levels of auxin through the redistribution of the auxin 

efflux carriers PIN4 and PIN7 (Evangelisti et al., 2013).      

RNA silencing serves as a major defense mechanism against RNA viruses in plants, 

where viral RNA is recognized as a MAMP and induces small interfering RNAs (siRNAs) to 

guide the cleavage of viral RNAs (Ding, 2010).  In response, viruses have developed 

suppressors of RNA silencing that interfere with the RNA silencing machinery and allow for 

the virus to proliferate within the host (Vance and Vaucheret, 2001).  Viruses, however, are 

not the only organisms to block RNA silencing in order benefit infection.  Two effectors 

from Phytophthora sojae, PSR1 and PSR2, suppress RNA silencing and enhance 

susceptibility to both P. sojae as well as viral infection (Qiao et al., 2013).  PSR1 was shown 

to bind with an evolutionarily conserved nuclear protein known as the PSR1-interacting 

protein 1 (PINP1), which likely is involved in small RNA processing.  Silencing this protein 

in Arabidopsis leads to not only developmental defects but also hypersusceptibility to 

Phytophthora infections, which is similar to transgenic plants expressing the PSR1 protein 

(Qiao et al., 2015).  A PSR2-like effector from the related species P. infestans can also 

suppress RNA silencing, indicating that a conserved class of effectors that suppress RNA 

silencing exists within the genus Phytophthora (Xiong et al., 2014).  These examples show 

that RNA silencing suppression is a key strategy for infection not only in viruses, but also in 

oomycetes as well (Qiao et al., 2013). 
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Components of plant signaling pathways are also targets of effectors from filamentous 

pathogens.  MAPK cascades are important for both MTI and ETI and thus effectors have 

evolved to block these pathways in order to stop the immune response (Boller and Felix, 

2009; Martin et al., 2003).  PexRD2 from P. infestans is one such effector that interacts with 

the kinase domain of MAPKKKԑ and disrupts the signaling pathway.  MAPKKKԑ is a 

positive regulator of immunity-related cell death and the overexpression of PexRD2 or the 

silencing of MAPKKKԑ within Nicotiana benthamiana promoted the growth of P. infestans, 

indicating that this effector has evolved to interact with MAPKKKԑ to interrupt plant 

immunity-related signaling (King et al., 2014).     

Effectors from filamentous pathogens have also been shown to directly affect plant 

transcription in order to downregulate genes involved in defense responses.  SP7 from the 

arbuscular mycorrhizal (AM) fungus Glomus intraradices and HaRxl44 from the oomycete 

pathogen Hyaloperonospora arabidopsidis are two examples of effectors that directly affect 

plant gene transcription (Caillaud et al., 2013; Kloppholz et al., 2011).  SP7 was shown to 

localize to the plant nucleus and interact with the transcription factor ERF19 to block the 

plant immune system (Kloppholz et al., 2011).  Furthermore, SP7 increased the duration of 

the biotrophic phase of infection when expressed within the rice blast fungus Magnaporthe 

oryzae, indicating that this effector plays an important role in suppressing defense responses 

for the establishment of fungal growth within the plant (Kloppholz et al., 2011).  HaRxL44 

from H. arabidopsidis is another nuclear localized effector that interacts with and degrades 

Mediator subunit 19a (MED19A) which is a positive regulator of immunity against H. 
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arabidopsidis and responsible for transcription changes within Arabidopsis (Caillaud et al., 

2013).  Transgenic Arabidopsis plants expressing HaRxL44 saw an induction of transcription 

associated with JA signaling, which is similar to what is observed in Arabidopsis plants 

infected with H. arabidopsidis.  Therefore, HaRxL44 seems to affect the balance between JA 

and SA signaling through the degradation of MED19A, thus affecting defense-related 

transcriptional changes (Caillaud et al., 2013).   

Reactive oxygen species (ROS) play an essential role in MTI and have a direct role in 

cell wall protein cross-linking, phytoalexin production, callose deposition, and SAR (O’Brien 

et al., 2012).  Crinklers (CRN for CRinkling and Necrosis) are a well characterized family of 

effectors from plant pathogenic oomycetes that have been shown to affect ROS levels in 

plants (Rajput et al., 2014; Zhang et al., 2015).  PsCRN63 and PsCRN115 from P. sojae 

interact directly with plant catalases, modulating their activity for the induction or 

suppression of H202 homeostasis and plant cell death (Zhang et al., 2015).  Plant catalases are 

localized to the peroxisomes and convert H202 into water and oxygen, thus contributing to the 

proper ROS balance within the plant (Du et al., 2008).  PsCRN63 promotes plant cell death 

through interacting with and destabilizing plant catalases whilst PsCRN115 counteracts this 

process to maintain the proper H202 levels and block plant cell death (Zhang et al., 2015).  

Another well characterized suppressor from P. sojae, PsCRN70, suppresses the accumulation 

of H202 (Rajput et al., 2014).  While the exact mechanism for how PsCRN70 modulates plant 

ROS levels is unknown, it is clear that controlling the level of ROS during disease 

development is critical for virulence.    
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The plant ubiquitination system has emerged as a common target for numerous effectors.  

AvrPiz-t from M. oryzae interacts with the rice RING E3 ubiquitin ligase APIP6 and 

suppresses its ubiquitin ligase activity.  Silencing APIP6 in rice leads to a significant 

reduction of ROS generation, defense-related gene expression, and increases the 

susceptibility of rice to M. oryzae, indicating that AvrPiz-t blocks MTI through the 

inactivation of APIP6 (Park et al., 2012).  Avr3a is a well characterized effector from P. 

infestans and exists in two allelic forms: AVR3aKI and AVR3aEM (Bos et al., 2006).  Avr3aKI 

was shown to strongly interact with and stabilize the host ubiquitin E3 ligase CMPG1 to 

suppress HR during the biotrophic phase of infection, whereas Avr3aEM and a mutated form 

of Avr3aKI with a deleted C terminal tyrosine, Avr3aKI-Y147del, had weak to no interaction with 

CMPG1 (Bos et al., 2010; González-Lamothe et al., 2006).  New research indicates, 

however, that all forms of Avr3a suppresses defense responses triggered by the PAMP 

receptor FLS2 and that Avr3a associates with a plant GTPase Dynamin-Related Protein 2 

(DRP2) which is involved in receptor-mediated endocytosis (Chaparro-Garcia et al., 2015).  

Therefore, this effector can associate with multiple targets within the host to block plant cell 

death.   

 The ability of effectors to suppress MTI not only applies to inhibiting the signaling of 

defense but also to physically block or alter the necessary components of defense from 

reaching their intended target.  Vesicle trafficking for exocytosis within plants has been 

implicated in the secretion of defense proteins at the site of infection and thus has been 

hypothesized as being targets for effectors (Zhao et al., 2015).  Avr-Pii from M. oryzae was 
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found to interact with OsExo70-F2 and OsExo70-F3, two rice proteins presumably involved 

in exocytosis (Fujisaki et al., 2015).  Although overexpressing Avr-Pii in M. oryzae or 

knocking down of both OsExo70-F2 and –F3 did not have an effect on the level of immunity 

within rice, Avr-Pii interacting with OsExo70-F3 plays a crucial role in the resistance 

mediated by the rice R protein Pii (Fujisaki et al., 2015).  The powdery mildew pathogen 

Blumeria graminis f. sp. hordei (Bgh) secretes the effector BEC4 during the early stages of 

infection and has been shown to interact with ADP ribosylation factor-GTPase-activating 

proteins (ARF-GAP), which is a key player of membrane trafficking in eukaryotic cells 

(Nielsen et al., 2008; Schmidt et al., 2014).  How BEC4 interacts with and modulates the 

activity of the ARF-GAP protein as well as affect the virulence of Bgh, however, remains to 

be fully understood.  The effector Pi03192 from the tomato late blight pathogen 

Phytophthora infestans interacts with the transcription factors NTP1 and NTP2 at the ER in 

tomato cells and prevents their localization to the nucleus (McLellan et al., 2013).  Finally, 

the effector PexRD54 from P. infestans has been shown to stimulate autophagosome 

formation through binding to the autophagy protein ATG8CL.  Interestingly, PexRD54 also 

interacts with the host cargo receptor Joka2 to deplete it out of ATG8CL autophagosomes to 

promote disease susceptibility.  Although it is currently unknown how Joka2 contributes to 

immunity, this example shows that P. infestans alters autophagosomes for their own benefit 

(Dagdas et al., 2016).  These examples highlight how effectors prevent the activation of 

defense through the mis-localization or alteration of plant cellular components during 

infection.   
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Apoplastic Effectors 

 The apoplast is a pivotal battleground between plants and many invading filamentous 

pathogens.  It is a hostile environment due to the production of various glucanases and 

chitinases by host plants that aim to disrupt the pathogen cell wall and stop the pathogen 

from advancing.  These enzymes also release MAMPs that are recognized by plant PRRs and 

signal the production of phytoalexins, PR proteins, ROS, and lignins for the strengthening of 

the plant cell wall (Sanchez-Vallet et al., 2014).  Effectors from filamentous pathogens that 

function in the apoplast have been shown to play a central role in blocking these plant 

responses in a variety of ways.  Additionally, some effectors aid in the breakdown of plant 

cell walls and inhibit plant derived enzymes, adding to the complexity of functions that 

apoplastic effectors possess.      

A number of cell wall degrading enzymes (CWDEs) that break down plant cell wall 

components during infection are considered effectors.  CWDEs are thought to aid in the 

invasion of plants by hydrolyzing plant cell wall components such as pectin and cellulose.  

However, a high level of redundancy within fungal genomes and only few reports indicating 

a direct contribution of these enzymes to virulence throws their importance into question 

(Doehlemann and Hemetsberger, 2013; Walton, 1994).   In U. maydis, simultaneous deletion 

of its three pectinase genes did not impair virulence (Doehlemann et al., 2008).  However, 

knockdown of glycoside hydrolase family 6 and 7 genes as well as the silencing of the M. 

oryzae xylanase genes resulted in weakened infection from M. oryzae in rice (Nguyen et al., 
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2011; Van Vu et al., 2012).  How and to what extent CWDEs aid in virulence is an area that 

needs further exploration.   

 To protect the invading hyphae from plant-produced hydrolytic enzymes, fungi 

secrete LysM effectors into the apoplast that bind chitin to prevent the degradation of the 

fungal cell wall and block the triggering of MTI (van den Burg et al., 2006; Chen et al., 

2014; van Esse et al., 2007; de Jonge et al., 2010; Marshall et al., 2011; Mentlak et al., 2012; 

Mesarich et al., 2015; Sanchez-Vallet et al., 2014).  Mg1LysM and Mg3LysM are two LysM 

effectors from Mycosphaerella graminicola, the causal agent of Septoria tritici blotch 

disease, that bind to chitin at the fungal cell wall to protect against plant derived hydrolytic 

enzymes (Marshall et al., 2011).  Avr4 from Cladosporium fulvum is a well-studied LysM 

effector that also binds chitin at the fungal cell wall to prevent chitinase enzymes from 

degrading the fungal cell wall (van den Burg et al., 2006).  Expression of this gene in 

Arabidopsis enhances susceptibility to a variety of fungal pathogens, but the virulence of 

bacterial and oomycete pathogens remains unchanged.  Furthermore, expression of Avr4 in 

Fusarium oxysporum f. sp. lycopersici increases its virulence (van Esse et al., 2007).  

Orthologues of this gene in other closely related Dothideomycete fungi all bind chitin, 

illustrating the importance of this gene family across closely related fungi (Mesarich et al., 

2015).   

Chitin is a well-characterized MAMP that triggers MTI when recognized by PRR 

proteins present in the plant cell wall (Lo Presti et al., 2015).  In addition to protecting the 

fungal cells from degradation by plant chitinases, LysM effectors also sequester free-floating 
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chitin present within the apoplast as a means to avoid MTI.  Slp1 from M. oryzae does this by 

binding to and sequestering chitin that is present within the apoplast and prevents the 

triggering of MTI (Chen et al., 2014; Mentlak et al., 2012).  Ecp6 from C. fulvum is also 

secreted into the apoplast during infection and sequesters chitin to prevent the elicitation of 

MTI (de Jonge et al., 2010).  These effectors compete for chitin binding with the chitin-

elicitor binding protein (CEBiP) and receptor chitin elicitor receptor kinase 1 (CERK1), two 

well characterized PRR proteinis that mediate MTI through the recognition of chitin during 

filamentous pathogen invasion (Kaku et al., 2006; Miya et al., 2007).  Structural analysis of 

both these proteins indicate that in the presence of chitin oligosaccharides, both CERK1 and 

CEBiP form dimers and it is hypothesized that upon dimerization, CERK1 and CEBiP trigger 

MTI (Hayafune et al., 2014; Liu et al., 2012).  Structural analysis of Ecp6 indicates that two 

of the three LysM domains bind chitin in a high affinity manner, but the third LysM domain 

does not bind chitin as strongly as the other two but can still block chitin-triggered immunity 

(Sánchez-Vallet et al., 2013).  Therefore, this LysM domain is hypothesized to block the 

receptor dimerization to further contribute to blocking MTI (Sánchez-Vallet et al., 2013).  

More work is needed to confirm this hypothesis, but if true this would be the first report of a 

single fungal effector showing multiple virulence functions.     

  Beyond the capacity to bind to and isolate chitin, effectors have been shown to inhibit 

glucanase enzymes produced by the plant in order to block MTI and any anti-microbial 

activity these enzymes might have (Rose et al., 2002; Sánchez-Rangel et al., 2012).  A class 

of effectors from P. sojae termed glucanase inhibitor proteins (GIPs) are secreted during 
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disease development and specifically interact with and prevent endoglucanase enzymes that 

are secreted by the plant (Rose et al., 2002).  GIP1 from P. sojae is one such effector that 

interacts with the soybean endoglucanase EgaseA, thus preventing the release of 

oligosaccharides and the triggering of MTI (Rose et al., 2002).  Additionally, some glucanase 

inhibitors can be molecules other than proteins.  Fumonisins from the fungal pathogen 

Fusarium verticillioides is an example of non-proteinaceous effectors that have traditionally 

been studied as toxic secondary metabolites to mammals (Shier et al., 1991).  However, 

fumonisin B1 (FB1) has been shown to help mediate the virulence of F. verticillioides by 

targeting plant derived β-1,3-glucanases and modulating them during infection (Sánchez-

Rangel et al., 2012).  These examples point to effectors directly interacting with plant 

derived enzymes and blocking their action.   

 An important group of plant enzymes involved in the immune response are the 

papain-like cysteine proteases (PLCPs) that are secreted from the plant into the apoplast 

during infection.  Although it is well documented that these enzymes are activated by the 

presence of SA, are able induce PR-gene expression, and trigger the host cell death response, 

the exact mechanism through which these enzymes prevent pathogen invasion is still 

unknown (van der Hoorn and Jones, 2004).  Their importance in plant defense, however, is 

highlighted by the large number of effectors from filamentous pathogens that inhibit the 

activity of numerous PLCPs.  EPI1 and EPI10 from P. infestans, for example, are Kazal-like 

serine protease inhibitors (EPI’s) that both target and inhibit the serine protease P69B, 

indicating that two distinct and structurally divergent protease inhibitors can target the same 



15 

 

 

 

 

protease and underlies the importance of this strategy during infection (Tian et al., 2004; 

Tian et al., 2005).  Another effector from P. infestans is AVRblb2, which localizes around 

haustoria during infection and interacts with the PLCP C14, preventing it’s secretion from 

the plant into the apoplast (Bozkurt et al., 2011).  Knockdown of C14 via RNAi-silencing 

leads to the plants becoming more susceptible to P. infestans, indicating the essential role 

AVRblb2 plays in virulence (Bozkurt et al., 2011).  In addition, P. infestans secretes 

cystatin-like effector proteins (EPICs) EPIC1 and EPIC2B and, like AVRblb2, have been 

shown to target the protease C14 (Kaschani et al., 2010).  EPIC1, EPIC2B, and AvrBlb2 

from P. infestans are very different proteins yet all target C14, indicating the importance of 

blocking this enzyme through convergent evolution of multiple effectors.  The C. fulvum 

effector Avr2 has been shown to interact with multiple tomato Cys proteases, such as Rcr3 

and Pip1, and acts as a virulence factor by inhibiting these proteases (van Esse et al., 2008).    

Interestingly, EPIC1 has also been shown to interact with and inhibit RCR3 while EPIC2B 

inhibits both RCR3 and PIP1 (Song et al., 2009; Tian et al., 2007).  Avr2 was also shown to 

weakly inhibit C14 (van Esse et al., 2008).  Multiple variant residues among the C14 amino 

acid structure indicate that this enzyme is under diversifying selection and the multiple 

effectors that inhibit C14 most likely interact at different locations on the enzyme surface 

(Kaschani and Van der Hoorn, 2011).   

