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XA21 confers resistance to bacterial blight of rice caused by Xanthomonas oryzae 

pv. oryzae (Xoo). The resistance progressively increases from susceptible juvenile 

stages to fully resistant adult stages. In this study, we have demonstrated that XA21- 

mediated resistance can be fully activated in juvenile plants by manipulating growth 

conditions. Resistance is triggered under low temperature while lost under high 

temperature. Distinctive resistant responses under different growth temperatures are 

independent of XA21 protein abundance, or Ax21 activity. The resistance is reduced 

dramatically by the addition of abscisic acid and jasmonic acid, but not significantly 

affected by application of other hormones, including indole-3-acetic acid (IAA), salicylic 

acid (SA), gibberellic acid (GA), brassinosteroid (BR), cytokinin (CTK), and ethylene 

(ET). 

Mitogen activated protein kinases (MAPKs) are important components of plant 

defense responses. This study also investigated the role of OsMPK3 and OsMPK6 in 

the resistance to bacterial blight disease of rice. While OsMPK3 is induced by Xoo 

infection, OsMPK6 protein abundance, in contrast, is not affected. A 48-KDa protein 

corresponding to OsMPK6 is activated by Xoo inoculation specifically in susceptible 
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plants. The activation process is disrupted by the Xoo resistance genes Xa21 and xa13. 

Genetic analyses show that loss of OsMPK3 does not alter the response to the 

challenge of Xoo. However, down-regulation of OsMPK6 by antisense (AS) leads to an 

enhanced resistance to Xoo, accompanied with constitutive expression of pathogenesis 

related (PR) genes. OsMPK6AS plants display dwarfism and produce smaller seeds. 

The dwarfism can be rescued by application of gibberellic acid. Change of metabolic 

related protein accumulation in OsMPK6AS plants has been identified by a proteomics 

approach, indicating that OsMPK6 is involved in rice development in addition to the 

defense response. 
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CHAPTER 1 
INTRODUCTION  

1.1 Plant Immunity 

With the explosion of world population, it is of vital importance to maintain high 

yields and a stable quality of crops to meet the ever increasing need for food supply. 

Plants, as a major source of nutrients and energy, are subject to huge economic losses 

due to various diseases. Plants, unlike animals, are sessile and lack active strategies or 

adaptive immune systems to cope with pathogen attack. Instead, plants have developed 

unique approaches to protect themselves from pathogen attack. In the evolving war 

against pathogens, plants generally rely on two major categories of innate immune 

responses, phrased in classical plant pathology as basal or horizontal resistance and 

resistance (R)-gene-mediated resistance or vertical resistance (Boller and Felix, 2009). 

The terms pathogen associated molecular pattern (PAMP)-triggered immunity (PTI) and 

effector-triggered immunity (ETI) are now being increasingly used to describe the plant 

immune architecture, because the former is elicited by conserved elements identifying a 

whole class of microbes while the latter is triggered by specific effectors (Jones and 

Dangl, 2006) (Fig. 1-1). 

1.1.1 PTI 

Pathogen associated molecular patterns (PAMPs).  PAMPs are molecular 

signatures conserved across different species activating plant basal defense (Boller and 

Felix, 2009). The presence of PAMPs is detected by hosts at the very early infection 

stage. The best studied examples of PAMPs identified from plant pathogens include 

flg22, a conserved series of peptides at the N-terminal of bacterial flagellin (Gomez-

Gomez and Boller, 2000); EF-Tu, elongation factors involved in protein synthesis mostly 
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studied in Agrobacterium (Zipfel et al., 2006); and chitin, the primary component of 

fungal cell walls (Bent and Mackey, 2007). Generally, PAMPs are required to maintain a 

normal microbial life cycle (Jones and Dangl, 2006). For example, flagellin encodes a 

core component of the flagellum required for bacterial movement (Gomez-Gomez and 

Boller, 2000). Bacteria with mutated flg22 display reduced virulence and impaired 

motility (Dodds and Rathjen, 2010). Flagellin is evolutionarily stable whether the 

microbe is pathogenic or not. As a result, the phrase microbe associated molecular 

pattern (MAMP) is now gaining favor over PAMP, but the term PAMP will be used 

throughout the dissertation, consistent with the term PTI (Bent and Mackey, 2007). 

PTI has long been underappreciated because of the challenges to experimentally 

validate the importance of PTI in the plant-microbe interactions (Boiler and He, 2009). 

Although there are numerous experiments showing the induction of defense responses 

by purified or synthetic PAMP compounds, it is an artificial circumstance different from 

natural infection in terms of dosage as well as infection sites (Bent and Mackey, 2007). 

The indispensible role of PAMPs in pathogen viability makes it unachievable to analyze 

the PAMP knock out mutants. Due to the impaired viability of PAMP mutants, reduced 

pathogenicity rather than increased infection will be observed with PAMP mutants (Bent 

and Mackey, 2007). The first piece of compelling evidence was provided by mutation of 

the cognate receptor protein recognizing flg22 (Bent and Mackey, 2007). The significant 

contribution of flg22 recognition to resistance is well exemplified by the fact that knock-

out of the flg22-receptor makes the plants more vulnerable to bacterial infection (Zipfel 

et al., 2004). 
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Pattern recognition receptors (PRRs).  Plant proteins responsible for 

recognition of PAMPs are termed pattern recognition receptors (PRRs) (Boller and 

Felix, 2009). It is speculated that plants possess a large collection of PRRs to ensure 

the immunity to the hundreds of the microbes in the environment. Nevertheless, most 

information to date on PRRs is mainly based on the study of flagellin sensitive 2 (FLS2) 

and elongation factor receptor (EFR). The majority of the PRRs remain to be discovered 

(Bent and Mackey, 2007). FLS2 and EFR are both membrane receptor like kinase 

(RLK) proteins with an extracellular leucine rich repeat (LRR) domain and an 

intracellular kinase domain (Gomez-Gomez and Boller, 2000; Chinchilla et al., 2006; 

Bent and Mackey, 2007). The Arabidopsis thaliana genome contains up to 610 

members of the RLK gene family, many of which are involved in biotic stress, indicating 

the possible presence of additional PAMP-PTI combinations (Lehti-Shiu et al., 2009). 

The interplay between PRRs and PAMPs occur in the extracellular spaces (Dodds and 

Rathjen, 2010). 

PTI is a quick but weak defense response, also referred to as non-host 

resistance, based on the fact that it is primarily responsible for resistance to non-

adapted pathogens (Dodds and Rathjen, 2010). A concept encompassed in PAMP and 

PTI is the universal presence and detection of the signals (Dodds and Rathjen, 2010). 

As a matter of fact, PAMPs and PRRs are both under natural selection, and an 

individual plant can mount immune responses only to a certain set of potential PAMPs 

(Dodds and Rathjen, 2010). Sequence analyses of flagellin domains in Xanthomonas 

campestris pv. campestris revealed amino acid differences sufficient to evade 

recognition by hosts (Sun et al., 2006). Flg22 from Agrobacterium tumefaciens cannot 
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trigger PTI in Arabidopsis as effectively as that from Pseudomonas (Felix et al., 1999). 

Instead, the EF-Tu proteins are dominant elicitors carried by A. tumefaciens triggering 

PTI. Correspondingly, PAMP perception in different species is variable. The recognition 

of EF-Tu has only been discovered in Brassica (Kunze et al., 2004; Dodds and Rathjen, 

2010). 

FLS2 signaling.  The best studied example of PTI is the response triggered by 

the recognition of flg22 by FLS2 (Chinchilla et al., 2006). Flg22 is the highly conserved 

22 amino acid motif at the N terminus of flagellin protein, the main building block of 

bacterial flagellum (Felix et al., 1999). The conserved 22 amino acid residues are 

sufficient for the recognition by FLS2 and the immune signaling (Felix et al., 1999; 

Gomez-Gomez and Boller, 2000; Asai et al., 2002). The extracellular LRR domain of 

FLS2 is dedicated to flg22 perception through direct binding while the kinase domain is 

responsible for the subsequent phosphorylation of the partner substrates to trigger the 

downstream pathways (Gomez-Gomez and Boller, 2000). FLS2 represents a 

conserved, ancient gene family as the FLS2 homolog in rice also retains the ability to 

sense flagellin (Chinchilla et al., 2006). FLS2 mutants exhibit increased susceptibility to 

spray application of Pseudomonas syringae, but not to infiltration of P. syringae (Zipfel 

et al., 2004), suggesting a protective role of FLS2 at the early infection stage. When 

FLS2 perceives the presence of flg22, FLS2 assembles an active complex with 

brassinosteroid insensitive1–associated kinase1 (BAK1) and undergo endocytosis, 

triggering the downstream signal pathways comprised of a quick rearrangement of host 

transcriptome, activation of the mitogen activated protein kinase (MAPK) cascades, 

induction of WRKY transcription factors, expression of pathogenesis related (PR) 
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genes, deposition of callose, and production of anti-microbial compounds (Robatzek et 

al., 2006; Chinchilla et al., 2007). Notably, flg22 treatment induces the expression of 

EFR, the cognate receptor of EF-Tu (Jones and Dangl, 2006). Consistently, the majority 

of genes induced by flg22 treatment are also upregulated by EF-Tu perception, 

indicating convergent downstream components shared by different PTI responses 

(Jones and Dangl, 2006). Although PTI is a primitive weak defense response, it 

establishes the first barrier to most microbes in addition to the preformed physical 

barriers (Bent and Mackey, 2007). 

1.1.2 Effector Triggered Susceptibility (ETS) 

To successfully invade plants, microbes secrete various effectors to overcome PTI 

for disease development (Fig. 1-1). Effectors are pathogen derivatives dampening PTI 

and contributing to virulence through interaction with hosts (Jones and Dangl, 2006). 

Most knowledge on effectors comes from research on bacterial effector proteins 

secreted by the type 3 secretion system (T3SS) (Chang et al., 2004; Grant et al., 2006). 

T3SS is a needle-like structure in gram-negative bacteria, translocating the infection 

related effector proteins into the host cell cytosol (Lahaye and Bonas, 2001). Bacteria 

impaired in T3SS are non pathogenic, implying the vital role of T3SS or T3 effectors in 

pathogenesis (Buttner and He, 2009). On average, 15 to 20 effectors are delivered into 

host cells by an individual bacteria strain  (Jones and Dangl, 2006). In stark contrast to 

PAMPs, the repertoire of effectors secreted by an individual species are under 

diversifying selection and do not always perform house-keeping functions (Bent and 

Mackey, 2007). Effectors of individual strains demonstrate great diversity as well as 

redundancy (Bent and Mackey, 2007; Dodds and Rathjen, 2010). In most cases, 
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effectors are functionally interchangeable (Bent and Mackey, 2007). Exceptions also 

exist as in the cases of the major virulence factors identified in Xanthomonas species in 

which mutation of a single effector gene can severely reduce the virulence of 

Xanthomonas strains (Shen and Ronald, 2002; Yang and White, 2004). 

The host targets of effectors vary greatly depending on the specific effectors, 

specifying the virulence mechanism. A major group of effectors target PTI enzymatically 

(Grant et al., 2006). AvrPtoB carries a kinase domain at the N terminus and a ubiquitin 

ligase domain at the C terminus (Hauck et al., 2003; Rosebrock et al., 2007; Shan et al., 

2008). AvrPtoB interacts physically with FLS2 to inhibit the kinase activity of FLS2 and 

to interfere with the oligomerization between FLS2 and BAK1, both of which are 

required for FLS2 signaling (Xiang et al., 2008). Consequently, the downstream PTI 

responses are suppressed, providing direct evidence that virulence effectors inhibit PTI 

for pathogenensis (Hauck et al., 2003; He et al., 2006). A few PTI components have 

been reported to serve as substrates of AvrPtoB mediated ubiquitination and 

degradation in vivo, such as FLS2 and EFR lysM receptor kinase CERK1 (Rosebrock et 

al., 2007; Gimenez-Ibanez et al., 2009; Hann et al., 2010). HopAI1 is a phosphatase 

secreted by P. syringae, disengaging activated MAPKs to disrupt the FLS2 signaling 

and defense response (Zhang et al., 2007). Besides PRRs and MAPKs, effectors can 

target other components of PTI. A number of effectors have been reported to suppress 

PAMP induced callose deposition and cell wall thickening (de Torres et al., 2006). 

HopM1 deactivates a small G protein involved in vesicle traffic, and inhibits callose 

deposition (Nomura et al., 2006). Multiple type 3 (T3) effectors, including AvrE, HopM1, 

HopF2 and HopG1, from Pseudomonas syringae pv. tomato (Pst) DC3000 inhibit 
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vascular flow into minor veins in leaves essential for resistance (Oh and Collmer, 2005). 

Pseudomonas adopts another strategy by producing a jasmonate mimic, coronatine to 

suppress the salicylic acid and abscisic acid pathways to prevent stomata closure and 

defense responses (Brooks et al., 2005). 

Besides targeting host defense responses, hijacking host transcription machinery 

is another important mechanism involved in pathogenesis. The typical examples are 

transcription activator like effectors (TALes) secreted by Xanthomonods (Boch and 

Bonas, 2010; Bogdanove et al., 2010). PthXo1 from Xanthomonas oryzae pv. oryzae 

(Xoo) induces the expression of a sugar transporter in rice to ensure nutrient supplies 

for bacteria to multiply (Yang et al., 2006; Chen et al., 2010b). The induction of the 

transporter family is required for successful disease symptom development. Mutation of 

either the virulence factor or the target sugar transporter will turn the otherwise 

compatible reaction incompatible (Yang et al., 2006). The introduction of another 

effector which possesses the ability to induce a second member of the sugar transporter 

family will complement pathogenesis (Antony et al., 2010). Another TALe AvrBs3 

targets a basic helix loop helix (bHLH) transcription factor responsible for cell size 

regulation and generates a hypertrophy phenotype (Kay et al., 2007). 

1.1.3 Effector Triggered Immunity (ETI) 

To counteract the large collection of various virulence effectors, plants have 

developed a surveillance system to monitor pathogen activity (Fig. 1-1). If effectors are 

trapped by a plant surveillance system, a second layer of resistance, ETI, will be 

triggered (Jones and Dangl, 2006). The recognized effectors are named avirulence 

effectors because the avirulence function always supercedes the virulence activity (Bent 

and Mackey, 2007). ETI is specific to certain race(s) of pathogens secreting effectors 
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and confers higher levels of resistance, always accompanied by a hypersensitive 

response (HR) (Bent and Mackey, 2007). HR is a localized cell death restricted to the 

infection area, presumably confining pathogen growth, but the dispensability of HR in 

resistance is still controversial (Greenberg and Yao, 2004). In 1986, bacterial hrp 

mutants were first generated from P.syringae. Hrp mutants not only lacked the infectivity, 

but also the ability to trigger the HR response, providing the first link between virulence 

effectors and resistance (Lindgren et al., 1986). 

Resistance proteins.  Plant proteins responsible for recognizing effectors are 

called resistance (R) proteins as originally defined in the classical gene-for-gene 

hypothesis (Flor, 1942). The interactions between R proteins from the host and cognate 

Avr gene products from the pathogen are required to trigger the resistance response. 

The vast majority of R proteins fall into the category of NB-LRR proteins, carrying a 

nucleotide binding domain (NB) and an extracellular leucine rich repeat (LRR) domain 

(Jones and Dangl, 2006). NB and LRR domain-carrying proteins are also involved in 

PAMP perception in animals (Jones and Dangl, 2006). NB-LRR proteins have 

demonstrated resistance to diverse pathogens including viruses, bacteria, fungi and 

oomycetes (Jones and Dangl, 2006). In contrast to PRRs, R proteins are under 

diversifying selection. Rreceptor-like kinases, kinases, receptors, and other proteins are 

also involved in the recognition of effectors. The first cloned R gene is Pto conferring 

resistance to the causal agent of bacterial spot in tomato, Pst DC3000 (Martin et al., 

1994). Pto encodes a serine threonine kinase interacting directly with AvrPto (Martin et 

al., 1994). This interaction will be recognized by a Pto interacting protein Prf and trigger 

the resistance responses (Pedley and Martin, 2003). 
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Ligand-receptor model.  Hypotheses explaining the mechanism of the 

interactions between Avr and R proteins have been modified with increasing knowledge 

of Avr-R proteins and their interactions (Fig.1-2). The most straightforward model is the 

ligand-receptor model in which R proteins physically interact with Avr proteins and the 

interactions trigger the downstream signal transduction pathway, resulting in a resistant 

response (Nimchuk et al., 2003). The ligand-receptor model stems partly from the fact 

that NB-LRR proteins dominate R proteins reported to date. The LRR domains, which 

are always involved in protein-protein interactions, specify the recognition of effectors 

(Dodds and Rathjen, 2010). The first supporting observation of the ligand-receptor 

model is that NB-LRR proteins encoded by Flax L genes interact with AvrLs in yeast two 

hybrid assays (Dodds et al., 2006). Moreover, differences in recognition specificity 

between seven polymorphic AvrL variants and three L protein derivatives can be 

correlated with the interaction specificity between NB-LRR and effectors, arguing for an 

antagonistic coevolution between the host and pathogen (Dodds et al., 2006). Direct 

binding between Pita and AvrPita has also been demonstrated both in vitro and in yeast 

two hybrid assays, supporting the ligand-receptor model (Jia et al., 2000; Dodds and 

Rathjen, 2010). An interesting case is the interplay between Cf9 and AvrCf9. Cf9 

encodes a receptor like protein, while AvrCf9 is an elicitor polypeptide that is secreted 

by Cladosporium fulvum into the intercellular spaces of tomato tissues (de Wit, 1995). 

This provides an ideal platform to validate the ligand-receptor model. However, no proof 

has been provided so far showing the direct interaction between Cf9 and Avr9 (Dodds 

and Rathjen, 2010). This result raises the possibility of indirect recognition of effectors 

by R proteins. Indirect interaction is also supported by the lack of evidence for the direct 
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interactions between many other R proteins and corresponding effectors. In particular, 

many effector proteins are secreted in the intercellular spaces while the cognate R 

proteins are cytosol-localized proteins, without direct access to effectors (Dodds and 

Rathjen, 2010). Different models for indirect recognition have therefore been proposed 

and are described below. 

Guard model.  The best described model for indirect interaction is the guard 

model. The principle of the guard model is that the plant R proteins monitor the 

presence of pathogens indirectly through the changes caused by the pathogen infection 

(Dangl and Jones, 2001). As a key component encompassed in the guard model, an 

accessory protein associated with the R protein is present and mediates recognition 

between the R protein and the Avr effector. In the absence of R proteins, effectors 

possess virulence functions by targeting the accessory protein (guardee) for successful 

colonization. Correspondingly, R proteins are developed by plants to monitor the 

modification induced by pathogens, or more specifically pathogen effectors, and 

subsequently trigger the defense responses (Jones and Dangl, 2006). Indirect 

interactions have been reported in a number of R-Avr combinations. One of the best 

acknowledged examples of guardee is RIN4 targeted by multiple effectors. In the 

AvrRPM1 and RPM1 interaction, RIN4 is phosphorylated by AvrRPM1 (Marathe and 

Dinesh-Kumar, 2003). The phosphorylation event can be detected by RPM1, which 

forms an exclusive protein complex with RIN4, and activates RPM1 mediated resistance 

(Mackey et al., 2002). Likewise, degradation of RIN4 by protease effector AvrRpt2 

prompts the defense response directed by RIN4 associated protein RPS2 (Axtell and 

Staskawicz, 2003). In the absence of the R proteins, as illustrated in the rpm1 rps2 
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double mutant, RIN4 is targeted by the effectors to suppress PTI (Mackey et al., 2002; 

Mackey et al., 2003). Thus, plants build up a stronger defense response through R 

proteins to guard against the pathogens attempting to inhibit PAMP-signaling. However, 

besides RIN4, there are other virulence factors targeted by effectors AvrRpm1, AvrRpt2 

and AvrB, because mutation of rin4 does not diminish the virulence activity of the 

effectors in the rpm1/rps2/rin4 mutant (Belkhadir et al., 2004). 

The guard model describes a sophisticated mechanism adopted by plants, 

monitoring the pathogen’s common targets or strategies instead of individual effectors 

(Marathe and Dinesh-Kumar, 2003). As indicated in the guard model, different effectors 

with completely independent origins or functions can target the same protein. The target 

can be recognized by multiple R proteins and vice versa, a single R protein can 

recognize more than one modified targets. As a result, this strategy involves a relatively 

small R gene repertoire to defend a broad diversity of pathogens, explaining 

evolutionarily how plants adapt to faster-evolving pathogens (Dodds and Rathjen, 2010). 

However, a contradictory evolution force lies within the guard model. The 

presence of the guardee or the target protein is indispensible for the virulence function 

of the effectors or the Avr proteins (Dodds and Rathjen, 2010). To minimize the 

pathogen effect, natural selection favors decreased activity of the guardee in the 

absence of R genes (van der Hoorn and Kamoun, 2008). However, in the presence of R 

genes, strong interaction with R proteins is a requisite for perception and defense of the 

pathogen (van der Hoorn and Kamoun, 2008). A number of studies show that target 

proteins are under selection to evade the interaction with effectors. For example, a 
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recessive allele of xa13 is present with a mutation in the promoter region so it cannot be 

induced/ targeted by the cognate effector pthXo1 (Yang et al., 2006). 

Decoy model.  There is growing support for the decoy model proposed to release 

the evolutionary constraint of target protein function vs effector recognititon. In the 

decoy model, a decoy protein is present mimicking the target of the Avr effector to trap 

the pathogen together with the activities of R proteins, but the decoy itself has no 

significant role in either susceptibility or resistance without the presence of R proteins 

(van der Hoorn and Kamoun, 2008). The decoy protein could be an outcome of a 

duplication event of the effector target, or from independent evolution solely for 

perception of pathogens (Dodds and Rathjen, 2010). Effector proteins, target proteins, 

decoys and R proteins are all involved in an evolutionary race. The decoy model is well 

exemplified by the perception of effector Avrpto. AvrPto directly targets FLS2 to inhibit 

PTI for virulence (de Torres et al., 2006). The kinase domain of FLS2 is closely related 

to the “decoy” Pto, and Pto competes with FLS2 for the interaction with AvrPto (Zipfel 

and Rathjen, 2008). The binding of Pto and AvrPto will be detected by Pto associated 

protein Prf, and consequently activate defense responses (Pedley and Martin, 2003). 

Another case in point is Bs3-driven resistance. AvrBs3 is a transcription factor like 

protein secreted by T3SS of Xanthomonas campestris pv. vesicatoria, the causal agent 

of bacterial spot on tomato (Bonas et al., 1989). AvrBs3 functions inside plant cells by 

binding to the promoter regions of host genes and induces host gene expression 

(Marois et al., 2002). AvrBs3 induces expression of UPA20 for the hypertrophy 

symptom in susceptible plants and upregulates the Bs3 gene in the incompatible 

reactions (Marois et al., 2002; Kay et al., 2007; Romer et al., 2007). The expression of 
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Bs3 cannot be detected without AvrBs3, indicating the dispensability of Bs3 in the 

normal plant life cycle (Romer et al., 2007). It is reasonable to postulate that Bs3 is the 

decoy, competing with the virulence target UPA20 for AvrsBs3 binding (van der Hoorn 

and Kamoun, 2008). There is evidence showing that an AvrBs3 homologue AvrHah1 

induces Bs3 and initiates defense responses as well, showing that Bs3 traps more than 

one pathogen effectors (Schornack et al., 2008). 

