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ABSTRACT 

 Using a reverse genetic approach, we investigated genes that are potentially 

important for disease resistance against the bacterial pathogen Pseudomonas syringae. 

Genes that were induced at least two-fold after infection by Pseudomonas syringae pv. 

maculicola ES4326 were chosen as candidates for our study. T-DNA mutants were 

ordered and assayed for bacterial growth. Mutants that consistently supported more 

bacterial growth than wild type controls were selected for further analysis. We also 

monitored expression profiles of wild-type plants and mutants with defects in key 

components of the defense signaling network using a microarray. The data were used to 

model the Arabidopsis defense network 24 hours after infection by Pseudomonas 

syringae pv. maculicola strain Psm ES4326. From the identified novel genes that are 

likely important for plant defense, I chose two members from the Arabidopsis CBP60 

family, CBP60g and CBP60h, for functional analyses. Mutants of CBP60g and CBP60h 

are susceptible to bacterial infection. They accumulated less SA in response to MAMP 

and/or pathogen inoculations. CBP60g binds to calmodulin and the calmodulin binding 

is important to its function in disease resistance and SA signaling. In contrast, CBP60h 

does not bind calmodulin and seems to function independently of calcium signaling. A 

cbp60g and cbp60h double mutant is highly susceptible to Pseudomonas syringae 

infection; it is more susceptible than sid2 and comparable to pad4. It is likely that 

CBP60g and CBP60h share partially redundant and crucial functions in defense 

signaling. The cbp60g and cbp60h double mutant was also found to affect both SA-

dependent and independent signaling pathways. 
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1. INTRODUCTION: Literature Review 

 

Plant and Microbe Interactions  

 

 Plants that live in their natural environment are surrounded by a variety of 

microorganisms. Because of their sessile and passive nature, plants constantly interact 

with their neighboring microbes. While some of these encounters may lead to 

mutualistic or commensalistic relationships, others pose challenges for plant’s survival.  

 

 Symbiosis 

 

Plants and neighboring microbes may form mutualistic symbiotic relationships, 

during which both parties benefit from the interaction. Studies have been carried out to 

understand how plants and microbes form symbiotic relationships and to attempt to 

manipulate these interactions to gain higher crop yield. Two major subjects of studies 

on mutualistic interactions are Rhizobium-mediated nitrogen-fixing symbiosis and 

mycorrhizal fungi-mediated mycorrhizal symbiosis that increases the absorptive surface 

area of plant roots (Albrecht et al., 1999; Harrison, 2005; Stacey et al., 2006). 

Rhizobia and some of their close relatives (Bradyrhizobium, Sinorhizobium and 

Azorhizobium) are the gram-negative bacteria that form endosymbiotic root nodules 

providing hosts with nitrogen through nitrogen fixation. In return, plants give back 

photosynthates including sugars and a protected environment for the bacteria to live in 

(Jones et al., 2007). Many studies have been focusing on how the symbiosis is initiated 
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and what signals and genes are involved during the process. We now understand that 

sensing the presence of a suitable host is important for Rhizobium to establish 

symbiosis. This is usually achieved through detection of  plant (iso)flavonoids secreted 

by Rhizobium bacteria (Rolfe, 1988). Upon sensing these molecules, Rhizobium begins 

production of specific lipo-chitin nodulation signals (Nod signals) or putative purine 

derivatives (Atkinson et al., 1994; Giraud et al., 2007), which in turn induce symbiosis 

responses in the host (Mitra and Long, 2004). After the initial connection is established, 

bacteria enter root cortical cells through the epidermal layer and start reprogramming 

cell development, forming a nodule. Once inside, bacteria are enclosed in a vacuole-

type structure called the symbiosome, where they differentiate into bacteriods and 

conduct fixation of nitrogen (Long, 1989; Gage, 2004). Recent research has been 

focusing on transcriptional analyses during the rhizobial symbiosis through microarray 

experiments and studies of various plant mutants that block the symbiosis at various 

early stages. These have led to the discovery of novel genes that are required for 

rhizobial symbiosis and helped us understand how Nod signals are perceived and 

processed in legume host plants (Stacey et al., 2006). 

Mycorrhizal symbiosis refers to mutually beneficial interactions between the 

symbiotic fungi of the phylum Glomeromycota and most taxa of land plants (Harrison, 

1998). In contrast with rhizobial symbiosis where a specific symbiotic organ (nodule) is 

formed, mycorrhizal symbiosis with plant roots does not lead to formation of new 

symbiotic organs. Instead, the interacting partners influence each other profoundly 

resulting in a symbiotic structure that accomplishes more than the sum of the activities 

of either symbiont alone. Establishment of mycorrhizal symbiosis is similar to that of 
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rhizobial symbiosis, where a plant secreted signal is perceived first by the microbe. 

Strigolactones, constitutively released by plant roots, have been identified as one of the 

initiating plant signals (Akiyama et al., 2005; Besserer et al., 2006). Hyphal branching 

and reprogramming of metabolic activities are induced in symbiotic fungi upon 

perceiving strigolactones, which leads to their growth and increases their chance of 

getting in touch with the plant host. Host plants are also able to sense the presence of 

beneficial fungi by detecting a yet unknown signaling molecule(s), which travels by 

diffusion (Kosuta et al., 2003). Once the connection is made, the fungi can colonize the 

root of a host plant intracellularly or extracellularly, forming endomycorrhiza or 

ectomycorrhiza structures, respectively (Martin et al., 2007). These mutualistic 

associations provide the fungus with relatively constant and direct access to mono- or 

dimeric carbohydrates, such as glucose and sucrose synthesized by the plant during 

photosynthesis (Harrison, 2005).  

Although rhizobial and mycorrhizal symbioses involve completely different 

symbionts and lead to distinct structural differentiations, they share some strikingly 

similar signaling pathways and components (Parniske, 2004). These include a receptor-

kinase that is thought to act as a receptor of secondary signals after perception of Nod 

factor or a putative mycorrhizal signal (Stracke et al., 2002); a putative ion channel that 

is localized in the plastids that might release a plastidic factor for signal transduction 

(Ane et al., 2004; Imaizumi-Anraku et al., 2005); a conserved nucleoporin for signal 

passage (Kanamori et al., 2006); and ultimately a nuclear calcium spiking that leads to 

symbiosis-related gene expression (Levy et al., 2004). These highly conserved cellular 

responses may point to evolutionary connections between diverse mutualistic symbiotic 
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relationships formed between plants and microbes. 

 

 Microbial Phytopathogens  

 

Compared to mutualistic symbiosis, pathogenic interactions, during which 

pathogenic microbes attack and comprise plant host defenses in order to gain nutrients 

and other resources for their own gain, are more common in the natural environment 

(Agrios, 2004). Some of these conflicts between host plants and pathogenic 

microorganisms can lead to plant diseases and decreased crop yield. Efforts have been 

devoted to elucidating the mechanisms that microbial pathogens use to compromise 

plant hosts and the host defense responses that limit pathogen growth.  