 Protease inhibitors secreted into the apoplast have been shown to not only be 

produced by filamentous pathogens, but also by the host plant.  Pit2 from U. maydis is an 

essential effector for the establishment of biotrophy during the early stages of infection as 
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well as the induction of tumor formation (Mueller et al., 2013).  Yeast-2-hybrid and tandem 

mass spectrometry analysis indicated that Pit2 interacts with the maize cysteine proteases 

CP1A, CP2, and XCP2 via a novel inhibitor domain present on the Pit2 protein (Mueller et 

al., 2013).  In addition, U. maydis infection into maize induces the transcription of CC9, 

which is a maize-encoded cystatin that is secreted into the apoplast during infection and is 

required for full virulence of U. maydis (van der Linde et al., 2012).  CC9 was found to 

interact with CP1A, CP2, and XCP2 proteases in addition to CP1B and the cathepsin B-like 

protease as well (van der Linde et al., 2012).  These proteases have been linked directly to 

SA-mediated defense responses, indicating that both Pit2 and CC9 function to block protease 

function for the downregulation of defense responses related to SA signaling (Doehlemann 

and Hemetsberger, 2013; van der Linde et al., 2012; Mueller et al., 2013).  These examples 

and the ones listed in the aforementioned paragraph illustrate that although the precise 

mechanism through which host-derived proteases function in defense is currently unknown, 

their inhibition by effectors secreted from filamentous pathogens or from the host itself is 

crucial for successful invasion.  

Reactive oxygen species (ROS) and their rapid accumulation within the plant during 

infection of filamentous pathogens comprises an essential component to plant defenses.  ROS 

has been linked to not only direct antimicrobial roles, but also to cellular signaling for 

defense gene expression, HR, cell wall protein cross-linking, phytoalexin production, callose 

deposition, and SAR, just to name a few (O’Brien et al., 2012).  The U. maydis effector Pep1 

was originally identified as a virulence factor that is essential for pathogenicity and localized 
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to the apoplast during disease development (Doehlemann et al., 2009).  Pep1 was shown to 

interact with and inhibit the maize peroxidase POX12 in vivo through fluorescence 

complementation assays, thus suppressing the ROS-generating machinery and early plant 

defense responses (Hemetsberger et al., 2012).  To date this is the first example of a fungal 

effector that directly interferes with the apoplastic ROS-generating system (Doehlemann and 

Hemetsberger, 2013). 

The effectors presented thus far have been shown to operate at discrete locations 

within the host plant cell or apoplast to affect virulence.  There are other effectors, however, 

whose location within the plant cell is ambiguous or unknown yet still play a major role in 

pathogenicity in filamentous pathogens.  CfTom1 from C. fulvum is a glycosyl hydrolase 

(GH10) that interacts with and detoxifies the steroidal glycoalkalid α-tomatine from tomato, 

which is an antimicrobial compound produced in the tomato leaves and green fruits that 

present a constitutive chemical barrier against a wide range of fungal and bacterial pathogens 

(Ökmen et al., 2013; Osbourn, 1996).  Although α-tomatine was shown to be present in both 

the plant cellular vacuole and within the apoplast during C. fulvum infection, the exact 

location where CfTom1 operates to detoxify α-tomatine is currently unknown (Ökmen et al., 

2013).  These and the other examples presented in this review underscore the importance on 

understanding the location of effector function in order to elucidate how the effector 

functions to affect the virulence of the invading filamentous pathogen.   

3D Structures of Filamentous Pathogen Effectors 
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 In recent years the pace of discovery and assignment of functional roles that effectors 

play in mediating the virulence of numerous filamentous pathogens has increased due to 

advancements in genomics, bioinformatics, proteomics, biochemistry, and cell biology.  In 

addition, technologies for biophysical characterization and crystallization of effectors from 

plant pathogenic microorganisms has led to a deeper understanding of how effector and 

target interact (Wirthmueller et al., 2013).  Research into the structure of effectors from 

filamentous pathogens has largely focused on how R proteins interact with effectors to 

mediate ETI, but understanding the tertiary structure of these effectors has also led to a 

deeper understanding of how these effectors operate within the plant cell.   

 The AVR-Pik allele, AVR-PikD, from M. oryzae interacts with the rice R protein 

Pikp-1 and is thought to be the oldest pair of interacting partners in co-evolutionary time due 

to the high level of polymorphisms within both the Avr and R gene (Kanzaki et al., 2012).  

Yeast two-hybrid and in planta co-immunoprecipitation assays revealed that AVR-Pik 

physically binds to the N-terminal coiled-coil (CC) domain located at the N-terminal of Pik 

(Kanzaki et al., 2012).  Crystal structure analysis of this interaction revealed that AVR-PikD 

binds as a dimer to Pikp-1 at the Heavy-Metal Associated (HMA) domain located between 

the CC and the nucleotide binding (NB-ARC) domain with high affinity (Maqbool et al., 

2015).  Both AVR-Pik and the HMA region of Pik exhibit high levels of nucleotide 

polymorphisms that result in amino acid changes, indicating co-evolutionary warfare 

occurring at this region (Kanzaki et al., 2012).  These studies establish the structural basis of 

interaction between an Avr and R protein that interact directly and opens the door for 



19 

 

 

 

 

engineering rice plants for resistance to M. oryzae.  In addition, the crystal structure of 

AvrPiz-t from M. oryzae was also determined, which was shown to form a six-strand β-

sandwich fold and revealed that cysteine bonds are important for recognition by the rice R 

protein Piz-t (Zhang et al., 2013).  As mentioned previously, it has been shown that AvrPiz-t 

interacts with the rice E3 ubiquitin ligase APIP6 (Park et al., 2012).  Like AVR-Pik, 

determining the structure of AvrPiz-t will illuminate how it interacts with APIP6 and thus 

unlocks the possibility for engineering rice plants for resistance.     

 The power of determining the physical structure of effectors from filamentous 

pathogens includes not only determining what motifs are important for their function, but 

also predicting how they function to promote virulence (Sperschneider et al., 2015).  

AvrL567 from M. lini revealed a β-sandwich fold and no close structural homologues, but 

evidence of DNA binding in vitro points to a potential virulence function of this effector 

(Wang et al., 2007).  Interestingly, AvrL567 shares a high degree of similarity to the ToxA 

toxin produced by the tan spot fungus Pyrenophora tritici-repentis insofar as both proteins 

share the same β-sandwich fold (Sarma et al., 2005).  It was shown that ToxA localizes to the 

cytoplasm and chloroplasts where it exerts its toxic effect, but how it affects virulence is still 

currently unknown (Manning et al., 2008; Sarma et al., 2005).  In addition to ToxA and 

AvrL567 sharing a common motif, several characterized effectors from various oomycete 

pathogens share the same WY-domain fold (Joe Win et al., 2012).  The presence of similar 

physical structures on effectors from different pathogens could indicate a common virulence 

function or evolutionary origin.   
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Effectoromics Screens 

 To date, relatively few effectors have been identified and assigned a functional role in 

virulence (Sperschneider et al., 2015).  Effectoromics screens aims to expedite this process 

via high-throughput approaches that functionally characterize a large number of effector 

candidates (Figure 1.1) (Petre et al., 2015).  These effectoromics experiments usually 

include approaches to first define the most likely set of candidates, often considered to be 

small cysteine-rich secreted proteins in the case of fungal pathogens or contain an RXLR 

motif in oomycete pathogens (Guyon et al., 2014; Win et al., 2007).  Due to large numbers, 

particularly for fungal pathogens, other criteria are used to refine the list of candidate 

effectors.  For example, comparative genomics studies can be used to identify genes 

undergoing diversifying selection. In the two-speed genome hypothesis, effectors are 

generally considered to be undergoing more rapid evolution to escape host detection (S., 

Dong et al., 2015). Such studies often conclude that secreted proteins are evolving more 

rapidly than other genes, although this is not universally true and other genes lacking a so-

called signal peptide show evidence of diversifying selection.  Many, but not all pathogen 

genomes are rife with repetitive elements and a number of studies have shown that known 

effectors are associated with such elements (Raffaele and Kamoun, 2012).  Their close 

proximity is consistent with the hypothesis that regions rich in repetitive elements are prone 

to mutation and recombination, which facilitates more rapid evolution of associated genes. 

One such mechanism, Repeat Induced Point (RIP) mutation, is well documented in both 

pathogenic and non-pathogenic fungi and can result in mutations extending well beyond 
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duplicated (repetitive) DNA sequences (Hood et al., 2005).  In addition to signatures of 

diversifying selection and proximity to repetitive sequences, examining their expression 

levels and cellular location in infected plants can help further refine candidate effectors.  

Differential expression early during infection is typically taken as a requirement for an 

effector (Mosquera et al., 2009).   

Once candidate effectors are identified, the critical step is to ascertain function.  In 

many but not all instances, simply knocking out (or down) a single effector has little or no 

observable effect on virulence (Mosquera et al., 2009).  It is hypothesized that in the 

molecular arms race between pathogens and their hosts, pathogens have assembled a vast 

army of virulence proteins and consequently loss of a single combatant will have little effect 

on the outcome of the battle, in general.  Effectoromics screens for inducers and suppressors 

of plant cell death have become a popular method to link function to candidate effectors due 

to the relative ease of screening a number of effector proteins from pathogenic oomycetes 

and fungi. Effectors that induce the host cell death response potentially act as inducers of cell 

death for necrotrophic and hemibiotrophic pathogens.  Screening candidate effector genes 

from M. oryzae expressed during disease development revealed five genes that were able to 

induce host cell death when expressed within rice protoplasts (Chen et al., 2013).  

Interestingly, four of these five also induced plant cell death when expressed within the 

model plant N. benthamiana, indicating common mechanisms of cell death induction 

between the two plant species (Chen et al., 2013).  Conversely, numerous effectors have been 

identified that suppress the host cell death response, potentially acting to suppress HR during 
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infection for biotrophic and hemibiotrophic pathogens.  Five candidate effectors identified 

from M. oryzae were able to suppress plant cell death induced by the BAX gene, the 

characterized Six6 effector from F. oxysporum suppressed I-2-mediated cell death, and a 

homologue of CgDN3 from C. gloeosporioides that is present in C. orbiculare suppressed 

plant cell death induced by the NIS1 gene, which is also from C. orbiculare (Y., Dong et al., 

2015; Gawehns et al., 2014; Yoshino et al., 2012).  Interestingly, seven effectors identified 

from the apple canker fungus Valsa mali, a necrotroph, suppressed BAX-induced plant cell 

death (Li et al., 2015).  Knocking out of one of the seven identified suppressors, VmEP1, 

caused a significant reduction in virulence, alluding to the possibility that suppression of 

ETI-related HR is important for necrotrophic pathogens (Li et al., 2015). 

Effectors that either suppress or induce plant cell death have been found to be 

expressed at certain times during infection for hemibiotrophs, corresponding to either the 

biotrophic or necrotrophic phase of infection.  Transcriptome analysis of effector genes from 

C. higginsianum expressed during disease development showed that effectors that suppressed 

host cell death were expressed during the early stages of disease development, whilst 

effectors able to induce cell death were expressed later (Kleemann et al., 2012).  This 

coordinated expression of effector delivery suggests effectors play a significant role in 

mediating the infection strategy of C. higginsianum and potentially other fungi. 

Effectoromics screens from oomycete pathogens are aided by the RXLR motif, 

making the selection criteria for effectors to test for plant cell death inducing or suppressing 

activity much easier than in fungi.  Thus, many more effectors from oomycetes have been 
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characterized as suppressors or inducers of cell death.  Of 169 candidate effectors from P. 

sojae that contain an RXLR sequence, 107 could suppress plant cell death triggered by BAX 

and/or the INF1 gene when expressed within N. benthamiana while 11 were found to be able 

to induce cell death (Wang et al., 2011).  Two different classes of effectors were identified 

based upon their ability to suppress plant cell death induced by different genes, indicating the 

possibility that different effectors block different pathways of the cell death triggering 

machinery (Wang et al., 2011).  Analysis of the effector protein Avr1b established that the 

conserved WY motif is essential for suppressing BAX-mediated cell death not only within N. 

benthamiana, but also within yeast and soybean, indicating it’s importance for virulence 

within the plant (Dou et al., 2008).  In addition to RXLR effectors, there are other oomycete 

effectors that have been shown through effectoromics screens to be able to induce cell death.  

Four necrosis and ethylene-inducing-like protein (NLP) genes from P. capsici and eight from 

P. sojae were found to induce cell death when expressed within the leaves of dicots (Dong et 

al., 2012; Feng et al., 2014).  Beyond screens that test for suppression or induction of plant 

cell death, effectors from the oomycete pathogen Hyaloperonospora arabidopsidis have been 

shown to suppress callose deposition, another hallmark of MAMP triggered immunity (Fabro 

et al., 2011).  PcCRN4 from P. capsici was shown to not only induce plant cell death when 

expressed within the leaves of N. benthamiana, N. tabacum, and Solanum lycopersicum, but 

knockout strains caused an increase of callose deposition at the site of infection, indicating 

the role that this effectors play in virulence(Mafurah et al., 2015). These experiments point to 

the possibility that while some effectors are essential for the full virulence of filamentous 
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pathogens, a vast majority of effectors have small, quantitative effects that are individually 

dispensable.  When acting together at specific time points, however, these effectors have a 

significant effect on virulence.   

FUTURE DIRECTIONS 

  The functional identification of effectors from filamentous pathogens that can induce 

or suppress plant cell death is a key discovery in unraveling the complex nature of host-

pathogen interactions.  However, this is just the first step in the quest: the means through 

which these effectors affect plant defenses arguably remains the Holy Grail, the mythical 

chalice that amongst other things will provide food in infinite abundance.  Common plant 

targets of effectors have emerged from bacteria, oomycetes, and fungi, indicating conserved 

hubs that are important for disease development of multiple pathogens (Mukhtar et al., 2011; 

Weßling et al., 2014).  Manipulating ROS and the ubiquitination system, for example, have 

been shown to be common targets of effectors from filamentous and bacterial pathogens, 

indicating their importance for disease development (Banfield, 2015).  Understanding how 

effectors manipulate common targets and how they work together to down-regulate the 

defense responses of plants is not only essential for understanding and managing disease 

development, but also may lead to unexpected discoveries and technologies.     
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Tables and Figures 

Table 1.1 List of effectors and their role in virulence 

 

Table 1.  Characterized effectors from fungi and oomycetes  

    

Effector  Organism Function Reference 

BEC4 Blumeria graminis 

f. sp. hordei 

Interacts with ADP ribosylation 

factor-GTPase-activating proteins 

(ARF-GAP) 

Nielsen et al. 

2008; Schmidt et 

al. 2014 

Avr4 Cladosporium 

fulvum 

Binds chitin at the fungal cell wall to 

protect against plant derived chitinases 

van den Burg et 

al. 2006 

Ecp6 Cladosporium 

fulvum 

Sequesters free floating chitin present 

in the apoplast to prevent MTI and 

potentially interferes with recetor 

protein dimerization 

de Jonge et al. 

2010;(Sánchez-

Vallet et al. 2013 

Avr2 Cladosporium 

fulvum 

Targets and inhibits multiple cysteine 

proteases 

van Esse et al. 

2008 

CfTom1 Cladosporium 

fulvum 

Detoxifies α-tomatine from tomato, 

which is an antimicrobial compound 

constitutively produced by tomatos 

Ökmen et al. 

2013; Osbourn 

1996 

FB1 Fusarium 

verticillioides 

Targets and inhibits plant derived β-

1,3-glucanases  

Sánchez-Rangel 

et al. 2012 

SP7 Glomus 

intraradices 

Interacts with the transcription factor 

ERF19 to block the plant immune 

system 

Kloppholz et al. 

2011 

HaRxL44 Hyaloperonospora 

arabidopsidis  

Induces the degredation of MED19A 

and affects the balance of JA and SA, 

which affects defense-related 

transcriptional changes 

Caillaud et al. 

2013 

MiSSP7 Laccaria bicolor Interacts with the PtJAZ6 protein in 

the plant nucleus to prevent its 

degredation and block JA-induced 

changes in gene transcription 

Plett et al. 2011 

AvrL567 Melampsora lini Binds to DNA in vitro, but virulence 

function is currently unknown 

Wang et al. 2007 

AvrPiz-t Magnaporthe 

oryzae 

Interacts with APIP6, a RING E3 

ubiquitin ligase, to suppress MTI 

Park et al. 2012 

Avr-Pii Magnaporthe 

oryzae 

Interacts with OsExo70-F2 and 

OsExo70-F3, which are two proteins 

involved in exocytosis.  Avr-Pii 

interacting with OxExo70-F3 is 

crucial for Pii mediated resistance 

Fujisaki et al. 