Bait and switch model.  In the decoy model, the decoy functions solely as a trap, 

instead of as the virulence target of the effectors. The decoy model fails to explain that 

Pto activates Prf, and that RIN4 contributes to the stability of RPM1 (Pedley and Martin, 

2003; Belkhadir et al., 2004). As a result, a two step recognition, the bait and switch 

model has been proposed (Collier and Moffett, 2009). The bait protein, which interacts 

with the R protein, acts as a cofactor. The recognition between the effector and the bait 

switches R proteins from an inactive priming status to the “ON” position and 

consequently activate defense signaling (Collier and Moffett, 2009). This model 

provides an alternative explanation of how NB-LRR proteins perceive the Avr effectors 

through an altered co-factor. Co-factors are involved in priming as well as autoinhibition 

of NB-LRR proteins (Mackey et al., 2002; Mucyn et al., 2006). For instance, ablation of 

RIN4 leads to the autoactivation of RPS2 and RPM1 (Belkhadir et al., 2004). The switch 

is flipped when the presence of Avr effectors trigger a conformational change of the bait 

protein and releases the autoinhibition on cognate R proteins (Collier and Moffett, 2009). 

After the signaling activation, the R protein undergoes a “reset” process by the 

intramolecular interactions, preparing for the next round of recognition (Collier and 

Moffett, 2009). 
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Currently, most of the models are based on limited number of examples, mainly 

from the NB-LRR-type of R proteins. However, how the NB-LRR proteins are activated 

is still under investigation. It is a challenge to fully understand the events as distinct 

mechanisms may be adopted, as exemplified in the two drastic recognition events 

(direct and indirect) described earlier. There are also cases that cannot be fully 

explained by the models described above. For example, Pto kinase phosphorylates 

AvrPto, and deactivates its E3 ubiquitin ligase activity (Ntoukakis et al., 2009). This is 

the only example so far in which plants take advantage of a pathogen’s virulence 

strategy (Dodds and Rathjen, 2010). Another interesting example is the co-effect of the 

Arabidopsis R proteins RPS4 and RRS1, responsible for resistance to bacteria 

Pseudomonas syringae and Ralsotnia solanacearum, respectively (Birker et al., 2009). 

Co-presence of RPS4 and RRS1 are required to specify the resistance to fungus 

Collectotrichum higginsianum despite the fact that RPS4 and RRS1 activate the same 

signal pathways (Birker et al., 2009). The precise mechanisms for the specificity 

remains an open question. Similarly, a pair of NB-LRR genes RPP2A and RPP2B have 

to cooperate in an unknown way for resistance to the oomycete pathogen Peranospora 

parasitica (Sinapidou et al., 2004). So far, no single Avr product interacting with both 

RPP2A and RPP2B have been identified; it is therefore possible that multiple 

avr/effector products are involved in the activation of the defense response (Sinapidou 

et al., 2004). 

1.1.4 Defense Signaling 

 Both PTI and ETI converge on the multifaceted downstream signaling for a 

common defense response, but vary in the magnitude (Dodds and Rathjen, 2010). Ion 

flux change is one of the earliest detectable components of defense responses (Boller, 



 

30 

1995). It can be detected as early as 0.5-2 min after pathogen perception (Boller, 1995). 

A rapid influx of calcium from the apoplast is induced by PAMPs leading to a quick 

increase of calcium concentration in the cytoplasm (Blume et al., 2000). The function of 

this Ca+ is still unclear. A possible explanation is that it serves as a second signal to 

activate Ca+-dependent protein kinases (Ludwig et al., 2005). Another early response is 

the burst of active oxygen species (Chinchilla et al., 2006). Reactive oxygen species 

(ROS) can function directly as antibiotic compounds as well as secondary messengers 

to activate stress responses (Apel and Hirt, 2004). 

MAPK cascades.  Numerous studies have demonstrated the importance of 

activation of mitogen activated protein kinase (MAPK) cascades in the defense 

response (Pitzschke et al., 2009a). The MAPK cascades are universally present in 

eukaryotes relaying and amplifying signals from extracellular receptors to intracellular 

responses (Rodriguez et al., 2010). The MAPK cascades are composed of minimally 

MAPK kinase kinases (MAPKKKs, also called MAP3Ks or MEKKs), MAPK kinases 

(MAPKKs, also called MKKs or MEKs) and MAPKs (or MPKs). The MAPK cascades are 

activated by a series of sequential phosphorylations. MAPKs are switched on by MKKs, 

which are turned on through phosphorylation by MAPKKKs activated by stimulated 

receptors (Rodriguez et al., 2010). Only a few MAPK cascades have been thoroughly 

studied. Adapting an elegant transient expression system in protoplasts, a MAPK 

module AtMEKK1-AtMKK4/5-AtMPK3/6 has been established, responsible for signal 

transduction following flg22 perception in Arabidopsis (Asai et al., 2002). The activation 

of this module is followed by the activation of WRKY transcription factors and PR gene 

expressions (Asai et al., 2002). The roles of AtMAPK3 and AtMAPK6 have been clearly 
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confirmed in other defense systems (Pitzschke et al., 2009a). AtMPK3 controls the 

switch of stomata opening, which is the “entrance gate” of various microbes (Gudesblat 

et al., 2007a, b). Guard cell specific silencing of AtMAPK3 allows enhanced growth of 

Pst mutant defective in producing coronatine to overcome the stomata defense 

(Gudesblat et al., 2007a, b). The presence of AtMAPK3/6 is required for the 

biosynthesis of camalexin and resistance to Botrytis cinerea in Arabidopsis (Ren et al., 

2008), indicating a compulsory role of AtMAPK3/6 in multiple defense strategies in PTI. 

Genetic studies propose another MAPK cascade, consisting of AtMEKK1-AtMKK1/2-

AtMPK4, as a negative regulator of the defense response (Ichimura et al., 1998). 

Elimination of either AtMEKK1or AtMPK4 fostered salicylic acid (SA) accumulation and 

PR gene expression, implying that this cascade inhibits the defense response by 

blocking the SA pathway (Ichimura et al., 2006; Suarez-Rodriguez et al., 2007). This 

cascade is also involved in ROS homeostasis as indicated by the significant overlapping 

in the genes deregulated by AtMEKK1 and ROS signaling in addition to the high levels 

of ROS accumulated in the mutants (Nakagami et al., 2006; Gao et al., 2008; Pitzschke 

et al., 2009b). AtMEKK1 employs a unique shortcut by directly interacting with WRKY53 

and promoting its DNA binding activity (Miao et al., 2007). Three direct substrates of 

AtMPK4 have been studied including WRKY33, WRKY25 and MAP kinase substrate 1 

(MKS1) (Andreasson et al., 2005). WRKY33 can be uncoupled with an inhibitive 

complex with MKS1 upon phosphorylation of MKS1 by activated MPK4 (Andreasson et 

al., 2005; Qiu et al., 2008). The released WRKY33 suppresses the expression of genes 

responsible for phytoalexin production and resistance, providing a mechanism of how a 

plant MAPK can play a negative role in defense response by regulating gene 
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expression (Qiu et al., 2008). A number of MAPKs have been shown to be induced by 

avirulent pathogens and involved in ETI (Pitzschke et al., 2009a). MAPKKKa have been 

shown to be essential for Pto-mediated HR responses in separate studies (del Pozo et 

al., 2004). 

Extensive research has been carried out to dissect the MAPK signaling in dicots, 

the study of MAPKs in monocots, however, lags behind and shows both conservation 

and divergence of functions for MAPKs. TaMPK3 and OsMPK3 are both activated in 

compatible interactions, but undergo a degradation or deactivation process in 

incompatible reactions, suggesting a negative role of MPK3 in wheat and rice defense 

responses (Xiong and Yang, 2003; Rudd et al., 2008). OsMPK3 and OsMPK6 are both 

activated by fungal chitin elicitors following activation of OsMKK4. The activity of 

OsMKK4 regulates cell death and diterpenoid phytoalexin production in an OsMPK6 

dependent manner (Kishi-Kaboshi et al., 2010). 

Hormone signaling.  Hormone pathways are also important components  

involved in the defense response. Imbalance of various hormones is observed after 

pathogen attack, including SA, jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), 

giberrelic acid (GA), cytokinin (CTK), brassinosteroid (BR), auxin [indole-3-acetic acid 

(IAA)] (Bari and Jones, 2009). Among all, SA, JA and ET signaling play a central role in 

regulating defense responses (Glazebrook, 2005; Bari and Jones, 2009). SA is induced 

by biotrophic pathogen and proposed as a crucial signal molecule in systemic acquired 

resistance (SAR) for activation of PR genes and resistance to biotrophs (Grant and 

Lamb, 2006). Exogenous application of SA induces PR gene expression and broad 

spectrum resistance (Grant and Lamb, 2006). Introduction of the nahG gene 
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responsible for SA degradation into Arabidopsis plants dramatically reduces SA 

accumulation and the resistance level (Heck et al., 2003; van Wees and Glazebrook, 

2003). However, endogenous SA accumulation in rice is maintained at high levels and 

does not respond to pathogen infection, indicating the divergence of SA signaling in 

monocots from that of dicots (Silverman et al., 1995). JA and ET pathways are, in 

contrast, more often correlated with resistance to necrotrophs (Bari and Jones, 2009). In 

the natural environment, plants concomitantly face the challenge of numerous microbes, 

which cannot be simply classified as purely biotroph or necrotroph (Bari and Jones, 

2009). Consequently, plants have to orchestrate different signaling for resistance 

according to the pathogen. Despite the evidence that SA and JA-ET pathways generally 

act antagonistically, there is evidence showing a synergistic effect between SA and JA-

ET pathway (Bari and Jones, 2009). Overlap of the downstream genes has also been 

reported, reinforcing the idea of interdependence between different hormone pathways 

(Tsuda et al., 2009). A study applying multiple mutants from both pathways has shown 

that SA and JA-ET cooperate to amplify the otherwise weak response in PTI while 

function redundantly in ETI (Tsuda et al., 2009). The weak signal and requirement for 

multiple components in PTI explains why effectors can efficiently block the PTI. 

Interruption of any of these components can disrupt the response. In contrast, ETI is a 

stronger response and has a compensatory effect, making it a robust barrier to 

pathogen infection (Dodds and Rathjen, 2010). 

Auxin contributes to the regulation of defense responses to various pathogens in 

an manner independent from JA or SA. Marker genes in SA or JA pathways are not 

altered in auxin signaling mutants (Bari and Jones, 2009). The mechanisms of how 
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auxin is involved in the defense response are poorly understood. A possible explanation 

is that auxin exerts its effect by modulating the synthesis and catabolism of other 

hormones and consequently the defense response (Paponov et al., 2008). Auxin has 

been reported to promote susceptibility to pathogens, whereas decreased auxin 

signaling elevates resistance, implying a dilemma between developmental and 

resistance programs of plants (Navarro et al., 2006). The role of ABA in the defense 

response varies, depending on the nature of the pathogen. For example, ABA enhances 

the resistance of tobacco to tobacco mosaic virus (TMV) while suppresses the defense 

response to B. cinerea and Pst (Audenaert et al., 2002). ABA is involved in defense 

response through regulating stomata closure, cell wall metabolism, production of ROS, 

and defense related gene expression (Bari and Jones, 2009). The participation of GA in 

the defense response is mainly mediated by the GA response repressors DELLA 

protein (Navarro et al., 2008). Stabilization of DELLAs are involved in the growth 

inhibition effect of flg22 treatment (Navarro et al., 2008). DELLA mutants display 

elevated resistance to necrotrophs and attenuated resistance to biotrophs with an 

altered balance between the SA and JA pathways (Navarro et al., 2008). Regulating 

ROS levels is another mechanism through which GA functions to modulate immunity. 

Higher levels of ROS accumulation and repressed ROS detoxification enzymes have 

been observed in DELLA mutants (Achard et al., 2008). Higher levels of active GA 

caused by mutation of GA deactivating enzyme is associated with compromised 

resistance to Xoo (Yang et al., 2008), while an increased level of GA in impaired GA 

receptor mutants leads to elevated resistance to Magnaporthe grisea (Tanaka et al., 

2006). Significant overlapping has been reported between genes regulated by 
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Plasmodiophora brassicae and those involved in CTK homeostasis, indicating a key 

role of CTK in disease development (Siemens et al., 2006). BR has been reported to 

increase the resistance to various pathogens including TMV, Pst, M. grisea and Xoo in 

both dicots and monocots in a SA independent way (Nakashita et al., 2003). The most 

intriguing discovery is the dual role of BRI1-associated kinase 1 (BAK1) in the interplay 

between BR signaling and defense pathways (Chinchilla et al., 2007; Heese et al., 

2007). BAK1 was identified based on its association with the brassinosteroid receptor 

BRI1 and its crucial role in BR signaling. On the other hand, BAK1 serves as a 

coreceptor of FLS2 and EFR and forms an active signaling complex in a ligand 

dependent manner to initiate the defense response (Chinchilla et al., 2007). Mutation of 

BAK1 promotes pathogen growth and abolishes the ROS burst which cannot be 

rescued by application of BR, indicating that BAK1 is positively involved in the defense 

response in a BR-independent manner (Kemmerling et al., 2007). 

The final output of defense responses include callose deposition, PR gene 

expression and HR responses (Boller and Felix, 2009). There are other byproducts of 

pathogen recognition that may not be required for resistance. A shift from the growth to 

the defense program might be initiated when the defense response begins (Zipfel et al., 

2004). It is very interesting to note how pathogens take advantage of these downstream 

signaling processes for disease development. MAPK cascades are targets of numerous 

effectors as described earlier in 1.1.2. A set of effectors function by interfering with cell 

wall thickening. GA was originally identified as produced by Gibberella fujikuroi, the 

causal agent of foolish seedling disease in rice (Kurosawa, 1926). Pst manipulates the 

plant defense response by producing a JA mimic coronatine to inhibit the SA pathway 
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(Cui et al., 2005). BAK1 is a direct virulence target of AvrPto and AvrPtoB to interfere 

with the common components of PTI signaling (Shan et al., 2008). 

1.2 Bacterial Blight of Rice  

Rice-Xoo interaction.  Rice is one of the most widely cultivated crops and the 

main source of nutrients and calories essential to human activities. Bacterial blight of 

rice caused by Xanthomonas oryzae pv. oryzae (Xoo), is the most devastating bacterial 

disease of rice in both irrigated and upland rice (Ou, 1985; Mew, 1987). Bacterial blight 

can reduce rice yield up to 20~50% in rice growing regions, and cause over 50% in 

economic loss depending on the cultivar, climate and other conditions (IRRI: 

www.irri.org). Due to its potential threat to rice production, Xoo is listed as select agent 

in the U.S.by Animal Plant Health Inspection Service (APHIS) (www.aphis.usda.gov). 

Xoo enters plants mostly through natural openings or wounds, and stays within the 

xylem tissues. The early signs on infected rice leaves are water soaked symptoms due 

to the degradation of cells and the release of water. As the disease progresses, leaves 

shrink, wilt and become chlorotic as xylem tissues are clogged by the pathogen and its 

derivatives after 6-7 days. Breeding programs introducing resistance (R) genes have 

become the primary strategy for control of bacterial blight. Almost thirty R genes from 

various sources have been identified conferring resistance to different races of Xoo. 

Among them, six R genes have been cloned. Different from the classical NB-LRR 

category of R proteins, R proteins conferring resistance to bacterial blight are diverse 

(White and Yang, 2009). XA1 is the only NB-LRR type of R protein identified thus far in 

rice responsible for resistance to Xoo (Yoshimura et al., 1998). Xa21 and Xa26 encode 

receptor like kinases (RLK) (Song et al., 1995; Sun et al., 2004; Xiang et al., 2006), 

while the other three R proteins, XA27, XA5 and XA13, do not conform to the classical 
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R protein structures (Chu et al., 2006a; Yang et al., 2006). Correspondingly, effectors 

deployed by Xanthomonods are secreted by multiple strategies including T3SS as well 

as type 1 secretion system (T1SS) and type 2 secretion system (T2SS) (Jha et al., 2007; 

White and Yang, 2009). The broad diversity of R proteins discovered and effectors 

involved in the rice-Xoo relationship implies that distinctive machineries have emerged 

in the evolution. 

1.2.1 Effectors 

The virulence arsenals of Xoo consists of different components, including 

adhesion synthesis, exopolysaccharide (EPS) production, regulation of pathogenicity 

factor (rpf) gene clusters, T1SS, T2SS and T3SS (Jha et al., 2007; Salzberg et al., 2008; 

White and Yang, 2009). T1SS is responsible for direct transport of proteins from 

bacterial cytoplasm through the membrane into the extracellular environment. T1SS is 

required for Ax21 activity and activation of XA21-mediated immunity (da Silva et al., 

2004). Transport through T2SS mediates a two-step secretion system machinery: the 

initial translocation into the periplasmic space and final transport across the outer 

membrane directed by a multimeric complex pore. In Xoo strain PXO99a, only a single 

copy of the T2SS subunits has been detected, in contrast to the two T2SSs encoded in 

Xanthomonas campestris pv. campestris and Xanthomonas axonopodis pv citri (Xac) 

(Salzberg et al., 2008). T2 effectors, consisting mainly of cell wall degrading enzymes 

such as cellulose, contribute to virulence, as exemplified by severely reduced virulence 

activities of T2SS mutants (Büttner and Bonas, 2010). Multiple mutations, but not single 

mutation of T2 effectors lead to attenuated virulence, indicating the functional 

redundancy of the T2 effectors (Ray et al., 2000). Purified T2 effectors and soluble 

elicitors have been reported to induce a HR and defense responses (Jha et al., 2007). A 
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very interesting interplay between T2SS and T3SS has been discovered using genetic 

strategies. A T3SS- mutant was identified which could trigger the defense response in a 

T2SS dependent manner, while immune response induced by type 2 effectors were 

depressed by type 3 effectors (Jha et al., 2007). 

As a member of the γ-proteobacteria, Xanthomonas relies heavily on the T3SS for 

pathogenencity. Type 3 effectors from Xanthomonas were classified into 39 groups 

according to sequence and structure similarities and 23 of these are present in the Xoo 

genome (White et al., 2009). TALe is the largest family of T3 effectors identified in 

Xanthomonas (White and Yang, 2009). TALes are found only in Xanthomonas species 

and less related homologues in Ralstonia solanacearum (Alfano and Collmer, 2004; 

Cunnac et al., 2004; Heuer et al., 2007). TALe members share conserved T3 secretion 

signals at their N terminus. At the C-terminus, there are three nuclear localization 

signals (NLS) and an acidic activation domain (AD), which are typical eukaryotic 

transcription factor structures (Szurek et al., 2001). With accumulating evidence 

showing the functional significance of the TALes in pathogenicity, the mechanisms by 

which TALes recognize and manipulate the host targets aroused wide interest. The 

presence of typical eukaryotic nuclear localization signals indicates that TALes may 

function inside the plant cell nucleus (Zhu et al., 1998; Yang et al., 2000; Szurek et al., 

2001). The functional importance of nuclear localization has been verified in studies of 

AvrXa7 and AvrXa10 (Zhu et al., 1998; Yang et al., 2000). Mutation of the activation 

domain results in the malfunction of TALes, indicating that AD is indispensable for a 

functional TALe (Zhu et al., 1998; Boch and Bonas, 2010). 
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Each TALe protein carries a central repeat region (CRR) consisting of almost 

perfect 34 or 35 amino acid repeats (Bonas et al., 1989; Szurek et al., 2001; Boch and 

Bonas, 2010). The number of repeats varies among family members from 1.5 to 33.5, 

contributing to host recognition specificity (Boch et al., 2009; Bogdanove et al., 2010). 

Some of the repeats may not be functional, as a minimum requirement of 6.5 repeats is 

sufficient for the DNA binding activity of a single TALe (Boch et al., 2009). Once TALes 

reach the plant cell nucleus, the CRR directly binds to the host DNA and activates host 

gene expression. The binding specificity between the central repeats and the promoter 

region determines the specificity of its host targets (Boch and Bonas, 2010). The CRR is 

highly conserved among all members except for the highly variable amino acids at 

positions 12 and 13 (referred to as repeat-variable diresidues, RVDs), which define the 

specificity of the binding to its host targets (Boch and Bonas, 2010; Bogdanove et al., 

2010). When CRR is swapped between TALes, the host specificity associated with the 

TALe is switched, consistent with the origin of the repetitive region (Yang et al., 2000; 

Yang and White, 2004). It is predicted that CRR forms a solenoid superhelical fold that 

wraps around the DNA (Bogdanove et al., 2010). 

Sequencing of Xoo strains reveals an unusually high copy number of TALes in the 

Xoo genome (Kim et al., 2008). Xoo strain PXO99a carries 19 TALe members, more 

than in most Xanthomonas species (Salzberg et al., 2008; Ochiai et al., 2005; Furutani 

et al., 2009). Nearly all of the 19 members in PXO99a are distinguishable by the 

polymorphism of the two variable amino acid residues. The “large investment” in TALes 

by Xoo indicates its potential importance in fitness and virulence (White and Yang, 

2009). Function of TALes can be unique and unexchangable. Currently, four TALes 
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have been reported as major pathogenicity determinants due to their indispensability for 

the strains secreting them, including pthXo1 from PXO99a, AvrXa7 secreted by PXO86, 

PthXo2 and PthXo3 (Swarup et al., 1992; Duan et al., 1999; Bai et al., 2000; Yang and 

White, 2004; Yang et al., 2006; White and Yang, 2009). PthXo1 is the only major 

virulence factor identified in strain PXO99a up to now (White and Yang, 2009). PthXo1 

functions mainly through inducing the susceptibility gene Xa13, a cellular sugar 

transporter for nutrient supply (Yang et al., 2006; Chen et al., 2010b). In the absence of 

PthXo1, the high induction of Xa13 by PXO99 is abolished, along with loss of disease 

symptoms (Yang et al., 2006). This study provides direct evidence that in addition to 

attacking the plant immune system, bacteria can also manipulate host metabolism for its 

own benefits and pathogenesis. 

Other TALes contribute to pathogenicity in a more subtle way under certain 

conditions (White and Yang, 2009). No detectable difference has been discovered for 

the pthXo7- deficient mutants of PXO99a. Intriguingly, introduction of pthXo7 enables 

Xoo strain PXO86 to overcome resistance conferred by the recessive R-gene xa5 

(Sugio et al., 2007). In contrast to PthXo1 that induces the dominant allele of Xa13, 

PthXo7 does not change the expression pattern of Xa5 (OsTFIIAγ5) (Sugio et al., 

2007). However, PthXo7 upregulates the expression of OsTFIIAγ1, a paralogue of 

OsTFIIAγ5 located on chromosome 1 (Gu et al., 2005). Nevertheless, the involvement 

of PthXo7 in xa5-mediated resistance is still inconclusive. The significance of 

OsTFIIAγ1 induction and the role of OsTFIIAγ5 in susceptibility are still under 

investigation. PthXo6 elevates the transcription of host gene OsTFX1 (Sugio et al., 

2007). OsTFX1 is a member of the bZIP family of transcription factors, which are 
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involved in the regulation of many developmental and physiological processes. The 

dependence on PthXo6 for virulence can be overcome by ectopic expression of 

OsTFX1. OsTFX1 is inducible by multiple Xoo strains, suggesting that induction of 

OsTFX1 is a common phenomenon of bacterial blight. The targeting of transcription 

factors in rice plants suggests that modulating host transcription machinery is an 

important strategy deployed by Xoo for virulence activity. 

AvrXa7 is required for pathogenicity of Xoo strain PXO86 (Bai et al., 2000; Yang et 

al., 2000). In addition to its Xa7-dependent avirulence activity, AvrXa7 is required for the 

full virulence of PXO86 (White and Yang, 2009). AvrXa7- mutants retain only weak 

virulence (White and Yang, 2009). Two avrXa7 homologous in PXO99a, pthXo4 and 

pthXo5, maintain the virulence, but are not able to trigger Xa7-mediated resistance 

(Yang et al., 2005). An AvrXa7 derivative has been generated maintaining the Xa7-

dependent activity but without any virulence activity (White and Yang, 2009). Another 

derivative is deprived of both virulence and Xa7-dependent avirulence activity. 