Plants can detect pathogenic microbes and initiate appropriate defense. One way 

of detecting invading microbes is through the perception of microbe/pathogen 

associated molecular patterns (MAMPs/PAMPs), such as flg22 and elf18 (derivatives 

from bacterial flagellin and elongation factor, respectively) (Bent and Mackey, 2007). 

Upon receiving these signals, plants mobilize defense machineries and acquire PAMP-

induced immunity (PTI), which is a broad defense mechanism against a variety of 

pathogenic microbes. Along with preexisting physical and chemical barriers on the 

surface of a plant, PTI is considered part of the plant basal defense. Plants are also able 

to detect effectors, proteins secreted by pathogens to compromise host defense.  This 

recognition induces more specific and robust defense responses, which leads to effector 

triggered immunity (ETI). ETI requires the presence of R proteins, such as RPM1 and 

RPS2, which are used by host to detect specific pathogens. ETI is also considered as 
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gene-for-gene resistance, because the interactions between R proteins and bacterial 

effectors are typically very specific (Mackey et al., 2002; Axtell and Staskawicz, 2003; 

Jones and Dangl, 2006). A major outcome of ETI is the salicylic acid (SA)-mediated 

defense response, which includes induction of defensive genes such as pathogenesis-

related gene 1 (PR1) and a form of induced resistance to subsequent infections called 

systemic acquired resistance (SAR) (Dong, 2004; Durrant and Dong, 2004). Many other 

important plant hormones are also mobilized during pathogen infection. These include 

jasmonic acid (JA) and ethylene (ET). In general, SA-activated defenses are thought to 

be involved in resistance against biotrophic and hemi-biotrophic pathogens, while JA- 

and ET-activated defenses are effective against necrotrophic pathogens and wounding 

(Glazebrook, 2005). 

Microbial pathogens of higher plants can be roughly categorized into three groups: 

virus and viroids, eukaryotic fungi, and prokaryotic bacteria. Although pathogens from 

these different groups differ both genetically and physiologically, the fundamental 

process of infecting a host plant is common. First and foremost, successful pathogens 

have to be able to circumvent defensive barriers employed by the host to foil infection. 

Second, they need to manipulate the newly susceptible plants for their own nutritional 

gain and reproductive needs (Jackson and Taylor, 1996).  

Plant viral pathogens are a large group of intracellular parasites that require the 

plant host to proliferate. Plant viral diseases were first described by Martinus Beijerinck 

in 1898, when he discovered that the sap from a Tobacco Mosaic virus (TMV) infected 

plant remains contagious after filtering through a porcelain filter. This property is a 

direct contrast with bacteria, which were not filterable and remained fixed (contagium 
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vivum fixum) in agar (Scholthof, 2004). Following purification of TMV and 

identification of RNA as the infectious material,  TMV later became one of the most 

studied plant viruses for both plant pathology and virology (Zaitlin and Palukaitis, 

2000).  

Based on their genomic differences, plant viral pathogens cover almost all known 

types of viruses, expect for the double-stranded DNA viruses that do not require a RNA 

intermediate for replication. The majority of plant viruses fall in the category of positive 

sense single-stranded RNA virus, which also includes the severe acute respiratory 

syndrome (SARS) coronavirus and many other viruses that cause respiratory diseases 

(Adams and Antoniw, 2006).   

Viral infections of human and animal cells are frequently mediated by attachment 

and incorporation of the viral body into the cell membrane. This is often accomplished 

by detecting specific membrane-bound receptors (Koonin et al., 2006). However, such 

an invasion strategy has yet to be observed with a plant virus. Most plant viral 

infections rely on physical breach of extracellular defensive layers that include wax, 

cuticle layers and the plant cell wall (Soosaar et al., 2005). This is usually achieved by 

vector-mediated transmission or entry at sites of mechanical damage on the plant 

surface.  

Despite structural and genomic variation among plant viruses, they all face two 

basic challenges after entering a host cell. First, in order to establish systemic infection 

of the hosts, viruses need to hijack native host machineries for their replication. Next, 

viruses must move through adjacent plant cells to the vascular system, before spreading 

throughout the plant (Jackson and Taylor, 1996). Using genetic approaches, studies 
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have identified many viral genes that are involved in replication and movement 

(Whitham and Wang, 2004). Particularly in the classic plant-virus model of TMV and 

Tobacco, viral genes that are required for RNA replication and capsid assembly have 

been well documented since the sequencing of complete TMV genome by P. Goelet and 

colleagues two and a half decades ago (Goelet et al., 1982).  The TMV genome is 

comprised of at least four genes, the CP gene encoding the coat protein; two 

overlapping replicase genes that encode two interacting replicase proteins (126 kD and 

183 kD) through a leaky UAG termination codon; and one MP gene encoding the 

movement protein that may be involved in modification of plasmodesmata for viral 

passage (Scholthof, 2004). Part of the non-coding TMV genomic RNA has also been 

found to be involved in viral pathogenicity (Gallie, 2002).  

Plant fungal pathogens are another diverse group of microorganisms that cause 

plant disease. Historically, fungal pathogens have been responsible for many 

devastating epidemics of plant diseases (Lee et al., 2003).  In addition to causing crop 

loss, they also produce mycotoxins which are directly harmful for human health (Xu et 

al., 2006).  During the process of fungal infection and disease, pathogenic fungi face a 

series of challenges. These include detecting a suitable host, overcoming chemical and 

physical defensive barriers to invade plant tissue, extracting nutrients, withstanding 

inducible defense mechanisms, and proliferation. 

Powdery mildews (Ascomycotina: Erysiphales) are some of the world’s most 

frequently encountered plant pathogenic fungi, and have been extensively studied for 

the past decade. Powdery mildews are biotrophic fungal pathogens and require living 

plant tissue to grow and reproduce. The disease symptoms caused by powdery mildews 
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are distinctive. Infected plants normally show patches of powdery-like spots on lower 

leaves and stems. As disease progress, these patches of spores become thicker and may 

spread to other parts of plants. Powdery mildews can cause yield losses, and in some 

severe instances, death of host plants. Among the commercially valuable plants that 

powdery mildews affect are wheat, barley, grapes, tree fruits, small grains, hops, and 

many ornamentals (Glawe, 2008). Blumeria graminis is one type of powdery mildew 

causing fungi that has been extensively studied for understanding plant fungal 

interactions and successful establishment of fungal infection. Recently, this research has 

advanced dramatically by studying powdery mildew interactions with the model plant 

Arabidopsis (Somerville, 2002).   