2015 
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Table 1.1 continued 

 
Slp1 Magnaporthe 

oryzae 

Sequesters free floating chitin present 

in the apoplast to prevent MTI 

Mentlak et al. 

2012; Chen et al. 

2014 

Mg1LysM and 

Mg3LysM 

Mycosphaerella 

graminicola 

Binds chitin at the fungal cell wall to 

protect against plant derived 

hydrolytic enzymes 

Marshall et al. 

2011 

PexRD2 Phytophthora 

infestans 

Interacts with the kinase domain of 

MAPKKKԑ to interrupt plant defense 

signalling 

King et al. 2014 

Avr3a Phytophthora 

infestans 

Stabilize the E3 ligase CMPG1 in 

order to suppress HR during the 

biotrophic phase of development.  

Also associates with DRP2, which is 

involved in receptor-mediated 

endocytosis 

Bos et al. 2010; 

González-

Lamothe et al. 

2006;Chaparro-

Garcia et al. 2015 

Pi03192 Phytophthora 

infestans 

Prevents the transcripton factors NTP1 

and NTP2 from reaching the nucleus, 

which is required for full virulence of 

P. infestans 

McLellan et al. 

2013 

PexRD54 Phytophthora 

infestans 

Binds to the autophagy protein 

ATG8CL to alter autophagosomes 

Dagdas et al. 

2016 

EPI1 and 

EPI10  

Phytophthora 

infestans 

Both inhibit the serine protease P69B Tian et al. 2004; 

Tian et al. 2005 

AVRblb2 Phytophthora 

infestans 

Prevents the secretion of the cysteine 

protease C14 into the apoplast 

Bozkurt et al. 

2011 

EPIC1 and 

EPIC2B 

Phytophthora 

infestans 

Targets and inhibits multiple cysteine 

proteases 

Kaschani et al. 

2010;Tian et al. 

2007; Song et al. 

2009 

PSE1 Phytophthora 

parasitica 

Redistributes the auxin efflux carriers 

PIN4 and PIN7 to alter auxin 

concentrations during disease 

development 

Evangelisti et al. 

2013 

Pslsc1 Phytophthora 

sojae 

Hydrolyzes isochorismate, which is a 

precursor to SA to downregulate SA 

mediated defense responses 

Liu et al. 2014 

PSR1 and 

PSR2 

Phytophthora 

sojae 

Suppress RNA silencing in plants, 

which makes plants more susceptible 

to fungal and viral infection.  PSR1 

interacts with PINP1, a nuclear protein 

is involved in small RNA processing 

Qiao et al. 

2013;Qiao et al. 

2015 

PsCRN63  Phytophthora 

sojae 

Promotes cell death through the 

destablilzation of plant catalases 

Zhang et al. 2015 
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Table 1.1 continued  

 
PsCRN115 Phytophthora 

sojae 

Maintains proper hydrogen peroxide 

levels to suppress plant cell death 

Zhang et al. 2015 

PsCRN70 Phytophthora 

sojae 

Suppresses the accumulation of 

hydrogen peroxide to make N. 

benthamiana more susceptible to P. 

sojae 

Rajput et al. 2014 

GIP1 Phytophthora 

sojae 

Interacts with and inhibits the soybean 

endoglucanase protein EgaseA to 

prevent MTI 

Rose et al. 2002 

Cmu1 Ustilago maydis Acts as a chorismate mutase to reduce 

SA levels during infection 

Djamei et al. 

2011 

Tin2 Ustilago maydis Interacts with ZmTTK1 to redirect 

metabolite production away from 

defense-related metabolites during 

infection 

Tanaka et al. 2014 

Pit2 Ustilago maydis Interacts with multiple maize cysteine 

proteases 

Mueller et al. 

2013 

Pep1 Ustilago maydis Interacts with the maize peroxidase 

POX12 to suppress ROS signaling 

Hemetsberger et 

al. 

2012;Doehleman

n & Hemetsberger 

2013 

Vdlsc1 Verticillium 

dahliae 

Hydrolyzes isochorismate, which is a 

precursor to SA to downregulate SA 

mediated defense responses 

Liu et al. 2014 
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Figure 1.1.  An effectoromics workflow begins with selecting candidate genes that fulfill 

some or all of the following criteria.  Are upregulated during infection based on 

transcriptomics data generated from certain stages of disease development, contain a motif 

that is characteristic of other known effectors such as an RXLR or WY motif, and or contain 

an N-terminal signal peptide indicating that they are secreted.  Additionally, effectors are 

often selected based on whether they show evidence of being under various selective forces, 

as well as their proximity to repetitive sequences within the genome.  Finally, effectors are 

selected based on size, having been shown to be typically small proteins.  Upon selection, 

recombinational cloning techniques such as Gateway or Golden Gate are typically employed 

for high-throughput cloning of candidates.  Subsequently, candidates are mobilized into a 

number of different vectors for functional assays. Transient expression in planta is used to 

assay for induction of cell death, whereas the ability to suppress cell death when challenged 

with known plant cell death inducers is evidence for suppressor function. Tagging effectors 

with fluorescent proteins is commonly used to observe subcellular location. Identifying plant 

interacting partners is usually done through in vitro and in vivo techniques, such as yeast-two 

hybrid or co-immunoprecipitation followed by mass spectrometry.  Resistance (R) proteins 

that recognize the effector can be identified by expressing the candidate effector in the leaves 
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of isogenic plant varieties containing single R proteins.  A hypersensitive response (HR) 

indicates that a particular R protein can recognize the effector and triggers a resistant 

response.  Finally, measuring plant defense responses (such as the ROS burst or defense gene 

expression) in the presence of the effector provides insight as to how the effector modulates 

plant defenses for the benefit of the pathogen 
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Abstract 

 

The filamentous fungus Magnaporthe oryzae is the most destructive pathogen of rice 

worldwide.  It is described as having two distinct lifestyles within the host plant: a biotrophic 

phase during the early stages of infection followed by a necrotrophic phase characterized by 

host cell death and lesion formation.  To identify candidate effector proteins that contribute 

to pathogenesis, the genome of M. oryzae strain 70-15 was mined for predicted proteins that 

contain a signal peptide, have greater than 3% cysteine content, and are less than 250 amino 

acids in length.  These criteria were selected based upon the characteristics of known 

effectors from other plant-pathogenic fungi and oomycetes.  This list was further expanded to 

include candidates that were highly expressed during infection and those that were highly 

conserved amongst 39 re-sequenced isolates of M. oryzae and M. grisea.  73 candidates were 

successfully cloned via the Gateway Cloning System and inserted into Agrobacterium 

tumefaciens for expression in the leaves of the heterologous host Nicotiana benthamiana via 

agroinfiltration.  Of 73 candidate effectors tested, 10 were found to induce necrosis when 

transiently expressed in N. benthamiana in varying capacities, thus potentially acting as 
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inducers of host cell death during the necrotrophic phase of infection.  The presence of 

multiple effectors with cell death inducing abilities alludes to the possibility that they work 

together to induce host cell death during the necrotrophic phase of infection.    

Introduction    

 At a certain point during plant infection, host tissues collapse and die.  A large 

number of pathogen derived molecules including polyketides, terpenoids, peptides, and 

proteins have been shown to contribute to the virulence and cell death induction by many 

fungal and bacterial plant pathogens (Gijzen and Nürnberger, 2006; Kimura et al., 2001).  

One such family of cell death inducing proteins are the NLPs (Nep1-like proteins) that share 

a common NEP1 (necrosis-inducing Phytophthora protein) domain and have a broad 

spectrum of activity against dicotyledonous plants (Gijzen and Nürnberger, 2006).  

Transformation of Colletotrichum coccodes with the Nep1 gene from Fusarium oxysporum 

dramatically increased virulence and host range of C. coccodes, indicating the positive role 

that Nep1 plays in virulence (Amsellem et al., 2002).  However, not all necrosis-inducing 

proteins provide enhanced virulence to plant pathogens.  Elicitins from Phytophthora and 

Pythium species are a secreted, conserved class of proteins responsible for inducing plant cell 

death in solanaceae and cruciferae plants (Pfam PF00964) (Yu, 1995).  Recognition of 

elicitins has been shown to make plants more resistant to invading oomycetes, indicating the 

uncertain role that these proteins play in facilitating the virulence of plant pathogens  (Du et 

al., 2015; Ponchet et al., 1999). 
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The aforementioned examples demonstrate the importance of plant cell death in 

mediating plant pathogenic virulence.  However, in the case of the necrotrophic fungal 

pathogen Sclerotinia sclerotiorum, the role of plant cell death in mediating a compatible or 

incompatible interaction becomes less clear.  Oxalic acid (OA) produced by S. sclerotiorum 

induces host cell death and is essential for full virulence of this necrotrophic fungal pathogen 

(Godoy et al., 1990; Kim et al., 2008).  OA knockout strains are severely attenuated in 

virulence and trigger an HR from plants, indicating that plant cell death is also used against 

necrotrophic pathogens (Kabbage et al., 2013; Kim et al., 2008).  The inhibition of HR 

rescued the attenuated virulence mutant phenotype, alluding to the possibility that pathogen 

resistance for necrotrophic pathogens depends upon if the host or pathogen is in control of 

the cell death (Rollins et al., 2014).  These aforementioned examples indicate that cell death 

in plants can be both a benefit for plant pathogen virulence as well as a plant defense 

mechanism.   

The rice blast fungus Magnaporthe oryzae is characterized as a hemibiotrophic 

pathogen that requires living host tissue during the primary stages of infection, known as the 

biotrophic phase.  As M. oryzae continues to proliferate within the host, macroscopic lesions 

consisting of dead plant cells and fungal conidia appear at the site of infection, which is 

referred to as the necrotrophic phase.  A major question of research is how the fungus 

mediates the switch from biotrophy to necrotrophy and it is hypothesized that necrotrophic 

effectors play a role in mediating this switch.  Effector proteins, defined here as small 

secreted proteins under 250 amino acids in size and typically cysteine rich, play critical roles 
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in mediating host-pathogen interactions.  Not only do they affect the virulence of the 

pathogen by blocking host recognition and defense response pathways, but they also alter 

host metabolism to promote disease (Djamei et al., 2011; Hogenhout et al., 2009; de Jonge et 

al., 2010; Mentlak et al., 2012; Park et al., 2012).  There are examples of effector genes from 

M. oryzae that are able to induce plant cell death when expressed within rice protoplasts 

and/or Nicotiana benthamiana leaves, indicating that there are genes that code for proteins 

that are able to kill plant cells (Chen et al., 2013; Zhang et al., 2012).  To identify potential 

effectors that are able to induce plant cell death, candidate effector genes from M. oryzae 

were cloned and transiently expressed within N. benthamiana leaves via infiltration with 

Agrobacterium tumefaciens containing the candidate effector gene.  Of 73 candidate effectors 

tested, 10 were found to induce necrosis when expressed in N. benthamiana leaves.  The 

degree in which the candidates are able to induce cell death differed, alluding to the 

variability of N. benthamiana leaves to respond to cell death inducing proteins.   

Materials and Methods 

Candidate Effector Criteria 

Genes from M. oryzae were considered to be putative effectors if they contained an 

N-terminal signal peptide, were less than 250 amino acids, had greater than or equal to 3% 

cysteine content, and lacked a transmembrane domain (Lo Presti et al., 2015).   Additionally, 

candidates were considered as putative effectors that did not fulfill all of these criteria but 

contained an N-terminal signal peptide and were highly upregulated during infection in 

publically available transcriptomics data (Chen et al., 2013; Mosquera et al., 2009; Saitoh et 
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al., 2012; Yoshida et al., 2009).  These criteria resulted in 233 candidate effector genes, of 

which 73 were successfully cloned from cDNA generated from M. oryzae isolate 70-15 

(Supplemental Table 1).   

Cloning of Potential Effectors 

 M. oryzae strain 70-15 was grown in complete medium (10g/L sucrose, 6g/L casein 

acid hyrosylate, 6g/L yeast extract, 1ml/L Aspergillus nidulans trace elements) for 48 hours 

and then transferred to minimal medium lacking nitrogen (10g/L sucrose, 1ml/L A. nidulans 

trace elements, 1mg/L thiamine, 5ug/L biotin) for 24 hours.  RNA was then extracted using 

the Trizol method and cDNA synthesized using MMLV RT (Promega order number M1701).  

This cDNA was used as template for PCR amplification using Gateway primers specific to 

each of the potential effectors that included the N-terminal signal (See Supplemental Table 

1 for primers used).  Those that were able to be amplified were inserted into the donor 

vector pDONR221 and then transferred to the destination vector pB7WG2 via gateway 

cloning using E.coli strain DH5α (Karimi et al., 2002).  The reason cDNA instead of DNA 

was used as the template was to ensure that the cloned genes do not contain introns, which 

accounts for only 73 of the 233 being cloned.  The effector genes transformed into the plant 

leaves are driven by the 35S promoter.  Plasmids containing the successfully cloned genes 

were transformed into A. tumefaciens strain EHA105 that was kindly provided by Dr. Yinong 

Yang.  Individual A. tumefaciens colonies were confirmed as transformed by plasmids 

containing the correct gene by colony PCR and DNA sequencing.  

Nicotiana benthamiana preparation 
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 N. benthamiana seeds were soaked in a 1mM solution of gibberellic acid overnight 

and the seeds dried on paper towel the following day.  Once dried, the seeds were planted in 

a pot containing Fafard 4P soil and placed in a growth incubator set to a constant 25°C and a 

19 hour light/ 5 hour dark cycle.  Approximately 2-3 weeks after planting the seedlings were 

transplanted to individual 11 cm diameter pots containing the same potting soil as before and 

bottom watered to maintain soil moisture.  Plants were maintained in the incubator under the 

same aforementioned conditions. 

Inducer screening method 

The agroinfiltration method was adapted from Lee and Yang, Methods in Molecular 

Biology vol. 323 (Lee and Yang, 2006).  Briefly, agrobacterium cells transformed with 

pB7WG2 containing either the ccdB gene or the potential effector were placed on YEP 

(10g/L peptone, 10g/L yeast extract, 5g/L sodium chloride, 15g/L agar)  plates containing 

900µg/ml streptomycin and incubated at 28°C for 72 hours (Karimi et al., 2002).  Colony 

PCR was performed on individual colonies and those that were confirmed to contain the 

correct gene inserted into pB7WG2 were grown in 5ml of liquid YEP containing 500µg/ml 

streptomycin overnight at 28°C with shaking at 200rpm.  1.5ml of culture grown overnight 

was centrifuged at 3000g for 5min and the supernatant poured off.  The agrobacterium was 

resuspended in 1ml of induction medium (10.5g/L K2PO4, 4.5g/L KH2PO4, 1g/L (NH4)2SO4, 

0.5g/L NaCitrate, 1g/L glucose, 1g/L fructose, 4g/L glycerol, 1mM MgSO4, 10mM MES; 

adjust pH to 5.6 and autoclave) and transferred to a 30ml flask containing 4ml of induction 

medium.  100uM of acetosyringone and 500µg/ml streptomycin was added to the 
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agrobacterium culture and incubated for 5-6 hours at 28°C with shaking at 200rpm.  The 

agrobacterium suspension culture was then centrifuged at 3000g for 5 min and resuspended 

in 5 ml of infiltration medium (10mM MgSO4, 10mM MES; adjust pH to 5.6 and filter 

sterilize).  OD600 readings were taken and the suspension diluted to an OD600 of 0.1 by 

diluting with infiltration medium.  200µM of acetosyringone is then added to the final 

volume.  This resuspended agrobacterium solution was then drawn into a needless syringe 

and infiltrated into N. benthamiana leaves (plants were approximately 6 to 8 weeks old) at a 

predetermined location by pushing enough agrobacterium solution into the abaxial side of the 

leaf to form a water soaked region.  Upon completion of the agroinfiltration of all samples, 

the pots with plants were placed back into the incubator set to a constant 25°C and a 19 hour 

light/ 5 hour dark cycle and bottom watered to maintain soil moisture.  Four to 5 days after 

the infiltration of the candidate effector the amount of cell death at each of the agroinfiltrated 

locations was recorded by taking pictures of the infiltrated leaves.  Each candidate effector 

was agroinfiltrated once on three different plants for the initial screen.  A gene was identified 

as an inducer if it showed necrosis on at least one infiltrated spot.  Those genes that were 

identified as inducers of cell death were again infiltrated once across 3 different plants to 

confirm the initial results.  Each identified inducer was infiltrated a total of 12 times.    