However, it acquired the ability to trigger the resistance response on the otherwise 

susceptible line IR24, but not on another susceptible line Nipponbare. 

A number of TALes have been identified as avirulence factors when the TALes are 

recognized by the hosts after entering the plant cells. Plants can recognize TALes and 

respond by building up defense responses. AvrXa7 is a major virulence factor in a 

compatible reaction and activates Xa7-mediated immunity in the presence of Xa7 (Yang 

and White, 2004). AvrXa27, another TALe, elicits Xa27-mediated defense responses by 

inducing the expression of Xa27 (Gu et al., 2005). As stated above, the functions of 

TALes are quite diverse, ranging from major pathogenicity factors, to weak virulence 
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factors, to avirulence factors. Occasionally, a single TALe member can play opposite 

roles in different hosts as in the case of AvrXa7 (Bonas et al., 1989; Marois et al., 2002). 

A systematic mutant screening was carried out to identify pathogenic T3 factors 

other than TALes in PXO99a. By screening 18 non-TALe T3 effector mutants, XopZ 

was identified as contributing to the virulence of strain PXO99a. PXO99a possesses two 

identical copies of XopZ in its genome playing a redundant function in suppressing PTI.  

XopZ is a protein of unknown function conserved across different Xanthomonas species, 

indicating the importance of this gene (Song and Yang, 2010). 

1.2.2 R Proteins 

R proteins responsible for resistance to Xoo are diverse in terms of both structure 

and function. Xa21 was the first cloned R gene for bacterial blight of rice as well as the 

first example of the RLK class of R genes. Xa21 expression is not changed by pathogen 

infection in either compatible or incompatible interactions, indicating that Xa21 is likely 

to be regulated at the posttranscriptional level (Century et al., 1999). Since the cloning 

of Xa21, an increasing number of XA21 binding proteins have been identified 

associated with XA21 stability or activity and consequently alter XA21-mediated 

resistance (Wang et al., 2006; Park et al., 2008). However, how the Xa21-mediated 

signal is transduced and regulated is still under investigation. In contrast to Xa21 and 

the majority of R genes that are expressed constitutively, Xa27 expression is induced 

exclusively in incompatible interactions when challenged by the pathogen harboring 

corresponding AvrXa27 (Gu et al., 2005). Constitutive expression of Xa27 confers 

resistance to otherwise compatible strains, independent of AvrXa27, confirming that 

expression of the Xa27 gene is crucial for the resistance response. The resistant and 

susceptible alleles of Xa27 harbor identical coding regions, the product of which is toxic 
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to rice. Pathogens delivering AvrXa27 can exclusively induce Xa27 expression and 

consequently cause a hypersensitive response in plants carrying Xa27. The different 

expression pattern between Xa27 and xa27 is specified by the variance in the promoter 

regions. Mutation of avrXa27 can turn the incompatible interaction with Xa27-carrying 

plants into a compatible reaction, without causing any detectable change in fitness or 

virulence of the pathogen (Gu et al., 2005; Ochiai et al., 2005). AvrXa27 belongs to the 

TALe family. When the NLS or AD of avrXa27 is mutated, the resistant response cannot 

be activated, confirming that the transcriptional activation of the Xa27 by AvrXa27 is the 

key step in initiating the resistance response (Gu et al., 2005). 

Most R genes identified to date are dominant or semi-dominant. Recessive r 

genes such as xa5 and xa13 are rarely reported (Iyer and McCouch, 2004; Chu et al., 

2006a; Yang et al., 2006; Iyer-Pascuzzi and McCouch, 2007; Kottapalli et al., 2007). 

Xa5 (OsTFIIAγ5) encodes the gamma subunit of general eukaryotic transcription factor 

IIA located on chromosome 5 (Iyer and McCouch, 2004). This is the very first example 

of general transcription factors involved in resistance. The difference between the 

resistant and susceptible alleles results from two nucleotide substitutions leading to an 

amino acid change (Iyer and McCouch, 2004). Pathogens adapted to the resistance by 

deploying TALes inducing a second form of the gamma subunit of OsTFIIA on 

chromosome 1, OsTFIIAγ1 (Sugio et al., 2007). The protein product of Xa13 shares 

high similarity to members of the MtN3 family from plants and animals, and is therefore 

named Os8N3 (Yang et al., 2006). RNA interferencing (RNAi) of Xa13 results in loss of 

fertility accompanied with resistance, indicating that Xa13 is involved in regulation of 

pollen development (Chu et al., 2006b). Xa13 is induced by virulent pathogen infection, 
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or more specifically by PthXo1, to facilitate the pathogen amplification and disease 

development (Iyer-Pascuzzi and McCouch, 2007). Failure to induce the dominant 

alleles will lead to lack of disease symptoms, and consequently a resistant response. 

The dominant alleles are therefore designated as susceptible genes required for 

disease (Kottapalli et al., 2007). The resistance mediated by xa13 arises from the 

interference of the Xa13 induction by PthXo1 (Yang et al., 2006). The difference 

between the dominant susceptible and recessive resistant alleles lies in the promoter 

regions. A mutation in the promoter of the susceptible allele makes it non-inducible by 

pthXo1 and initiates a resistance response, confirming that the switch between the 

resistant and susceptible response lies mainly at the transcriptional level (Chu et al., 

2006b). Homozygous xa13 confers resistance to strains solely relying on PthXo1 for 

virulence. When a pthXo1 homolog AvrXa7 was heterologously introduced into strain 

PXO99, it was able to overcome the resistance conferred by xa13 (Bai et al., 2000; 

Yang et al., 2006). A recent finding shows that Xa13 (Os8N3) belongs to a large gene 

family of sugar transporters SWEET. Pathogens may take advantage of this cellular 

sugar transporter to ensure nutrient supply essential for the successful multiplication of 

the pathogen. The presence of other family members of the SWEET gene family 

provides the possibility for other effectors to complement the pthXo1- mutant. 

Introduction of AvrXa7 into the PXO99a pthXo1- mutant could rescue its pathogenicity 

and cause wild type disease symptoms (Antony et al., 2010). The target of AvrXa7 is a 

member of the SWEET gene family as well, implying the importance of the nutrient 

supply for successful pathogen invasion (Antony et al., 2010). 
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Another interesting discovery concerning R-gene functions is that different R 

genes do not necessarily work independently or in parallel. They may co-operate in the 

signal pathway and one R gene may lie downstream of another. For example, 

OsTFIIAγ5 is required for the activation of Xa27 by AvrXa27 (Gu et al., 2009). In the 

xa5/xa5 background, Xa27 induction and Xa27-mediated resistance is clearly 

attenuated (Gu et al., 2009). Resistance mediated by xa5 is reduced in the homozygous 

Xa27 plants. As TALes target host transcription, it is reasonable to speculate that TALes 

may work on the general transcription factors for this purpose. How the specificity is 

controlled remains to be elucidated. The diversity of the R genes and distinctive 

mechanisms involved in the resistance response underlines the importance and 

challenges in studying the interplay between rice and Xoo. 

1.3 XA21-Ax21 system 

In the early 1970s, Xa21 was first identified in a wild rice species Oryza 

longistaminata from Africa conferring broad spectrum resistance to diverse races of 

Xanthomonas oryzae pv. oryzae found in Asia and Africa (Park et al., 2010a). Later, 

Xa21 was isolated by Song and colleagues with a map-based cloning approach (Song 

et al., 1995). When the Xa21 gene was introduced into an otherwise susceptible line, 

plants showed a high level of resistance to all strains carrying the cognate effector 

(Wang et al., 1996). Xa21 encodes a receptor kinase protein, a family of proteins which 

are widely involved in pathogen pattern recognition and innate immunity in both plants 

and animals (Song et al., 1995; Park et al., 2010a). XA21 carries an extracellular 

leucine rich repeat domain (LRR), a transmenbrane domain, a juxtamembrane domain, 

and a cytoplasmic kinase domain (Song et al., 1995). The presence of LRR domains, 

which are involved in protein-protein interactions, indicates the potential involvement of 
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XA21 in direct pathogen signal recognition. The role of LRR domains in pathogen 

perception was confirmed in the study of another member of the Xa21 gene family 

Xa21D (Wang et al., 1998). XA21D carries only the presumed extracellular LRR domain 

and confers partial resistance with a spectrum identical to XA21, indicating the 

determinant role of LRR domains in race-specific pathogen recognition by the Xa21 

gene family. The kinase domain, however, may contribute to signal transduction by 

phosphorylation of the downstream components. Substitution of the 

autophosphorylation residues Ser686, Thr688 and Ser689 does not affect the 

autophosphorylation activity, but affects the stability of XA21protein and abolishes the 

resistance mediated by Xa21 (Xu et al., 2006). Mutation of the Thr 705 residue in the 

juxtamembrane leads to an impaired ability in autophosphorylation, and interrupts 

interactions with four XA21 binding proteins and consequently the defense response. 

These findings support the crucial role of autophosphorylation in XA21-mediated 

resistance (Chen et al., 2010d). 

The importance of XA21-mediated immunity has focused significant effort into the 

study of XA21 signaling. A systematic yeast two hybrid assay using XA21 protein as 

bait yielded a number of proteins that bind to XA21. These XA21 binding proteins (XBs) 

were biochemically distinct and differentially involved in XA21-mediated resistance. XB3 

is an E3 ubiquitin ligase carrying a signature RING finger domain, phosphorylated by 

XA21 (Wang et al., 2006). XB3 is required for the stability of XA21. Reduced XB3 

protein abundance by RNA interferencing renders only partial resistance in Xa21-

carrying plants. It is reasonable to speculate that XB3 contributes to XA21 signaling by 

mediating the degradation of negative regulators of XA21 by ubiquitination. XB25 
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interacts with XA21 both in vitro and in vivo, and contributes to XA21-mediated 

resistance. However, the mechanism of the XB25 contribution to the resistance is still 

unknown, but likely involves the ankyrin domain present in XB25. In contrast to XB3 and 

XB25, all other XA21 binding partners reported so far are negatively involved in XA21-

mediated resistance. A BiP3 protein has been discovered in the Xa21 protein complex 

by immunoprecipitation followed by QC-MS/MS (Park et al., 2010b). Ectopic expression 

of OsBiP3 causes delayed XA21 accumulation and compromised XA21-mediated 

resistance. XB15 falls into protein phosphotase 2C group, and works as a serine 

threonine phosphatase (Park et al., 2008). XB15 reverses the autophosphorylation 

activity of XA21 in a temporal and dosage dependent manner in vitro. Overexpression 

of XB15 downregulates resistance to Xoo mediated by XA21. In contrast, cell death and 

constitutive PR gene expression are observed in plants with reduced levels of XB15. 

XB24, however, keeps XA21 in an inactive state by enhancing the autophosphorylation 

of XA21 in the absence of effectors (Chen et al., 2010c). XB24 carries an ATPase 

domain and functions mainly before the recognition of Ax21. The presence of the 

cognate effectors triggers the dissociation of XA21 from XB24 to activate XA21 

signaling and meanwhile promotes the interaction between XA21 and XB15. The 

involvement of transcription factors in XA21-mediated immunity is established through 

the study of OsWRKY62, also named XB10 because of its interaction with XA21 (Peng 

et al., 2008). Differing from the Arabidopsis WRKY transcription factors AtWRKY22 and 

AtWRKY29, which are induced by recognition of flg22 by FLS2, XB10 is negatively 

involved in XA21-mediated immunity. OsWRKY62 overexpressing plants displayed 

suppressed PR gene expression and consequently compromised PTI and ETI. All of 
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this information collected from XA21 binding proteins suggests that XA21 activity and 

signaling is controlled and balanced by a well coordinated complex at multiple levels. 

 Since the cloning of Xa21, effort has been applied to identifying the effector 

triggering the XA21-mediated immunity. A forward genetics approach was applied to 

screen Xoo mutants with impaired activation of Xa21 immunity (Ax21) activity. A 

number of mutants have been obtained with mutation in genes involved in either the 

Type 1 secretion system or sulfation (Lee et al., 2006; Park et al., 2010a). Although 

previous trials failed to specify the Ax21 gene, it provided valuable hints that Ax21 is a 

sulfated product secreted by T1SS (da Silva et al., 2004). A biochemical approach was 

then applied analyzing bioactive components in the supernatants of avirulent strain 

PXO99a (Lee et al., 2009). A peptide with XA21-immunity triggering activity was 

discovered and identified by LC-MS/MS. The Ax21 gene was isolated accordingly. Ax21 

is a putative quorum sensing (QS) signal and mediates the control of “required for Ax21 

activity” (rax) gene expression in a density dependent manner (Lee et al., 2006). 

Substitution of tyrosine, a putative sulfation site with alanine, abolishes the ability to 

trigger Xa21 signaling, confirming that sulfation is required for a functional Ax21. The 17 

amino acid peptide at the N terminus of the Ax21 protein containing the sulfated 

tyrosine is sufficient to initiate XA21 signaling. The direct binding between XA21 and 

Ax21 has been shown by co-immunoprecipittaion, implying the direct perception of 

Ax21 by XA21. 

Ax21 is unique because it is an evolutionarily stable T1SS effector. The core 17 

amino acid residues are conserved in all Xanthomonas species examined, and a 

putative ortholog is present in other bacteria including the opportunistic human 
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pathogen Stenotrophomonas maltophilia (Lee et al., 2009). The conserved Ax21 is 

contradictory to the traditional definition of avirulence effectors, challenging the 

distinction between PTI and ETI. A comparison is drawn to demonstrate the difference 

among PTI, ETI, and the Xa21-Ax21 system (Table 1). Xa21 is originally identified as 

the first R gene conferring resistance to Xoo, because plants with XA21 display high 

level of resistance (Song et al., 1995). PTI, in contrast, is a weak defense response. 

Although Ax21 is conserved, similar to PAMPs, Ax21 activity is specified by a sulfation 

system in a limited number of strains (Park et al., 2009). These characteristics keep 

XA21-Ax21 linked to ETI. However, Xa21-Ax21 resembles PTI in that Xa21 is a 

receptor kinase, structurally close to PRRs (Song et al., 1995). So far, the only RLK-

type R proteins identified are XA21 and XA26. Most of the R proteins fall into the NB-

LRR category. Recent research has uncovered that various forms of Ax21 can be 

recognized by FLS2 in Arabidopsis, and trigger a response highly similar to flg22 

(Danna et al., 2011). 

There are also unique features making XA21-Ax21 system difficult to categorize 

as either PTI or ETI. In stark contrast to most of the effectors contributing to virulence 

and PAMPs crucial for bacterial life cycles, Ax21 is a putative QS signal dispensable for 

bacteria (Lee et al., 2006). However, Xoo strain Korean Race 1 (KR1) with impaired 

Ax21 activity does not grow as vigorously, indicates the fitness contribution of Ax21. 

Moreover, most of the PAMPs are not actively secreted and are recognized by PRRs in 

the extracellular spaces. Effectors are secreted into the host cell cytoplasm and 

recognized there by R proteins. Ax21 is secreted by T1SS and the recognition takes 

place extracellularly. 
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All of this information points to the concept that PTI and ETI are not necessarily 

independent defense responses. The classical definition of PTI and ETI are being 

questioned, and further studies are needed for better understanding of these definitions 

and plant-pathogen interactions.   
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Figure 1-1.  The principles of plant immunity to bacterial pathogens. Bacteria propagate 
exclusively in the intercellular spaces of plant tissue and secrete PAMPs in 
the extracellular spaces. PAMPs are recognized by cell surface PRRs and 
trigger PTI. Interaction with BAK1 is required for the initiation of PTI signaling, 
such as activation of MAPK cascades, and reprogramming of host 
transcriptome mediated by transcription factors including WRKY transcription 
factors. Concurrently, a number of effectors are delivered to target host 
proteins and inhibit the PTI process. These effectors are typically delivered 
into cytosol by T3SS, but extracellular effectors have also been reported. 
Effective effectors allow the significant amplification of bacteria, and this 
process is termed ETS. Plants develop R proteins including NB-LRR proteins, 
RLKs to recognize the effectors and mount a stronger ETI. 
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Figure 1-2.  Models of recognition between effectors and R proteins. R proteins can 
directly bind to and recognize the effectors as in the ligand-receptor model, or 
an indirect recognition is initiated with the help of an accessory protein. In the 
guard model, the accessory protein is the virulence target guarded by the R 
protein. The accessory protein is a decoy, mimicking the virulence target 
solely to trap the effectors in the decoy model. In both the guard and decoy 
models the modified accessory protein is recognized by the R protein. A two 
step recognition-initiation process is described in the bait and switch model. 
The recognition between the effector and the accessory protein (“bait”) leads 
to a conformational change of the R protein and switches the R protein to the 
“ON” status. 
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Table 1-1. Comparison of PTI, ETI and XA21-Ax21 systems 

 

 

  PTI ETI XA21-AX21 

Effectors Required for normal 
physiology 

Contribute to pathogenencity, 
mainly synthesized in the 
presence of host 

Part of life cycle, QS signal(fitness cost) 

Conserved Strain specific  Core molecular conserved, sulfation 
system specifies the host recognition 

Typically not actively 
secreted 

Secreted by T3SS Secreted by T1SS 

 
Receptors 

 
RLK 

 
Mostly NB-LRR 

 
RLK 

Extracellular recognition Mostly intracellular recognition Likely extracellular 
 No resistant responses in 

most cases 
Resistant response Dominant resistant responses in most 

cases  
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CHAPTER 2 
CHARACTERIZATION OF DEVELOPMENTAL REGULATION OF XA21-MEDIATED 

RESISTANCE 

2.1 Background Information 

Plant disease is the result of a tripartite war as well conceptualized by the concept 

of the disease triangle (Stevens, 1960). Each point of the triangle - environment, 

pathogen, and host - is equally important in determining the outcome of a disease. A 

susceptible host, a virulent pathogen and a favorable environment are indispensible 

components for disease development. Absence of any one of the factors results in no 

disease. For example, a virulent pathogen may not be able to cause disease in a 

susceptible plant when the environment is not favorable. Targeting any one of these 

factors can block disease development, and provides a possible strategy for disease 

resistance. On the host side, plant growth and development, in addition to genotype, 

have been known to contribute to resistance. The same holds true for pathogens. 

Environmental factors such as temperature, humidity and light play an important role in 

plant-microbe interactions as well. 

Plants lack specialized mobile defense cells, and rely solely on innate immunity 

involving all cell types to survive the environment (Jones and Dangl, 2006). To minimize 

the damage brought on by stress signals, there is a delicate control of balance between 

plant development and the defense response. Early knowledge on the crosstalk 

between disease and plant development is from the altered plant growth and 

development caused by disease infection. Modified growth and development are 

accompanied by a promotion of pathogen nutrient as well as suppression of host 

immune response. These discoveries lead to the hypothesis that plant development and 
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defense responses are, instead of two independent pathways, directly or indirectly 

connected to each other into an integrated system (Chung et al., 2008). 

Plant growth and development has been associated with both effector triggered 

immunity (ETI) and PAMP triggered immunity (PTI). In general, plants display more 

resistance at later phases, either abruptly or gradually (Develey-Riviere and Galiana, 

2007). A few terms have been adopted to describe the acquisition of resistance related 

to plant development, including “age related resistance (ARR)”, “ontogenic resistance”, 

“developmental resistance”, “adult seedling resistance” and “mature seedling 

resistance” (Whalen, 2005). Maize has shown increased resistance at adult stages to 

the rust fungus Puccinia sorghi (Abedon and Tracy, 1996; Abedon, 1996). The transition 

from juvenile-vegetative stage to adult stage is critical for acquired adult resistance. 

Rice plants show gradually decreased sensitivity to Xoo attack as plants mature in a 

non-race-specific manner. Two cloned R genes, Xa21 and Xa3/Xa26, also confer age 

related resistance to Xoo (Mew, 1987; Mark et al., 1994; Cao et al., 2007). There are, 

nevertheless, reports of increased susceptibility as plants mature. For example, adult 

plants are more vulnerable to infection by Phytophthora infestans (Peterson and Mills, 

1953). A growing body of examples of ARR has been reported in both monocots and 

dicots to various pathogens including virus, bacteria and fungi, but the mechanisms 

controlling ARR have yet to be explored. 

Hormones are important signal molecules produced within plants to regulate 

growth and development. Plant hormones are classified into eight categories: auxin, 

gibberellic acid (GA), cytokinin (CTK), brassinosteroid (BR), abscisic acid (ABA), 

salicylic acid (SA), jasmonic acid (JA), and ethylene (ET). Among them, SA, JA and ET 
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have been shown as major signal molecules in plant defense responses. It has been 

demonstrated that SA is critical for systemic acquired resistance (SAR) and 

pathogenesis related (PR) gene induction in dicots such as Arabidopsis (Grant and 

Lamb, 2006). By contrast, endogenous SA in rice is maintained at a high level, and 

plays a limited role in the induced defense response (Silverman et al., 1995). JA, as 

well as ET, is more often involved in resistance to necrotrophs. Recently, roles of other 

hormones in the plant defense pathway have attracted attention. ABA is one of the most 

often studied hormones having various effects depending on the pathogen and the host. 

ABA antagonistically regulates SA induced resistance in tobacco, allowing for promoted 

growth of Botrytis cinerea (Audenaert et al., 2002). When indole-3-acetic acid (IAA) was 

applied exogenously to rice plants, the resistance to bacterial blight was strongly 

inhibited (Ding et al., 2008). 

In addition to the host, environmental conditions are also an important aspect 

involved in plant pathogen interactions. The effect of temperature, one of the most 

commonly reported factors influencing host pathogen interactions, varies with each 

pathosystem. More often, elevated temperatures lead to decreased disease resistance 

(de Jong et al., 2002). For example, resistance to TMV conferred by the tobacco N gene 

is sensitive to temperatures higher than 28°C (Wang et al., 2009). In general, high 

temperatures favor the spread of rice bacterial blight (Webb et al., 2010a). However, 

there are also instances where resistance increases with elevated temperatures. Rice 

bacterial blight is less severe overall on rice lines carrying the Xa7 gene at higher 

temperatures (Webb et al., 2010b). 
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Xa21 was the first cloned resistance (R) gene responsible for resistance to 

bacterial blight of rice. Xa21 encodes a receptor kinase conferring resistance to all Xoo 

races harboring the corresponding effector, activator of Xa21-mediated immunity (Ax21, 

previously designated as AvrXa21) (Song et al., 1995; Lee et al., 2009). However, 

XA21-mediated resistance is believed to increase gradually with plant maturity. Plants 

exhibited minimal resistance at the two leaf stage and confer full resistance at the 

booting stage (Mark et al., 1994). PR gene expression is induced only in challenged 

adult plants, but not in susceptible young plants (Ponciano et al., 2006). This trait of 

developmental regulation limits its potential application as a plant breeding strategy, 

because rice plants are more susceptible to Xoo infection at younger stages. The shift 

to adult resistance is partly due to an increased Xa21 expression level at the adult 

stages (Zhao et al., 2009). Zhao and colleagues (2009) first reported the XA21-

mediated resistance at the seedling stage through a transgenic expression line. 

Bacterial amplification is severely limited in the transgenic plants expressing Xa21, but 

not in the Xa21 donor line IRBB21. The elevated Xa21 expression level is associated 

with an increased resistance response (Zhao et al., 2009). Recently, overexpression of 

Xa21 has been employed as an alternative strategy to overcome the developmental 

regulation of XA21-mediated resistance in two separate studies, confirming the role of 

increased Xa21 expression in the resistant response (Chen et al., 2010a; Park et al., 

2010c). By creating transgenic plants expressing Xa21 driven by the maize ubiquitin 

promoter, Xa21 confers resistance in an Ax21-dependent manner at the seedling stage. 