Powdery mildew fungi spread by sexually produced ascospores or asexually 

produced conidia. When first landing on a suitable plant host, they secrete enzymes that 

break down waxes and cutins and form micro-structures that extend into the cutical 

layers of host plants to fasten themselves.  This initial attachment happens quickly in 

the first hour after fungi contact their hosts. Once attached, fungal spores or conidia 

produce germ tubes, which elongate to form hyphae with appressoria and haustoria 

structures. Appressoria are lateral hyphal structures that swell and produce penetrating 

pegs to infect host cells (Glawe, 2008). This penetrating process is normally achieved 

by turgor pressure or enzymatic activities. Once the host cell wall is compromised 

penetration pegs further differentiate into haustoria inside host cells. Haustoria are 

directly involved in maintaining and developing the parasitic relationship with the host, 

and causing the plant to divert resources to the fungus (Fotopoulos et al., 2003). A 

successfully established powdery mildew infection will then proliferate and spread by 
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producing ascospores or conidia to complete the life cycle. 

Screens carried out by Somerville and colleagues looking for Arabidopsis mutants 

resistant to powdery mildew (Erysiphe cichoracearum) infection have given us insights 

into potential host factors that are involved in fungal infection. A series of genes were 

identified and studied for their roles as host factors that may contribute to fungal 

infection. PMR1 is a gene located on the lower arm of Arabidopsis chromosome 1, 

whose mutants show highly specific resistance to Erysiphe cichoracearum infection. 

The observed resistance is correlated with a  1.7-fold increase in PR1 transcript 

accumulation compared to wild type, hinting at possible involvement of elevated 

salicylic acid (SA)-dependent defense mechanisms (Vogel and Somerville, 2000). 

PMR2/MLO2 is a member of a seven-transmembrane domain protein family that is 

specific to plants. It is also a homolog of the barley mildew resistance locus O (MLO) 

protein (Bai et al., 2008). MLO proteins are believed to be conserved host factors that 

are involved in a variety of powdery mildew infections in Arabidopsis. MLO-dependent 

susceptibility to powdery mildew does not involve ET, JA or SA-dependent signaling 

pathways, but requires a syntaxin and an ABC transporter, which are believed to be 

membrane-associated (Consonni et al., 2006). The detailed mechanisms of how MLO 

proteins are required for the establishment of powdery mildew infection are still 

unknown. Other notable genes involved in powdery mildew susceptibility include 

PMR4, required for pathogen-induced callose deposition and suppression of SA-

dependent signaling (Nishimura et al., 2003); Mutations in PMR5 and PMR6 cause 

altered cell wall composition that may contribute to powdery mildew resistance in an 

SA and JA/ET-independent manner (Vogel et al., 2002; Vogel et al., 2004). 
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In addition to powdery mildews, many other fungal phytopathogens have been 

studied for their disease causing mechanisms and efforts have been put into engineering 

defense in host plants, especially in crop species.  Among these other fungal pathogens, 

Magnaporthe grisea and Fusarium graminearum,  the causes of rice blast disease and 

wheat/barley head blight, respectively, are well studied (Lee et al., 2003; Bai and 

Shaner, 2004; Gilbert et al., 2006). Efforts to understand fungal pathogenicity include 

molecular and genomic approaches. So far, at least eight plant fungal pathogens have 

been sequenced and their complete sequences are publicly available (Xu et al., 2006). 

Studies on the genomic information of pathogenic fungi showed that 30% of their genes 

have no obvious homologs in other sequenced organisms such as plants, human and 

yeast. Relatively large diversities were observed even among different groups of fungi, 

which made it difficult to define core fungi-specific genes and study fungi-specific 

pathogenesis factors (Hsiang and Baillie, 2005). Nevertheless, progress has been made 

in functional studies of fungal genes that contribute to signaling and compromise of 

host defense (Lee et al., 2003; Gilbert et al., 2006).  

Prokaryotic bacteria make up another diverse group of phytopathogens. Bacterial 

and mycoplasma-like pathogens can cause a wide range of plant diseases showing 

various symptoms. These include Agrobacterium that causes “root gall” and “hairy 

root” diseases (Escobar and Dandekar, 2003); Corynebacterium that causes potato ring 

rot and fruit spots (Kennedy and Koukkari, 1987); Erwinia that causes fire blight; 

Pseudomonas that causes leaf spots and banana wilts (Whitehead et al., 2002); 

Xanthomonas that causes black venation and cutting rots (Shen and Ronald, 2002) and 

Streptomyces that causes scab and soil rot of potato (Loria et al., 2006). These 
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pathogenic bacteria have diverse life styles. Some of the facultative pathogens such as 

Erwinia and Pseudomonas can be cultivated in the laboratory, while some fastidious 

obligate pathogens, such as Xylella and mycoplasma-like organisms are very difficult to 

culture (Agrios, 2004). The most widespread and destructive losses are caused by 

Gram-negative rod-shaped bacteria of the genera Erwinia, Pseudomonas, and 

Xanthomonas (Jackson and Taylor, 1996). Depending on how they attack and pillage 

from a plant host, phytopathogens including prokaryotic bacteria can be roughly divided 

into two groups: the biotrophs that feed on living tissue and the necrotrophs that kill the 

plants to feed on the remaining tissue (Agrios, 2004) . Some species of bacterial 

pathogens fall in the middle of these two categories. For instance, Pseudomonas 

syringae (P. syringae) strains normally do not kill a host during the initial infection, but 

their growth ultimately causes host death. Because of this behavior, they are generally 

considered as hemibiotrophic pathogens (Glazebrook, 2005). 

Almost all plant bacteria are parasites that develop and propagate intracellularly 

inside or on the surface of a plant host. Some of the bacterial phytopathogens such as P. 

syringae and Erwinina amylovora that cause blight diseases do not proliferate 

extensively when separated from their hosts. Populations of these obligatory parasitic 

bacteria drop sharply while in the soil or underground water. To achieve a complete 

infection cycle, they often rely on herbivore insect or animal vectors, or merely on the 

perennial nature of the host plants. Figure 1 shows a typical disease cycle of tobacco 

fire blight caused by P. syringae pv. tabaci (Agrios, 2004). In contrast, bacteria such as 

Agrobacterium tumefaciens and Ralstonia solanacearum are typical soil inhabitants. 

Their populations build up inside plant hosts, and do not decline dramatically once they 
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released into the soil. Their infection cycles are completed when new plants growing in 

their habitats are infected. 

 

 

  

 

 

 

 

 

To successfully colonize a host plant, bacterial pathogens need to first gain entry 

to the intercellular space. This is normally achieved by entering opened stomata or 

existing wounds. The gall disease pathogen Agrobacterium tumefaciens often enters a 

Figure 1. Disease cycle of bacterial blight caused by P. syringae pv. tabaci.  

(1) A blight-infected leaf may fall onto soil in rainy weather. (2) Bacteria 

overwinter in soil, plant debris and on tobacco seeds, and may spread to new hosts 

(3) Bacteria travel onto leaf surfaces during wet conditions. (4) Bacteria penetrate 

leaves through stomata and wounds (leaf cross section). (5) Bacteria proliferate 

intercellularly. (6) As disease progress, circular yellowish halos develop around 

infection sites. (7) Tissues in the center of the infection collapse and die due to 

excessive bacterial growth. (8) A severely infected leaf may eventually die and fall 

off the plant. 