Results and Discussion 

 N. benthamiana is well documented as a suitable model to functionally identify 

effectors from M. oryzae (Chen et al., 2013; Y., Dong et al., 2015).  Here, an assay was 

developed to clone potential effector genes from the M. oryzae isolate 70-15 and test them 
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individually for host cell death inducing abilities by transiently expressing them in the leaves 

of N. benthamiana and looking for plant cell death.  As a positive control, the M. oryzae 

Nep1 gene (MGG_08454) with and without the stop codon was included in the assay since 

this gene has been shown to induce cell death when expressed in N. benthamiana (Zhang et 

al., 2012).  Of the 73 that were cloned and expressed within N. benthamiana this assay 

identified 10 genes that were able to induce cell death (Table 2.1).  The remaining 63 genes 

had no visible phenotype when infiltrated into N. benthamiana.  Of the 10 identified, two 

have been annotated.  MGG_07571 contains a LysM domain, which has been shown to be 

important for preventing MTI through the binding and sequestering of chitin (de Jonge et al., 

2010; Mentlak et al., 2012).  MGG_06840 is annotated as an alkaline foam protein, which 

has been shown to be involved in the overfoaming (gushing) of beer contaminated with 

Fusarium culmorum (Zapf et al., 2007).  Interestingly, MGG_05232 was found to contain a 

carbohydrate-binding module (CBM) that is predicted to bind to beta-1,3-glucans and was 

also found to induce cell death when agroinfiltrated into leaves of N. benthamiana as well as 

expressed within rice protoplasts (Songkumarn, 2013) Knockout and overexpression analysis 

of this gene did not alter the virulence or phenotype of the mutant M. oryzae KJ201 strains 

grown in culture (Songkumarn, 2013).  To the author’s knowledge, besides for the 

aforementioned examples none of the other identified inducers have any known annotation or 

functional characterization at this time.     

 A great deal of variation in cell death inducing ability within reps of the same cell 

death inducing effector was observed (Figure 2.1).  Nep1 was able to consistently induce cell 
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death across numerous N. benthamiana leaves on the same and different plants while the 

empty vector control failed to induce cell death at all, but the amount of cell death induced by 

Nep1 varied across different agroinfiltrated leaves.  It was observed that leaves differed in 

their ability to be agroinfiltrated, alluding to the possibility that the observed variation in 

Nep1 and the identified necrosis inducing genes ability to induce plant cell death is likely due 

to the heterogeneity of N. benthamiana leaves.  MGG_11072 showed the highest percentage 

of agroinfiltrated locations showing plant cell death while the remaining candidates induced 

cell death at a rate of 25% or less (Figure 2.2 A and B).   

 The high amount of variation in host cell death inducing abilities could also be due to 

multiple effectors with the ability to induce cell death at varying capacities within the plant.  

There have been examples of effectors from the same pathogen having the same plant target, 

indicating that pathogens benefit from having functionally redundant effectors in their 

arsenal (J. Win et al., 2012).  It will be interesting to determine if agroinfiltrating different 

combinations of necrosis inducing effectors together affect the cell death inducing abilities of 

these genes.  Additionally, more work is needed to confirm the cell death inducing 

capabilities in rice and barley cells to determine if the results obtained from N. benthamiana 

translate to the true M. oryzae host.  Finally, qPCR analysis of these genes during disease 

development will indicate if they are expressed during the latter phase of infection, giving 

more credence to their role in mediating the necrotrophic phase of infection.   
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Tables and Figures 

Table 2.1.  M. oryzae necrosis inducing genes identified in this study.  MGG_14820 and 

MGG_06840 are not listed as genes in the most recent iteration of the M. oryzae genome 

(version 8).   

 

Gene Number Designation Description Reference 

MGG_14820 A8 NA This Study 

MGG_01993 B2 NA This Study 

MGG_08451 B9 NA This Study 

MGG_08817 D1 NA This Study 

MGG_11072 D11 NA This Study 

MGG_07571 E7 
LysM domain-containing 

protein 

de Jonge et al., 2010; Mentlak 

et al., 2012 

MGG_10456 E8 NA This Study 

MGG_06840 E10 Alkaline foam protein B Zapf et al., 2007 

MGG_04841 H5 NA This Study 

MGG_05232 H6 CBM binding protein Songkumarn, 2013 
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Figure 2.1.  Representative N. benthamiana leaves showing typical range of plant cell death 

phenotypes.  NPP1 with and without the stop codon showed necrosis symptoms at each 

agroinfiltrated site.  Agroinfiltration of empty plasmid (pB7WG2_empty) was used as a 

negative control.  SC = stop codon.  NSC = no stop codon 
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Figure 2.2.  Necrosis inducing candidate effectors identified from M. oryzae.   

A. Table indicating the number of times each candidate induced plant cell death 

during a given agroinfiltration test.  Each candidate was infiltrated a total of three 

times for each test, once on three different plants.  The first test refers to the initial 

screen that was performed with all 75 cloned genes.  For each test MGG_08454 

(Nep1) was used as a positive control and induced plant cell death at every site 

where the Nep1 gene was expressed.  Percent necrosis was calculated by taking 

the total number of sites showing plant cell death divided by twelve, the total 

number of times each gene was agroinfiltrated. 

B. Bar graph showing the percentage of sites with plant cell death due to the 

agroinfiltrated candidate effector. 
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Abstract 

Phytopathogenic microorganisms including the fungal pathogen Magnaporthe oryzae 

secrete a myriad of effector proteins to facilitate infection.  Utilizing transient expression of 

candidate effectors in the leaves of the model plant N. benthamiana, we identified 11 

suppressors of plant cell death (SPD) effectors from M. oryzae that are able to block the host 

cell death reaction induced by the Nep1 gene.  Ten of these 11 are also able to suppress BAX 

mediated plant cell death.  Five of the eleven SPD genes have been previously identified as 

either essential for pathogenicity of M. oryzae, secreted into the plant during disease 

development, or as suppressors or homologues of other characterized suppressors.  

Additionally, of the remaining six, we show that SPD8 (previously identified as BAS162) is 

localized to the rice cytoplasm in invaded and surrounding uninvaded cells during biotrophic 

invasion.  Sequence analysis of the 11 SPD genes across 43 re-sequenced M. oryzae genomes 
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revealed SPD2, SPD4, and SPD7 have nucleotide polymorphisms amongst the isolates.  

SPD4 exhibited the highest level of nucleotide diversity of any currently know effector from 

M. oryzae in addition to presence/absence polymorphisms, suggesting that this gene is 

potentially undergoing selection to avoid recognition by the host.  Taken together, we have 

identified a series of effectors, some of which were previously unknown or whose function 

was unknown, that likely act at different stages of the infection process and contribute to the 

virulence of M. oryzae. 

Introduction  

Effector proteins, defined here as small secreted proteins under 250 amino acids in 

size and typically cysteine rich, play critical roles in mediating host-pathogen interactions.  

Not only do they affect the virulence of the pathogen by blocking host recognition and 

defense response pathways, but they also alter host metabolism to promote disease (Djamei 

et al., 2011; Hogenhout et al., 2009; de Jonge et al., 2010; Mentlak et al., 2012; Park et al., 

2012).  Some, such as Avr4 from Cladosporium fulvum and Slp1 from M. oryzae, operate 

within the apoplast to bind chitin and block host recognition of the presence of the pathogen 

(Mentlak et al., 2012; Stergiopoulos and de Wit, 2009).  Others function within the plant 

cytoplasm, which have been identified by either their avirulence activity based upon their 

recognition by intercellular R proteins, or by the presence of a nuclear localization signal 

(NLS) which suggests a nuclear target (Kemen et al., 2005; Mosquera et al., 2009).   

Typically, the interaction between R proteins and Avr effector drives the evolution of 

both classes of genes in host and pathogen populations, making them both highly 
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polymorphic in terms of copy number variation, nucleotide diversity, and with high non-

synonymous to synonymous mutation ratios indicating positive selection (Huang et al., 2014; 

Yang et al., 2008; Yang et al., 2013) .  An analysis of three sequenced Magnaporthe oryzae 

(syn. Pyricularia oryzae) genomes determined that 7,569 out of 9,184 orthologs had no 

nucleotide variations in pairwise comparisons and the nucleotide diversity (π) between any 

pair of genomes was very low (between 0.00024 to 0.0006) (Huang et al., 2014; Xue et al., 

2012).  However, analysis of Avr-Pita1and Avr-Pik genes from 47 and 56 isolates of M. 

oryzae, respectively, revealed that π for both genes was 0.005, indicating a level of 

polymorphism that is greater than the genome average (Huang et al., 2014).  In addition, 

numerous presence/absence polymorphisms as well as variations in copy number are 

common for certain effectors amongst sampled isolates (Fabro et al., 2011; Gout et al., 2007; 

van de Wouw et al., 2010; Yoshida et al., 2009).   AvrPita, AvrPia, and AvrPik displayed a 

variation in genome location amongst collected isolates as well as variation in copy number; 

some lacked a copy whereas others showed more than one copy (Chuma et al., 2011; Feng et 

al., 2007; Luo et al., 2007; Luo et al., 2005).  This has been shown to aid in the evolution of 

M. oryzae through the frequent loss and recovery of avirulence genes as a consequence of 

their recognition by R proteins (Chen et al., 2007; Chuma et al., 2011; Singh et al., 2014).   

 The filamentous ascomycete fungus M. oryzae is the causal agent of rice blast disease 

and is the most devastating disease of rice worldwide (Wilson and Talbot, 2009).  M. oryzae 

is also the causal agent of wheat blast disease, which is an emerging disease in South 

America and growing threat to global wheat production (Cruz et al., 2012).  In addition to its 
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capacity for destruction, M. oryzae has become a model system for studying plant-microbe 

interactions not only due to its economic importance but also because it is highly amendable 

to genetic and molecular manipulation (Dean et al., 2012; Ebbole, 2007).   

    M. oryzae has a hemibiotrophic lifecycle requiring a living host during the initial 

stages of infection followed by host cell death and asexual spore production during latter 

stages.  To penetrate the plant cell wall, M. oryzae develops a melanized infection structure 

called an appressorium that uses mechanical force generated through turgor pressure to 

breach the plant cell wall (Dagdas et al., 2012; Jong et al., 1997).  Upon breaching the plant 

cell wall via a penetration peg, primary hyphae develop into bulbous invasive hyphae (IH) 

that are sealed inside a plant membrane structure termed the extra-invasive hyphal membrane 

(EIHM) as they grow to fill the first invaded cell (Heath et al., 1990) (Kankanala et al., 

2007a).  Associated with the IH is the biotrophic interfacial complex (BIC), a structure for 

the accumulation and secretion of effectors during the biotrophic phase (Khang et al., 2010).  

Subsequently, narrow hyphae invade adjacent cells via plasmodesmata (Kankanala et al., 

2007b).  The switch to necrotrophy begins four to five days after the initial infection when 

macroscopic sporulating lesions appear (Ebbole, 2007).     

 Studies from numerous fungal and oomycete pathogens  have shown that some 

effectors have the ability to induce host cell death, thus potentially acting during the 

necrotrophic phase (Chen et al., 2013; Zhang et al., 2012).  Five effectors (MoCDIP1 to 

MoCDIP5) from M. oryzae were able to induce cell death when expressed within rice 

protoplasts.  Of these, four were shown to induce host cell death when expressed within the 
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host plant Nicotiana benthamiana (Chen et al., 2013).  The necrosis inducing protein Nep1 

from M. oryzae also induces cell death when transiently expressed within the leaves of N. 

benthamiana (Zhang et al., 2012).  In addition, the mammalian BAX gene has been shown to 

cause cell death when expressed in numerous plant species, including N. benthamiana, 

indicating that features of cell death between plants and animals must be shared (Lacomme 

and Santa Cruz, 1999).  Other studies have identified suppressors of host cell death, which 

likely function during the biotrophic phase of infection.  For example, five genes from M. 

oryzae were found to suppress plant cell death when expressed within N. benthamiana (Dong 

et al., 2015).  Similar experiments using N. benthamiana showed that a number of effectors 

from Colletotrichum higginsianum and Phytophthora infestans expressed during the early or 

late stages of infection could suppress or induce host defense responses, respectively 

(Kleemann et al., 2012; Zheng et al., 2014).  Within M. oryzae, a number of proteins have 

been identified as biotrophy-associated secreted (BAS) proteins, which are highly 

upregulated and secreted during the early biotrophic phase of infection.  Some secreted BAS 

proteins remain in the apoplastic space outside host cells while others (cellular effectors) are 

translocated into the cytoplasm of living host cells and can move symplastically into 

surrounding host cells (Khang et al., 2010; Mosquera et al., 2009).  How these BAS proteins 

function in mediating virulence of M. oryzae, however, remains unknown.   

 In this study, we cloned a select group of candidate effector genes and screened them 

for the ability to suppress the host cell death response.  Candidates were selected based on a 

combination of expression studies, structural features, and were functionally screened by 
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transient expression in N. benthamiana.  This led to the identification of eleven genes able to 

suppress plant cell death induced by the Nep1 gene, ten of which also suppressed BAX 

mediated cell death.  Of the eleven, five were identified previously as secreted into the plant 

during infection or as homologues of proteins secreted into the plant, essential for full 

virulence, or as a suppressor or homologues of other characterized suppressors.  One of those 

not previously characterized was tagged with RFP and shown to be secreted into the plant 

during infection.  In addition, nucleotide diversity as well as the prevalence of 

presence/absence polymorphisms were examined through comparative analysis of 43 re-

sequenced isolates of M. oryzae.  This revealed one suppressor to have a level of nucleotide 

diversity greater than any currently known effector from M. oryzae in addition to copy 

number variations throughout many of the strains, alluding to the possibility that this 

candidate is behaving as an AVR effector.       

Materials and Methods 

Cloning of Effectors 

 M. oryzae strain 70-15 was grown in complete media (10g/L sucrose, 6g/L casein 

acid hyrosylate, 6g/L yeast extract, 1ml/L Aspergillus nidulans trace elements) for 48 hours 

and then transferred to minimal media lacking nitrogen (10g/L sucrose, 1ml/L A. nidulans 

trace elements, 1mg/L thiamine, 5ug/L biotin) for 24 hours.  RNA was then extracted using 

the Trizol method and cDNA synthesized using MMLV RT.  This cDNA was used as 

template for PCR amplification using Gateway primers specific to each of the potential 

effectors that included the N-terminal signal peptide (Supplemental Table 1).  Those that 
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were able to be amplified were inserted into the donor vector pDONR221 and then 

transferred to the destination vector pB7WG2 via gateway cloning using the E. coli strain 

DH5α (Karimi et al., 2002).  Plasmids containing the successfully cloned genes were 

transformed into A. tumefaciens strain EHA105 that was kindly provided by Dr. Yinong 

Yang and confirmed by colony PCR and DNA sequencing.  All genes transformed into 

plants using A. tumefaciens strains containing pB7WG2 are driven by the 35S promoter.     

Nicotiana benthamiana Preparation 

 N. benthamiana seeds were soaked in a 1mM solution of gibberellic acid overnight 

and the seeds dried on paper towel the following day.  The dried seeds were planted in a pot 

containing Fafard 4P soil mixture and placed in a growth incubator set to 25°C and a 19 hour 

light/ 5 hour dark cycle.  Three weeks after planting, the seedlings were transplanted to 

individual 11 cm diameter pots containing the same potting soil as before.  Eight weeks after 

seeding, plants were removed from the growth chamber and placed at room temperature 

under constant light and bottom watered to maintain soil moisture.  The plants were given 

Miracle-Gro (1.275g/L) as needed.   

Suppressor Screening Method 

 The preparation of A. tumefaciens cells for the transient expression of potential 

effector genes in the leaves of N. benthamiana was adapted from Lee and Yang, Methods in 

Molecular Biology vol. 323 (Lee and Yang, 2006).  Briefly, agrobacterium cells transformed 

with pB7WG2 containing either the ccdB gene, GFP, or the potential effector were spread on 

YEP agar plates (10g/L peptone, 10g/L yeast extract, 5g/L sodium chloride, 15g/L agar) 
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containing 900µg/ml streptomycin and incubated at 28°C for 72 hours (Karimi et al., 2002).  

Colony PCR using primers specific to the potential effector gene was performed on 

individual colonies to confirm the transformation of A. tumefaciens colonies.  Those colonies 

that gave positive PCR results were transferred to 5ml of liquid YEP containing 500µg/ml 

streptomycin and incubated overnight at 28°C with shaking at 200rpm.  1.5ml of the 

aforementioned culture was centrifuged at 3000g for 5min and the supernatant poured off.  