In this study, XA21-mediated resistance was established at the seedling stage. 

The effect of environmental factors and supplementary hormone treatments were 
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studied to determine the possible involvement of other factors in the developmental 

regulation of XA21-mediated resistance. High temperature, JA and ABA were identified 

as suppressors of XA21-mediated resistance at the seedling stage. 

2.2 Materials and Methods 

2.2.1 Plant Materials and Growth Conditions 

Rice (Oryza sativa L.) Indica lines, IR24 and IRBB21 were provided as a courtesy 

by the International Rice Research Institute (IRRI). Japonica lines TP309, its isogenic 

XA21 transgenic plants 4021-3, U0-137 and 716-10 were created in this lab, carrying 

Xa21 driven under its native promoter (Wang et al., 2006, Xu et al., 2006). Before 

germination, rice seeds were surface sterilized by soaking in 70% ethanol for 5 minutes 

followed by full strength bleach for 30 minutes. Sterilized seeds were washed in distilled 

H2O for 5 times and put with endosperm side down onto 1/2 Murashige and Skoog (MS) 

medium [ammonium nitrate (NH4NO3) 1,650 mg/L, potassium nitrate (KNO3) 1,900 

mg/L, magnesium sulfate (MgSO4·7H2O) 370 mg/L, calcium chloride (CaCl2·2H2O) 440 

mg/L, potassium phosphate (KH2PO4) 170 mg/L, ferrous sulfate (FeSO4·7H2O) 27.8 

mg/L, Na2EDTA·2H2O 37.2 mg/L, manganese sulfate (MnSO4·4H2O) 22.3 mg/L, zinc 

sulfate (ZnSO4·7H2O) 8.6 mg/L, boric acid (H3BO3) 6.2 mg/L, potassium iodide (KI) 0.83 

mg/L, cobalt chloride (CoCl2·6H2O) 0.025 mg/L, cupric sulfate (CuSO4·5H2O) 0.025 

mg/L, sodium molybdate (Na2MoO4·2H2O) 0.25 mg/L, inositol 100 mg/L, glycine 

(recrystallized) 2.0 g/L, nicotic acid 0.5 mg/L, pyridoxine·HCl 0.5 mg/L, thiamine·HCl 0.1 

mg/L, sucrose 30 g/L, Phytogel (Sigma, St Louis, MO) 2.5 g/L, pH 5.7-5.8]. Seedlings 

were grown for 7 days at 26-27°C with a 15-h light and 9-h dark photoperiod under 

fluorescent light with a light intensity between 160-180 μMol s-1 m-2, and 50-60% 

humidity. All seedlings were then transferred into water and maintained under the same 
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condition for an additional week until reaching the two-leaf stage for pathogen 

inoculation and protein extraction unless otherwise specified. 

2.2.2 Xoo Inoculation and Bacterial Population Determination 

Seedlings at the two-leaf stage were inoculated by the scissor-dip method as 

described by Song et al. (1995). Xoo strains PXO99a carrying Ax21 and Korean Race 1 

(KR1) without Ax21 activity were used for inoculation. Xoo strains were streaked on 

semi-selective solid peptone sucrose agar (PSA) media (10 g/L peptone, 10 g/L 

sucrose, 1 g/L glutamic acid monosodium salt, 16 g/L bacto agar, 15 mg/L 

cycloheximide), and incubated at 28°C for three days. If strain PXO99a was used, 0.1 

mM 5-azacytidine was added into the media. For inoculation, bacterial culture was 

suspended in H2O; and the concentration was adjusted to a final optical density of 

A600=0.5 [≈5.0x107 colony-forming units (cfu) per mL]. Sterilized scissors dipped into 

the bacteria suspension were used to cut the leaf at about 1/10 leaf length from the tip. 

Lesion length and whole leaf length were measured at 12 days after inoculation. 

Resistance was assayed by the percentage of infected area, calculated based on the 

ratio of lesion length to leaf length. 

2.2.3 Bacterial Population Study 

For Xoo bacterial population studies, whole inoculated leaves were collected at 

indicated time points. Collected leaf samples were ground thoroughly in 10 mL sterile 

tap water with a mortar and pestle in the presence of sterilized sand. The ground 

material was diluted and plated onto PSA plates. Colonies on plates were counted after 

incubation at 28°C for 3 days and the bacterial populations were calculated and 

expressed as cfu /leaf. Bacterial populations were assessed by log10 (cfu/leaf). 
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2.2.4 Protein Extraction 

Total rice proteins were extracted from two-leaf stage rice plants as described by 

Xu et al. (2006). More than five leaves from different individuals were used for each 

preparation. About 100 mg of leaf tissue was ground in liquid nitrogen to a fine powder. 

Well-ground leaf tissue was then thawed in an equal volume of protein extraction buffer 

[20 mM Tris-HCl, pH8.0; 150 mM NaCl; 1 mM ethylenediaminetetraacetic acid (EDTA); 

0.1% Triton X-100; 0.2% proteinase inhibitor (Sigma-Aldrich), 5% v/v β-

mercaptomethanel (β-ME), 0.1 M phenylmethanesulfonylfluoride (PMSF)] by rocking at 

4°C for 1 h. Cell debris was removed by centrifugation at 12,000 rpm, 4°C for 10 min. 

Supernatant containing protein was transferred to a new tube and quantified by 

Bradford protein assay based on the standard. Prepared protein was boiled with 1x 

SDS-protein loading buffer [31.25 mM Tris-HCl (pH 6.8), 5% glycerol, 1% SDS. 2.5% β-

ME, 0.05% bromophenol blue] for 5 minutes and stored at -20°C. 

2.2.5 Immunodetection 

For protein blot analysis, approximately 20 µg of protein per lane was separated 

on 6.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at  

80 V for 30 min followed by 120 V for 180 min. Separated protein was equilibrated in 

transfer buffer (20% methanol, 25 mM Tris, 188 mM glycine) for 10 min before transfer 

to equilibrated PVDF membrane (methanol 15 s, H2O 2 min, transfer buffer 5 min) 

(Millipore Corporation, Bedford, MA, USA). The transfer was conducted using Mini 

Trans-Blot Cell (Bio-Rad, Hercules, CA) at 100 V for 1 h in the transfer tank containing 

800 mL of transfer buffer amended with 300 µL 20% SDS. The membrane was rinsed 

with TBS (100 mM Tris-HCl, pH7.9; 150mM NaCl) to remove any gel residues and 

incubated in 5% non-fat dried milk in TTBS (TBS, 0.1% Tween 20) for 1h to eliminate 
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the non-specific binding, followed by a 10 min wash in TTBS. The membrane was then 

incubated in anti-myc (1:1000) in 3% bovine serum albumin (BSA) at 4°C overnight 

followed by three 10 min washes in TTBS. Incubation with secondary antibody was 

performed in 5% non-fat dried milk containing anti-mouse IgG (1:3000) at room 

temperature for 1h. The membrane was washed three times in 100 mL TTBS for 10 min 

each before developing, using an ECLPlus kit (Amersham Bioscience, Piscatsway, NI, 

USA). 

2.2.6 RNA Isolation 

RNA was isolated from 100 mg of leaf tissue with RNeasy mini kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instructions. In brief, well-ground plant 

tissue was suspended in 450 μL of buffer RLT added with 1% β-ME and vortexed 

vigorously. The lysate was transferred to a QIAshredder spin column and centrifuged for 

2 min at full speed. The supernatant of the flow-through was mixed with 0.5 volume of 

100% ethanol. The sample was transferred to an RNeasy spin column and centrifuged 

for 30 s at 10,000 rpm. The column was washed once with 700 μL of buffer RW1 and 

twice with 500 μL of buffer RPE. The RNA sample was eluted with 30–50 μL RNase 

free water and subjected to DNA digestion with TURBO DNA-free™ kit (Ambion, Austin, 

TX). For a 100 µL reaction, up to 20 µg RNA was mixed with 10 µL TURBO DNase 

buffer, 2 units of DNase, and incubated at 37°C for 20-30 min. To stop the reaction,10 

µL DNase Inactivation Reagent was added. After incubating at room temperature for 2 

min, the mixture was centrifuged down and the supernatant was transferred to a new 

tube. 
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2.2.7 Microarray Analysis 

For the microarray analysis, 4021-3 plants were germinated and grown as 

described in 2.2.1 until seedlings reach the two leaf stage. Seedlings were grown at 26-

27°C or 31-32°C respectively for another three days and leaf samples were collected 

from multiple individuals for RNA preparation.  

Agilent’s Rice RAP-DB Microarray (G2519F, Agilent Technologies, Santa Clara, 

CA) was used for transcriptome analysis. RNA was prepared from three independent 

experiments as described above and fluorescence labeled as instructed by the 

manufacturer. A dye swapping (Cy3 and Cy5) labeling system was adopted to 

compensate for differences between dyes. All microarray labeling, hybridization, and 

raw data extraction were performed by the Interdisciplinary Center for Biotechnology 

Research (ICBR) at the University of Florida. All data acquired were further analyzed 

with Genespring GX software (ver. 11.5; Agilent). For normalization, each measurement 

was shifted to 75.0 percentile of each data set to normalize for slide bias; and a 

baseline transformation was carried out on the medium value of all measurements in 

that sample. Readings with intensities less than the 20 percentile of the overall readings 

were not included in the subsequent analyses. A further statistical analysis was 

performed to screen data within the range of p<0.05 with an unpaired t-test, and a false 

discovery rate (FDR) <0.05 using the Benjamini-Hochberg method. A cut off of > 2.0 

fold change was then applied to select genes significantly changed by high temperature 

treatment compared to the low temperature. All entities were imported into Genespring 

for gene ontology (GO) analysis. 
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2.3 Results 

2.3.1 XA21-mediated Resistance was Activated at the Seedling Stage 

Rice lines used in this study paimarily included susceptible line TP309, and 

resistant line 4021-3, which is an isogenic line of TP309 carrying Xa21-myc driven by its 

native promoter. Plants were inoculated at the two leaf stage with avirulent pathogen 

PXO99a expressing active Ax21. Lesion development was scored at 12 days post 

inoculation (dpi). As early as 6 days after inoculation, TP309 plants displayed 

discoloration and water soaked symptoms in areas adjacent to the inoculation sites. No 

early disease symptoms were observed on 4021-3 plants challenged with PXO99a. At 

12 days after inoculation, leaves on TP309 plants were entirely curled and wilted as in a 

typical susceptible reaction. Conversely, when 4021-3 plants were challenged with 

PXO99a, disease expansion was severely restricted. A small area of necrosis was 

visible, with lesion areas less than 20% of the leaf, indicating that 4021-3 plants were 

resistant to PXO99a attack (Fig. 2-1A, 2-1B). To validate the resistance observed at the 

seedling stage, two other lines expressing Xa21 under their native promoters, U0-137 

and 716-10, were tested for resistance. Disease symptoms were constrained in U0-137 

and 716-10 plants, similar to that observed in 4021-3 plants, confirming that at the 

seedling stage the presence of Xa21 was able to confer resistance (Fig. 2-1B). 

In addition, TP309 and Xa21-expressing plants were inoculated with a virulent 

strain KR1, which is impaired in the sulfation system required for Ax21 activity 

(Burdman et al., 2004). In stark contrast to the resistance observed in Xa21-expressing 

plants challenged with PXO99a, all plants tested were susceptible to infection by KR1, 

including the TP309 and Xa21 expressing plants (Fig. 2-1A, 2-1B). Lesion development 

was comparable among all plants inoculated with KR1. The susceptibility to KR1, 
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regardless of the presence of Xa21, implies that the resistance established on Xa21 

expressing plants in this study is dependent on expressing of Ax21. 

Consistent with the different lesion lengths observed, the bacterial population of 

PXO99a in the 4021-3 plants was 100 fold less compared to that in the TP309 plants 

(Fig. 2-1C). Two days after inoculation, a significant difference was detected between 

PXO99a-inoculated TP309 plants and 4021-3 plants. In TP309 plants, bacterial 

populations reached 9.3×107 cfu/leaf at 6 dpi, while in 4021-3 plants, the maximum 

population detected was 9.2×105 cfu/leaf. The bacterial population decreased after 6 dpi 

in the TP309 leaves. This is probably due to the lack of available nutrients in dying fully 

diseased leaves, consistent with the susceptible reaction observed in TP309 plants. In 

contrast, bacterial populations in 4021-3 plants were maintained at a stable level though 

8 dpi (Fig. 2-1C). 

IRBB21 is a near-isogenic introgression line of IR24 developed at IRRI containing 

the Xa21 gene. Zhao et al (2009) reported a failure to activate resistance in IRBB21 

plants at the seedling stage, stating that the resistance in transgenic seedling plants 

was possibly due to a higher copy number of Xa21. To test if IRBB21 is resistant under 

the conditions described in this study, IR24 and IRBB21 plants were inoculated with 

PXO99a. When IRBB21 plants were grown at 26-27°C after inoculation, All plants 

infected with the avirulent pathogen exhibited a strictly confined disease lesion 

comparable to the transgenic plants 4021-3 (Fig. 2-2). The results confirm that under 

the conditions used in this study, XA21-mediated resistance can be activated at the 

seedling stage independent of genetic background or copy number of the Xa21 gene. 
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Because all plants containing XA21 exhibited similar levels of resistance, the transgenic 

line 4021-3 was selected for subsequent studies. 

2.3.2 Temperature was the Key Environmental Regulator of XA21-Mediated 
Resistance at the Seedling Stage 

As indicated in the concept of the disease triangle, the environment is a key 

component in plant-pathogen interactions. Different growth conditions were tested to 

verify the importance of various environmental factors in XA21-seedling resistance. 

4021-3 plants were grown in different growth media, under varying temperatures, and/or 

under various light sources immediately after inoculation with PXO99a. No change in 

response to PXO99a infection was detected when the light sources was switched from 

fluorescent light (FL) with a light intensity of 160-180 μMol s-1 m-2 to metal halide light 

(MH) with a light intensity of 220-230 μMol s-1 m-2 (Fig. 2-3A). Likewise, resistance was 

unaffected by growth media. When the plants were grown in soil instead of water after 

inoculation, 4021-3 plants remained highly resistant to PXO99a infection with a mean 

lesion area below 10% (Fig. 2-3A). These strongly indicate that the resistance response 

observed was independent of growing medium, light source or intensity. On the other 

hand, 4021-3 plants grown at a moderately elevated temperature showed attenuated 

resistance and enhanced lesion development. When temperature reached 31-32°C, 

resistance mediated by the Xa21 gene was completely abolished under fluorescent light 

(Fig. 2-3B). This trend was repeatedly observed when the plants under metal halide 

light at 26-27°C were compared to those at 31-32°C, validating the crucial role of 

temperature in XA21-mediated resistance. Under all conditions tested, a constant 

susceptible reaction was observed on TP309 plants, supporting that alteration of the 

resistance response was not due to the variation in virulence of PXO99a. 
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 All 4021-3 leaves inoculated under high temperatures exhibited discoloration, 

withering, and water soaking, similar to the TP309 plants (Fig. 2-4A). The bacterial 

populations in the 4021-3 plants under the high temperature were comparable to those 

in the TP309 plants. At 6 dpi, bacterial populations reached up to over 3×107 cfu/leaf in 

the 4021-3 plants grown at high temperature as well as in the TP309 plants (Fig. 2-4B). 

The results from the bacteria population study verified that the lesions developed at high 

temperatures were likely associated with higher bacterial population as opposed to high 

temperature damage to the plants. The conclusion is further supported by the result 

from the temperature swap experiments that resistance can be re-activated by low 

temperature treatment as described below. These results together suggest that higher 

temperatures are more conducive to disease development and inhibit XA21-mediated 

resistance at the seedling stage. 

2.3.3 Activation of XA21-mediated Resistance Requires Constant Low 
Temperature Treatment 

A temperature swap experiment was carried out to better understand the 

temperature effect on XA21-mediated resistance. Six groups of 4021-3 plants were 

maintained at low temperatures (26-27°C) after inoculation with PXO99a. One group of 

plants was transferred to 31-32°C each day from 1 day to 6 days after inoculation. All 

plants were then maintained at 31-32°C until scored at 12 dpi to assess disease 

development. An extra group was kept at low temperature as a control. Although little 

lesion development was observed when plants were initially kept at the low 

temperatures, all plants showed full susceptibility after transferred to the high 

temperatures. Plants consistently developed full lesion at 12 dpi regardless how long 

they had been kept at the low temperatures (Fig. 2-5). In general, growth at low 
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temperature for 6 days is sufficient to trigger the resistance as shown by the bacterial 

population in Fig.2-1C. Nevertheless, plants transferred to the high temperatures at  

6 dpi lost the resistance, indicating that the pre-existing XA21 resistance was blocked at 

high temperatures. 

In reciprocal experiments, plants were gradually transferred to 26-27ºC from 31-

32ºC, from 1 dpi to 6 dpi, and scored for lesion development at 12 dpi. Disease 

development in these plants was well correlated with the duration of plants kept at high 

temperatures (Fig. 2-5). The longer plants were maintained at high temperatures, the 

more severe the disease development was. Seedlings transferred to low temperatures 

at 1 or 2 dpi were highly resistant, while plants transferred to low temperatures after 3 

dpi showed various level of susceptibility, depending on the time it was moved. No 

resistance was detectable in plants kept at high temperatures for 5 days. Disease 

development was disrupted once plants were moved back to low temperatures, 

confirming the activation of XA21 signaling and resistance responses by low 

temperature treatment. 

A similar temperature swap experiment was performed on TP309 plants. No 

temperature effect was observed on TP309 plants, as evidenced by uniform lesion 

development observed on all the TP309 plants, regardless of the temperature treatment 

(Fig. 2-5). These results confirmed that the low temperature induced resistance 

displayed by 4021-3 plants is due to XA21 signaling, rather than altered basal defense. 

2.3.4 Temperature Effect of XA21-Mediated Resistance was Independent of 
Pathogen Activity or XA21 Abundance  

One possible explanation for increased disease development at higher 

temperatures may be growth promotion of PXO99a. To test this hypothesis, PXO99a 
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was grown on PSA medium and incubated at the resistant (26-27°C) and susceptible 

(31-32°C) temperatures described above. Colony size was measured after 3 days to 

compare the growth rate (Fig. 2-6A). Despite the variations observed, colonies grown at 

low temperature reached an average diameter of 13 mm, while colonies cultured at high 

temperatures were approximately 10 mm in diameter. The faster growth speed under 

low temperature diminished the possibility that enhanced susceptibility at high 

temperature were attributed to increased bacterial growth. Another hypothesis is that 

high temperature disrupts the activity of Ax21. To test the Ax21 activity, adult 4021-3 

plants were inoculated with PXO99a at 31-32°C. Ax21 function was not affected by high 

growth temperature at 31-32°C as indicated by the high level of resistance observed on 

the adult 4021-3 plants (Fig. 2-6B). All these data supported the hypothesis that the 

susceptible reaction was mainly due to alteration of the plant defense response instead 

of a temperature effect on the pathogen growth rate or impaired Ax21 activity. 

Although Xa21 was cloned as early as in 1995, the mechanism by which Xa21 

triggers the resistance response remains obscure. Zhao et al. (2009) reported that 

different Xa21 expression levels contribute to the developmental regulation of XA21-

resistance by monitoring Xa21 transcript level in different developmental stages in 

transgenic and introgression XA21-lines. The XA21 protein level was thus examined in 

4021-3 plants growing at 26-27°C or 31-32°C. Leaf tissues were collected at 3, 6, and 9 

days after plants were transferred to the specified temperatures for analysis. No 

distinguishable difference of XA21 abundance was identified across all of the plants 

tested. The stable XA21 level suggests a limited role of XA21 protein accumulation in 

temperature regulation of XA21-mediated resistance (Fig. 2-6C). A significant amount of 
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XA21 was detected in 4021-3 plants even under the “susceptible conditions”, 

suggesting that, other factor(s), rather than XA21 accumulation, is the key element 

controlling the temperature effect on XA21-mediated resistance. 

2.3.5 High Temperature Deregulates Expression of Rice Genes Related to Defense 
Responses 

To identify downstream responses possibly involved in the temperature effect of 

XA21 signaling, a genome wide microarray experiment was performed. Non-inoculated 

rice leaves from 4021-3 plants were collected at 3 days following maintenance at low 

(26-27°C) or high temperatures (31-32°C) for transcript analysis. The volcano plot (Fig. 

2-7) illustrates the distribution of the data points, and the significance of differences in 

expression levels. In total, out of 29,983 genes, there are 935 (3.1%) genes upregulated 

and 881 (2.9%) downregulated by the high temperature treatment with a >2 fold 

change. Among the genes regulated by high temperature treatment, the largest groups 

are composed of genes involved in metabolism and cell cycle (Fig. 2-8). In addition, 

approximately 340 stress responsive genes were deregulated by temperature. Among 

them, there are 31 biotic stress related genes upregulated by high temperature, 

primarily involved in thioredoxin or signal transduction (Table 2-1). Twenty-three of the 

downregulated genes were biotic stress responsive, including PR genes, redox 

regulated genes, OsWRKY77 (Os01g40260) transcription factor responsive to pathogen 

infection (Table 2-2). Noticeably, the OsPR10 gene (Os03g18850) was downregulated 

more than 100 fold by the high temperature treatment. A chitinase encoding gene was 

downregulated more than 18 fold. However, none of the genes identified in XA21 

signaling so far was significantly regulated by temperatures tested in this study (Parker 

et al., 2010a). 



 

70 

2.3.6 Inhibition of XA21-Mediated Resistance at Seedling Stage by JA and ABA 
Application 

Numerous examples have demonstrated the vital role of plant hormones in 

defense responses. Previous studies revealed that exogenous IAA application caused 

enhanced susceptibility to Xoo in rice plants (Ding et al., 2008). To investigate the 

possible crosstalk between hormones and XA21 signaling, different hormones were 

exogenously applied to 4021-3 plants. IAA, GA, CTK, BR, SA, JA, or ABA (Sigma, St. 

Louis, MO) was added directly to water immediately prior to inoculation to designated 

concentrations according to previous reports (Ding et al, 2008). A control group of 

TP309 and 4021-3 plants in H2O were included to provide a baseline of PXO99a 

virulence and XA21 function. For ethylene treatment, plants were placed in a 

transparent sealed tank, and ethylene was injected into the tank to reach the desired 

concentration. Control plants were grown in an identical tank without ethylene injection. 

All plants were inoculated with PXO99a and scored as described above. Plants treated 

with hormones, displayed promoted or suppressed growth in different degrees 

compared to the water treated control plants, depending on the given hormone and 

concentration, indicating that the hormones supplied were taken effectively by plants. 

No significant effect of IAA treatment was observed. Among all of the hormones tested, 

only JA and ABA affected the resistance of the 4021-3 plants to PXO99 infection (Fig. 

2-9, 2-10). The effect of ABA and JA treatment was dosage dependent: lesion length 

increased with elevated ABA/JA concentrations. For example, plants treated with 1 µM 

or 10 µM ABA showed dramatically reduced resistance, compared to water treated 

control 4021-3 plants. When applied at 100 µM, ABA completely blocked the XA21-



 

71 

mediated resistance, with lesion covering the entire leaf. Only ABA, but not the JA 

application eliminated the resistance (Fig. 2-9). 

To confirm that the increase in lesion lengths were caused by enhanced bacterial 

multiplication in planta, bacterial populations in inoculated 4021-3 plants were 

evaluated. In agreement with the partial resistance observed, the bacterial population in 

5 µM ABA or 100 µM JA treated 4021-3 plants are ten-fold more than those in the water 

treated 4021-3 plants, but lower than in the susceptible TP309 plants (Fig. 2-10C). 