○1  
○2  

○3  

○4  ○5  

○6  

○7  

○8  
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host plant through the wounds around the soil interface (Escobar and Dandekar, 2003), 

while some foliar phytopathogens such as P. syringae enter hosts through leaf stomata. 

In the conventional view, bacterial entry into leaf tissues through natural openings has 

been perceived as a passive event, where bacteria lack active mechanisms for gaining 

entry, and plants similarly lack active mechanisms for preventing entry (Melotto et al., 

2008). However, a recent study found that this process is complex, and evolves the 

action of at least one phytotoxin secreted by bacteria and a series of signaling events 

between the bacteria and the plant (Melotto et al., 2006).  Melotto et al discovered that 

Arabidopsis leaf stomata close quickly within the first hour of sensing the presence of 

live P. syringae or PAMPs/MAMPs. This response is mediated partially by the 

membrane-bound receptor of flg22, FLS2, and requires SA and abscisic acid (ABA)-

mediated signaling. A phytotoxin, coronatine, seemed to act as the sole pathogenic 

factor that reopens stomata and grants bacteria entry to the intercellular space (Melotto 

et al., 2006). Because coronatine is a structural mimic to JA-isoleucine, an active 

signaling molecule for JA-mediated signaling, it is believed reopening of stomata is due 

to crosstalk between JA and SA/ABA signaling events that are likely mediated by COI1 

(Melotto et al., 2008; Wang et al., 2008b). It is unclear whether such coronatine-

mediated stomatal reopening is widely shared by other bacterial phytopathogens, since 

coronatine is only produced by a few pathovars of P. syringae, and non-coronatine-

producing P. syringae pv. tabaci is capable of reopening stomata through an unknown 

mechanism (Underwood et al., 2007a). 

After reaching the intercellular space of a host plant, bacterial pathogens still face 

numerous challenges. These include induced production of anti-microbial compounds 
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such as camalexin (Smith, 1994; Schuhegger et al., 2006; Glawischnig, 2007), and the 

hyper sensitive response (HR), which is a process of infected plant cells undergoing 

“suicide” to cub infection spread and leads to systemic resistance to subsequent 

infection (Belkhadir et al., 2004; Durrant and Dong, 2004). Pathogenic bacteria are able 

to suppress these host defensive mechanisms by secreting effector proteins. The Type-

III secretion system (TTSS) is one of the machineries that bacteria use to deliver these 

effector proteins, which recently has been a focus of studies of bacterial pathogenicity 

and inducible plant immunity (Zhou and Chai, 2008).  

The TTSS is one of the well known virulence systems used by pathogenic bacteria. 

It shares homology with the bacterial flagellum basal body and is conserved in a wide 

range of bacteria, including both animal and plant pathogens. Among plant pathogenic 

bacteria, the TTSS has been identified in at least five species/groups: P. syringae, 

Ralstonia solanacearum, Erwinia amylovora, Pantoea agglomerans and Xanthomonas 

spp. (Cornelis, 2006). TTSS in these bacteria is also required for full bacterial virulence 

(Guttman et al., 2006).  A typical TTSS is encoded and regulated by approximately 20 

genes forming a classical pathogenicity locus as illustrated in Figure 2 (Dobrindt et al., 

2004). In P. syringae this locus is named the hrp cluster because it is required for both 

the host HR response and bacterial pathogenicity (Alfano et al., 2000). Genes in the hrp 

cluster that are conserved among a wide range of pathogens are called hrc genes, for 

hypersensitive response and conserved (Guttman et al., 2006). 
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Effector proteins delivered through the TTSS, or Type III effectors (TTSEs), is a 

research subject that is drawing intense interest in the field of plant pathology. So far, 

there are at least 53 known or candidate P. syringae TTSEs indentified, belonging to 24 

TTSE gene families shared by a wide variety of pathogenic bacteria (Rohmer et al., 

2004; Sarkar et al., 2006). Much effort has been put into elucidating pathogenic 

activities of TTSEs inside host cells, and more recently, using them as tools for 

dissecting plant disease defense mechanisms (Block et al., 2008; McCann and Guttman, 

2008; Zhou and Chai, 2008).  

Figure 2. Illustration of TTSS structure and pathogenicity loci 

Illustration adapted from Guttman et al (Guttman et al., 2006). Bold dark arrows 

indicate the direction of effector protein flow. Putative locations of HrcJ, HrpA and 

HrpZ proteins are marked.  The lower figure illustrates the genomic organization of 

the P. syringae hrp cluster encoding the TTSS. Gene names are listed on top, and 

operon names are listed at the bottom. Black and gray boxes indicate genes 

encoding proteins that are believed to be associated with the inner and outer 

bacterial membranes, respectively. The HrcJ protein (indicated as a hashed box) is 

believed to be associated with both membranes (Alfano et al., 2000). EEL, 

exchangeable effector locus; CEL, conserved effector locus.  
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P. syringae TTSE AvrB, AvrRpm1, AvrRpt2, and AvrPto are among the earliest 

characterized effector proteins whose host targets were studied (Mackey et al., 2002; 

Axtell and Staskawicz, 2003; Mackey et al., 2003; Shang et al., 2006). AvrB and 

AvrRpm1 are recognized by the Arabidopsis R protein RPM1, while AvrRpt2 is 

recognized by the Arabidopsis R protein RPS2.  Using a yeast two hybrid system and in 

vivo verification, Mackey et al identified an interacting protein, RIN4 (RPM1 

interacting protein 4), that interacts with both AvrB and AvrRpm1. RIN4 is a negative 

regulator of basal plant immunity and PR gene expression. Both AvrB and AvrRpm1 

induce phosphorylation of RIN4 in an RPM1-independent manner, which is also 

required for RPM1-dependent but not RPS2-dependent HR response (Mackey et al., 

2002).  Later, RIN4 was also identified as the protein interactor of AvrRpt2. In contrast 

to its phosphorylation during AvrB- and AvrRpm1-induced defense responses, RIN4 is 

actively degraded when AvrRpt2 is transported into host cell. Disappearance of RIN4 is 

sufficient to activate RPS2-mediated resistance and required for AvrRpt2-induced HR 

(Mackey et al., 2003). A revisit to TTSE AvrB by Shang and colleagues identified 

another AvrB interator, RAR1, a protein believed to be required for maintaining 

stability of many R proteins (Tornero et al., 2002; Takahashi et al., 2003). The study 

showed that it also functions as a negative regulator of basal defense and plays a central 

role in both PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI). It 

is proposed that RAR1 serves as a molecular link among PTI, effector virulence, and 