The agrobacterium was resuspended in 1ml of induction medium (10.5g/L K2PO4, 4.5g/L 

KH2PO4, 1g/L (NH4)2SO4, 0.5g/L NaCitrate, 1g/L glucose, 1g/L fructose, 4g/L glycerol, 

1mM MgSO4, 10mM MES; adjust pH to 5.6 and autoclave) and transferred to a 30ml flask 

containing 4ml of induction medium.  100uM of acetosyringone and 500µg/ml streptomycin 

was added to the agrobacterium culture and incubated for 5-6 hours at 28°C with shaking at 

200rpm.  The agrobacterium suspension culture was then centrifuged at 3000g for 5 min and 

resuspended in 5 ml of infiltration medium (10mM MgSO4, 10mM MES; adjust pH to 5.6 

and filter sterilize).  OD600 readings were taken and the suspension diluted to an OD600 of 

.1 by diluting with infiltration medium containing 200μM acetosyringone.  This resuspended 

agrobacterium solution was then drawn into a needless syringe and infiltrated into 8 week old 

N. benthamiana leaves at predetermined locations by pushing enough agrobacterium solution 

into the abaxial side of the leaf to form a water soaked region.  Typically three to four leaves 

were infiltrated on each plant depending upon the experiment and the size and quality of the 

leaves on each plant.  Upon completion of the agroinfiltration of all samples, the plants were 

maintained at room temperature under continuous light and bottom watered to maintain soil 
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moisture.  After 24 hours, A. tumefaciens strain EHA105 containing the necrosis inducing 

genes (Nep1 and BAX cloned into pB7WG2) were agroinfiltrated into the same sites as was 

infiltrated the previous day.  Five days after the infiltration of the cell death inducer the 

amount of cell death at each of the agroinfiltrated locations was rated at a scale of 0 to 5, with 

0 indicating no cell death and 5 being complete cell death.  During the initial screening, each 

candidate suppressor and control was assayed once in 3 plants and the average score for each 

candidate and control was calculated across the 3 plants for the ability to suppress Nep1.  

Suppressors identified within the initial screen were again tested against Nep1 in 3 

independent experiments with 6 plants per experiment and tested against BAX in 2 

independent experiments with 6 plants per experiment.  Statistical difference from GFP 

negative control was performed via a two-tailed student’s t test.   

RT-PCR of Agroinfiltrated N. benthamiana leaves 

 2cm leaf disks were punched out of N. benthamiana leaves 24 hours after they were 

singly or sequentially agroinfiltrated and RNA extracted using the Trizol method.  cDNA 

was synthesized using MMLV-RT from 1µg of RNA extracted from the leaf disks and 

transcripts amplified via PCR.  The primers used for RT-PCR are listed in Supplemental 

Table 2.   

Gene Alignments and Phylogenetic Analysis 

 Gene sequences of the candidate suppressor genes from M. oryzae isolate 70-15 were 

blasted against the shotgun sequences of 43 M. oryzae strains deposited in the Whole 

Genome Shotgun (WGS) database located in GenBank.  Gene sequences from the resulting 
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BLAST searches were extracted and aligned using ClustalX2 (Larkin et al., 2007).  SPD 

genes located at the end of a contig in some of the strains were incomplete and thus excluded 

from further analysis.  Orthologs and paralogs of the 11 candidates were identified in the 

Fungal Compara EnsemblFungi database (release 30).  This database contains pre-computed 

alignments of fungal genes from 313 species from all major fungal taxonomic groups.  The 

identified paralogs were also blasted against the shotgun sequences of 43 M. oryzae strains 

deposited in the Whole Genome Shotgun (WGS) database located in GenBank.  

Nonsynonymous to synonymous (dN/dS) substitution rates were computed using the 

CODEML program as part of PAML v4.8 (Yang, 2007).  Likelihood ratio tests (LRTs) of 

site-specific selection were used, comparing M1 (neutral) to M2 (selection) and M7 (beta) to 

M8 (beta and w) using the test statistic 2*(lnL1–lnL2) = 2∆L.  The gene was considered 

undergoing positive selection if both the M1/M2 and the M7/M8 LRTs were significant 

under a chi-square test with p < 0.05.  Nucleotide diversity was computed using DnaSP with 

the Jukes and Cantor correction (Huang et al., 2014; Librado and Rozas, 2009).  The SPD4 

phylogenetic tree was constructed using MEGA via the Kimura two-parameter method with 

1,000 bootstrap replications (Huang et al., 2014; Tamura et al., 2007).  Branch and tree 

length data were computed from the MUSCLE alignment output (Edgar, 2004). 

SPD8/BAS162 localization 

Transformation cassettes to observe secretion in rice cells were constructed 

containing the entire protein coding sequence (including the predicted signal peptide) with its 

native promoter (1.1 kb) in a translational fusion with a monomeric red fluorescent protein 
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(mRFP).  The genomic sequence of MGG_09379 (SPD8, Bas162) was amplified using 

primers ISP2_F (aaaaagcaggcttaTTCCGATGATTCCCTCTGTC) and ISP2_R 

(agaaagctgggtaAGTGCTTTTAACCTGGTCCCA) and cloned into the donor vector, 

pDONR, and transferred into the destination vector pFPL-Rh via gateway cloning using 

described methods (Gong et al., 2015).  The resulting plasmid (pBV921) was transformed 

into Agrobacterium tumefaciens strain AGL1 cells and then incorporated into M. oryzae wild 

type strain O-137 via Agrobacterium-mediated transformation with selection for hygromycin 

resistance (Khang et al., 2010).  Six independent fungal transformants (YF730 and YF733) 

were purified by isolation of single spores and the first two that were used for microscopic 

analyses gave identical localization patterns. First, 5 to 7 day- old spores collected from 

oatmeal agar medium (OMA, sporulation medium) were observed, and the spore suspensions 

were incubated on the cover glasses to induce appressorium formation in vitro and inoculated 

into rice sheaths for in planta analyses. After 4-7 hours, the strains developing appressoria 

were checked in vitro, and early and late biotrophic phases of invasive growth were tracked 

in planta during the 26-33 hpi and 41-51 hpi time windows for first and second cell invasion, 

respectively. The timing of invasive growth varied somewhat depending on the condition of 

the plants and the season. Leaf sheath inoculation assays with rice (Oryza sativa) cultivar 

YT16 were performed by incubating fungal spores (1.5 x 104 spores/mL in 0.25% gelatin) in 

the inner hollow of detached rice leaf sheaths as described (Kankanala et al., 2007b). For 

germination and appressorium formation assays in vitro, the same spore suspension was 

dropped on a cover glass (Fisher 12-548-B). As a control for host cell autofluorescence, all 
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microscopy sessions using rice leaf sheath assays included imaging of the untransformed 

recipient strain O-137 invading tissue from the same rice plants. For plasmolysis, rice tissue 

on microscope slides was treated sequentially with 0.25M, 0.5M, and 0.75M sucrose for 

gradual plasmolysis as described (Khang et al., 2010).  Epifluorescence microscopy was 

performed using a Zeiss Axioplan 2 IE MOT microscope with C-Apochromat x63/1.2NA 

water immersion objective. The images were acquired using an Axiocam HRc camera and 

processed using the Axiovision software version 4.8. An X-Cite 120 (EXFO Life Sciences) 

mercury lamp source was used for fluorescence. The filter used for mRFP fluorescence had 

excitation 535 ± 25 nm and emission 610 ± 32 ½ nm.  Confocal microscopy was done on a 

Zeiss Axiiovert 200M microscope with a Zeiss LSM 510 META system using x63/1.2NA 

water immersion objective. The wavelengths for excitation and emission were 488nm/505 to 

550nm for EGFP and 543 nm/560 to 615 nm for mRFP and mCherry. Images were obtained 

using LSM510 AIM ver4.2 SP1 software. 

RESULTS 

Identification of Potential Effector Genes from M. oryzae 

 N. benthamiana is well documented as a suitable model to functionally identify 

effectors from M. oryzae (Chen et al., 2013; Dong et al., 2015).  Here, an assay was 

developed to clone potential effector genes from the M. oryzae isolate 70-15 and test them 

individually for host cell death suppressing abilities by transiently expressing them within N. 

benthamiana followed by challenge with known inducers of cell death.  Genes from M. 

oryzae were considered to be putative effectors if they contained an N-terminal signal 
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peptide, were less than 250 amino acids, had greater than or equal to 3% cysteine content, 

and lacked a transmembrane domain (Figure. 3.1) (Lo Presti et al., 2015).   Additionally, 

candidates were considered as putative effectors that did not fulfill all of these criteria but 

contained an N-terminal signal peptide and were highly upregulated during infection in 

publically available transcriptomics data sets (Chen et al., 2013; Mosquera et al., 2009; 

Saitoh et al., 2012; Yoshida et al., 2009).  These criteria resulted in 233 candidate effector 

genes, of which 73 were successfully cloned from cDNA generated from M. oryzae isolate 

70-15 (Supplementary Table 1).  Gateway cloning was used to insert these genes as well as 

Nep1 and the BAX gene into the destination vector pB7WG2 driven by the 35S promoter 

and individual plasmid constructs were used to transform Agrobacterium tumefaciens isolate 

EHA105.  A. tumefaciens was confirmed as transformed via colony PCR using primers 

specific to the potential effector gene in addition to DNA sequencing.    

Candidate Host Cell Death Suppressing Effector Identification 

 Successfully cloned candidate effectors were tested individually for the ability to 

suppress plant cell death in N. benthamiana using an effectoromics screen (Figure 3.2).  

Briefly, cloned putative effectors were transiently expressed within the leaves of N. 

benthamiana via A. tumefaciens (agroinfiltration) and challenged with the Nep1 gene, which 

is a known inducer of plant cell death from M. oryzae (Zhang et al., 2012).  The potential 

suppressor was first agroinfiltrated into a predetermined location on a N. benthamiana leaf.  

Twenty-four hours after the infiltration, Nep1 was agroinfiltrated at the same location.  Five 

days after the agroinfiltration of Nep1, each spot was rated on a scale of 0 to 5, with 0 
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indicating no cell death and 5 indicating complete cell death at the site of infiltration (Figure 

2A).  RT-PCR was performed on N. benthamiana leaf disks that were agroinfiltrated with the 

potential effector (SPD11), inducer (Nep1), and controls (GFP and ccdB gene from the 

empty plasmid) to confirm the expression of the agroinfiltrated genes (Figure. 3.2B and 

3.2C).  Gene expression could be detected when the constructs were agroinfiltrated by 

themselves or sequentially, indicating that any suppression of host cell death was not due to a 

reduction in gene expression of the inducer, potential suppressor, or controls.   

 The effectoromics screen of the 73 candidates identified 11 that were able to suppress 

Nep1-mediated cell death in a statistically significant manner in comparison to the negative 

controls (GFP and empty plasmid) (Figure 3.3A).  The initial screen was performed once 

with three reps (plants) per experiment.  These 11 were confirmed by repeating the 

suppressor experiments 3 times with 6 reps per experiment and were thus named Suppressors 

of Plant Cell Death (SPD) 1-11.  Within the confirmation experiments, 6 suppressors yielded 

an average score of 1 or lower, indicating that these were the strongest suppressors of Nep1 

induced plant cell death (SPD1, SPD4, SPD6, SPD7, SPD9, and SPD10).  Both the GFP and 

empty plasmid negative controls showed essentially no suppression as their scores were > 4.  

In contrast, all suppressors had a score < 2.5, indicating that the candidate suppressors were 

actively suppressing the plant cell death inducing abilities of Nep1.   

The 11 suppressors identified in the initial screen were also tested for their ability to 

suppress BAX induced plant cell death using the same procedure as described for Nep1.  The 

experiments were performed twice with 6 reps per experiment.  Ten of the eleven were able 
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to suppress BAX-induced plant cell death in addition to Nep1 induced cell death (Figure 

3.3B).  SPD11 was the only candidate identified in the initial screen not able to suppress 

BAX-induced cell death.  Of the ten, four yielded a score of 1 or lower, indicating that these 

are the strongest suppressors of BAX (SPD1, SPD2, SPD8, and SPD9).  Overall, SPD1 and 

SPD9 consistently yielded the strongest suppression of both Nep1 and BAX mediated cell 

death identified within the effectoromics screen.   

Candidate Suppressor Characterization 

 Little is known about the mechanism of action for the majority of effector proteins 

from M. oryzae (Liu et al., 2013).  Five of the eleven identified suppressors have been 

previously characterized in some way, either as essential for disease development, secreted 

during the biotrophic phase of development, or as suppressors or homologues of other 

characterized suppressors from other fungi (Table 3.1) (Jeong et al., 2007; Kleemann et al., 

2012; Mogga et al., 2016; Mosquera et al., 2009; Saitoh et al., 2012).  SPD1 and SPD11 

were previously identified as MC69 and MSP1, respectively.  Knockouts of these genes 

determined that both are essential for full virulence of M. oryzae (Jeong et al., 2007; Saitoh 

et al., 2012).  Additionally, MSP1 is a homologue of the characterized plant cell death 

suppressor ChEC5 from C. higginsianum (Kleemann et al., 2012).  SPD3 was recently 

identified as MoHEG13, which was not only shown to be required for full virulence of M. 

oryzae, but also identified as a suppressor of plant cell death (Mogga et al., 2016).  In 

addition, SPD3 was previously reported to be 10 fold upregulated during the biotrophic phase 

of infection and was named BAS52 (Mosquera et al., 2009).  SPD6 is BAS3, which was 
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shown to localize to appressorial penetration points, surround the primary hyphae, and 

localize to cell wall crossing points as M. oryzae moves into adjacent cells (Mosquera et al., 

2009).  SPD5 is a homologue of another protein secreted into rice, BAS4, which outlines the 

invasive hyphae during the biotrophic phase (Mosquera et al., 2009).  SPD8 was previously 

reported to be 88 fold upregulated during the biotrophic phase of infection and was named 

BAS162 (Mosquera et al., 2009).  Due to its high expression during the initial stages of 

infection, SPD8 was tagged at the C terminal with mRFP and expressed in M. oryzae strain 

O-137 under its native promoter (Figure 3.4).  Live cell imaging and plasmolysis showed 

that the SPD8:mRFP fusion protein was secreted into the BIC and translocated to the 

cytoplasm of invaded rice cells in all infected rice samples analyzed (n=12).   Additionally, 

SPD8 moved into surrounding cells ahead of fungal invasion (75%, n=12).  Plasmolysis of 

the invaded cells indicated plant cells were viable and concentrates the host cytoplasm away 

from the host cell wall.  Therefore, SPD8 (BAS162) is secreted into host cells during 

biotrophic invasion.   

Gene Alignments from Re-sequenced M. oryzae genomes 

 One well studied class of effectors are the avirulence (Avr) genes.  The interaction 

between R proteins and Avr effectors drives the evolution of both classes of genes, making 

them both highly polymorphic in terms of copy number variation, nucleotide diversity, and 

with high non-synonymous to synonymous mutation ratios indicating positive selection 

(Huang et al., 2014; Yang et al., 2008; Yang et al., 2013).  To determine if there is a 

variation in nucleotide diversity or copy number amongst the 11 SPD genes, blastn was used 
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to retrieve the genomic sequence of the candidates from 43 re-sequenced M. oryzae isolates 

deposited in GenBank (Table 3.2).  Four of the SPD genes have paralogs: SPD3 has two 

paralogs (MGG_17319 and MGG_17582), SPD5 has one paralog (MGG_02223), SPD6 has 

two paralogs (MGG_16382 and MGG_16415), and SPD8 has the paralog MGG_16026 in 

strain 70-15 (Supplemental Figures 1 to 4).  Each paralog was found in every M. oryzae 

strain and while the other 7 SPD genes lacked paralogs, 3 exhibited DNA polymorphisms 

across the various isolates.  For SPD2, two strains (K91-30 and K88-07) showed two 

mutations within the intron and a third strain (k98-02) had a single non-synonymous 

mutation (G48D) (Supplemental Figure 5).  SPD7 is another single copy gene and 4 of the 

43 strains contained a single non-synonymous mutation at the same location (P49H) 

(Supplemental Figure 6).  SPD4, the third gene exhibiting DNA polymorphisms is 

described in more detail in a later paragraph.   

 In addition to analyzing the degree of conservation within M. oryzae, orthologs of the 

11 candidates were searched within the Fungal Compara EnsemblFungi database (release 

30).  This database contains pre-computed alignments of fungal genes from 313 species from 

all major fungal taxonomic groups.  SPD11 (MSP1) was broadly conserved across a wide 

array of fungal taxonomic groups, including most ascomycetes and certain members of the 

basidiomycetes, including the Agaricales.  SPD11 was notably absent in rusts and smuts.   