2.4 Discussion 

In general, plants deploy two strategies for defense responses, namely PTI elicited 

by conserved PAMPs, and ETI (also termed gene-for-gene resistance) mediated by 

specific interactions between R genes and effectors (Jones and Dangl, 2006). With 

accumulating knowledge on the interactions between R genes and their corresponding 

Avr genes, the distinction between PTI and ETI is less clear (Park et al., 2010a). 

Although Xa21 is recognized as the first cloned R gene in rice, it encodes a receptor 

kinase, a family of proteins extensively involved in PAMP perception (Song et al., 1995). 

It should be noted that, Ax21, the effector corresponding to XA21, is conserved among 

different Xanthomonas species, characteristic of PAMPs (Chen et al., 2010d). Ax21 

triggers basal defense through FLS2 in Arabidopsis, in parallel to flg22 (Danna et al., 

2011). Recent progress has made the XA21-Ax21 system an ideal platform to 

investigate concepts of distinct PTI and ETI independent pathways in host pathogen 

interactions. However, the fact that the resistance is only observable in adult plants 

severely limits these studies (Century et al., 1999; Thomma et al., 2011). Although 

overexpression of the Xa21 gene is able to partly overcome the developmental 

regulation of the resistance, the side effect of the constitutive expression has not been 
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assessed (Chen et al., 2010a; Park et al., 2010b). Here, we show activation of the 

resistance at the seedling stage without genetic modification, which can greatly facilitate 

further studies. The modification of the resistant response by changing environmental 

conditions or by applying hormones confirmed the amenability of the system. The 

discovery of temperature as a switch of the resistance response enables dissecting the 

molecular mechanisms involved in the regulation of the XA21-resistance. 

A few studies have been carried out to test the developmental regulation of XA21-

mediated resistance. Century et al (1997) first reported that the increased resistance 

upon maturity was independent of Xa21 expression levels. Ponciano et al. (2006) 

discovered that the PR gene expression was only induced in the resistant reactions. It is 

therefore assumed that the XA21-resistance is mainly regulated by post-transcriptional 

modification of Xa21 or by operation of the downstream components. The XA21-

mediated resistance at the seedling stage was first described in Xa21 transgenic plants 

but not in the introgression line IRBB21 carrying Xa21 (Zhao et al., 2009). It has been 

reported that the Xa21 level is higher in the transgenic lines than in the donor line. In the 

transgenic lines, Xa21 level is stably maintained at a high level throughout the 

development, well correlated with the resistance observed at different development 

stages in the transgenic plants. In the donor line IRBB21, however, Xa21 level 

increases with plant maturity (Zhao et al., 2009). Together, these discoveries link XA21-

mediated resistance to Xa21 expression, which is further supported by the recent 

discovery that overexpression of Xa21 can partly abrogate the juvenile susceptibility in 

Xa21-carrying plants (Chen et al., 2010a; Park et al., 2010b). In this study, we found 

that XA21 transcripts and proteins are stable and comparable under both the 
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“susceptible condition” and “resistant conditions”, indicating the alteration of resistance 

by temperature is mainly due to other factors rather than XA21 abundance. The Xa21 

expression hypothesis failed to justify another discovery in this study: all Xa21 carrying 

plants, including IRBB21, are resistant to the avirulent pathogen, irrespective of genetic 

background or copy number. The output of this study is consistent with the hypothesis 

that the post-translational modification or regulation of downstream pathways plays an 

important role in XA21 signaling. When considered as a whole, the Xa21 pathway is 

regulated at multiple levels including Xa21 expression and other possible mechanisms. 

Interruption of any key step in this regulation cascade can lead to a susceptible or 

partial resistance reaction. 

Age related resistance has been reported in many R gene-mediated resistances. 

In most cases, plants are more resistant at the adult stage. Significant effort has been 

applied to study the mechanisms of the developmental control of resistance. Due to the 

complexity involved in developmental regulation, few studies have been successful. 

Acquired resistance of maize to Puccinia at the adult stage is controlled by the major 

transition from the juvenile to the adult stage (Abedon and Tracy, 1996). When the 

Corngrass 1 gene controlling the transition was mutated, the adult resistance was 

delayed accordingly with the extended juvenile stage. Although the factors controlling 

the developmental effect of XA21-mediated resistance are still unknown, we have 

established resistance in all the Xa21 expressing lines tested at the two leaf stage by a 

moderately low growth temperature treatment. While developmental regulation of XA21-

mediated resistance was overcome by low temperature, high temperature inhibition of 

XA21-mediated resistance was not effective on adult plants. The presence of XA21 in 
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adult plants confers resistance to Xoo in the field with temperatures normally higher 

than 31-32ºC. An inter-regulation of XA21 signaling is therefore proposed between 

temperature and development. Altered resistance was also observed when JA or ABA 

was applied. ABA has been reported to increase in Arabidopsis under high 

temperatures (Toh et al., 2008). It is possible that high temperature attenuated the 

resistance in an ABA or JA dependent way. Together, these results highlight a complex 

crosstalk between plant development, hormone and environmental conditions in  

XA21- mediated resistance. 

Among all the environmental factors tested in this study, temperature plays a 

pivotal role in XA21-mediated resistance at the seedling stage. Sensitivity to 

temperature has been associated with both PTI and ETI in a systematic study of 

temperature on interactions between Arabidopsis and Pst (Wang et al., 2009). The 

tomato Cf-4 or Cf-9-mediated HR is suppressed by incubation at 33°C, but rescued at 

low temperatures (de Jong et al., 2002). Because the high temperature treatment can 

significantly reduce the binding of AVR9 to a plasma membrane site in suspension cells, 

it has been hypothesized that the temperature regulated factor is located at the Avr9 

perception level (de Jong et al., 2002). However, this may not be the case for XA21-

mediated resistance. As the Ax21 receptor, XA21 levels are temperature insensitive. At 

adult stages, neither Xoo infection nor the resistance is affected by high temperatures. 

The mechanism by which temperature modulates ETI mediated by the tobacco N gene 

and the Arabidopsis SNC1 gene has been attributed to the subcellular localization or 

transportation of NB-LRR proteins at different temperatures (Zhu et al., 2010). 

Posttranslational modification of NB-LRR proteins such as sumoylation is critical for the 
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localization and the resistance. This is in agreement with our discovery that temperature 

exerts its effect on XA21-mediated resistance through posttranslational modification 

and/or downstream components. Inconsistent localization of XA21 has been reported by 

two different groups (Chen et al., 2010a; Park et al., 2010b), suggesting the probable 

importance of subcellular transportation of XA21. Consistent with the hypothesis that 

compartmentalization of XA21 may contribute to XA21 signaling, a number of genes 

involved in protein localization were deregulated under “resistant and susceptible 

conditions” (Fig. 2-8), including genes encoding chaperones. Further supporting this 

hypothesis, a chaperone interacting directly with XA21 (OsBiP3) is involved in XA21 

stability and the XA21-mediated resistance response (Park et al., 2010). Microarray 

analysis also revealed that in inoculated 4021-3 plants grown at higher temperatures, 

OsBiP3 expression level was four fold higher compared to those at lower temperatures 

(Chen et al., unpublished data). We hypothesize that temperature is linked to XA21-

resistance possibly through the subcellular localization of XA21 and subsequently XA21 

signaling capacity. Because XA21 signaling capability can be influenced by multiple 

factors, including XA21 levels, the downstream proteins associated with XA21, and 

even the XA21 sequences determining the interactions with certain binding proteins, 

this hypothesis offers an explanation for the multi-faceted control of XA21-resistance 

and the importance of both XA21 levels and an unidentified factor(s) in XA21-

resistance. 

Microarray analysis of transcriptome dynamics reveals significant differences in 

gene expressions at different temperatures. Noticeably, among the genes regulated by 

high temperature, there are a number of defense-related genes, strongly suggesting the 
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interplay between biotic stress responses and abiotic stress responses. Although the 

question of how the transcriptional change of these genes contributes to the resistance 

remains to be answered, the results of the microarray experiment provide a list of 

candidate genes important in XA21 signaling. Besides antimicrobial genes such as 

PR10 and chitinase, a number of signaling genes are also regulated by temperature 

including serine threonine kinases and WRKY transcription factors. All these genes 

could be interesting candidates involved in the regulation of XA21 signaling. Despite the 

finding that no XA21 binding protein genes were identified as being significantly 

regulated by temperature, expressions of genes involved in the subcellular localization 

were induced or suppressed by high temperature treatments, supporting the hypothesis 

that compartmentalization of XA21 could be an important part of the XA21 signaling. 

Meanwhile, an array experiment was carried out as described in 2.2.7 on 4021-3 plants 

grown under high temperatures or low temperatures for 3 days after inoculation (Chen 

et al., unpublished data). In these preliminary studies, OsBIP3, the XA21 interacting 

chaperone involved in XA21 resistance, was upregulated by high temperature in 

inoculated 4021-3 plants. A more than 12 fold upregulation of Os8N3 by high 

temperature treatment was also observed in inoculated plants. Os8N3 is a susceptibility 

gene required for the infection of Xoo. A combination of the two datasets may provide 

clue on the mechanisms of temperature effect on XA21-signaling. 

Plant hormones play various and important roles in stress responses including 

pathogen attack and extreme temperature fluctuation. Previous studies have 

demonstrated that elevated accumulation of free IAA or topical IAA application inhibits 

resistance to Xoo infection (Ding et al., 2008). However, IAA application in this study did 
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not significantly alter the XA21-mediated resistance. It is possible that IAA regulation is 

independent from XA21-mediated resistance. XA21 may employ novel strategies in 

order to overcome pathogen attack, which are not affected by the application of IAA. JA 

has been extensively studied as a signal molecule in defense responses and is involved 

in resistance to necrotrophic pathogen attack. JA accumulation has been observed in 

plants challenged by pathogens. Exogenous application of JA can induce defense 

related gene expression and resistance responses. Nevertheless, an antagonistic effect 

between JA and SA signaling has been reported. Pseudomonas syringae produces the 

JA-Ile mimic coronatine to suppress the SA triggered defense response and leads to 

enhanced susceptibility (Zhao et al., 2003). In this study, JA application also 

compromises the XA21-mediated resistance, underlying this is still unknown. Rice 

plants expressing nahG and defective in SA accumulation show decreased resistance, 

indicating a protective role of SA in rice (Silverman et al., 1995). It would be interesting 

to investigate if the attenuated resistance caused by application of JA is due to inhibition 

of the SA pathway. The role of ABA in plant disease resistance responses varies 

depending on the specific pathogen and the host (Bari and Jones, 2009). The exact 

molecular mechanism of  how ABA exerts its effect on resistance is still unclear. When 

a MAPK in ABA signaling was knocked down in rice plants, plants showed increased 

tolerance to abiotic stress and enhanced disease resistance (Xiong and Yang, 2003). 

The cross-talk between abiotic and biotic stress responses might play a significant role. 

This may partly explain the fact that the resistance was negatively impacted by high 

temperatures as well as by the application of ABA. 
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Figure 2-1.  Activation of XA2-resistance at the seedling stage. A) Wild type and Xa21 
expressing lines inoculated with avirulent pathogen PXO99a or virulent 
pathogen KR1 showing lesion development. Pictures were taken at 12 days 
post inoculation. B) Lesion area of wild type and Xa21 carrying plants. Each 
data point represents the average lesion area of 10 individual leaves scored 
at 12 dpi. C) Growth of PXO99a in TP309 and 4021-3 plants. The bacterial 
populations were separately determined in three leaves and an average was 
presented. Error bars indicate standard deviation. 
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Figure 2-2.  Validation of XA21-resistance at the seedling stage in Xa21 donor line 
IRBB21 at 26-27°C. A) Lesion development on susceptible line IR24 (O sativa. 
ssp indica) and near isogenic Xa21 donor line IRBB21 inoculated with 
avirulent pathogen PXO99a. B) Lesion area of IR24 and IRBB21 plants. Each 
data point represents the average lesion area of 10 leaves from multiple 
individuals. Error bars indicate standard deviation. All data were collected at 
12 dpi. 
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Figure 2-3.  Investigation of environmental factors in XA21-resistance at the seedling 
stage. A) Lesion area of plants transferred to soil or water, under fluorescent 
light (FL) or metal halide light (MH) at 26-27°C after inoculation with PXO99a. 
B) Lesion area of plants maintained at low temperatures (L, 26-27°C), or high 
temperatures (H, 31-32°C) under fluorescent light or metal halide light after 
inoculation with PXO99a. Each data point represents the average lesion area 
of 10 individual leaves scored at 12 dpi. Error bars indicate standard 
deviation. 
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Figure 2-4.  Effect of temperature on XA21-resistance. A) Lesion development on 
TP309 and 4021-3 plants grown under fluorescent light at low (L) or high (H) 
temperatures after inoculation with PXO99a. Pictures were taken at 12 dpi. B) 
Growth of Xoo PXO99a in TP309 and 4021-3 plants grown under low and 
high temperatures. The bacterial populations were determined separately in 
three leaves and an average is presented. Error bars represent standard 
deviation. 
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Figure 2-5.  Reversible regulation of XA21-resistance by temperature at the seedling 
stage. TP309 and 4021-3 plants were kept at low growth temperature (L, 26-
27°C) or high growth temperature (H, 31-32°C) for the indicated period after 
inoculation and transferred to H or L temperatures respectively. Mean lesion 
area of more than 10 individuals scored at 12dpi is shown along with standard 
deviation. 
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Figure 2-6.  Analysis of pathogen and XA21 level at low (L) and high (H) temperatures. 
A) Comparison of PXO99a growth rate at L or H temperatures. B) Lesion 
development in TP309 and 4021-3 adult plants under H temperature 
inoculated with PXO99a. Pictures were taken at 12 dpi. C) Detection of XA21 
protein. Black arrow shows the band corresponding to XA21. Proteins were 
isolated from multiple 4021-3 individuals grown for 3, 6, or 9 days at L or H 
temperatures and detected by anti-myc antibody. 
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Figure 2-7.  Valcano plot of microarray data. Each dot represents a data on the array 
with p<0.05. Genes with a higher expression level at high temperature has a 
positive difference, and lower expression with a negative difference. The 
green vertical line shows the cut off of 1/2 and 2 fold change. 
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Figure 2-8.  Summary of genes regulated by high temperature (31-32ºC). Genes were 

selected based on the criteria of p<0.05, FDR<0.05 and a >2fold change. 
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Table 2-1. Biotic stress-related genes upregulated by high temperature treatment 

TIGR ID Putative Function 
Absolute 
fold change 

Os01g22249  Peroxidase precursor, putative, expressed 7.53  

Os01g59840  Os1bglu3 - beta-glucosidase homologue, 2.46  

Os01g67580  Multidrug resistance-associated protein, putative, expressed 3.07  

Os01g73170  Peroxidase precursor, putative, expressed 2.79  

Os01g73200  Peroxidase precursor, putative, expressed 3.09  

Os02g32690  Pleiotropic drug resistance protein 15, putative, expressed 3.32  

Os02g36450  Transporter family protein, putative, expressed 8.24  

Os03g02260  Dnak family protein, putative, expressed 2.60  

Os03g08900  MATE efflux family protein, putative, expressed 4.83  

Os03g27990  STRUBBELIG-RECEPTOR FAMILY 7 precursor, putative, expressed 2.30  

Os03g30950  Acyl-desaturase, chloroplast precursor, putative, expressed 7.32  

Os03g32314  Allene oxide cyclase 4, chloroplast precursor, putative, expressed 2.26  

Os04g47780  Transmembrane amino acid transporter protein, putative, expressed 2.08  

Os04g50950  Peptide transporter PTR2, putative, expressed 6.47  

Os04g52900  ABC transporter family protein, putative, expressed 2.44  

Os05g03070  Transporter, putative, expressed 5.01  

Os05g11730  CGMC includes CDA, MAPK, GSK3, and CLKC kinases,expressed 2.69  

Os05g29710  RING-H2 finger protein, putative, expressed 3.22  

Os05g46220  Mitochondrial carrier protein, putative, expressed 2.09  

Os06g11210  12-oxophytodienoate reductase, putative, expressed 23.72  

Os06g15370  Peptide transporter PTR2, putative, expressed 4.08  

Os06g20920  SAM dependent carboxyl methyltransferase, putative, expressed 4.50  

Os06g31220  Mitogen-activated protein kinase 17, putative, expressed 2.29  

Os06g33080  Peroxidase precursor, putative, expressed 6.43  

Os06g33090  Peroxidase precursor, putative 7.34  

Os06g33100  Peroxidase precursor, putative, expressed 8.65  

Os06g44620  AMP-binding domain containing protein, expressed 2.07  

Os06g47760  Phytosulfokine receptor precursor, putative, expressed 2.39  

Os08g37432  MATE efflux family protein, putative, expressed 2.05  

Os09g16330  Pleiotropic drug resistance protein, putative, expressed 4.23  

Os09g29310  Zinc finger, C3HC4 type domain containing protein, expressed 2.03  

Os10g01100  Receptor-like protein kinase, putative, expressed 2.73  

Os10g20470  MATE efflux family protein, putative, expressed 2.68  
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Table 2-2. Biotic stress-related genes downregulated by high temperature treatment  

TIGR ID Putative Function 
Absolute 
fold 
change 

Os01g06876 Cf-2, putative, expressed 5.63  

Os01g06900 Verticillium wilt disease resistance protein Ve2, putative, expressed 2.56  

Os01g22352 Peroxidase precursor, putative, expressed 5.01  

Os01g40260 OsWRKY77 - having WRKY and zinc finger domains, 5.65  

Os01g47470 Serine/threonine-protein kinase, putative, expressed 2.55  

Os01g65830 Acyl-desaturase, chloroplast precursor, putative, expressed 10.05  

Os01g67630 Peptide transporter PTR2, putative, expressed 4.09  

Os02g02540 Glutamate receptor, putative, expressed 2.37  

Os02g11760 Pleiotropic drug resistance protein, putative, expressed 8.41  

Os02g14840 Potassium channel KAT1, putative, expressed 2.74  

Os02g21009 Sodium/calcium exchanger protein, putative, expressed 8.93  

Os02g46970 AMP-binding domain containing protein, expressed 13.50  

Os02g55560 Protein phosphatase 2C, putative, expressed 2.24  

Os03g18850 Pathogen-related protein (jiOsPR10) 118.19  

Os03g46070 Thaumatin, putative, expressed 15.97  

Os05g04170 AMP-binding enzyme, putative, expressed 3.48  

Os06g08880 Glutamate receptor 2.7 precursor, putative, expressed 3.30  

Os07g42960 Phospho-2-dehydro-3-deoxyheptonate aldolase, chloroplast precursor,  3.86  

Os08g39100 Protein phosphatase 2C, putative, expressed 2.63  

Os08g40170 Cyclin-dependent kinase B2-1, putative, expressed 2.48  

Os08g44870 MATE efflux family protein, putative, expressed 2.25  

Os09g36580 Thaumatin, putative, expressed 2.53  

Os10g39680 Similar to chitinase 17.62 

 



 

88 

 
 
Figure 2-9.  Effect of hormone application on XA21-mediated resistance. Hormones 

were applied at the indicated concentrations. Water treated TP309 and  

4021-3 plants were included as negative and positive controls respectively. 

An average score of lesion area taken at 12dpi from more than 10 leaves is 

shown. Error bars represent standard deviation. 
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Figure 2-10.  Inhibition of XA21-mediated resistance by JA and ABA. JA was applied at 

5 µM and ABA was applied at 100 µM to 4021-3 plants. Water treated TP309 

and 4021-3 plants were included as negative and positive controls 

respectively. A) Lesion development on inoculated plants. Pictures were 

taken at 12dpi. Red arrow shows the position where the lesion stops. B) 

Lesion area of plants treated with JA and ABA. The mean value of more than 

10 leaves scored at 12 dpi is presented. C) Growth of Xoo in plants treated 

with JA and ABA. An average of three individual leaves is presented. Error 

bars represent standard deviation.  
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CHAPTER 3 
ROLE OF MAPKS IN RICE DEFENSE RESPONSE AND DEVELOPMENT 

3.1 Background Information 

Mitogen activated protein kinase (MAPK) cascades are universal modules 

amplifying external stimuli and transmitting intracellular signal transduction in 

eukaryotes (Rodriguez et al., 2010). The phosphorylation events mediated by MAPK 

cascades are central switches to initiate appropriate biochemical reactions and 

physiological programs responsive to stimuli. At the end of the module, the activated 

MAPKs translocate into the nucleus or other cellular organelles and phosphorylate a 

wide variety of substrates through the serine threonine kinase domain (Zhang et al., 

2006). It has been shown that MAPKs activate genes involved in diverse biological 

processes, determining the functional specificity of a given MAPK. In plants, MAPK 

cascades have been associated with developmental, physiological, biotic and abiotic 

stress responses. 

Twenty MAPKs have been identified in the Arabidopsis genome, and 17 reported 

in rice (Oryza sativa) (Hamel et al., 2006). AtMPK3, AtMPK4 and AtMPK6 are the best 

characterized MAPKs, associated with defense responses in a series of studies (Zhang 

et al., 2006). AtMPK3, AtMPK4 and AtMPK6 are strongly elicited by the bacteria 

flagellin component derivative flg22, followed by activation of pathogenesis related (PR) 

gene expression (Asai et al., 2002; Pitzschke et al., 2009a). Hypersensitive response 

and pathogenicity (Harpin) proteins and hydrogen peroxide (H2O2) signaling have the 

ability to trigger AtMPK4 and AtMPK6 as well (Desikan et al., 2001). Genetic analysis 

shows that AtMPK3 and AtMPK6 play a redundant role in FLS2-mediated immunity 

(Pitzschke et al., 2009a). Mutation of AtMPK3 or AtMPK6 does not alter resistance 
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significantly. AtMPK4, nevertheless, is negatively involved in the defense response 

(Ichimura et al., 2006). Loss of AtMPK4 results in abnormally high levels of SA 

accumulation and constitutive expression of PR genes. Tobacco wounding induced 

protein kinase (WIPK) and SA induced protein kinase (SIPK) can be stimulated in the 

incompatible interactions in the presence of the N gene conferring resistance to tobacco 

mosaic virus (TMV) or Cf-9 gene recognizing fungal Avr9 (Romeis et al., 1999; Zhang 

and Klessig, 2001). 

In recent years, genetic analysis has been widely used to study the role of MAPKs 

in plant development with the well-developed knock out, knock down, and 

overexpression technologies in different plant species (Rodriguez et al., 2010). NRK in 

tobacco has been shown to participate in cytokinesis and cell plate formation by 

activating a microtubule-associated protein and releasing it from the phragmoplast 

(Sasabe et al., 2006). Arabidopsis MPK3 and MPK6 have demonstrated crucial roles in 

multiple developmental processes. MPK3 and MPK6 are aligned downstream of YODA 

proteins crucial to embryo development. In the mpk3/mpk6 plants, normal integument 

development of ovules is disrupted with arrested cell divisions at later stages, resulting 

in infertility (Wang et al., 2008). Additionally, AtMPK3 and AtMPK6 function redundantly 

in stomata development in a dosage dependent manner (Wang et al., 2007). In 

mpk3/mpk6 double mutants, cell specification of stomata are interrupted and 

consequently result in clustered stomata formation. Conversely, when MPK3/MPK6 is 

constitutively activated, cell fate specification in stomata development is suppressed, 

and no stomatal differentiation will occur. A bHLH transcription factor SPEECHLESS 

(SPCH) has been uncovered as a substrate phosphorylated by AtMPK3 and AtMPK6 in 
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stomata development (Lampard et al., 2008). Multiple phosphorylation sites are 

targeted by AtMPK3, resulting in degradation of SPCH, while another phosphorylation 

residue used by MPK6 exists for positive regulation. In addition to the shared functions 

of AtMPK3 and AtMPK6, AtMPK6 performs a role in floral organ and embryo 

development independent of MPK3 (Bush and Krysan, 2007). AtMPK6 also functions in 

leaf senescence downstream of AtMKK9 (Zhou et al., 2009). Mutation of AtMPK6 or 

AtMKK9 significantly delays leaf senescence. 