ETI (Shang et al., 2006). Effector virulence activity is also clearly demonstrated in the 

study of AvrPto, an inhibitor of a tomato serine/threonine protein kinase (Pto kinase) 

involved in disease defense (Chandra et al., 1996; Xiao et al., 2001a). Studies have 
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showed that AvrPto interacts with Pto kinase to trigger defense (Tang et al., 1996; Kim 

et al., 2002b). We now understand that the virulence function of AvrPto is binding to 

the PAMP receptor kinases FLS2 and EFR, and to BAK1 (BRI1-associated receptor-

kinase 1), a shared signaling partner of the brassinosteroid receptor BRI1 

(brassinosteroid-insensitive 1) and FLS2, to compromise defense.  It has not yet been 

ruled out that AvrPto may interact with more cellular targets to compromise host 

defense (Shan et al., 2008; Xiang et al., 2008). Recently, TTSEs were also found to 

interfere with the microRNA (miRNA) pathway to suppress host defense. Navarro et al 

showed that AvrPtoB, an effector with E3-ubiquitin ligase activity that binds Fen kinase 

to elicit virulence (Abramovitch et al., 2006; Rosebrock et al., 2007), also 

transcriptionally targets precursors of miRNA (pri-miRNA) that are important for 

disease resistance. In the same study, AvrPto was also found to reduce miRNA 

accumulation. However, its virulence activity is likely at the post-transcriptional level, 

because AvrPto did not alter pri-miRNA transcript levels. Additionally, the effector 

HopT1 was implicated in suppressing miRNA-directed translational inhibition (Navarro 

et al., 2008). More examples of well-studied TTSEs are listed in Table 1, based on the 

review by Block et al (Block et al., 2008). 
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Table 1. List of type-III effector proteins studied for virulence activity 

 

TTSE  Species  Activity  Target  Reference 

AvrB  P. syringae  

pv. glycinea 

Induces 

phosphorylation  

RIN4; 

RAR1  

(Mackey et al., 2002; 

Shang et al., 2006) 

AvrBs3  X. campestris pv. 

vesicatoria  

Transcription activator-

like  

upa20; 

Bs3  

(Kay et al., 2007; Romer 

et al., 2007) 

AvrPphB  P. syringae  

pv. phaseolicola 

Cysteine protease  PBS1  

 

(Shao et al., 2003) 

AvrPto  Pst JL1065  Kinase inhibitor; 

miRNA signaling   

Pto ;             (Xiang et al., 2008) 

EFR/FLS2         

AvrPtoB  Pst DC3000  E3 ubiquitin ligase; 

miRNA signaling 

Fen  

 

(Abramovitch et al., 

2006; Navarro et al., 

2008) 

AvrRpm1  P. syringae  

pv. glycinea 

Induces 

phosphorylation  

RIN4  

 

 (Wu et al., 2004) 

AvrRpt2  Pst T1  Cysteine protease  RIN4  

 

 (Axtell and Staskawicz, 

2003) 

AvrXa27  X. oryzae  

pv. oryzae  

Transcription activator-

like  

Xa27   (Gu et al., 2005) 

AvrXv4  X. campestris 

 pv. vesicatoria  

DeSUMOylating 

cysteine protease  

Unknown   (Roden et al., 2004) 

GALA  R. solanacearum 

GMI1000  

F-box and LRR 

domains  

ASK(s)   (Angot et al., 2006) 

HopAI1  Pst DC3000  Phosphothreonine lyase  MPK3;          (Li et al., 2005) 

MPK6  

HopAO1  Pst DC3000  Protein tyrosine 

phosphatase  

Unknown  

 

 (Underwood et al., 

2007b) 

HopI1  Psm ES4326  J-domain protein 

and other 

Unknown   (Jelenska et al., 2007) 

HopM1  Pst DC3000  Unknown  AtMIN7       (Nomura et al., 2006) 

and other  

HopT1 Pst DC3000 miRNA signaling Unkown       (Navarro et al., 2008) 

HopU1  Pst DC3000  Mono-ADP-

ribosyltransferase  

GRP7           (Fu et al., 2007) 

and other  

PthXo1  X. oryzae  

pv. oryzae  

Transcriptional 

activator-like  

Os8N3   (Yang et al., 2006) 

PthXo6/7  X. oryzae  

pv. oryzae  

Transcriptional 

activator-like  

OsTFX1;      (Sugio et al., 2007) 

OsTFIIAg1  

XopD  X. campestris  

pv. vesicatoria  

DeSUMOylating 

cysteine protease  

Unknown   (Hotson et al., 2003; 

Mach, 2008) 

 

 

 

Table based on review by Block et al (Block et al., 2008). Pst: Pseudomonas syringae 

pv. tomato; Psm: Pseudomonas syringae pv. maculicola 
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The Plant Immune System 

Note: A part of this section is from the introduction of my paper in MPMI (Wang et al, 2008b). 

 

Plants growing in the wild face constant challenges from surrounding pathogenic 

microorganisms. In order to survive, they employ sophisticated and multi-layered 

defense mechanisms under the regulation of many genes. In general, plants defend 

themselves by a combination of two basic strategies: passive structural and chemical 

barriers that inhibit pathogens from gaining entry and spreading, and adaptive immunity 

based on inducible defense responses that produce substances toxic to pathogens or 

create conditions that inhibit pathogen growth (Agrios, 2004).   

The pre-formed structural and biochemical defenses are generally the front line 

against pathogens. These include waxes, the cuticle layer, the plant cell wall and various 

chemical compounds that plants secrete, such as fungitoxic exudates, protocatechuic 

acid and catechol. The majority of potential pathogenic microorganisms fail to infect 

plants because of these pre-existing defenses. These pathogens, in addition to those that 

fail to cause plant diseases because of incompatibility to host plants, are named “non-

host pathogens” because of their inability to compromise defense and colonize host 

plants (Agrios, 2004; Jones and Takemoto, 2004). 

Although effective against many non-host pathogens, the passive defensive 

system alone is not enough to fend off all pathogenic microorganisms. Plants also 

deploy adaptive innate immunity against invaders. This adaptive defense system may be 

most easily explained in an evolutionary framework as shown in figure 3. Originally, 

plant defense responses were activated as a consequence of recognition of molecules 

characteristic of microbes (PAMP/MAMP) by pattern recognition receptors (PRR),  
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resulting in PAMP-triggered immunity (PTI). Subsequently, pathogens acquired 

effectors, which are proteins or small molecules transported into host cells that promote 

virulence. Many of these effectors function to suppress PTI. Ultimately, plants acquired 

R genes that recognize effectors, or host proteins modified by effectors, and trigger an 

alternative signaling cascade that actives plant defense responses. This response is 

known as effector-triggered immunity (ETI). The outcome of an interaction between a 

well-adapted pathogen and its host depends on the balance between the ability of 

Figure 3. Model of plant innate immunity evolution 

Illustration adapted from Jones and Dangl (Jones and Dangl, 2006). The X axis 

represents a hypothetical timeline. The Y axis represents amplitude of defense 

responses, with higher values for stronger defense that is more effective and lower 

values for weaker defense that may be insufficient to fend off pathogen attack. 