Orthologs of SPD1 were present in a limited number of pathogenic and non-pathogenic 

species, such as Colletotrichum species and Neurospora crassa.  SPD2 only contained 

orthologs in the closely related species M. poae and Gaeumannomyces graminis.   SPD5 has 
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homologues in numerous ascomycete fungi such as Aspergillus, Bipolaris, Colletotrichum, 

Fusarium, Penicillium, and Sclerotinia while genes orthologous to SPD6 were present in 

three Colletotrichum species as well as Macrophomina and Neofusicoccum.  The remaining 

six SPD genes had no orthologs outside M. oryzae.        

 Three SPD genes showed various levels of nucleotide diversity.  SPD2 and SPD7 

have very few polymorphic nucleotide positions as indicated previously.  In contrast, SPD4 

exhibits a high level of polymorphisms at the nucleotide level relative to the other SPD genes 

(Table 3.2).  Such nucleotide diversity in an effector gene can indicate that it is undergoing 

selection to avoid recognition by an R gene, which may suggest that this candidate 

potentially acts as an Avr effector.  To determine if any of the effectors are undergoing 

purifying or diversifying selection, Phylogenetic Analysis by Maximum Likelihood (PAML) 

was used to calculate the ratio of synonymous to non-synonymous mutations (dN/dS) and 

determine if the gene is under diversifying, purifying, or neutral selection in a statistically 

significant manner (Yang, 2007).  CODEML, an algorithm within PAML, was used to 

calculate dN/dS ratios for the SPD genes.  Those genes that were statistically significant 

between selection and neutral models were considered to be undergoing purifying or 

diversifying selection.  Those undergoing selection and having dN/dS ratios greater than 1 

were considered to be undergoing diversifying selection while those genes with dN/dS ratios 

less than one were considered to be under purifying selection.  Genes that were not 

significant were considered neutral (Okagaki et al., 2016).  The dN/dS ratio for SPD4 was 

0.7517 and was found to be statistically significant for undergoing purifying selection.  In 
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addition, the gene alignment tool MUSCLE was used to determine the branch lengths of the 

phylogenetic tree for SPD4, which is calculated by the expected number of nucleotide 

substitutions per site to determine the genetic distance from the most common ancestor 

(Edgar, 2004).  The branch lengths for SPD4 are extremely short (0.005) indicating that this 

gene has evolved relatively recently and thus a dN/dS score might not accurately reflect the 

selective pressures acting upon SPD4.  To account for this, the nucleotide diversity (π) of 

SPD4 was calculated as a means to quantify the degree of nucleotide polymorphisms 

observed amongst the alleles using the program DnaSP.  As a comparison, π was also 

calculated for the AvrPik alleles present within the re-sequenced M. oryzae isolates since it 

was previously reported to be one of the most polymorphic Avr genes from M. oryzae 

(Huang et al., 2014).   In our study, π for AvrPik was determined to be 0.00433, which is in 

close agreement with previous calculations for AvrPik , which was 0.005 (Huang et al., 

2014).  However, π for SPD4 was 0.0095, indicating that this gene has a twofold greater level 

of nucleotide diversity than the most diverse Avr effector from M. oryzae.   

 Phylogenetic analysis of SPD4 indicated that there are two main alleles (alleles A and 

E) of this gene in addition to nine low-frequency variants in M. oryzae strains (Figure 3.5).  

There are two copies of SPD4 within 70-15, but only one of the copies is annotated.  Both 

genes shared the same mutations common to haplotype E but differ by other mutations.  

Haplotypes A and E only differed by 3 nucleotides, suggesting recent duplication (Figure 

3.6).  In addition to differences in nucleotide sequence, copy number variations existed in 

some of the strains.  Strains 98-06, GD22, KJ201, and MG01 contained two copies of SPD4 
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while K88-07 and FJ81278 lacked a copy (Table 3.3).  Only a few strains contained two 

alleles while most contained only a single copy, which suggests following duplication of the 

SPD4 gene there was loss of one haplotype.        

Discussion 

 As a hemibiotroph, M. oryzae requires a living host during the initial stages of 

infection followed by host cell death, lesion formation, and conidia production.  Due to the 

succession of host responses during disease development, it has been hypothesized that 

effector proteins, secreted into the host mediate the biotrophic phase of infection by 

suppressing host defense mechanisms, thus allowing the fungus to proliferate within the host 

unabated.  This hypothesis was tested by developing an assay through which 73 potential 

effector genes from M. oryzae were transiently expressed within N. benthamiana and 

challenged with known inducers of plant cell death, including the mammalian BAX gene and 

Nep1 from M. oryzae.  The use of N. benthamiana as a heterologous host system for the 

characterization of effectors from oomycetes and fungi, including M. oryzae, has been widely 

used due to the ease with which the plant can be agroinfiltrated in addition to findings being 

confirmed in the true hosts (Chen et al., 2013; Dong et al., 2015; Dou et al., 2008; Kleemann 

et al., 2012; Mogga et al., 2016; Oh et al., 2009; Park et al., 2012).  Here, we identified 11 

effectors as being able to suppress Nep1 induced host cell death, of which 10 also suppressed 

necrosis induced by BAX.  Of these 11, 5 have been identified previously as either secreted 

into the plant during infection, as essential for full virulence, or orthologs of other 

characterized suppressors or as suppressors themselves.  It is important to note that SPD3 
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(BAS52/MoHEG13) was recently confirmed to act as a suppressor of host cell death, thus 

confirming our results (Mogga et al., 2016). 

Previous partial characterization of 4 out of the other 5 SPD genes is consistent with 

their role as suppressors.  Our screen identified SPD1 (MC69) as one of the strongest 

suppressors of both Nep1 and BAX-induced plant cell death.  This gene was shown 

previously to be essential for M. oryzae pathogenicity within a large scale gene disruption 

assay.  Knockouts of the MC69 ortholog within C. orbiculare also reduced the virulence on 

cucumber and N. benthamiana leaves, indicating that this protein is important for virulence 

within other pathogenic fungi (Saitoh et al., 2012).  The authors failed to evaluate whether 

MC69 is secreted in to the host and InterPro results suggest that this is a non-cytoplasmic 

protein.  Therefore, more research is needed to fully characterize the secretion pattern of this 

protein during disease development.  In addition, orthologs are present with other pathogenic 

fungi such as M. poae and Gaeumannomyces graminis var tritici in addition to non-

pathogenic fungi such as Neurospora crassa.  Thus, it remains to be determined if these 

orthologs function solely in suppressing plant cell death or if other functions exist. 

 Like MC69, SPD11 (MSP1) is also required for M. oryzae to be virulent.  Knockouts 

of MSP1 within M. oryzae were phenotypically indistinguishable from wild type when 

grown in culture, but exhibited reduced symptoms on barley (Jeong et al., 2007).  In addition 

to being found here as a suppressor from M. oryzae, ChEC5 from C. higginsianum is a 

homologue of MSP1 and is well documented as a suppressor of plant cell death  (Kleemann 

et al., 2012).  It is interesting to note that this gene was originally annotated as a member of 
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the snodprot1 family, which is known for its phytotoxic properties.  Jeong et al showed that 

purified MSP1 protein had no phytotoxic effects when applied to wounded rice leaf tissue, 

which is in contrast to other studies (Jeong et al., 2007; Wang et al., 2016).  More work is 

required to truly understand how MSP1 functions during virulence in order to reconcile 

conflicting observations.      

SPD6 was identified as BAS3, which in previous studies was shown to preferentially 

accumulate surrounding hyphae that have crossed into new rice cells including at the 

appressorial penetration points during the initial stages of infection (Mosquera et al., 2009).  

This pattern of localization suggests that this protein operates at the interface between the 

fungus and the plant cell and is consistent with a role in masking detection of the pathogen 

by the host.  The localization pattern of BAS3 suggests it may have a role in masking 

detection of the pathogen by the host.  SPD8 was previously shown to be 88 fold upregulated 

during the biotrophic phase of infection and was given the name BAS162 (Mosquera et al., 

2009).  In addition to being a suppressor of BAX and Nep1 mediated cell death, we showed 

this protein to be secreted into the host during disease development when tagged with a C 

terminal mRFP and expressed under its native promoter.  SPD8 appears to move ahead of the 

advancing M. oryzae invasive hyphae to potentially prepare the cell for invasion by 

preventing detection and HR.  Finally, although the localization pattern of SPD5 is currently 

unknown, its paralog is BAS4, which is also secreted into the apoplast and outlines the 

invasive hyphae during disease development.  SPD6 and SPD8 showed very little homology 

outside of M. oryzae, indicating that they are specific to this fungal pathogen.  SPD5, 



86 

 

 

 

 

however, showed homology to other genes within other pathogenic ascomycete fungi, such 

as M. poae, Gaeumannomyces graminis var tritici, and various Colletotrichum and Fusarium 

species, suggesting that this gene might be homologous to suppressors in other fungal 

species.     

 To our knowledge this is the first report of a function associated with the BAS 

proteins.  Individual knockouts of BAS showed no change in virulence, which indicates that 

individually these genes are dispensable for M. oryzae virulence (Mosquera et al., 2009).  

Others, like MC69, which showed the strongest ability to suppress host cell death, are 

required for virulence (Saitoh et al., 2012).  This leads to the hypothesis that the effectors 

identified here act collectively to affect virulence of M. oryzae with some, but not all, being 

individually dispensable.  More work is necessary to explore if and how many of these 

suppressors work in collaboration to suppress host cell death and why effectors such as 

MC69 appears to play a more vital role in suppressing plant cell death.    

In this study, we examined the nucleotide diversity and allele frequency of the SPD 

effector genes in M. oryzae and other fungi.  Eight of the 11 SPD genes exhibited no 

nucleotide polymorphisms in the genomes of 43 M. oryzae strains.  One SPD gene, SPD4, is 

of particular interest because it has a level of nucleotide diversity 10 times greater than the 

genome average, in addition to presence/absence polymorphisms across the resequenced M. 

oryzae strains.  Since it has been hypothesized that effector evolution is linked to the 

proximity of repetitive elements such as telomeres and transposable elements (Chuma et al., 

2011; Orbach et al., 2000), the genomic location of SPD4 and its paralog were determined in 
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the 70-15 reference genome.  Interestingly, SPD4 is located approximately 248 kb from the 

right telomere of chromosome 1.   Positioning of Avr genes near the telomere has been 

associated with pathogenic variability due potentially to the loss of chromosome termini, 

resulting in the presence/absence polymorphisms of Avr genes (Dioh et al., 2000; Luo et al., 

2005; Rehmeyer et al., 2006).  Additionally, the paralog is located approximately 20kb away 

from AvrPita on chromosome 6.  AvrPita has been shown to exhibit multiple translocations 

across the genome and the SPD4 paralog could share this activity due to its proximity to 

transposable elements, which could potentially explain the high level of variation observed 

within SPD4 and needs to be explored further (Chuma et al., 2011)  

Although our data would indicate that SPD4 is highly polymorphic at both the 

nucleotide and genome level, care must be taken when interpreting the presence/absence data 

due to the re-sequenced genomes being shotgun sequenced, which can be incomplete.  A few 

SPD4 sequences were incomplete due to their position at the end of a contig, perhaps 

indicative of a transposon insertion.  It should be noted that only complete sequences were 

used in the phylogenetic analysis to avoid any incorrect haplotype assignments to the strains.  

Phylogenetic analysis indicated that there are two main haplotypes of SPD4 in addition to 

other variants that exist in low frequency.  A few strains harbor two haplotypes, often 

containing either haplotype A or E, but most strains contain a single allele.  The variation in 

copy number and levels of DNA polymorphisms revealed for SPD4 are observed in other 

known effectors from M. oryzae as exemplified by AvrPik (Huang et al., 2014).  It is 

possible that in response to selection pressure imposed by the host, SPD4 underwent a recent 
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duplication event and then selection and deletion in order to evade host recognition.  Further 

work is needed to confirm this hypothesis and to realize mechanisms by which SPD4 is 

recognized by the host.    
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Tables and Figures 

 

Table 3.1.  List of candidate suppressor genes and any previously published information that 

is available for any of the listed genes.  Gene numbers are based on version 6 of the M. 

oryzae genome.   

 

Gene Number  Gene Name Designation Description Reference 

MGG_02848 MC69  SPD1 

•  Essential for full virulence of M. 
oryzae. 

•  Mutants failed to form invasive 
hyphae.   

•  Fluorescently labeled MC69 
could not be detected in the host 
cell during infection 

Saitoh et al., 2012 

MGG_12942 Hypothetical  SPD2    This study 

MGG_09378  BAS52/MoHEG13  SPD3 

•  Microarray experiments of M. 
oryaze infected rice leaf sheaths 
at 36 hpi showed this gene to be 
10 fold upregulated relative to 
mycelium (Microarray gene ID 
AMG08416.1, P=0) 

•  Independently identified as a 
suppressor and is essential for 
full virulence 

Mosquera et al., 
2009; Mogga et al., 

2016; 
 this study 

MGG_14422  Hypothetical  SPD4    This study 

MGG_02154  BAS4 homologue  SPD5 

•  It is a paralogue of BAS4, which 
uniformily outlines the invasive 
hyphae during the biotrophic 
phase of development. 

•  3 fold upregulated at 36 hpi 
relative to mycelium (Microarray 
gene ID AMG02815, P=2.45E-7) 

Mosquera et al., 
2009 

MGG_11610  BAS3  SPD6 

• Fluourescent labeling of BAS3 
shows strong localization at 
appresorial penetration points, 
outlines the primary hyphae 
during the initial stages of 
infection, and localizes to cell 
wall crossing points when M. 
oryzae moves into adjacent cells 

•   71 fold upregulated. at 36 hpi 
relative to mycelium (Microarray 
gene ID AMG12560, P=0) 

Mosquera et al., 
2009 
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Table 3.1 continued  

 

MGG_10335  Hypothetical SPD7   This study  

MGG_09379  BAS162  SPD8 

•  Cytoplasmic effector that 
localizes  to plant cells ahead of  
fungal invasion  

•  88 fold upregulated  at 36 hpi 
relative to mycelium (Microarray 
gene ID AMG08417.2, P=0) 

Mosquera et al., 
2009; this study 

MGG_15044  hypothetical  SPD9   This study 
MGG_11991  hypothetical  SPD10   This study  

MGG_05344  MSP1  SPD11 

•  MSP1 knockouts within M. 
oryzae isolate 70-15 are greatly 
reduced in virulence in 
comparison to wild type.   

•  It is a homologue of a previously 
characterized plant cell death 
suppressor from Colletotrichum 
higginsianum ChEC5. 

Jeong et al., 2007;  
Kleemann et al., 

2012 
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Table 3.2.  Summary statistics of candidate suppressor genes.  The genomic sequences of the 

11 candidates were blasted against 43 whole genome shotgun sequenced M. oryzae isolates.  

N denotes the number of sequences used in the analysis.  Some genes were located at the end 

of a contig and were thus excluded from the analysis.  SPD4 is the most highly polymorphic 

of the 11 candidates, which is indicated by the level of nucleotide diversity.  SPD7 has the 

same non-synonymous mutation in 4 of the 44 strains (P147H).  AvrPik was also blasted 

against the genomes as a control and reflects the results obtained by Huang et. al. 

  

Effector Descripton n nucleotide diversity 
Paralogs 

within M. 
oryzae 

MGG_02848 (SPD1)  MC69 44 0 no 

MGG_12942 (SPD2)  Hypothetical 44 0.00023 no 

MGG_09378 (SPD3)  BAS52 44 0 yes 

MGG_14422 (SPD4)  Hypothetical 46 0.0095 no 

MGG_02154 (SPD5)  BAS4 Homologue 44 0 yes  

MGG_11610 (SPD6)  BAS3 44 0 yes 

MGG_10335 (SPD7)  Hypothetical 41 0.00052 no 

MGG_09379 (SPD8)  BAS162 44 0 yes 

MGG_15044 (SPD9)  Hypothetical 44 0 no 

MGG_11991 (SPD10)  Hypothetical 44 0 no 

MGG_05344 (SPD11)  MSP1 44 0 no 
MGG_15972 AvrPik 38 0.00433 yes 
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Table 3.3.  Table of re-sequenced M. oryzae strains and the SPD4 alleles represented in 

Figure 5 that are present within each strain.  An X represents a truncated SPD4 gene 

sequence due to its location at the end of a contig and, therefore, its true allele designation 

could not be determined.  It is of interest to note that those strains containing two copies of 

SPD4 do not contain two of the same allele.  In addition, there seems to be no correlation 

between isolate location and the allele(s) present within the strains 

.  
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Figure 3.1.  Visual representation of candidate effector gene selection from M. oryzae isolate 

70-15.   
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Figure 3.2.  Effectoromics screen for suppressors from M. oryzae 

A. Rating system used to score the infiltrated sites within N. benthamiana.  5 indicates 

complete cell death at the site of infiltration and 0 indicates no cell death. 