Limited information on the role of MAPKs in monocots is available. Rice OsMPK3 

(previously designated as OsMAPK5) is activated exclusively in susceptible reactions 

by the rice blast pathogen Magnaporthea grisea, but not in resistant responses (Xiong 

and Yang, 2003). The knockdown of OsMPK3 promotes resistance to M.grisea, but no 

observable change in growth or development has been reported on either OsMPK3 

overexpression (OX) or antisense (AS) plants. TaMPK3, but not TaMPK6, is negatively 

involved in the interactions between wheat and Mycosphaerella graminicola (Rudd et al., 

2008). 

In this study, the roles of OsMPK3 and OsMPK6 in the rice-Xoo interactions were 

assessed in the compatible and incompatible interactions. OsMPK6, but not OsMPK3 

was specifically activated when challenged by virulent pathogens. When OsMPK6 level 

was suppressed, plants displayed enhanced resistance to Xoo infection, confirming the 

negative role of OsMPK6 in rice-Xoo interactions. OsMPK6 was required for normal 

plant development as evident by dwarf plants, smaller grains, and altered protein 

accumulations observed on the OsMPK6AS plants compared to wild type TP309 plants. 
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3.2 Material and Methods 

3.2.1 Sequence Analysis 

Phylogenetic analyses were carried out based on the deduced amino acid 

sequences of the rice MAPKs, the Arabidopsis MAPKs, and the wheat MAPKs 

(TaMPK3, TaMPK6) using the ClustalW program from EMBL-EBI 

(http://www.ebi.ac.uk/clustalw) using the neighbor joining method. The rice gene 

accession numbers in the rice genome database (http://rice.plantbiology.msu.edu/) are 

Os03g17700 (OsMPK3), Os10g38950 (OsMPK4), Os06g06090 (OsMPK6), 

Os06g48590 (OsMPK7), Os02g05480 (OsMPK14), Os11g17080 (OsMPK16), 

Os06g49430 (OsMPK17-1), Os02g04230 (OsMPK17-2), Os01g43910 (OsMPK20-1), 

Os05g50560 (OsMPK20-2), Os06g26340 (OsMPK20-3), Os01g47530 (OsMPK20-4), 

Os05g49140 (OsMPK20-5), Os05g50120 (OsMPK21-1) and Os01g45620(OsMPK21-

2). The Arabidopsis gene accession numbers in the Arabidopsis genome database 

(http://www.arabidopsis.org/) are At1g10210 (AtMPK1), At1g59580 (AtMPK2), 

At3g45640 (AtMPK3), At4g01370 (AtMPK4), At4g11330 (AtMPK5), At2g43790 

(AtMPK6), At2g18170 (AtMPK7), At1g18150, (AtMPK8), At3g18040 (AtMPK9), 

At3g59790 (AtMPK10), At1g01560 (AtMPK11), At2g46070 (AtMPK12), At1g07880 

(AtMPK13), At4g36450 (AtMPK14), At1g73670 (AtMPK15), At5g19010 (AtMPK16), 

At2g01450 (AtMPK17), At1g53510 (AtMPK18), At3g14720 (AtMPK19), and At2g42880 

(AtMPK20). The wheat gene accession numbers in the Genbank are ABS11090 

(TaMPK3) and AAO16560 (TaMPK6). 

3.2.2 Plant Growth 

All seeds were sterilized and germinated on 1/2 MS medium as described in 2.2.1 

and transferred to soil in the greenhouse at 14 days after germination. For gibberellic 

http://www.ebi.ac.uk/clustalw
http://www.arabidopsis.org/
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acid (GA) treatment, sterilized seeds were germinated on 1/2 MS medium, 

supplemented with different concentrations of GA.  

3.2.3 Identification of Homozygous T-DNA Insertion Mutants 

DNA extraction.  For DNA extraction, finely ground leaf powder was suspended in 

equal volume of prewarmed (65°C) freshely prepared extraction buffer [0.35M sorbitol, 

0.1 M Tris HCl, pH 8.2, 6 mM Na2·Ethylenediaminetetraacetic acid (EDTA); 0.2 M Tris 

HCl, pH 7.5, 0.05 M EDTA, 2 M NaCl, 2% cetyltrimethylammonium bromide (CTAB); 

2% sarkosyl; 0.02 M NaHSO3]. Homonogized samples were incubated at 65°C for 45 

min with interval vortex for complete lysis. A mixture of chloroform and isoamyl alcohol 

(V:V=24:1) was added to the lysis and mixed well to precipitate the protein, followed by 

a centrifugation at 10,000 rpm, 5 min to remove cell debris. The aqueous phase was 

transferred to a new tube and mixed with equal volumes of prechilled isopropanol to 

precipitate the DNA. The precipitate was collected by centrifugation at 10,000 rpm for 

10 min. The DNA was washed three times in 70% ethanol and air dried. To fully 

suspend the pellet, 50 µL H2O was added and any insoluble contents were removed by 

centrifugation. 

Southern blot analysis.  Up to 50 µg of plant genomic DNA was completely 

digested with appropriate enzymes and separated finely on a 0.8% agarose gel. The gel 

was soaked in 500 mL 0.25 M HCl for 12 minutes at room temperature with gentle 

agitation for depurination. A denaturation step was carried out immediately after the 

depurination by soaking the gel in 500 mL denaturation solution (0.5 M NaOH, 1.0 M 

NaCl) two times, 15 min each. Finally, the gel was neutralized with two 15 min washes 

in 500 mL neutralization solution (0.5 M Tris pH 7.5, 1.5 M NaCl). The membrane 

(IMMOBILON-NY+, Millipore, Billerica, MA) was moistured with water and equilibrated 
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with 10X SSC buffer (1.5 M sodium chloride and 150 mM trisodium citrate, pH 7.0) for at 

least 10 min. The DNA was then transferred to the membrane with upward capillary 

transfer method in 10X SSC buffer overnight. The membrane was rinsed in 6X SSC for 

5 min to remove any agarose fragments and air-dried completely. The blotted DNA was 

cross linked to the membrane with a UV-Link with an exposure energy of 5,000 

microJoules/cm2. 

Probes for Southern Blot were prepared by PCR using gene specific primers. 

Purified PCR fragments were labeled with Prime-IT II Random Primer Labeling Kit 

(Stratagene, Santa Clara, CA) according to manufacturer’s instructions. Distilled H2O 

was added to a maximum 100 ng DNA to make a total volume of 24 µL. Probe DNA 

was mixed with 10 µL random oligonucleotide primers and boiled at 100°C for 5 min. 

The denatured DNA sample was mixed with 10 µL 5X Primer buffer for dCTP, 1 µL 

Exo(-) Klenow enzyme (5 U/µL), and 5 µL [α-32P] d-CTP at 3000 Ci/mmol. After 

incubation at 37°C for 1-2 h, the labeled probe mixture was denatured by boiling for 5 

min.  

Before hybridization, the membrane was first incubated in pre-hybridization solution 

{4X SSC, 5X Denhardt’ solution [10 g/L Ficoll (type 400), 10 g/L polyvinylpyrrolidone 

(PVP), 10 g/L bovine serum albumin (BSA)], 0.5 % SDS, 100 µg/mL denatured salmon 

sperm DNA (ssDNA)} at 42°C for 2-3 hours. For hybridization, the membrane was 

incubated at 42°C overnight in 15 mL hybridization buffer (50% formaldehyde, 1% SDS, 

4X SSC, 100 µg/mL denatured ssDNA) with a denatured radioisotope labeled probe. 

After hybridization, the blot was washed as follows to eliminate any nonspecific binding. 

The blot was first rinsed in 50 mL washing solution I (0.5X SSC, 1% SDS) followed by 
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150 mL washing solution I at 42°C for 15 min. A more stringent wash was then carried 

out in 300 mL pre-warmed washing solution I at 60°C for 15 min. A final wash was 

performed with 300 mL pre-warmed washing solution II (0.1 X SSC, 1% SDS) at 60°C 

for 30 min. The blot was dried briefly and exposed between intensifying screens 

overnight to several days in a -80°C freezer. 

3.2.4 Immunoprecipitation (IP) Assay 

Plant proteins used for immunoprecipitation were prepared as described in 2.2.4. 

Up to 200 µg of total protein extract was diluted into 200 µL IP buffer (150 mM NaCl, 50 

mM Tris HCl pH7.5, 5 mM EDTA, 1% Triton, 0.2% proteinase inhibitor, 0.4 mM DTT, 2 

mM NaF and 2 mM Na3VO3). To eliminate any nonspecific binding possibly generated 

by the direct link between resin and proteins, 10 µL Protein A/G agarose (Santa Cruz 

Biotechnology, Santa Cruz, CA) was added to the protein suspension and rocked at 4°C 

for 2-3 h. The mixture was centrifuged at 1,000 rpm, 4°C for 1 min and the precipitant 

was discarded. The supernatant was then mixed with 3 µL OsMPK6 specific antibody 

and rocked at 4°C overnight. Another 10 µL Protein A/G agarose was added to the 

protein sample, followed by rocking at 4°C for another 2-3 h. The protein was harvested 

by centrifugation at 1,000 rpm, 4°C for 1 min. The precipitate was washed four times 

with 1 mL IP buffer without Triton. The final product was suspended in 1X SDS protein 

sample buffer for further analysis. 

3.2.5 Analysis of Osmpk3 and Osmpk6 Protein and Activity 

OsMPK3 and OsMPK6 proteins were detected with specific antibody as described 

in 2.2.5. The in gel kinase activity assay was performed essentially as described by 

Zhang and Klessig (1997) with some modifications to detect the kinase activity. Briefly, 

40 µg total protein, or immunoprecipitated protein from 400 µg total protein, was 
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fractionated on a 10% SDS-PAGE embedded with 0.25 mg/mL bovine brain myelin 

basic protein (MBP) (Sigma, St Louis, MO). After electrophoresis, the SDS was 

removed by washing the gel three times, 30 min each, at room temperature with SDS 

removing buffer (25 mM Tris HCl, pH 7.5; 0.5 mM DTT; 0.1 mM Na3VO4; 5 mM NaF; 0.5 

mg/mL BSA; and 0.1% Triton X-100). The MAPKs in the gel were then allowed to 

renature overnight at 4°C with three changes of renaturing buffer (25 mM Tris HCl, pH 

7.5; 1 mM DTT, 0.1 mM Na3VO4; and 5 mM NaF). The gel was preincubated in 30 mL 

reaction buffer [25 mM Tris, pH 7.5; 2 mM ethylene glycol tetraacetic acid (EGTA); 12 

mM MgCl2; 1 mM DTT; and 0.1 mM Na3VO4] at room temperature for 30 min. The 

phosphorylation of MBP was performed in reaction buffer with the addition of 0.2 µM 

ATP and 50 µCi of γ-32P-ATP (3000 Ci/mmol) at room temperature for 60 min. The gel 

was washed in washing buffer [5% trichloroacetic acid (TCA) and 1% sodium 

pyrophosphate] at room temperature for at least three times for 60 min each. Finally, the 

gel was dried on filter paper and autoradiographed. 

3.2.6 RNA Hybridization 

Total RNA was prepared as described in 2.2.6. Total RNA was denatured in RNA 

loading buffer [0.16% saturated aqueous Orange G solution, 0.8% 0.5 M EDTA, pH 8.0, 

7.2% µl 37% formaldehyde, 20% glycerol, 30.8% formamide, 40% 10X MOPS/EDTA 

(0.02M MOPS, 5 mM NaOAc, 1 mM EDTA,  pH 7.0)] by heating at 65°C for 10 min and 

cooling down on ice for 1 min. Denatured total RNA was separated on 1.2 % MOPS gel 

(1.2% agarose, 1X MOPS/EDTA, 5.37% formaldehyde) in 1X MOPS/EDTA 

electrophoresis buffer with 6% formaldehyde. To remove the formaldehyde, the gel was 

washed three times in water, 15 min each. Gel transfer, membrane crosslinking and 

probe labeling was performed as for Southern Blot. For prehybridization, the blot was 
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incubated in hybridization solution (0.5 M NaHPO4, pH 7.2; 1% BSA; 1 mM EDTA; 7% 

SDS) at 42°C for 1 h. Hybridization was carried out at 42°C overnight in hybridization 

solution supplemented with radioisotope labeled probe. The blot was then washed in 

low stringency washing buffer (40 mM NaHPO4 pH 7.2, 0.5 % BSA, 1 mM EDTA, 5 % 

SDS) for 10 min at room temperature, high stringency washing buffer (40 mM NaHPO4 

pH 7.2, 1 mM EDTA, 1 % SDS) for 10 min at room temperature, and twice at 65°C for 

10 min.  

3.2.7 Polymerase Chain Reaction (PCR) 

Gene specific primers used in this study are listed in Table 3-1. PCR was carried 

out with High Fidelity Taq polymerase (NewEngland Biolab, Ipswich, MA). A 20 µL 

reaction in sterile distilled water was prepared with 1X enzyme buffer [20 mM Tris-HCl 

(pH 8.4), 500 mM KCl], 0.2 mM deoxyribonucleotide triphosphate (dNTP) mix, 1.5 mM 

MgSO4, 0.2 µM primers, 100 ng template DNA and 1 unit Taq polymerase. After heat 

activation of the enzyme at 94°C for 5 minutes, a reaction cycle of 94°C for 30 seconds, 

58°C for 30 seconds and 72°C for 90 seconds was repeated 25 times, followed by 72°C 

for 10 minutes in an Eppendorf Personal Thermocycler. The PCR product (10 µL) was 

separated through 1% agarose gel electrophoresis.  

3.2.8 Generation of Osmpk6 Antisense (AS) and Overexpressing (OX) Plants 

 To make a knock down plants with the antisense (AS) strategy, the 3’-end region 

of OsMPK6 with high specificity was chosen to construct antisense and sense 

fragments. The fragment spanning nucleotides 775 to 1161 was amplified in both 

directions with PCR primer pairs OsMPK6ASF/R and OsMPK6SF/R respectively. The 

produced sense and antisense fragments were inserted into vector pCmHu (Wang et al., 

2006) with restriction sites EcoRV, SpeI and XhoI, HindIII with a GUS loop in between. 
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The construct was delivered into Agrobacterium tumefaciens EHA105 with 

electroporation for rice transformation. 

Full length cDNA of OsMPK6 was cloned from the BAC clone (OsJNBa0085L11), 

with primers as listed in Table 3-1. 

BAC DNA was isolated from a 40 mL bacteria culture using a FosmidmaxTM DNA 

purification kit (EPICENTRE Biotechnologies, Madison, WI) according to manufacturer’s 

instructions. Bacterial cells were collected and completely resuspended with 3 mL 

chilled solution 1 for lysis, followed by addition of 6 mL of solution 2 and 4.5 mL of 

chilled solution 3. The mixture was incubated on ice for 15 min and centrifuged at 

15,000 g, 4°C for 15 min. The supernatant containing the DNA was transferred to a 

fresh tube and precipitated with 8.1 mL isopropanol at room temperature. The 

precipitate was collected by centrifugation at 15,000 g, 4°C for 15 min, air dried at room 

temperature for 3-5 minutes, and dissolved in 500 µL T.E. buffer. The RNase treatment 

was performed by mixing the DNA with 18 µL RNase and incubating at 37°C for 1 h. 

The total volume was adjusted to 1 mL with T.E. buffer and an equal volume of chilled 

solution 4 was added. The mixture was centrifuged at 15,000 g, 4°C for 15 min, and the 

supernatant containing the DNA was transferred to a fresh tube. DNA precipitation was 

carried out by adding 4 mL 100% ethanol followed by centrifugation. The DNA pellet 

was air dried for 5-7 min and dissolved in 200 µL T.E. An overnight incubation was 

conducted for better dissolvation of DNA. 

A fusion PCR strategy was used to clone the full length cDNA due to the high GC 

content at the 5’ end of OsMPK6. Primer pairs OsMPK6-1/9 and OsMPK6-7/8 were 

used to amplify exon1 and exon 2 from BAC DNA respectively. Primer pairs  
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OsMPK6-1/7 were then used to bridge exon 1 and exon 2 with the PCR product from 

the two previous PCR reactions. A denature and low temperature annealing step (95°C 

5 min; 37°C, 1 min) was added before the normal PCR cycles, allowing annealing of the 

overlapping area. The rest of the full length cDNA was amplified with primers   

OsMPK6-2/4. The PCR product was cloned into pSC (Stratagene, Santa Clara, CA) and 

pieced together with EcoRV site present in the joint region between exon 2 and exon 3 

to obtain the full length cDNA of OsMPK6. The cloned OsMPK6 sequence was 

confirmed by sequencing at the DNA sequencing core (ICBR) at University of Florida. 

BamHI and SpeI digestion sites were introduced to the 5’ end and 3’ end of the cDNA 

respectively, to make the cDNA compatible to vector pCmHu. The construct was 

introduced into A.tumerfaciens and transformed into rice callus. 

3.2.9 Agrobacterium Mediated Transformation.  

OsMPK6AS or OX transgenic plants were generated by a standard rice 

transformation protocol as described by Wang et al. (2006). Immature seeds (15-20 

days after flowering) were harvested, dehusked, and surface sterilized in 75% ethanol 

for 2-5 minutes, followed by full strength bleach for 2 hours. Sterilized seeds were 

rinsed in sterile water five times before further processing. For callus induction, embryos 

were separated from the seeds and placed on callus induction medium N6D2 [macro 

N6, micro Fe-EDTA, B-5 vitamins, 30 g/L sucrose, 0.5 g/L L-proline, 0.5 g/L L-

glutamine, 0.3 g/L casein hydrolysate, 2 mg/L 2,4-D (2,4-dichlorophenoxyacetic acid), 

2.5 g/L Phytagel, pH 5.8], and grown in the dark at 25°C for 7-8 days. Agrobacterium 

strain EHA105 carrying the corresponding construct was cultured in 3 mL of yeast 

extract mannitol (YM) media (0.4 g/L yeast extract, 10 g/L mannitol , 0.1 g/L NaCl, 0.2 

g/L MgSO4.7H2O, 0.5 g/L K2HPO4·3H2O, pH 7.0) at 28-30°C for 24 hours and a 1 mL 
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culture was subcultured into 50 mL liquid Agrobacterium induction (AB) medium (3 g/L 

K2HPO4·3H2O, 1 g/L NaH2PO4, 300 mg/L MgSO4·7H2O, 150 mg/L KCl, 10 mg/L CaCl2, 

2.5 mg/L FeSO4·7H2O, 5 g/L glucose, pH 7.0) to grow for an additional 16 hours. 

Agrobacteria cells were collected and resuspended in liquid AAM (macro AA, micro Fe-

EDTA, AA vitamins, 68.5 g/L sucrose, 36 g/L glucose, 0.5 g/L casine hydrolysate, pH 

5.2) containing 200 mM/L acetosyringone to an optical density of 0.5 at OD600. Calli 

were incubated with the bacteria suspension for 30 min, allowing Agrobacterium to 

infect the calli. After inoculation, calli were blot dried on sterilized Whatman filter paper 

and transferred to N6D2C (N6D2, 10 g/L glucose, pH 5.2) containing 200 mM/L 

acetosyringone covered with sterilized Whatman filter paper to co-cultivate for three 

days. To select positive transformants, calli were maintained on selection medium 

(N6D2 supplemented with 25 μg/L hygromycin, 600 μg/L cefotaxime) and subcultured 

every two weeks. The calli were maintained on selection medium in the dark at 25°C for 

six weeks and transferred to preregeneration medium (macro N6, micro N6+Fe-EDTA, 

B-5 vitamin, 30 g/L sucrose, 0.5 g/L L-proline, 0.5 g/L L-glutamine, 0.3 g/L casine 

hydrolysate, 2.5 g/L Phytagel, pH 5.8) and cultured in the dark at 25°C for 7-10 days. 

The calli were next moved to regeneration medium (N6D2, 30 g/L sucrose, 0.3 g/L 

casine hydrolysate, 2 mg/L 6-BA, 0.2 mg/L NAA, 0.2 mg/L ZT, 0.5 mg/L KT and 2.5 g/L 

phytagel, pH 5.8), and cultured in a light/dark cycle (16 hours light/8 hours dark) at 25°C 

for up to four weeks for shoot and organ development. The newly developed 5-10 cm 

seedlings were grown on rooting medium (1/2 MS) with 25 μg/L hygromycin to ensure a 

strong root system. Seedlings with a well developed root system were maintained in soil 

in the greenhouse and later characterized by PCR or immuno blot assays. 
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3.2.10 Plant Proteomics Analysis 

Protein extraction with phenol.  Protein for isobaric tag for relative and absolute 

quantitation (iTRAQ) labeling was prepared from 500 mg of leaf samples with phenol 

method as described by Sheffield et al., (2006). Leaf samples were collected from two-

leaf stage plants, and at least three leaves were pooled together to ensure an adequate 

amount of plant material. Collected leaf samples were ground in liquid nitrogen into fine 

powder with mortar and pestle. To mix the leaf powder with 1.25 mL phenol saturated 

with Tris HCl pH 8.8 and an equal volume of phenol extraction buffer (0.1 M Tris HCl 

pH8.8, 10 mM EDTA, 0.4 % β-ME, 0.9 M sucrose) was added with additional grinding. 

To ensure complete lysis, the extract was transferred to a 50 mL tube and agitated at 

room temperature for 60-90 min after complete thawing. The homogenate was 

centrifuged at 5,000 g, 10°C for 10 min allowing for the separation of the aqueous 

phase and the organic phenol phase. The upper clear phenol phase was transferred to 

a new tube. Two additional phenol extractions were perfomed by adding 1 mL of Tris 

HCl (pH8.8) saturated phenol to the bottom phase, vortexing, agitation for 30 min and 

centrifugation. The supernatant from the three extractions were combined and then 

precipitated by adding at least 5 volumes of ice cold 0.1 M ammonium acetate in 100% 

methanol. After precipitation at -20°C overnight, the precipitates were collected by 

centrifuging at 20,000 g, 4°C for 20 min. The precipitates were washed twice with 4 mL 

of 0.1 M ammonium acetate in methanol followed by two washes in 4 mL 80% acetone. 

At least 20 min of incubation at -20°C was allowed between any two washes. Vortexing 

or sonication could also be used to break the pellet for better dissolvation. The pellet 

was vacuum dried and dissolved in 0.5-1 mL isoelectric focusing (IEF) equilibration 

buffer (Applied Biobiosystems, Foster City, CA) by vortexing at room temperature for 
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60-90 min. A final centrifugation was carried out at 20,000 g, 15°C for 1h to remove the 

insoluble components. 

Protein quantification.  Quantification of proteins was completed with CB-XTM 

protein assay (G-Bioscience, MO, USA) following the manufacturer’s instructions. Two 

aliquots with 5 µL and 10 µL of protein samples respectively, were mixed with 1 mL of 

prechilled CB-XTM by vortexing. The protein was collected by centrifuging at 16,000 g, 

4°C for 5 min. The supernatant CB-XTM was removed carefully without disturbing the 

pellet. To dissolve the protein 50 µL of CB-X Buffer I and 50 µL of CB-X Buffer II were 

added in order, followed by vortexing at room temperature for 10 min. The dissolved 

sample was mixed with 1 mL CB-X Assay Dye and incubated for 5 min at room 

temperature before measuring the OD at wavelength of 595 nm with water as a blank. 