Dotted lines stand for thresholds for HR and effective resistance. Defense lower than 

the effective resistance threshold leads to plant disease, while defense higher than the 

HR threshold leads to PCD and HR. Stars: MAMPs/PAMPs; circles: effector 

proteins; half moons: R protein. This model is likely not a realistic representation of 

plant immunity evolution, however it is useful for understanding interactions 

between inducible plant defense and pathogen manipulation that drive evolution. 
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pathogen effectors to turn off host defenses and the ability of the host to recognize the 

pathogen and activate defense responses (Jones and Dangl, 2006). 

MAMP-triggered defense is initiated by perception of MAMPs by pattern-

recognition receptors (PRRs). Well-characterized examples in Arabidopsis include 

recognition of flagellin by the receptor kinase FLS2 (Gomez-Gomez and Boller, 2000; 

Zipfel et al., 2004), of Ef-Tu by the receptor kinase EFR (Zipfel et al., 2006), and of 

chitin by the LysM receptor kinase CERK1 (Miya et al., 2007). Direct binding has been 

demonstrated for FLS2 and EFR, but not for CERK1. FLS2 and EFR require a second 

kinase, BAK1, to initiate defense signaling (Chinchilla et al., 2007; He et al., 2007a; 

Heese et al., 2007). Signaling activation results an oxidative burst produced by the 

NADPH oxidase encoded by AtrbohD, which is in turn required for deposition of 

callose at the cell wall (Gomez-Gomez and Boller, 2000; Zhang et al., 2007). Other 

responses include production of ET, closure of stomata, activation of a MAP kinase 

cascade, and a suite of gene expression changes (Navarro et al., 2004; Melotto et al., 

2006; Dunning et al., 2007; Colcombet and Hirt, 2008). MAMP responses are effective 

in limiting pathogen growth, as pre-treatment with flg22, a peptide derived from 

flagellin, dramatically reduces growth of Pseudomonas syringae pv. tomato DC3000 

(Pst DC3000) in an FLS2-dependent manner (Zipfel et al., 2004), efr plants are more 

susceptible to Agrobacterium tumefaciens (Zipfel et al., 2006), and cerk1 mutants are 

more susceptible to Alternaria brassicicola (Miya et al., 2007; Wan et al., 2008). 

Bacterial pathogens produce numerous virulence effector proteins (summarized in 

Table 1) that are secreted into the host cytoplasm, where many of them disrupt plant 

defense responses (Jones and Dangl, 2006; He et al., 2007b). Plants can counter this if 
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they have one or more appropriate R genes. A number of models explaining R protein 

actions have been proposed. The classical one hypothesized that direct recognition of 

effectors by R proteins leads to subsequent HR and disease resistance (Flor, 1971; Bent, 

1996). Later it was discovered that R genes can also indirectly detect the cellular 

disturbance caused by effector proteins and elicit defense (Mackey et al., 2002; Mackey 

et al., 2003), it was named as the “guard model” (Van der Biezen and Jones, 1998). This 

model was recently further complemented by the “decoy model”, for which it is 

proposed that some effector targets do not have active cellular functions other than 

posing as “decoys” that attract effector attack and induce defense  (van der Hoorn and 

Kamoun, 2008). 

Through molecular and genomic approaches, many functional R genes have been 

isolated and characterized in the past two decades (Friedman and Baker, 2007). 

Identified R genes show large diversity, encoding resistance to bacterial, viral, fungal, 

oomycete and even nematode and insect pathogens with very different lifestyles, 

outside or inside the plant cell (Dangl and Jones, 2001). Despite their wide range of 

presumed effector targets, R proteins can be categorized into five major groups as 

shown in Figure 4. The majority of R proteins belong to a single group of proteins that 

contain a leucine-rich repeat (LRR) domain and nucleotide binding (NB) site (Friedman 

and Baker, 2007). 

R protein activation results in induction of additional layers of defenses, including 

production of reactive oxygen species (ROS) and activation of HR, a programmed cell 

death response thought to limit pathogen access to water and nutrients (Nimchuk et al., 

2003). R gene recognition of an effector also results in activation of the salicylic acid 
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(SA)-dependent defense signaling pathway, which plays an important role in resistance 

(Alvarez, 2000; Glazebrook, 2005). Moreover, the SA-dependent defense sector can be 

triggered by virulent pathogens that do not appear to trigger R gene recognition. This 

may be due to weak recognition by R genes. PAMP recognition also activates SA 

signaling, and the SA sector is important for PTI (Tsuda et al., 2008). 

 

 

 

 

 

 

SA-dependent defense responses are thought to be mainly involved in defense 

against biotrophic and hemibiotrophic pathogens (Glazebrook, 2005). Several major 

components of the SA-dependent signaling sector are known. EDS1, PAD4 and 

SAG101 are lipase-like proteins, but lipase activity does not seem to play a role in their 

Figure 4. Five main classes of plant R proteins 

Illustration adapted from Dangl and Jones (Dangl and Jones, 2001). NB: Nuclear-

binding domain; LRR: leucine-rich repeat domain; TM: transmembrane domain; 

CC: coiled coil domain; TIR: mammalian interleukin (IL)-1 receptor domain; PK: 

protein kinase. Parallel lines represent plant membranes. R protein examples 

belonging to each group are listed underneath each type. Xa21 (Wang et al., 1996; 

Wang et al., 1998); Cf-2,4,5,9 (Thomas et al., 1998); Pto(Martin et al., 1993; Xiang 

et al., 2008); Fen (Rosebrock et al., 2007); RPW8 (Xiao et al., 2001b). 
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functions. EDS1 interacts with both PAD4 and SAG101 physically and contributes to 

activation of SA synthesis in response to many, but not all, SA-inducing pathogens 

(Aarts et al., 1998; Zhou et al., 1998; Falk et al., 1999; Jirage et al., 1999; Feys et al., 

2001; Feys et al., 2005; Wiermer et al., 2005). PAD4 is also required for pathogen-

induced expression of many SA-independent genes, although it also affects expression 

of many SA-independent gens (Glazebrook et al., 2003). SID2 and EDS5 are required 

for SA synthesis. SID2, also known as ICS1 or EDS16, is isochorismate synthase, an 

enzyme involved in SA biosynthesis, and EDS5 is a MATE transporter whose role in 

SA synthesis is not yet understood (Volko et al., 1998; Nawrath and Metraux, 1999; 

Wildermuth et al., 2001; Nawrath et al., 2002). PBS3 is a member of the GH3-like 

family, which includes JAR1, a protein known to produce JA-Ile, the active form of JA. 

There are conflicting reports regarding SA levels in pbs3 mutants after infection by 

various P. syringae strains, but it seems clear that SA levels are generally lower than in 

wild-type plants and that the enhanced susceptibility to P. syringae and reduced 

expression of the SA-responsive gene PR-1 can be rescued by exogenous SA 

(Jagadeeswaran et al., 2007; Lee et al., 2007; Nobuta et al., 2007). NPR1 transmits the 

SA signal to the nucleus. At low SA levels, it exists as a cytoplasmic oligomer 

(Kinkema et al., 2000; Mou et al., 2003). In response to the altered redox state caused 

by rising SA levels, it becomes a monomer, translocates to the nucleus, and mediates 

changes in gene expression through interaction with TGA-family transcription factors 

(Dong, 2004). WRKY-family transcription factors are also involved in NPR1-

dependent changes in gene expression (Rizhsky et al., 2004; Wang et al., 2006). Some 

SA-dependent defense responses seem to not require NPR1, indicating a possible 
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branch of the SA signaling pathway that is NPR1-independent (Bowling et al., 1997; 

Uquillas et al., 2004).  SA-dependent defense responses are summarized in Figure 5. 