B.  Assay for suppression of Nep1 mediated cell death.  The table on the right 

corresponds to the infiltration order of the N. benthamiana leaves on the left and 

indicates if the genes were agroinfiltrated either singly or sequentially. The negative 

controls are GFP and ccdB gene, which is the pB7WG2 plasmid without any gene 

inserted into it.  SPD11 represents an identified suppressor.  The image presented is 

representative of the results obtained.  

C. RT-PCR was performed to confirm the expression of the agroinfiltrated genes within 

N. benthamiana.  All the genes were driven by the 35S promoter from the pB7WG2 

plasmid.   RNA was extracted 24 hours after infiltration.  For those locations that 

were sequentially infiltrated RNA was extracted 24 hours after the infiltration of the 

host cell death inducer.  
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Figure 3.3.  Suppression of Nep1 and BAX by M. oryzae candidate effectors.  Average 

scores of candidate effectors in addition to GFP and pB7WG2_empty against Nep1 (A) and 

BAX (B).  Three independent experiments with six reps per experiment were compiled to 

give the average score against Nep1 while two independent experiments with six reps per 

experiment were performed against BAX.  Students t test was performed comparing the 

average scores against the score for GFP.  ** and * indicates a significance of .01 and .05, 

respectively.  
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Figure 3.4.  Localization of mRFP-tagged SPD8 after secretion by the fungus during 

biotrophic invasion of rice leaf sheath epidermal cells 

A. Bright field image of rice leaf sheath epidermal cells infected with M. oryzae at 46 

HPI 

B. Merged DIC and mRFP channels 

C. mRFP fluorescence alone in a black and white inverse image.  The fungus previously 

colonized the first-invaded cell and has now moved into second-invaded cells.  

Asterisks mark growing hyphal tips. The arrow indicates a plasmolyzed rice cell that 

contains BAS162:mRFP before the fungus has invaded it, showing cell-to-cell 

movement of this effector ahead of fungal growth.   Bar indicates 10 μm.   
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Figure 3.5.  Phylogenetic tree of SPD4 orthologues.  Each branch represents an allele of 

SPD4, which contains the strains and contigs of each allele within the re-sequenced M. 

oryzae isolates.  Letters to the right of each branch represent each of the alleles.  This tree 

indicates that alleles A and E are the most common forms of SPD4, with other low copy 

variants that exist as variants of the two alleles.  It must be noted that Guy11, which is one of 

the progenitors of 70-15, contains one copy of SPD6 (allele J) while 70-15 contains two 

different copies (allele J and F).  Only complete gene sequences were used to construct the 

phylogenetic tree. 
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Figure 3.6.  Alignments of SPD4 haplotypes 
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Abstract 

 The ability to measure plant defense responses in the presence of pathogenic elicitors 

is essential for understanding how plants respond to pathogen invasion.  To quantify the plant 

defense response when challenged with known elicitors, wild type rice suspension cells were 

treated with FLG22 and lipopolysaccharides (LPS), two known plant pathogenic elicitors, 

and the amount of reactive oxygen species (ROS) produced by the suspension cells was 

measured.  Compared to the no treatment control, an increase in ROS could be detected from 

rice suspension cells treated with both elicitors.  Additionally, a protocol for generating 

transgenic rice was developed by incubating rice calli with A. tumefaciens containing either 

effector genes from M. oryzae or the GFP gene.  It was hypothesized that by developing 

transformed rice suspension cells containing characterized effector genes and challenging the 

suspension cells with the aforementioned elicitors there would be a quantitative difference in 

ROS produced as compared to the wild type or GFP cells.  Green fluorescence was able to be 



109 

 

 

 

 

detected in callus transformed with GFP in addition to PCR amplification of the target gene 

and selectable marker, but it was discovered that the transformation efficiency of the rice 

callus was extremely low likely due to incomplete selection using the bar gene/glufosinate 

ammonium method of selection.  Despite the lack of fully generated transgenic rice plants 

and suspension cells, this work confirms the ability of the elicitors FLG22 and LPS to induce 

ROS from rice suspension cells.     

Introduction 

 Plants are able to distinguish between a wide array of invading microbes through the 

recognition of microbe associated molecular patterns, or MAMPs.  These MAMPs, which are 

also known as elicitors, are defined as essential microbial structures that are conserved 

amongst pathogenic, non-pathogenic, and saprophytic mircroorganisms (Newman et al., 

2013).  Lipopolysaccharides (LPS), flagellin, and fungal chitin are all classified as MAMPs 

due to their ability to induce a basal level of plant defenses through their recognition by plant 

pattern recognition receptors (PRR) (Kaku et al., 2006; Newman et al., 2013).  To overcome 

the plant immune response triggered by MAMPs, effectors have been shown to be secreted 

into the plant cytoplasm to block MAMP triggered immunity (MTI) (He et al., 2006; Nomura 

et al., 2006).  The recognition of effectors through R proteins leads to effector-triggered 

immunity (ETI), which is thought to be an accelerated and amplified MTI response (Jones 

and Dangl, 2006).  However, the strict delineation between MAMP and effector has become 

blurred and the plant defense response is determined not through the triggering of MTI or 
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ETI but rather through the appropriate immune receptor recognizing the appropriate ligand 

irrespective of their classification as a MAMP or effector (Thomma et al., 2011).      

 MTI is characterized by a number of plant physiological changes meant to block 

pathogen invasion.  These responses include the production of reactive oxygen species 

(ROS) and nitric oxide (NO), strengthening of the plant cell wall, and the induction of 

antimicrobial compounds and pathogenesis-related (PR) proteins (Newman et al., 2013).  

ROS production during disease development has been shown to not only have direct 

antimicrobial effects but also play roles in activation of systemic acquired resistance (SAR) 

(Baxter et al., 2014; Benschop et al., 2007).  SAR and the priming of distal plant tissues to 

other abiotic stresses has been shown to be depending upon H2O2 accumulation in the 

extracellular spaces to generate a ‘ROS wave’ that activates stress-specific hormones and 

amino acid signals in distal plant tissues (Baxter et al., 2014; Suzuki et al., 2013).  Moreover, 

ROS has been shown to be a key player in mediating the hypersensitive response (HR) 

during pathogen invasion (Baxter et al., 2014; Van Breusegem and Dat, 2006).  These 

examples indicate that ROS homeostasis plays a key role in the plant defense response. 

 The identification of effectors from M. oryzae using the model organism N. 

benthamiana is an important discovery for understanding how M. oryzae is able to overcome 

rice defense responses (Chen et al., 2013; Y., Dong et al., 2015).  These experiments, 

however, were performed in a heterologous host and therefore the identified effectors may or 

may not have the same effect when expressed in rice.  To confirm that these genes act in a 

similar manner in rice, a transformation protocol was amended to transform effector genes 
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from M. oryzae into rice callus.  This tissue would be used to develop fully transformed 

suspension cells which would then be subjected to characterized elicitors to determine if 

there is a phenotypic difference in H2O2 generation between wild type and transformed 

suspension cells. When wild type rice suspension cells were challenged with FLG22 and 

LPS, an increase in H2O2 could be detected.  However, the generation of transgenic rice 

proved to be difficult due low transformation efficiency and fully transformed plants failed to 

generate.  This work, however, confirms the ROS inducing abilities of the elicitors FLG22 

and LPS.     

Materials and Methods 

Generation of transgenic rice 

 Transgenic rice was generated using the protocol from Minesh Patel and Ron Qu 

(Patel et al., 2013).  Briefly, callus was induced from Taipai and Nipponbare rice seeds by 

de-husking and sterilizing them in a 5% bleach solution followed by several washes with 

sterile distilled water.  Seeds were placed on callus induction medium (N6 salts, 1mg/L 

thiamine-HCl, 250mg/L myo-inositol, 1g/L casein hydrolysate, 690mg/L proline, 30g/L 

maltose, 5mg/L 2,4-D, 1mg/L BA, 5g/L phytagel, pH to 5.9) and friable calli that developed 

was removed from the seed and placed on fresh callus induction medium every 2-3 weeks.   

 Cultures of Agrobacterium tumefaciens transformed with the pB7WG2 plasmid (has 

the bar gene for glufosinate ammonium/bialaphos resistance) containing the gene of interest 

were grown in 5ml of YEP at 28o C overnight containing appropriate antibiotics.  Genes were 

cloned into pB7WG2 using the Gateway cloning method(Karimi et al., 2002).  The 5ml 
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culture was transferred to 45 ml MS infection media (MS salts, 1mg/L thiamine-HCl, 

250mg/L myo-inositol, 1g/L casein hydrolysate, 690mg/L proline, 30g/L glucose, 1mg/L 

2,4-D, 200uM acetosyringone, pH to 5.4),  and incubated at 28o C for 2-3 hours at 200rpm 

until the OD600 reached between 0.5 and 0.6.  Friable callus was incubated in the MS 

infection media containing the A. tumefaciens for 3 minutes in a 42o C water bath followed 

by 10 minutes at room temperature.  The MS infection media was then carefully discarded 

and the callus blotted on three layers of sterile filter paper in the biosafety hood for 30 

minutes to remove excessive A. tumefaciens.  The agro-infected callus was placed on co-

culture media (same as callus induction media containing 60g/L maltose instead of glucose 

and 200uM acetosyringone) and incubated at 25o C in the dark for three days.  After 3 days 

the callus was incubated on selection media (same as callus induction media with 200mg/L 

timentin) for 3 days at 25o C in the dark to ensure all the A. tumefaciens has been removed 

from the callus.  The callus was then transferred to selection media containing 5mg/L 

glufosinate ammonium to select for transformed calli.   After two weeks the calli were 

transferred to fresh selection media containing 5mg/L glufosinate ammonium and incubated 

at 25o C in the dark.  Callus was transferred to fresh selection media every two weeks and this 

process continued until callus was growing prolifically (approximately 2 months).  Callus 

was transferred to regeneration media (MS salts, 1mg/L BA, 30g/L maltose, 5g/L phytagel, 

200mg/L timentin, 5mg/L glufosinate ammonium) and incubated at 25o C in the light for 3 

weeks.  This process was repeated every 3 weeks and those showing shoot growth were 

transferred to rooting media (MS salts, 30g/L maltose, 5g/L phytagel, 200mg/L timentin, 
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5mg/L glufosinate ammonium) in a magenta box at 25o C in the light.  GFP fluorescence was 

detected using a fluorescence microscope (SMZ1000, Nikon, Melville, NY, USA) mounted 

with a long pass GFP filter (Excitation: 480/40).     

Generation and maintenance of rice suspension cell cultures 

 Rice suspension cell cultures were established based upon the protocols provided by 

Dr. Ron Qu and Dr. George Allen (Mustafa et al., 2011).  Briefly, rice suspension cells were 

grown in liquid AA medium (100ml of 10x major salts (3.7g/L MgSO4 ·7H20, 1.7g/L 

KH2PO4 monobasic, 4.4g/L CaCl2 ·2H2O, 29g/L KCl), 10ml of 100x minor salts (.0083g/L 

KI, .62g/L H3BO3, 2.23g/L MnSO4·4H2O, .86g/L ZnSO4·7H2O, .025g/L Na2MoO4·2H2O, 

.0025g/L CuSO4·5H2O, .0025g/L CoCl2·6H2O), 10ml of 100x ferrous EDTA stock solution 

(FeSO4·7H2O, Na2·EDTA, heat until it turns yellow), 3mM MES, 0.1ml of a 10mg/ml 

solution of 2,4-D, 2g N-Z-Amine A, 30g sucrose, add ddH2O p to 940ml, adjust pH to 5.8 

with 1M KOH, autoclave, add 10ml of filter sterilized AA vitamins (10g/L myo-inositol, 

0.05g/L nicotinic acid, 0.01g/L Pyridoxine-HCl, 0.05g/L Thiamine-HCl, filter sterilize) and 

50ml of 20x AA amino acids (17.54g/L L-glutamine, 5.32g/L L-aspartic acid, 4.56g/L L-

arginine, 1.5g/L glycine, filter sterilize)) containing .005% pectinase and placed in a shake 

incubator at 25o C and 160 rpm in constant dark.  Friable callus tissue of Taipai and 

Nipponbare rice varieties were used to inoculate 1ml of AA medium to start the cultures.  

Those cultures that were proliferating rapidly were transferred to fresh 5ml of medium and if 

growth continued the cells were inoculated into 2ml of fresh medium and eventually 50ml if 
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growth continued.  To ensure optimal growth conditions for the suspension cells, 5ml of 

suspension culture was inoculated into 45ml of liquid AA medium every week.       

Detection of ROS from elicitor treated rice suspension cells 

 The protocol for detection of H2O2 from rice suspension cells treated with elicitors 

was adapted from Schwacke and Hager (Schwacke and Hager, 1992).  Suspension cells that 

were re-suspended in new media for four days were selected to be treated with elicitors due 

to the younger age of the cells.   These suspension cells were first washed twice with wash 

media (1mM sodium phosphate, 2% sucrose, 1mM ammonium sulfate, 1mM magnesium 

sulfate, 1mM calcium chloride, 25mM potassium nitrate, and 20mM MES buffer) through 

miracloth.  Different amounts of cells and wash media were used to re-suspend the cells 

depending upon the elicitor used in the assay.  40mg (LPS) or 20mg (FLG22) of suspension 

cells were weighed out and re-suspend in 990ul (LPS) or 900ul (FLG22) of wash media for 1 

hour.  While the suspension cells were incubating, 50ul of SuperSignal® West Pico 

Luminol/Enhancer Solution (Thermo Scientific, Product # 34087) was added to 

predetermined wells in a 96-well plate.  100ul of a 5ug/mL FLG22 solution or 10ul of a 

50ug/mL LPS solution was then added to the corresponding suspension cell solution.  After 

the addition of the elicitor, 30ul of wash buffer from the rice suspension treatments was 

removed and added to a microcentrifuge tube at 15 minute intervals.  This tube was spun 

down to remove debris and 25ul of this solution was placed in a predetermined well within 

the 96-well plate containing 50ul of luminol solution.  Once all the samples were added, the 

plate was placed inside a luminometer and 100ul of 14mM potassium ferricyanide suspended 
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in 100mM Tris-HCL pH 8.5 was added to the wells.  Immediately after the addition of the 

potassium ferricyanide, the amount of fluorescence that was given off by each well was 

recorded.  Samples were taken from three independent suspension cell treatments.  The 

averages and standard deviations of the three treatments were calculated for each time point 

and plotted on a line graph.          

Results and Discussion 

Generating transgenic rice 

 Transforming mature rice leaves via infiltrating with A. tumefaciens containing genes 

of interest is extremely difficult and not an efficient means of rice transformation.  To 

develop a rice transformation system, rice callus was incubated with A. tumefaciens strains 

containing the GFP gene using the protocol developed by Patel et al.  Images of callus 

transformed with GFP indicates that the calli were able to be transformed with the GFP gene 

(Figure 4.1 A).  Both the bar gene and GFP were able to be amplified from multiple 

transformed calli, further indicating that the transformation was successful (Figure 4.1 B).  

None of the fluorescing callus developed into stably transformed plants, however.  Of the 

independent transformations that were performed, only a small percentage showed any 

degree of fluorescence.  Furthermore, only a small portion of the actively growing callus 

showed fluorescence.  These results indicate that the transformation efficiency was extremely 

low, which could be explained by the incomplete selection provided by glufosinate 

ammonium.  The bar gene confers resistance to both bialaphos and glufosinate ammonium, 

but non-transformed callus was able to grow on selection media containing either of the 
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chemicals at a reduced rate compared to the no selection control (Figure 4.2 and 4.3).  

Hygromycin, which is a commonly used chemical to select for transgenic plants containing 

the hpt gene, showed complete inhibition of the non-transformed calli.  However, there didn’t 

seem to be a difference in growth inhibition at any concentration of bialaphos or glufosinate 

ammonium and all three concentrations saw more callus growth compared to the hygromycin 

control.  Some of the callus that was incubated with A. tumefaciens containing the GFP gene 

developed shoots, but none of the shoots showed GFP fluorescence (Figure 4.4).  When the 

developed shoots were transferred to rooting media the plants failed to generate any further.  

These results show that transformation rate of the rice calli was extremely low and 

transformed calli was phenotypically indistinguishable from non-transformed calli. 