The concentration of the protein was calculated accordingly. 

iTRAQ labeling.  For each replicate, 100 μg of protein from each preparation was 

used for labeling. Three replicates were included in the assay from both wild type and 

OsMPK6AS plants. The samples were alkylated, reduced, trypsin-digested, and labeled 

using the iTRAQ Reagents 8 plex kit according to the manufacturer's instructions 

(Applied Biosystems, Foster City, CA). Replicates of the wild type samples were labeled 

with iTRAQ tags 116, 118 and 119, and the OsMPK6 AS preparations were labeled with 

tags 115, 117 and 121, respectively. For labeling, 20 µL of the dissolution buffer was 

added to each of the protein samples. The protein was then added with 1 µL of 

denaturant and vortexed to mix. Reduction was carried out after denaturing by adding  

2 µL of reducing agent followed by incubation at 60°C for 1 h. Before trypsin digestion,  
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1 µL of cysteine blocking reagent was added to the sample followed by incubation at 

room temperature for 10 min to block the cysteine. For trypsin digestion, all protein 

samples were mixed with 10 µL trypsin solution and incubated at 37°C overnight. Before 

labeling, the labeling reagents were reconstituted into 50 µL isoproponal. The freshly 

prepared labeling reagents were then added to each protein sample and incubated at 

room temperature for 2 h. All samples were combined at the end of reaction, vacuum 

dried and then stored at -20°C. 

All samples were desalted using SPE column for further analysis. SPE column 

(Whatman Inc., Piscataway, NJ) were washed twice with 0.5 mL acetonitrile, and 

equilibrated twice with 0.5 ml of 0.1% fomic acid before use. Samples were 

resuspended in 600 µL of 0.1% fomic acid and loaded into equilibrated column. The 

column was washed twice with 500 µL of 0.1 % fomic acid and the samples were eluted 

with 200 µL 0.02% fomic acid in acetonitrile followed by a final elution with  

200 µL acetonitrile. The eluted peptide mixtures were dried down and dissolved in 

strong cation exchange (SCX) solvent A [25% (v/v) acetonitrile, 10 mM ammonium 

formate, pH 2.8]. The peptides were fractionated on an Agilent HPLC system 1100 

using a polysulfoethyl A column (2.1 × 100 mm, 5 μm, 300 Å; PolyLC, Columbia, MD). 

Peptides were eluted at a flow rate of 200 μL/min with a linear gradient of 0–20% 

solvent B [25% (v/v) acetonitrile, 500 mM ammonium formate] over 50 min followed by 

ramping up to 100% solvent B in 5 min and holding for 10 min. The absorbance at 214 

nm was monitored, and a total of 32 fractions were collected. 

Reverse phase Nanoflow HPLC and tandem mass spectrometry.  Protein 

identification, quantification and data acquisition were conducted at the proteomics core 
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in ICBR facility at the University of Florida. A protein with at least three spectra was 

included to ensure generation of a valid p value < 0.05 and an error factor <2 in the 

analysis. 

3.3 Results 

3.3.1 OsMPK3 and OsMPK6 are Putative Orthologues of AtMPK3 and AtMPK6 

Newly discovered features of XA21 signaling, particularly the fact that Ax21 is 

conserved among different Xanthomnas species, suggest that XA21 may function in 

parallel to the FLS2 pathway. AtMPK3 and AtMPK6 are redundantly functioning 

downstream of FLS2. To study the possible involvement of rice orthologs of AtMPK3 

and AtMPK6 in disease resistance of rice, a phylogenetic analysis with amino acid 

sequences was performed with clustalw to compare the rice MAPK family, Arabidopsis 

MAPK family, TaMPK3 and TaMPK6 (Fig. 3-1). In total, 17 MAPKs have been reported 

in the rice genome (Hamel et al., 2006). OsMPK3 (Os03g17700, previously reported as 

OsMAPK5) and OsMPK6 (Os06g06090) share highest sequence similarity with 

Arabidopsis AtMPK3 and AtMPK6 respectively. OsMPK3 and OsMPK6 are 

phylogenetically close to AtMPK3 and AtMPK6 as well (Hamel et al., 2006). Based on 

this finding, the role of these two MAPKs in rice immunity was hence assessed in the 

following studies. 

3.3.2 OsMPK3 and OsMPK6 are Differentially Controlled in Rice-Xoo Interactions 

To study the potential influence of Xoo on OsMPK3 and OsMPK6, antibodies 

specifically recognizing OsMPK3 and OsMPK6 were obtained. OsMPK3 specific 

antibody was kindly provided by Dr. Jason Rudd (Rothameted Research, UK). The 

antibody was raised against the N terminal region of TaMPK3, corresponding to amino 

acid residues 2-15, sharing 100% identity with OsMPK3 (Fig. 3-2A) (Rudd et al., 2008). 
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For specific detection of OsMPK6, AtMPK6 antibody (Sigma, St Louis, MO) was 

purchased because of the high similarity at the C-terminal region used as antigen (Fig. 

3-2B). To assess the specificity of MPK3 and MPK6 antibody, His-tagged recombinant 

full length MPK3 and MPK6 protein were expressed in E.coli and detected with MPK3 

and MPK6 antibody. Both antibodies recognized specifically with their cognate 

recombinant protein and no cross reaction with OsMPK6 or OsMPK3 was detected (Fig. 

3-2C). The antibodies were therefore regarded as specific and used in the following 

immuno blot detection and immunoprecipitation experiments.  

The induction of OsMPK3 and OsMPK6 was investigated in TP309 and 4021-3 

plants after inoculation with Xoo strain PXO99a. Leaf segments approximately 1 cm in 

size adjacent to the inoculation sites were collected at 0, 2, 4, 8 and 24 h post 

inoculation (hpi) for protein preparation and OsMPK3/6 detection (Fig. 3-3A). Consistent 

with low OsMPK3 levels reported by Xiong et al (2003), the basal level of OsMPK3 was 

at the limits of visuable detection. OsMPK3 protein abundance was elevated 

dramatically by pathogen challenge within 24 hpi, and the induction was consistently 

observed in both the compatible and incompatible interactions. In stark contrast to 

OsMPK3, a significant amount of endogenous OsMPK6 was detectable in non-treated 

resistant and susceptible plants. The protein abundance was stable and not influenced 

by pathogen inoculation on either of the plant lines.  

Posttranslational phosphorylation is a crucial step for regulation of MAPK 

activities, and various studies have shown that plant MAPKs are regulated at the kinase 

activity level instead of by the abundance of protein. In gel kinase assay was thus 

applied to investigate the potential change in MAPK activity. A single band at about the 



 

107 

48 kDa position corresponding to OsMPK6 was detected following inoculation of the 

susceptible host TP309 (Fig. 3-3A). A detectable induction of kinase activity was 

observed as early as 2 hpi and a strong boost occurred at 24 hpi in TP309 plants. No 

activation of this 48 kDa kinase by the pathogen was observed in 4021-3 plants carrying 

XA21. To confirm the identity of this protein, the total protein extract was subjected to 

immunoprecipitation with MPK6 antibody followed by an in gel kinase assay (Fig. 3-3B). 

The protein with the phosphorylation activity was immunoprecipitated by anti-MPK6 

antibody, suggesting that the band detected was likely OsMPK6. The identity of the 

activated kinase was further confirmed in latter studies in OsMPK6 AS plants, as 

exemplified by failure to detect the activated kinase in the MPK6AS plants (Fig. 3-3C). 

To test the dependence of Xa21 to inhibit the activation of OsMPK6, IRBB13 

plants (courtesy of Dr. Bing Yang, Iowa State University, USA) carrying the recessive r 

gene xa13 conferring resistance to Xoo strain PXO99a were inoculated in comparison 

with susceptible IR24 plants. A disruption of MPK6 activity was observed in IRBB13 

plants (Fig. 3-4). In the IR24 plants, OsMPK6 was strongly stimulated at 24 hpi, but not 

in the IRBB13 plants, suggesting an inhibiting role of xa13 in OsMPK6 activity.  

3.3.3 OsMPK6AS Plants are Partly Resistant to Xoo 

Although resistant and susceptible plants display no detectable difference in 

OsMPK3 protein or activity, OsMPK3 knock down plants displayed enhanced resistance 

to rice blast and to the bacterial pathogen Burkholderia glumae (Xiong and Yang, 2003). 

The role of OsMPK3 in rice-Xoo interactions was therefore studied using OsMPK3 

knock out plants. OsMPK3 T-DNA insertion mutant plants in Donjing background 

(11344R and 01618L) were obtained from POSTECH Biotech Center at Pohang 

University of Science and Technology, Pohang, Korea (http://signal.salk.edu/cgi-

http://signal.salk.edu/cgi-bin/RiceGE
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bin/RiceGE). Two T-DNA mutants were obtained with insertions in the first exon, 

splicing site between the second exon and second intron respectively (Fig. 3-5A). To 

screen for homozygous mutants, a 3’ end sequence including nucleotides 1502-2566 

was amplified from rice genomic DNA as a gene specific probe to hybridize with the 

genomic DNA which was completely digested with HindIII (Fig. 3-5B). Homozygous 

mutants for either allele (mpk3-1, mpk3-2) were identified as shown by the shifted 

position of the single band detected by Southern blot. An immuneblot was conducted to 

detect the protein change in the mutant plants (Fig. 3-5C). OsMPK3 specific antibody 

did not detect any OsMPK3 protein accumulation in either mutant, verifying that both 

mutants are null mutants. No obvious phenotypic difference was observed in the null 

mutants. When mutants mpk3-1 and mpk3-2 were inoculated with pathogen PXO99a, 

all plants demonstrated normal disease development, comparable to wild type (WT) 

Dongjing plants (Fig. 3-6). After 12 days, lesion length of up to 15 cm developed in both 

mpk3 mutants and WT plants. The shorter lesions observed in the mpk3-1, mpk3-2 and 

WT plants compared to the TP309 plants were due to the relatively small size of WT, 

mpk3-1 and mpk3-2. 

The difference in OsMPK6 activity in compatible and incompatible interactions 

prompted us to study the potential role of OsMPK6 in resistance to Xoo. No OsMPK6  

T-DNA mutants were available at POSTECH Biotech Center. OsMPK6 AS plants were 

therefore generated to investigate the function of OsMPK6 in rice-Xoo interactions. A 

gene specific region at the 3’ end of a cDNA spanning a portion of exon 4, exon 5 and 

exon 6 was selected for specific antisense knockdown (Fig. 3-7A). In total, 54 T0 plants 

were generated from more than 30 independent transformation events. In the majority 

http://signal.salk.edu/cgi-bin/RiceGE
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of transgenic plants, the OsMPK6 level was dramatically reduced compared to that of 

the wild type plants, as shown by immunoblot with MPK6 specific antibody (Fig. 3-7B, 

data not shown). The MPK6 AS induced gene silencing seems specific, as OsMPK3 

accumulation was not affected in the AS plants (Fig. 3-7C). Three randomly selected 

MPK6AS plants with reduced MPK6 accumulation were challenged with PXO99a at six-

weeks of age to test resistance. Lesion development was partially constrained in all 

three plants inoculated (Fig. 3-8A, 3-8B). On average, the lesion length on MPK6AS 

plants was approximately 5 cm. By contrast, in susceptible TP309 plants, lesions 

developed up to 18 cm, while in the resistant 4021-3 plants, lesions were barely 

observable (< 1 cm). Bacterial population studies confirmed the intermediate level of 

resistance observed in the OsMPK6AS plants. MPK6AS plants supported significantly 

less bacterial growth compared to the TP309 plants (Fig. 3-8C). The mean bacterial 

population in TP309 plants at 8 dpi accumulated up to 109 cfu/leaf, while in the 4021-3 

plants, bacteria remained at a relatively low level (106 cfu/leaf). In OsMPK6AS plants, 

bacteria numbered around 107 cfu/leaf, corresponding to the partial resistance 

demonstrated by the lesion lengths observed. Regulation of PR gene expression has 

been extensively associated with resistance responses. Similarly, Northern Blot with a 

PR10 specific probe confirmed that PR10 is constitutively expressed in OsMPK6AS 

plants (Fig. 3-8D). The resistance was observed repeatedly in the T1 plants (Fig. 3-9), 

verifying the genetic stability of the resistance in the AS plants. 

The kinase activity in the inoculated MPK6AS plants was tested by an in gel 

kinase assay. The induction of kinase activity was reduced noticeably in MPK6AS 

plants compared to the TP309 plants (Fig. 3-3C). No substantial activation was detected 
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in AS plants, suggesting that reduced protein accumulation led to decreased activity. 

This discovery also confirmed that the kinase activated by Xoo infection in TP309 plants 

was OsMPK6. 

3.3.4 OsMPK6 is Involved in Plant Development 

In addition to the enhanced resistance, all of the OsMPK6AS T0 plants with 

decreased OsMPK6 protein abundance showed reduced plant heights with shorter 

panicle lengths and smaller grain size (Fig. 3-10 to 3-16 and data not shown), implying 

that OsMPK6 is required for normal plant development. Two OsMPK6AS transgenic 

plants” with normal OsMPK6 accumulation displayed normal growth compared to 

TP309 plants, indicating that the reduced size was due to decreased OsMPK6 levels 

rather than tissue culture or environmental conditions. Although variation has been 

observed among individuals, all OsMPK6AS plants were dwarf, excluding the possibility 

that the reduced growth was caused by the position effect of the T-DNA insertion. The 

vector used to generate the OsMPK6AS lines, pCmHu, modified from pCAMBIA, has 

been extensively used to produce transgenic rice plants in our lab, but no similar 

phenotype has been observed, indicating that it is not a common phenotype due to 

transgenic effects. Three representative individuals of OsMPK6AS and TP309 plants 

were measured to collect quantitative data. The height of TP309 plants measured 

approximately 120 cm on average while the height of the AS plants fell into the range of 

65 to 80 cm (Fig. 3-10). The panicle length of the AS lines was reduced up to 50% (Fig. 

3-11). All panicles collected from TP309 plants were longer than 20 cm. Variation was 

observed among panicles from AS lines. Among the three AS lines measured, AS1 

plants carried comparatively larger panicles while those from AS2 plants were as short 

as 10 cm. The architecture of the panicles was affected, and the distance between 
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branches was reduced in the AS lines, consistent with the shorter panicles (Fig. 3-11B). 

In addition, the seeds produced by AS plants were significantly smaller than those of the 

WT plants. Seed length, width, and thickness data were collected from 50 seeds 

produced by each individual plant (Fig. 3-12). Grain weight was measured after the 

seeds were dried at 42°C for 3 days and 1000-grain weight was calculated accordingly. 

The difference between AS seeds and WT seeds was statistically significant with a p 

value<0.05 as shown in Student t-test. The 1000-grain weight decreased from 

approximately 25 g to less than 20 g. 

These phenotypes were observed repeatedly in the T1 generation of OsMPK6AS 

plants (Fig. 3-14 to 3-15). Delayed germination was observed in the AS lines and 

smaller plant sizes were detected at the seedling stage. Interestingly, all AS plants 

showed bushy and dwarf phenotypes at the booting stage, but the tiller number in the 

AS plants were not significantly altered after maturation compared to that of wild type 

(Fig. 3-13), indicating a disruption of normal plant development by antisense of 

OsMPK6. This statement was supported by the fact that the dwarf and small grain 

phenotype co-segregated with the AS. Among twenty T1 individuals tested, four showed 

wild type phenotype with normal seeds, and sixteen were dwarf with smaller seeds 

(Fig.3-14), following a 3:1 ratio (16:4, chi square = 0.267, p=0.61). The dwarfism 

correlated well with reduced OsMPK6 accumulation and all plants with wild type levels 

of OsMPK6 were of normal phenotypes. In agreement with the previous observation, 

smaller seeds were observed in all the AS lines, but not in the segregated wild type 

lines (Fig. 3-15). 
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3.3.5 GA Treatment Rescued the Dwarfism in MPK6AS Plants 

Dwarfism observed in rice plants has been associated with deficient GA synthesis 

or perception (Li et al., 2011). To test if the dwarfism observed in OsMPK6AS plants 

was caused by impaired GA synthesis or signaling, wild type TP309 plants and 

OsMPK6AS plants were germinated on ½ MS medium supplemented with different 

concentrations of GA. Plant heights and root length were measured from at least 15 

individuals to evaluate the GA response. No effect on either WT or AS lines was 

detected when GA was applied at low concentrations (10-8, 10-10 or 10-12 M) (data not 

shown). When GA was applied at 10-6 or 10-4 M, the growth of both lines was promoted, 

suggesting that AS plants respond normally to GA (Fig. 3-16). One week after 

germination, growth of OsMPK6AS lines treated with 10-6 M or 10-4 M GA were 

dramatically increased compared to control treated plants. The length of both root and 

leaf sheaths in the AS lines were comparable to that of WT plants, implying GA 

treatment could rescue the dwarf phenotype. The results obtained in this experiment 

suggest that dwarfism in AS plants were due to a lack of active GA. 

3.3.6 MPK6AS Plants Displayed Altered Protein Accumulation Involved in Multiple 
Processes 

The altered resistance of rice to Xoo and abnormal plant development indicates 

important and diverse roles for OsMPK6. Therefore, the role of OsMPK6 was further 

analyzed by proteomic analysis in MPK6AS and in WT plants. Based on the consistent 

performance of OsMPK6AS lines in their physiological phenotype and disease 

resistance, a representative AS line, AS1, with a moderate phenotype was used for 

proteomics analysis. Three biological replicates were used for each sample, consisting 

of a pool of more than five leaves from different T2 homozygous individuals at the two-
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leaf stage. In total, 457 proteins were identified from both WT and AS lines with more 

than two peptides evident for each protein (1605 peptides) in total. The expression of 61 

proteins was significantly changed (p<0.05) in the AS lines compared to the WT with a 

cut off of >1.3 fold change. The proteins were classified according to their biological 

function (Table 3-2). OsMAPK6 is involved primarily in photosynthesis, carbohydrate 

metabolism, protein and amino acid synthesis and metabolism. Proteins involved in 

photosynthesis comprise the largest group identified (39%). The abundance of the 

majority of the proteins in the photosynthesis category was reduced in the OsMPK6AS 

lines. Only 5 out of the 25 photosynthesis related proteins were upregulated. Consistent 

with the abnormal growth observed, a significant reprogramming of primary metabolism 

was also detected when the AS lines were compared with the wild type plants. Twenty 

proteins related to primary metabolism and carbohydrate synthesis were identified as 

differentially expressed in AS lines. The third largest group identified was associated 

with protein or amino acid metabolic processes. All identified proteins associated with 

metabolism were upregulated in AS lines except for a Ribosomal_S10 super family 

protein. The protein synthesis process might be activated for the defense response as 

described by Mahmood et al. (2006). Oxidative signaling is an important response to 

both biotic and abiotic stress. The abundance of a thioredoxin protein was reduced 

while the accumulation of a catalase like protein was promoted in plants with decreased 

MPK6 protein. In addition, calcium binding proteins, DNA/RNA binding proteins, and 

translation elongation factors were identified, implying that OsMPK6 is involved in 

multiple processes in plants. No protein involved in GA pathway was identified as 
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deregulated by MPK6, although GA deficiency has been related to the dwarfism of 

MPK6AS plants. This is likely due to the overall low abundance of signaling proteins. 

3.3.7 OsMPK6OX Plants Display Abnormal Growth 

OsMPK6 was overexpressed using a rice ubiquitin promoter in TP309 plants to get 

a comprehensive understanding of OsMPK6 function. Nine transgenic plants were 

produced from seven individual Agrobacterium-mediated transformation events. Protein 

accumulation was dramatically elevated in 8 out of the 9 OsMPK6OX individuals, 

although the protein level varied from plant to plant (Fig. 3-17). Among all the plants, 

OsMPK6 accumulation was dramatically increased in OsMPK6OX-1 to 5 and OX-7 

plants. When the T0 transgenic plants were transferred into soil in the greenhouse, 

none of the plants grew normally or reached maturity (Fig. 3-17 and data not shown). 

Among them, OX-5 and 7 grew to a comparatively bigger size while OX- 2, 3 and 4 died 

within a few weeks. OX-5 and 7 plants survived but remained at the vegetative growth 

stage for more than seven months. By contrast, normal rice plants started flowering and 

setting seeds in three months, and began to senesce in five months. Except for plant 

OX-1, no flowering was observed in the OX lines. No healthy seeds were produced in 

any of the OX plants. All this data argues that overexpression of OsMPK6 in rice 

severely interrupts normal plant physiology, and that OsMPK6 plays a crucial role in 

orchestrating developmental processes. 

3.4 Discussion 

MAPKs are important components of signal modules involved in diverse plant 

physiological and developmental processes. A number of MAPKs have been reported to 

participate in defense responses in different plant species. Here, we report that 

OsMPK6 plays a negative role in resistance to Xoo by demonstrating its differential 
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activation in resistant and susceptible reactions and the altered resistance in MPK6AS 

plants. This study provides yet another example of MAPKs in the disease resistance 

responses, in a distinctive way as compared to its orthologue in Arabidopsis. 

Xoo causes the most destructive bacterial disease of rice worldwide. Significant 

effort has been applied to study the interactions between rice and Xoo. However, the 

hypothetical signaling components for both susceptibility and resistance remain largely 

obscure. A group of effectors, TAL effectors secreted by T3SS play a predominant role 

in the infection process by reprogramming the plant transcriptome (White and Yang, 

2009). The induction of the susceptibility gene Os8N3 (Xa13) by major virulence factor 

pthXo1 is required for a compatible interaction (Yang et al., 2006). Os8N3 has recently 

been identified as an intercellular sugar transporter providing nutrients for bacterial 

multiplication. OsMPK6 is activated in the susceptible reactions downstream of Os8N3 

under the conditions tested in this study. The role of this activation in susceptible 

reactions is still unknown. One reasonable guess is that OsMPK6 serves as a 

coordinator to balance plant development and defense programs as shown by the 

altered development of OsMPK6AS plants. However, no difference was observed in 

OsMPK6 protein accumulation, implying that OsMPK6 is not a direct target of TALes. 

Xoo might turn on OsMPK6 by targeting the MAPKKK upstream of MAPK or through 

some other mechanism. 

To resist Xoo infection, rice deploys a sophisticated system consisting of both 

dominant and recessive resistance genes. XA21 is a receptor kinase conferring 

resistance to broad spectrum resistance to almost all Xoo races identified in the 

Philipines (Song et al., 1995), and xa13 is a recessive r gene with a mutation at the 
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promoter region that disturbs the induction of Os8N3 by pthXo1 (Yang et al., 2006). 

Activation of OsMPK6 was suppressed in the resistance mediated by both Xa21 and 

xa13, suggesting OsMPK6 is a common pathway component shared by multiple R 

genes. This observation supports the importance of OsMPK6 in the resistance response. 

However, OsMPK6AS plants confer only partial resistance to Xoo infection. As no 

OsMPK6 null mutants are available, it is impossible to exclude the possibility that the 

partial resistance is due to undetectable activity of OsMPK6 remaining in the AS lines. A 

second explanation would be the possible presence of a redundant protein or multiple 

signaling pathways lying downstream of resistance genes. Specific interruption of 

OsMPK6 signaling leaves other proteins and OsMPK6-independent pathways intact, 

supporting an intermediate level of bacterial multiplication. These factors together 

suggest that OsMPK6 is targeted by pathogens as well as a component of resistance 

pathways. OsMPK3 has been reported as a negative regulator of resistance to M. 

grisea (Xiong and Yang, 2003), but mutation of OsMPK3 does not alter the interaction 

with Xoo (Fig. 3-6). This can be attributed to functional redundancy among MAPK family 

members. Another possibility is that OsMPK3 and OsMPK6 are responsible for 

resistance to different pathogens. The cooperation between OsMPK3 and OsMPK6 

may allow broader spectrum resistance to a wide range of pathogens. 