 

  

 

 

 

 

 

Figure 5. Major components involved in the SA-dependent defense response 

SA signaling can be initiated by both pattern recognition receptors (PRRs) binding to 

MAMPs and R genes detecting effector proteins. EDS1, PAD4 and SAG101 are 

important components upstream of SA signaling. SID2, EDS5 and PBS3 are thought 

to be involved in SA production or processing. SA can form a positive feedback loop 

with upstream signaling components (Wiermer et al., 2005). NPR1 can sense SA 

elevation and elicit defense though TGA transcription factors. PRR binding to 

MAMP leads to production of ET though MAPK cascades and elicits defense by 

WRKY transcription factors. JA and ET signaling have mutually antagonistic cross 

talk with SA signaling (Kunkel and Brooks, 2002). HR: Hypersensitive response; 

PCR: Programmed cell death. 
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JA is thought to be involved mainly in defense against necrotrophic pathogens and 

in wound responses. It is also required for a wide range of other plant metabolic and 

developmental pathways (Katsir et al., 2008a).  Most of the components involved in JA 

synthesis are known (Wasternack, 2007). DDE2 is known to encode an allene oxide 

synthase required for JA biosynthesis (von Malek et al., 2002). The active form of JA is 

JA-Ile, produced by the GH3-like enzyme JAR1 (Staswick and Tiryaki, 2004; Thines et 

al., 2007). JA-Ile binds to the E3 ubiquitin ligase F-box protein COI1, thereby 

promoting ubiquitination and degradation of a small family of JAZ proteins (Katsir et 

al., 2008a). JIN1 is an MYC2 transcription factor that is induced by JA and which 

controls expression of some JA-responsive genes (Lorenzo et al., 2004). P. syringae 

produces coronatine, a toxin that mimics JA-Ile by binding to COI1 (Thines et al., 

2007). This is thought to promote virulence of P. syringae by interfering with SA 

signaling through the negative effect of JA on the SA sector, and by easing bacterial 

entry through inhibition of stomatal closure (Zhao et al., 2003; Melotto et al., 2006). 

ET, similarly to JA, is also involved in plant defense against nectrotrophic 

pathogens and regulates numerous other diverse metabolic and developmental processes 

in plants (Kendrick and Chang, 2008). ET is synthesized from methionine via S-

adenosyl-L-methionine and the cyclic non-protein amino acid 1-aminocyclopropane-1-

carboxylic acid (Adams and Yang, 1979; Bleecker and Kende, 2000). It is perceived by 

a receptor kinase family that shares homologies with prokaryotic two-component 

histidine kinase receptors (Hall et al., 2007). ETR1 is one of these receptors for ET 

(Chang et al., 1993). Without ethylene binding, ETR1 suppresses ethylene responses 

through CTR1, a Raf-like MAPKK kinase that negatively regulates ET-dependent 
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responses (Clark et al., 1998; Huang et al., 2003). Upon binding to ET, ETR1-CTR1 

signaling is deactivated, allowing signal to pass through EIN2, a positive regulator of 

ethylene responses. EIN2 is similar to the Nramp family of metal ion transporters, and 

is required for all ET-mediated responses (Alonso et al., 1999). EIN2 regulates a 

transcriptional cascade initiated by transcription factor EIN3 and EIL1, which turns on 

expression of ERF1, another transcription factor that leads to expression of many ET-

sensitive genes (Chao et al., 1997; Lorenzo et al., 2003; Hall et al., 2007). An important 

regulatory step in the ET pathway is the elimination of EIN3 and EIL1 through the 26S-

proteasome, mediated by an SCF-ligase complex containing E3 ubiquitin ligase EBF1 

and EBF2 (Guo and Ecker, 2003; Potuschak et al., 2003; Binder et al., 2007). Very 

recently, MAPK cascades were also found to be part of EIN3-mediated ethylene 

signaling (Yoo et al., 2008).  

Calcium signaling is another aspect of plant defense that has been implicated in 

both MAMP-triggered and R-gene mediated resistance responses. Rapid influxes of 

cytosolic Ca
2+

 have been observed after treatment of Nicotiana plumbaginifolia cells 

with MAMPs such as LPS, oligogalacturonides (OGs), and cryptogein, a small protein 

from Phytophthora cryptogea that elicits defense responses and cell death in tobacco 

(Lecourieux et al., 2002). In Arabidopsis, peptidoglycan from gram-positive bacteria 

acted as a MAMP and induced cytosolic Ca2+ influx, as did flg22 (Gust et al., 2007). In 

the case of treatment of Nicotiana plumbaginifolia cells with cryptogein, blocking 

calcium influx with La
3+

 blocked downstream responses including MAP kinase 

activation, gene expression changes, and the HR, indicating that Ca2+ influx is required 

for these responses (Lecourieux et al., 2002). In Arabidopsis, production of NO in 
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response to LPS required a Ca
2+

 influx that depended on the CYCLIC NUCLEOTIDE 

GATED ION CHANNEL 2 (CNGC2) (Ali et al., 2007), and flg22 treatment resulted in 

calcium-dependent phosphorylation of a syntaxin (Nuhse et al., 2003). Calcium 

signaling also plays a role in R-gene mediated responses. Cytosolic calcium increased 

in response to treatment of Arabidopsis carrying the R gene RPM1 with P. syringae 

expressing the cognate effector protein avrRpm1. Blocking calcium influx with La
3+

 

blocked the hypersensitive response characteristic of this resistant interaction (Grant et 

al., 2000). A mutation in CNGC2 called dnd1 blocks the HR in several cases of 

Arabidopsis R-gene mediated resistance (Yu et al., 1998), suggesting that CNGC2 may 

be generally important for calcium influx during defense responses.  

Calcium spikes can be sensed by several Ca2+ sensors and Ca2+ binding proteins. 

Most of them share a conserved “EF-hand” motif, a helix-loop-helix secondary protein 

structure (Sathyanarayanan and Poovaiah, 2004). There are three major groups of Ca
2+

  

sensors that contain the “EF-hand” motif in plants: Calmodulins (CaMs), Calcium-

dependent protein kinases (CDPKs) and calcineurin B-like proteins (CBLs) (Luan et al., 

2002).  CaM is one of the highly conserved Ca
2+

 binding proteins in eukaryotes. 