Detection of H2O2 from elicitor treated suspension cells 

 Lipopolysaccharides (LPS) from the gram-negative bacterium Pserudomonas 

aeruginosa and the flagellin protein FLG22 are two well characterized inducers of ROS from 

plant suspension cells (Desaki et al., 2006; Takai et al., 2008).  Both were chosen as elicitors 

to quantify the defense response from rice suspension cells.  Both LPS and FLG22 induced 

H2O2 production from rice cells compared to the buffer control (Figure 4.5).  The production 

of H2O2 steadily increased throughout the sampling period for both elicitors but a spike in 

H2O2 corresponding to the ROS burst, which is what has been reported in the past, was not 

observed (Desaki et al., 2006; Takai et al., 2008; Wojtaszek, 1997).  A possible reason for 

the steady increase in H2O2 instead of a spike could be related to the age of the suspension 

cells and the number of times they were re-suspended in fresh media to the wash buffer with 
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which they were treated with and suspended in for the elicitor assay, but this has yet to be 

proven.  Despite the lack of a spike, this assay was still able to detect H2O2 produced by the 

suspension cells and is a viable method to measure the defense response from plants.  
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Figures 

 

Figure 4.1.  Confirmation of GPF callus 

A. Images taken of callus transformed with the GFP gene.  The image on the left was 

taken using the bright field settings and the image on the right was under 

fluorescence.  Both images are at a 2x magnification.   

B. PCR confirmation of three independent GFP callus transformations.  Rice actin 

was used as a positive control for all three callus samples.  The plasmid pB7WG2 

with the GFP insertion was used as a positive control for the GFP and the Bar 

gene.    
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Figure 4.2.  Efficacy of callus selection.  Wild type Nipponbare and Taipai callus was placed 

on selection media containing hygromycin, bialaphos, or glufosinate ammonium.  50mg/L 

hygromycin was used as a positive control for callus death.  At all three concentrations of 

bialaphos and glufosinate ammonium, there was more callus growth observed compared to 

the hygromycin control 
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Figure 4.3.  Close-up images of the no selection and hygromycin controls (top) compared to 

glufosinate ammonium and bialaphos selection at concentrations listed in the literature for 

selection of transformed callus containing the bar gene (bottom).   
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Figure 4.4.  Multiple calli transformed with GFP showing shoot development.  It should be 

noted that the callus transformed with GFP showing shoot development did not show any 

fluorescence.    
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Figure 4.5.  Detection of H
2
O

2 
from elicitor treated rice suspension cells.  Three independent 

suspension cell aliquots were treated with either the LPS (top) or FLG22 (bottom) elicitor.  

The amount of H
2
O

2 
present was determined when H

2
O

2 
reacted with luminol and the amount 

of light given off was recorded by the luminometer as relative light units (RLU).  Samples 

were taken from each of the independent suspension cell treatments every 15 minutes.  The 

average and standard deviation of the RLU’s at each time point was calculated and plotted on 

the graph.   
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Appendix A 

Supplemental Table 1.  List of cloned genes from M. oryzae isolate 70-15 and the Gateway primers specific to each gene 

 

  

Gene number Forward Primer Reverse Primer

1 MGG_02848 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGCCCTTCACCATCCT GGGGACCACTTTGTACAAGAAAGCTGGGTATTTGGCAGGTCCGCGAAG

2 MGG_12942 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGCCCTTCACCATCCT GGGGACCACTTTGTACAAGAAAGCTGGGTACGCCTCAAAGGTCGTCTC

3 MGG_09378 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCTTTCTCTCAAAACCCT GGGGACCACTTTGTACAAGAAAGCTGGGTAAGAACAACACGCTGGTTGTC

4 MGG_14422 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAACTTTCCCTTCAAACG GGGGACCACTTTGTACAAGAAAGCTGGGTAAGGAGGCACAGATTCGTCAT

5 MGG_14820 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAATTCTTGGCCAGCAT GGGGACCACTTTGTACAAGAAAGCTGGGTAGGCGTTGCAGAAGCCGGTCT

6 MGG_09998 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGGCATCAAGCATCC GGGGACCACTTTGTACAAGAAAGCTGGGTAGATGCAGTAAGCACCACCGTTC

7 MGG_14080 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCACCGCAGTCTT GGGGACCACTTTGTACAAGAAAGCTGGGTAAACTTTGATCATGTACCCCTTGA

8 MGG_14734 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCTTGCACTTTGGTATAT GGGGACCACTTTGTACAAGAAAGCTGGGTATTGTACTTGCGAGTATACAC

9 MGG_01993 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCACCCTTCCCATC GGGGACCACTTTGTACAAGAAAGCTGGGTAAGTGGCACAGCACTTGTAGC

10 MGG_07969 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTCCGCATCACTATCG GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAACCCTGGCGCTGGAC

11 MGG_02166 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGTTTCCAAACCATCCT GGGGACCACTTTGTACAAGAAAGCTGGGTAGTATTCTGGTTTATACCCCAAAGCAA

12 MGG_07699 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAAACCAAGACAATTTTCCA GGGGACCACTTTGTACAAGAAAGCTGGGTATTCGGAGTCGCTGTCGCTCT

13 MGG_08543 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGACCACCGCCACCAT GGGGACCACTTTGTACAAGAAAGCTGGGTACTTGCCGCACCAGTCGGAGC

14 MGG_14600 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAACACATCAAGCTCTT GGGGACCACTTTGTACAAGAAAGCTGGGTAACAAACCGCCGAAAACGCCG

15 MGG_02154 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAATTTTCAATCCTCCA GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCGGCCTCTGACCCCTTTG

16 MGG_08451 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTCAAAATCTTCGCCCT GGGGACCACTTTGTACAAGAAAGCTGGGTAGGAAGGACCACAGCAGTCAT

17 MGG_09675 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGCTCTCTTCAGCCCT GGGGACCACTTTGTACAAGAAAGCTGGGTACGCAACCACCTTCGGAGCAG

18 MGG_02090 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTACCCCGTCGTTC GGGGACCACTTTGTACAAGAAAGCTGGGTAGTTGACAAGACAGTTGTCGTCCAAAA

19 MGG_02990 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGTTTCCAAACTGCCAC GGGGACCACTTTGTACAAGAAAGCTGGGTAATTCTGGAGCTTCATGCACT

20 MGG_08428 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGCTTCAGTCAATCATC GGGGACCACTTTGTACAAGAAAGCTGGGTAAAATTTAGGATCGTGGCTCA

21 MGG_10315 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTTCTCCCTCAAGACCGTTG GGGGACCACTTTGTACAAGAAAGCTGGGTAGCTCAGGATAGGAGTGCACTGGA

22 MGG_07986 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCACCCCAACACCATC GGGGACCACTTTGTACAAGAAAGCTGGGTACTCTTCCAATCCCGATACC

23 MGG_11610 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCTCCACCGTCTC GGGGACCACTTTGTACAAGAAAGCTGGGTAGTGGGCACTGTTGGCAGCGC

24 MGG_10335 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGGTCGGACAACTCGT GGGGACCACTTTGTACAAGAAAGCTGGGTACTGCTTCCGATGCCAGAC

25 MGG_02989 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCACCTCTCGGCCATC GGGGACCACTTTGTACAAGAAAGCTGGGTACCGAAAATACCACCCGAAAT
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Supplemental Table 1 continued.  

  

Gene number Forward Primer Reverse Primer

26 MGG_15443 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCACGTTAAGCAATCGAC GGGGACCACTTTGTACAAGAAAGCTGGGTAACAGAGGGCCAACGTTCC

27 MGG_07630 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCTCTTTCGCCAC GGGGACCACTTTGTACAAGAAAGCTGGGTAGTTGACTCTGGAGTCCGTCA

28 MGG_08817 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCAGCAGCGTCTT GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCGTCGGCCAGGTTGCT

29 MGG_09134 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGATCAAGGCCCTCAT GGGGACCACTTTGTACAAGAAAGCTGGGTAATGGCCGATGGGTGCCTGGC

30 MGG_05884 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCACCCCGAGAACCTT GGGGACCACTTTGTACAAGAAAGCTGGGTAGATTCTGACATTCGGGAACC

31 MGG_07623 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGCTCATCAGCACCTTG GGGGACCACTTTGTACAAGAAAGCTGGGTAGATAGGGAGTACGGCAAGC

32 MGG_09379 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGGTCCCAAGCCCTCCT GGGGACCACTTTGTACAAGAAAGCTGGGTAAGTGCTTTTAACCTGGTCCCAAT

33 MGG_05103 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAACTCATCAACATCCTC GGGGACCACTTTGTACAAGAAAGCTGGGTAATGCAACAATGCTTGATACCTG

34 MGG_13654 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCCTCGGCCTCA GGGGACCACTTTGTACAAGAAAGCTGGGTAGGTGCAGTTGGTGCAAGTGA

35 MGG_09569 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGGTCTTCATTCTCC GGGGACCACTTTGTACAAGAAAGCTGGGTAAGGATTCTCCATCTTACAGGTC

36 MGG_03671 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCTTCAGCGTCGC GGGGACCACTTTGTACAAGAAAGCTGGGTACTCCTCATCCTCATCCTCCT

37 MGG_09465 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTCTCCGGTGCTC GGGGACCACTTTGTACAAGAAAGCTGGGTAGAGAAGACCCTTCCTCGCCAGCTC

38 MGG_11072 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGATCAAGACTTTCGC GGGGACCACTTTGTACAAGAAAGCTGGGTAGTAGGTGCAAGTGCACTCGC

39 MGG_03791 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCATCACTGTCTC GGGGACCACTTTGTACAAGAAAGCTGGGTACTCCAGGCTGATCTCGTCGA

40 MGG_06953 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGGTCATCGCCATTCT GGGGACCACTTTGTACAAGAAAGCTGGGTACAAGTCGTCGCAGTAGTCG

41 MGG_04354 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCTTCACCAGCCTCGTT GGGGACCACTTTGTACAAGAAAGCTGGGTAGATCTGCTTGAGGTCCATGA

42 MGG_06234 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCCTACTCATCTCGACTTT GGGGACCACTTTGTACAAGAAAGCTGGGTAACGCGGTCCAAAACAAACT

43 MGG_07571 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGATGCAGCTCACTCGCTTCCT GGGGACCACTTTGTACAAGAAAGCTGGGTAATAGGTTATGCCGGCCTCGGTA

44 MGG_10456 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCATCTCTACCTTCCTC GGGGACCACTTTGTACAAGAAAGCTGGGTACTTCCTGTCGCACTCAAAGA

45 MGG_06840 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCACCTCCACCGT GGGGACCACTTTGTACAAGAAAGCTGGGTAGGCGCAGAGGGTAGCCTCGA

46 MGG_01872 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCCGAACCCTTATC GGGGACCACTTTGTACAAGAAAGCTGGGTACATGGCGTAAACGGCCCACA

47 MGG_01188 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGGCCTCGCGTCCCGGT GGGGACCACTTTGTACAAGAAAGCTGGGTAGAGGCTAGCCAGCTGGAGCT

48 MGG_04925 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGTTCCATCACGATGATACGTC GGGGACCACTTTGTACAAGAAAGCTGGGTAAATGCCATATCCATAACCTAAACC

49 MGG_08657 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGGTCTCGGTCTCCTC GGGGACCACTTTGTACAAGAAAGCTGGGTAGTAGCCCGGGCAGCGCGACA

50 MGG_01444 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGCTTCAACTCGATCAC GGGGACCACTTTGTACAAGAAAGCTGGGTACAGAAGAGCAGCAAGACCAG
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Gene number Forward Primer Reverse Primer

51 MGG_06771 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGCCCCGTTCTCATCT GGGGACCACTTTGTACAAGAAAGCTGGGTAGTTGCAGTGTCCCCAGTTCT

52 MGG_12847 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGCTTCACTGCTGCTGC GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCCAGGAGGGCAAGGGCGG

53 MGG_07311 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGAATCACGCGTGCACT GGGGACCACTTTGTACAAGAAAGCTGGGTAATCACCTCGCCAGTCGTTGA

54 MGG_01145 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCTCCACCACTGC GGGGACCACTTTGTACAAGAAAGCTGGGTATAGATCTTTGTCTATTGGCCCTTT

55 MGG_04841 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGTTCCTCATCCATCAT GGGGACCACTTTGTACAAGAAAGCTGGGTATGCAAGCAGCTAGACGAGAC

56 MGG_05232 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTCCCTCTTCCTCACA GGGGACCACTTTGTACAAGAAAGCTGGGTAAATGTATTGCCAAGCCGAAG

57 MGG_10102 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCTCTACTTACTACGC GGGGACCACTTTGTACAAGAAAGCTGGGTATCCGTGAATCCTTCCAGTCA

58 MGG_05635 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTGGCTGCAATCGTCGCT GGGGACCACTTTGTACAAGAAAGCTGGGTACAAAATGCCCATCACTCCGA

59 MGG_15044 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCAACAATATTGT GGGGACCACTTTGTACAAGAAAGCTGGGTAGCTGTGGTCGCCATCAGGAC

60 MGG_11991 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGCTCCTCAACATCGT GGGGACCACTTTGTACAAGAAAGCTGGGTATGCAGGCCCTTTGCAGGT

61 MGG_05504 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGCTCTCATCCGTCTT GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCAAGCTCCTCGCAAAAG

62 MGG_09693 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTTCGCGTTTCCACTT GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAACCCTGCTTCTTGACCT

63 MGG_09740 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCACATGTCAAAGGCACT GGGGACCACTTTGTACAAGAAAGCTGGGTATTGACCAGGAAGAGGGCATGG

64 MGG_04291 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGGGCTTCACCGTGATT GGGGACCACTTTGTACAAGAAAGCTGGGTATGGTGCCCAAAAATTAGGGTTT

65 MGG_09043 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGCCCTCCACCTTCGT GGGGACCACTTTGTACAAGAAAGCTGGGTAGCAGCTGCACCCCAAATAGT

66 MGG_08376 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAGAGTCAGCACCGCCTTT GGGGACCACTTTGTACAAGAAAGCTGGGTAATCCACGCACATGATCTTC

67 MGG_13133 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCATTACCACAGCCTGTTT GGGGACCACTTTGTACAAGAAAGCTGGGTATGCAACAACCTTATAGTACTTGATT

68 MGG_00216 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCGCCACTCTCGC GGGGACCACTTTGTACAAGAAAGCTGGGTACGGACTGGGGGTTGCAGTGA

69 MGG_15399 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCTCATCTCGCGCCTCCT GGGGACCACTTTGTACAAGAAAGCTGGGTAGTGTGTGCTGACGTCTGTTTC

70 MGG_05083 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTCATTCGTGCTCGTC GGGGACCACTTTGTACAAGAAAGCTGGGTACAGCAAGACAACGGCAGCA

71 MGG_14652 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTTGCCCCAAACATTTCT GGGGACCACTTTGTACAAGAAAGCTGGGTATCGCCCTTCTGACGGGTCAC

72 MGG_00259 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGGTCTCACTAAGCAT GGGGACCACTTTGTACAAGAAAGCTGGGTACGGCAGAGCCAACGGGCTCA

73 MGG_05344 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGTTCTCCAACATCC GGGGACCACTTTGTACAAGAAAGCTGGGTATTACAGGCCGCAGGCGTTGAG
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Appendix B 

Supplemental Table 2.  List of primers used for RT-PCR 

Primer Sequence 

GFP F ATGGTGAGCAAGGGCGAGGA 

GFP R TTACTTGTACAGCTCGTCCATGC 

SPD11 F ATGCAGTTCTCCAACATCCTCT 

SPD11 R TTACAGGCCGCAGGCGTT 

NPP1 F CTTCCCAAGTTCTTCACTCTCC 

NPP1 R CCTTGGCCAGGTTGTTCT 

ccdB F CGTTATCGTCTGTTTGTGGATG 

ccdB R GAACATCAGGTTAATGGCGTTT 
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Appendix C 

 

Supplemental Figure 1.  MGG_09378 (SPD3) cDNA alignment with its paralogs 

MGG_17319 and MGG_17582. 
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Appendix D 

 

Supplemental Figure 2.  MGG_02154 (SPD5) cDNA alignment with its paralogue 

MGG_02223 
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Appendix E 

 

Supplemental Figure 3.  MGG_11610 (SPD6) cDNA alignment with its paralogues 

MGG_16382 and MGG_16415 
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Appendix F 

 

Supplemental Figure 4.  MGG_09379 (SPD8) cDNA alignment with its paralogue 

MGG_16026. 
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Appendix G 

 

Supplemental Figure 5.  MGG_12942 (SPD2) amino acid alignment from M. oryzae strains 

70-15 and K98-02. 
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Appendix H 

 

Supplemental Figure 6.  MGG_10335 (SPD7) amino acid alignments from M. oryzae 

strains 70-15, 401.4, 1836.3, 4603.4, and 1801.4.   

 