While we identified OsMPK6 by the differentiated activation in compatible and 

incompatible interactions, its putative orthologue in Arabidopsis has been shown to be 

involved in multiple programs including defense response to various stresses and plant 

development (Asai et al., 2002; Pitzschke et al., 2009a). The result obtained in this 

study is in agreement with the discovery in Arabidopsis in that MPK3 is regulated at 
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multiple levels including posttranslational modification while MPK6 is primarily regulated 

at the posttranslational level. Although MPK3 and MPK6 are involved in defense 

signaling in both Arabidopsis and rice, significant differences have been observed in the 

two species. AtMPK3/6 are redundantly located in one of the best established MAPK 

modules MEKK1-MKK4/5-MPK3/6 activated by flg22 treatment (Asai et al., 2002). 

Activation of AtMPK3 and AtMPK6 is essential for PR gene expression and PTI 

response to flg22. Mutation of either AtMPK3 or AtMPK6 does not significantly alter the 

response because of the functional redundancy of these two MAPKs. In rice, however, 

OsMPK3 and OsMPK6 are negatively involved in resistance to M.grisea and Xoo 

respectively (Xiong et al., 2003). In terms of development, the roles of AtMPK3 and 

AtMPK6 are diverse including their parallel function in ovule development and in 

ethylene signaling. Double mutation of mpk3/mpk6 is lethal, indicating the 

indispensability of the two proteins and other possible functions yet to be identified. 

Besides the shared function with AtMPK3, AtMPK6 has demonstrated roles in JA 

signaling, development of floral organs and embryos, and leaf senescence downstream 

of AtMKK9. In rice plants, overexpression or RNA interference of OsMPK3 does not 

cause observable physiological phenotypes, but OsMPK3 levels are well correlated with 

tolerance to environmental stress including cold and drought treatments (Xiong et al., 

2003). OsMPK6 is required for normal rice development, seed production and possibly 

GA signaling. In stark contrast to the overlapping function between AtMPK3 and 

AtMPK6 in Arabidopsis, decreased OsMPK3 activity itself is sufficient for enhanced 

resistance to rice blast and increased sensitivity to abiotic stress. Here we report that 

reduction of OsMPK6 is responsible for resistance to Xoo infection and abnormal plant 
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development. Similar to the divergent function between OsMPK3 and OsMPK6 

observed in rice, the putative MPK3 orthologue in wheat is strongly induced in 

compatible interactions but not in incompatible interactions with Mycosphaerella 

graminicola. TaMPK6, however, is not affected by M. graminicola. Notably, OsMPK3 

and OsMPK6 are both activated by a chitin elicitor, indicating a potential redundant 

function shared by OsMPK3 and OsMPK6. The differing and complex roles of MAPKs in 

different plant species suggests continued evolution of MAPK function after the 

divergence of monocots and dicots. 

While a classical view of defense response highlights defense specific signaling, 

more attention is now being focused on the integration of defense systems and plant 

developmental processes. On the one hand, pathogen invasion strategies alter plant 

development for successful colonization. On the other hand, plants adjust their 

developmental program to minimize the potential damage. A number of genes involved 

in both developmental processes and defense responses have been identified, 

supporting the speculation that plants may reverse the imbalance caused by pathogen 

infection. Multiple Arabidopsis mutants with constitutive defense response display 

retardation and defective growth. In this study, OsMPK6AS plants display suboptimal 

development and seed production in addition to enhanced resistance. The antagonistic 

effect between development and resistance has been previously reported with mutation 

of AtMPK4, a negative regulator of SAR (Petersen et al., 2000). Dwarfism observed in 

AtMPK4 mutants is associated with elevated SA accumulation and increased resistance, 

because expression of the nahG gene can partially rescue the phenotype. Dwarfism in 

OsMPK6 is nevertheless linked to distorted carbohydrate metabolism and 
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photosynthesis as demonstrated in the proteomics study. Carbohydrate metabolism and 

photosynthesis are important targets of pathogens for the purpose of obtaining nutrients. 

Meanwhile, upregulation of carbohydrate metabolisms are required for phytoalexin 

biosynthesis and antimicrobial activity (Kishi-Kaboshi et al., 2010). The modification of 

OsMPK6 activity by the pathogen and the subsequent change in carbohydrate 

metabolism is hence regarded as the output of a give-and-take between the pathogen 

and the plant. The role of OsMPK6 in plant development is proposed partly based on 

the finding that overexpression of OsMPK6 severely interfering with normal rice 

development, suggesting that overexpression of signaling components may disturb the 

signaling transduction. Together, the observations described above support that 

maintaining OsMPK6 actively at a stable level is crucial for maintaining normal plant 

growth and development. 

GA is an important hormone regulating plant growth and development. An 

increasing amount of evidence supports the role of GA in defense responses. 

Arabidopsis plants with mutation of the DELLA protein exhibit enhanced resistance to 

Pst and increased susceptibility to necrotrophs (Robert-Seilaniantz et al., 2007). 

Overexpression of a GA deactivating enzyme gene in rice results in increased 

resistance to both Xoo and M. grisea, indicating a negative role of GA in the rice 

defense responses (Yang et al., 2008). OsMPK6AS plants display a deficiency in GA 

signaling and enhanced resistance. The enhanced resistance is probably due to 

impaired GA signaling, and OsMPK6 appears to be an connection between GA 

signaling and defense signaling. GA was first identified as being produced by the causal 

agent of rice bakanae disease. Increased endogenous GA concentration compromises 
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resistance to Xoo (Yang et al., 2008). It is therefore proposed that GA signaling can be 

a virulence target of pathogen infection. This also provides a possible mechanism as to 

why OsMPK6 is induced by pathogens. It would be interesting to test the GA 

concentration in Xoo challenged plants and OsMPK6AS plants to validate this 

hypothesis. 

Although the OsMPK6 function has been investigated in this study by analyzing its 

expression pattern and generating transgenic plants, limited information on the 

mechanism or the upstream and downstream components of OsMPK6 signaling is 

available. If OsMPK6 functions through a MAPK cascade, its upstream MAPKKK and 

MAPKK await to be discovered. To date, most knowledge on MAPK cascades is based 

on studies on dicots, particularly Arabidopsis. In Arabidopsis, multiple MAPKKs are 

involved in the activation of AtMPK6, depending on the stimulus. AtMKK1-MKK4/5 are 

responsible for AtMPK3/6 activity downstream of flg22 perception by FLS2 (Asai et al., 

2002). AtMPK6 is activated in senescence in an AtMKK9 dependent manner and 

responds to JA signaling through activation of AtMKK3 (Zhou et al., 2009). A module 

has been reported in rice with MKK4 upstream of MPK3/6 involved in phytoalexin 

synthesis responsive to chitin elicitors (Kishi-Kaboshi et al., 2010). Constitutive 

activation of OsMKK4 caused transcriptional change of genes involved in sugar 

metabolism, secondary metabolites and phytoalexin biosynthesis. Significant 

overlapping of the genes regulated by OsMKK4 and OsMPK6 (11 out of 61), suggests 

that OsMKK4 may serve as an upstream activator of OsMPK6 in the rice-Xoo 

interactions. However, the exact activator(s) of OsMPK6 remains to be conclusively 

identified.  
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Table. 3-1. Primers used in this study 

  

Name  Sequence (5’ to 3’) 

OsMPK6-1  GGATCCGGGTCGACCATGGACGCCGGGGCGCAG 

OsMPK6-2  GCGGCCGCCCAAGGCTGAAATAGAACACCAG 

OsMPK6-3 ATCCAAATCCGAATCCGGCCATGGA 

OsMPK6-4 CATATGAATAGAATCAATCCAAGGCTGA 

OsMPK6-5 CACGAGAATATTGTTGCCATAAGGGA 

OsMPK6-7 TTGAATGAATTCCTTTGTGGAGGAGG 

OsMPK6-8 AAGGGCGCCTACGGCATCGTCTGCTCGGCGCTCAACTCGGAGA 

OsMPK6-9 CGATGCCGTAGGCGCCCTTGCCGA 

MPK63’UTR-F CTGGTGTTCTATTTCAGCCTTGGA 

MPK63’UTR-R GAATGGCATAGCAGCTACCCAGGA 

MPK6S-F GGATATCATGGAACTCATGGATCGTAAACC   

MPK6S-R GGACTAGTCTACTGGTAATCAGGGTTGAACGC 

MPK6AS-F GGCTCGAGGATCCTACTGGTAATCAGGGTTGAACGC 

MPK6AS-R GGAAGCTTATGGAACTCATGGATCGTAAACC 

PR10F ATGGACGCGTCCGCCATGC 

PR10R GGCGAATTCGGCAGGGTGAGC 
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Figure 3-1.  ClustalW phylogenetic analysis of Arabidopsis, rice MAPKs, TaMPK3 and 
TaMPK6. 
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Figure 3-2.  Information of OsMPK3 and OsMPK6 specific antibodies. A) Sequence 
alignment of N-terminal sequence of OsMPK3, OsMPK4, OsMPK6, AtMPK3, 
AtMPK4, AtMPK6, TaMPK3 and TaMPK6. Amino acid residues used for 
MPK3 antibody generation are underlined in red. B) Sequence alignment of 
C-terminal sequence of OsMPK3, OsMPK4, OsMPK6, AtMPK3, AtMPK4, 
AtMPK6, TaMPK3 and TaMPK6. Amino acid residues used for MPK6 
antibody generation are underlined in red. C) Immuno-detection of OsMPK3, 
OsMPK6 expressed in E.coli with αHis, αMPK3, or αMPK6 antibodies. 
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Figure 3-3.  Detection of OsMPK3 and OsMPK6 in inoculated TP309 and 4021-3 plants. 
A) Detection of MPK3, MPK6 protein abundance, and kinase activity in TP309 
and 4021-3 plants at 0,2,4,8 and 24 hpi. B) In gel kinase assay with proteins 
pulled down with αMPK6 from samples collected at 0 and 24 hpi in TP309 
and 4021-3 plants. C) Detection of MPK6 activity in TP309 and MPK6AS 
plants at 0 and 24 hpi. Commassie blue stain of protein gel is included as the 
loading control. 
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Figure 3-4.  Induction of OsMPK6 activity in IR24 and IRBB13 plants after challenge 

with PXO99a tested by in gel kinase assay. Commassie blue stain of protein 
gel is included as the loading control.   
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Figure 3-5.  Identification of OsMPK3 knock out mutants. A) Schematic of OsMPK3 
gene structure. Grey filled box represents exon, and black line represents 
intron. White empty box stands for 5’ or 3’ untranslated region (UTR). Start 
codon and stop codon are lableled. HindIII digestion sites used for Southern 
blot are shown. Dashed arrows show the region used for probe sequence for 

Southern blot.  shows the location of the T-DNA insertion in the mutants. 
B) Southern blot showing identification of the homozygous mutants.  
C) Immunoblot of OsMPK3 in homozygous T-DNA mutants. WT: wild type 
Dongjing plants, HT: heterozygous mutants. mpk3-1 and mpk3-2 represent 
two different alleles of the T-DNA insertion.   
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Figure 3-6.  Inoculation of OsMPK3 knock out mutants at adult stage with PXO99a. 
 A) Representative leaves showing lesion development in mpk3-1 and mpk3-
2 homozygous mutants. B) Lesion length of inoculated mpk3-1 and mpk3-2 
homozygous mutants. The mean value of more than 10 leaves is shown. 
Error bars represent standard deviation. All data were taken at 12 dpi. TP309 
and 4021-3 are included as susceptible and resistant controls respectively. 
WT: wild type Dongjing plants used for generation of T-DNA mutants. 
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Figure 3-7.  Generation of OsMPK6AS plants. A) Schematic structure of the OsMPK6 
gene. Grey filled boxes represent exons and the black lines represent introns. 
The start codon and stop codon are lableled. Pink lines show the region used 
for antisense. B) Immunoblot of OsMPK6 in OsMPK6 AS lines. Ponceau S 
stain of the membrane is included as the loading control. C) Immunoblot of 
OsMPK3 in OsMPK6 AS lines. Red arrow indicates the position of OsMPK3 
and * indicates the position of OsMPK6. 
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Figure 3-8.  Inoculation of OsMPK6 AS plants at the adult stage with Xoo strain 
PXO99a. A) Representative leaves showing lesion development in MPK6AS 
plants. B) Lesion length of inoculated leaves on MPK6AS plants. The mean 
value of more than 10 leaves is shown. C) Bacterial population in MPK6AS 
plants. The mean value of three replicates is shown. Error bars represent 
standard error. All data were taken at 12 dpi. TP309 and 4021-3 are included 
as susceptible and resistant control respectively. D) Detection of PR10 
expression in TP309 and MPK6AS plants. 
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Figure 3-9.  Inoculation of OsMPK6 AS T1 plants with PXO99a at adult stage. Numbers 
1-8 represent eight T1 individuals. Average lesion length of all leaves on a 
single plant is shown. Error bar represents standard error. 
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Figure 3-10.  OsMPK6 plants displaying dwarf phenotype. A) Picture of fully matured 
TP309 and OsMPK6AS plants AS1, AS2 and AS3. B) Plant height of fully 
matured TP309 and OsMPK6AS plants. 
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Figure 3-11.  Small panicles produced by T0 OsMPK6AS plants. A) Smaller panicle size 
on OsMPK6AS plants AS1, AS2 and AS3. B) Panicle structure of TP309 and 
MPK6AS1 plants. C) Panicle length on OsMPK6AS plants AS1, AS2 and 
AS3. The mean value of all panicles produced on a single plant is shown. 
Error bars represent standard deviation. 
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Figure 3-12.  Smaller seeds produced by T0 OsMPK6AS plants. A) Unhusked and 

dehusked seeds of TP309 and OsMPK6AS plants AS1, AS2, and AS3. B) 
Seed length, width, thickness and 1000-grain weight of seeds from TP309 
and OsMPK6AS plants AS1, AS2, and AS3. The mean value of fifty seeds 
produced on a single plant is shown. Error bars represent standard deviation. 
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Figure 3-13.  Bushy and dwarf phenotype of T1 OsMPK6AS plants at young stage.  
A) T1 OsMPK6AS and TP309 plants at 4 and 7 weeks old. B) Tiller number of 
T1 OsMPK6AS and TP309 plants at mature stage. Error bars represent 
standard deviation. 
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Figure 3-14.  Dwarf phenotype and smaller panicle length of OsMPK6AS T1 plants 
cosegregated with antisense. Numbers 3-33 represent different individuals. 
CK: TP309. +: normal MPK6 protein accumulation, -: no detectable MPK6 
protein. 
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Figure 3-15.  Smaller seeds from OsMPK6AS T1 plants. The mean value of 20 seeds 

from each line is presented. Error bars represent standard deviation. 
Numbers 3-33 represent different individuals. CK: TP309. +: normal MPK6 
protein accumulation, -: no detectable MPK6 protein. 
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Figure 3-16.  GA treatment of TP309 and MPK6AS plants. Root length (S) and leaf 
sheath length (B) of TP309 plants and MPK6AS plants were measured one 
week after treatment with GA. The mean value of more than 10 individual 
plants is shown for each treatment and control. Error bars represent standard 
error. CK: water treated control. 
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Figure 3-17.  Phenotype of MPK6OX plants. A) Confirmation of MPK6 proteins in 
MPK6OX plants. Ponceau S stain of the membrane is included as the loading 
control. B) Growth deficiency of MPK6OX plants. 
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Table. 3-2 Fold change of proteins in MPK6AS compared to TP309 plants 
TIGR ID Name Rep1 Rep2 Rep3 

Response to stress 

 Os02g33450 Thioredoxin like protein 0.57      

 Os03g17690 L-ascorbate peroxodase 1  0.52    1.51  

 Os03g03910 Catalase like protein   1.45    

Carbohydrate metabolic processes 

 Os01g45274 Carbonic anhydrase 1.64    0.52  

 Os02g15750 Hydroxyproline-rich glycoprotein-like protein 0.36      

 Os02g52940 Putative inorganic pyrophosphatase  0.42  1.75    

 Os03g03720 Glyceraldehyde-3-phosphate dehydrogenase 2.20    2.43  

 Os03g16050 Fructose-1,6-bisphosphatase 1.59      

 Os04g16680 Sedoheptulose-1,7-bisphosphatase precursor  1.45      

 Os04g38600 Glyceraldehyde-3-phosphate dehydrogenase A 1.82    1.88  

 Os05g01970 Putative 3-beta hydroxysteroid dehydrogenase/isomerase  0.46      

 Os05g41640 Phosphoglycerate kinase 0.35      

 Os06g04270 Putative transketolase  3.07      

 Os06g40640 Putative fructose-bisphosphate aldolase  1.64      

 Os08g14440 Uridylyltransferase-related protein 0.43      

 Os08g29170 Putative oxidoreductase, zinc-binding  0.35    2.21  

 Os09g36450 Putative Triosephosphate isomerase, chloroplast precursor  2.06      

 Os10g35370 Protochlorophyllide reductase B 2.40      

 Os11g07020 Fructose-bisphosphate aldolase 1.70  0.54    

 Os12g01530 Ferritin-1 2.50  3.21    

Photosynthesis 

 Os01g31690 Chloroplast oxygen-evolving enhancer protein 0.38      

 Os01g65902 cytochrome f [Oryza sativa] 0.63  0.62  0.64  

 Os02g01150 Hydroxypyruvate reductase  1.33    1.47  

 Os02g10390 putative chlorophyll a/b-binding protein type III precursor [Oryza sativa 
Japonica Group] 

0.10    1.28  

 Os02g51470 putative H(+)-transporting ATP synthase [Oryza sativa Japonica Group]     0.64  

 Os03g36540 Magnesium chelatase ATPase subunit I  2.31      

 Os03g39610 Chlorophyll a/b binding protein    0.70    

 Os04g16740 ATP synthase CF1 alpha chain  0.23    0.56  

 Os04g38410 Chlorophyll a/b-binding protein CP26 precursor 0.39    0.70  

 Os05g22614 NADB_Rossmann domain containing rptein 0.17    0.49  

 Os06g39708 Photosystem II 47kDa protein 2.30      
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Table. 3-2 Continued 
TIGR ID Name Rep1 Rep2 Rep3 

 Os06g43850 Putative ATP synthase delta chain 0.26      

 Os07g04840 23 kDa polypeptide of photosystem II  0.28      

 Os07g32880 Putative ATP synthase gamma chain 1 0.58      

 Os07g37240 Chlorophyll a/b-binding protein   0.45  0.65  

 Os08g25900 PsbP 0.30    0.44  

 Os10g21266 ATP synthase subunit beta 0.21    0.54  

 Os10g21268 Ribulose 1,5-bisphosphate carboxylase/oxygenase  2.88    2.74  

 Os10g35030 Putative IAP100 0.52  1.58    

 Os11g13890 Chlorophyll a/b-binding protein CP26 precursor  0.34      

 Os11g47970 RuBisCO activase small isoform precursor   1.56    

 Os12g17600 Ribulose bisphosphate carboxylase small chain C 0.55  0.48    

 Os12g17910 RuBisCO subunit binding-protein alpha subunit, chloroplast precursor 2.19  2.63    

Protein metabolic and modification processes 

 Os02g38210 Translational elongation factor Tu 1.96      

 Os02g57670 Putative 50S ribosomal protein L9   1.79  2.86  

 Os03g08010 Elongation factor -1 alpha  2.21    2.27  

 Os03g14530 Ribosomal_S10 super family protein   0.44    

 Os03g52840 Putative glycine hydroxymethyltransferase  1.39    1.51  

 Os04g56400 Plastidic glutamine synthetase 1.41      

 Os05g32220 Chloroplast ribosomal protein L1    1.67  1.64  

 Os06g09679 Putative chaperonin 21 precursor    3.51    

 Os06g45820 ATP-dependent zinc metalloprotease FTSH 2 1.39    1.57  

 Os07g01760 Putative alanine aminotransferase 3.04    2.59  

 Os07g37830 Putative peptidyl-prolycis-trans isomerase protein  2.25      

 Os08g39300 Putative aminotransferase 1.50  0.70    

 Os09g10760 Putative plastid-specific ribosomal protein 2 precursor    1.49    

Transcription related 

 Os08g44290 Putative nucleic acid-binding protein  0.19      

Transporter related 

 Os06g14324 Caleosin super family protein 0.76    0.71  

 Os09g19734 Voltage-dependent anion channel  0.40  0.64    

Unknown 

 Os10g30870 Hypothetical protein     1.66  
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CHAPTER 4 
SUMMARY AND FUTURE PERSPECTIVES 

In this study, developmental regulation of XA21-mediated resistance was 

investigated. XA21-mediated resistance was established at the two leaf stage in 

multiple XA21-containing plants. In contrast to the recent hypothesis that transcription is 

a key regulator of XA21-resistance, the resistance activation is independent of XA21 

protein accumulation. The activation requires constant low temperature treatment and 

could be blocked by elevated temperatures (31-32ºC), but not other environment 

factors. The temperature effect on the resistance was independent of XA21 level or 

Ax21 activity. In addition, JA and ABA application lead to compromised resistance. 

These results together present a multifaceted regulation of XA21 resistance and 

highlight the crosstalk among development, hormone and environmental factors in the 

pathosystem mediated by Xa21. 

The role of MAPKs in the interactions between rice and Xoo was studied for a 

better understanding of XA21 signaling. OsMPK3 protein was inducible by Xoo infection, 

while OsMPK6 responded to Xoo infection at posttranslational level. OsMPK6 activation 

was interrupted by the presence of R genes including Xa21 and xa13. Correspondingly, 

MPK6AS plants exhibited enhanced resistance to Xoo, suggesting a negative role of 

OsMPK6 in resistance to Xoo. Meanwhile, dwarfism and smaller grains were observed 

on OsMPK6AS plants. GA application could rescue the dwarf phenotype, indicating a 

deficiency in GA signaling, synthesis or degradation in OsMPK6AS plants. OsMPK6 

was identified as an integrated switch of resistance response and plant development 

through GA signaling. 
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Rice-Xoo interactions were associated with development and hormone signaling in 

both studies. XA21 signaling was developmentally regulated. Low level of OsMPK6 

conferred resistance to Xoo infection while causing retarded growth of rice pants. The 

altered resistance and plant development may be linked to GA signaling. However, 

more evidence is needed to support this hypothesis, for example, change of 

endogenous GA level or expression level of genes involved in GA pathways in 

inoculated plants and MPK6AS plants. There are other possible crosstalks between 

defense signaling and developmental programs as shown by inhibition of XA21 

signaling by temperature, JA and ABA.  

This work also added to our current knowledge on regulation of XA21 signaling as 

a multifaceted process. However, the mechanisms underlying how developmental 

programs and growth temperatures affect the resistance remain obscure. Xa21 

expression, posttranslational modification of XA21, and downstream factors are 

proposed as vital for XA21 signaling by different groups. Among all reports on 

developmental regulation of XA21 signaling, genetic approaches were barely applied. 

Sensitivity to temperature provides a strategy for large scale genetic screening of 

mutants. Temperature insensitive mutants will help us dissect the key factors involved in 

XA21 signaling. Nevertheless, a quick and high throughput screening platform has to be 

established to facilitate the screening. One possible approach would be to apply a 

downstream reporter gene, using glucuronidases (GUS) stain or another quick detection 

technique. Further investigation on the developmental control of XA21 signaling of the 

mutants will provide knowledge on the inter-regulation between environmental factors 

and developmental programs. 
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