Typically, CaM contains four “EF-hand” motifs that contribute to conformation 

changes upon binding calcium ions (Yang and Poovaiah, 2003). In Arabidopsis, there 

are nine calmodulins that are highly conserved (>90% identity, www.arabidopsis.org). 

A multiple sequence alignment of these proteins is shown in Figure 6A. Binding of 

CaM to other proteins modulates their activities. There are four key mechanisms of 

CaM modulating target activity (illustrated in figure 6B): releasing auto-inhibition to 

activate a target protein (Snedden et al., 1996); dimerization or oligomerization to form 
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an active protein complex (Schumacher et al., 2001; Yap et al., 2003); remodeling an 

enzymatic site for activation (Drum et al., 2002); and the least common, occupying a 

ligand binding site to deactivate a target protein (Arazi et al., 2000). 

 

 

  

 

 

 

A 

B 

Figure 6. CaM proteins and their ways of modulating target activity 

A. Sequences of nine CaM proteins in Arabidopsis from TAIR database 

(www.arabidopsis.org) were aligned using Multalin program (Corpet, 1988). Red: >90% 

conserved; Blue: >50% conserved. B. Mechanisms of CaM modulating target activity. 

Adapted from review by Bouche et al (Bouche et al., 2005). (1) releasing auto-inhibition; (2) 

inducing dimerization/oligomerization; (3) remodeling active site; (4) inactivation by 

occupying a ligand binding site.  

○1  ○2  

○3  ○4  
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CaM-binding proteins have diverse cellular functions. They are involved in 

numerous processes such as plant development, responses to abiotic and biotic stresses 

and various signaling cascades (Zielinski, 1998; Yang and Poovaiah, 2003; Bouche et 

al., 2005).  Many plant CaM-binding proteins are involved in defense responses 

(Lecourieux et al., 2006). Nicotinamide adenine dinucleotide (NAD) kinase that 

mediates the phosphorylation of NAD to NADP, was among the first CaM-binding 

proteins implicated in defense signaling (Harding et al., 1997). The barley MLO protein 

is a CaM-binding protein that acts as a repressor of defense responses.  Mutations that 

prevent CaM binding reduce the repressing activity of the protein (Buschges et al., 

1997; Kim et al., 2002a). Arabidopsis nitric oxide synthase (AtNOS), a novel 

calmodulin target required for NO synthesis, is also implicated in plant immunity (Guo 

et al., 2003; Zeidler et al., 2004).  Several genes encoding isoforms of bean PvCBP-60 

that are pathogen-inducible have been identified, suggesting that they may participate in 

the defense response (Ali et al., 2003; Reddy et al., 2003). 
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Objectives 

 Our preliminary microarray experiments have shown that large group of 

Arabidopsis genes were induced at 32 hours after infection of Pseudomonas syringae 

ES4326. These genes are potentially important for plant defense response. My first 

objective of this dissertation work was to discover such crucial genes that are required 

for plant disease defense against Pseudomonas syringae. To do so, I planned to 

compare bacterial growth in mutants of candidate genes to wild type plants. Ones that 

support enhanced bacterial growth would then be selected for further studies. My 

second objective was to monitor the perturbations of expression profile caused by 

mutation in my genes of interest. This information can be used to help understand how 

certain genes of interest are integrated in the network that governs the plant defense 

response. My last goal was to try to understand the detailed functions of genes of 

interest, such as protein activities and their relationships and/or interactions with known 

factors of plant immunity. 

 This dissertation work was largely discovery-based. The outcome of my 

studies was depended solely on the findings from my initial screens. However, my 

interest lied on the SA sector of plant disease defense. Priorities were given to the genes 

that are involved in SA-dependent defense signaling. 
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Chapter I: Reverse genetic screening of Arabidopsis mutants with 

enhanced disease susceptibility against Pseudomonas Syringae 

 

Abstract 

A subset of pathogen inducible genes was chosen as the candidates for a screen 

for mutants that support more bacterial growth than Col-0 wild-type plants. Available 

T-DNA insertion lines were obtained from the Arabidopsis Biological Resource Center 

and genotyped to find mutants homozygous for the T-DNA insertion. These lines were 

then infiltrated with Psm ES4326 and bacterial growth was measured and compared to 

wild type controls. Lines that consistently support enhanced bacterial growth were 

identified and some were selected for subsequent studies. 
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Introduction 

 

My Ph.D. research projects focused on genes that are important for plant defense 

responses against the bacterial pathogen P. syringae. I used a typical reverse genetic 

approach to study candidate gens that may be required for plant immunity. Since genes 

involved in stress responses are often induced by corresponding environmental factors 

(Glazebrook et al., 2003), I focused on genes that are induced at least two-fold at 30 

hours after inoculation of Psm ES4326.  This initial candidate gene pool was 

determined by using an Affymetrix® chip with 8,000 Arabidopsis genes. More than 400 

genes were identified as significantly induced after infection (Glazebrook, unpublished 

data). I selected a subset of these genes, which mainly encode unknown proteins, for my 

study. I investigated whether candidate genes were important for disease resistance by 

assaying mutants with T-DNA insertions in these genes for disease susceptibility 

towards Psm ES4326. To do this, we first ordered available T-DNA insertion lines from 

the Arabidopsis Biological Resource Center (ABRC, www.arabidopsis.org) and 

selected homozygous plants. We tested their disease susceptibility by measuring how 

bacterial growth relative to wild-type plants. Mutants that tested consistently more 

susceptible to Psm ES4326 (enhanced disease susceptibility, eds) were further verified 

using additional mutant alleles and/or complementation assays. Once confirmed, these 

eds mutants were chosen for subsequent studies. 
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Results 

 

 Genotyping T-DNA mutants  

 

From the candidate gene pool, I chose a subset of 196 genes (Appendix 1) 

encoding unknown proteins for my screening study. I ordered T-DNA insertion lines for 

167 of them that were available at the time (Appendix 2). Using a polymerase chain 

reaction (PCR) assay explained in figure 7, I genotyped all of the T-DNA insertion 

mutants. 84 of them were found to have insertions and homozygous lines were 

obtained.  

 

 

 

 

 

 

 

 

A B 

Figure 7. PCR assay to identify homozygous T-DNA insertion mutants 

 (a) The LP and RP primers were designed based on the genomic sequence 

surrounding the T-DNA insertion; The LBE primer is based on the left border of the 

T-DNA insert. Alleles without an insertion in the gene can be amplified using the 

LP and RP primers, while alleles with an insertion can be amplified using the LBE 

and RP primers. Thus, when PCR generates a product with the LBE/RP primer 

combination but not the LP/RP combination, the plant tested is homozygous for the 

insertion. (b) The DNA gel photograph shows an example of the outcome of a PCR 

experiment using this scheme. Lane 1: DNA ladder; lanes 2 and 3 are samples from 

same mutant line (lane 2 shows amplification from primers LP & RP, while lane 3 

is amplified from primers LBE & RP), which indicates absence of the T-DNA 

insertion; lanes 4 and 5 show a mutant homozygous for the insertion; lanes 6 and 7 

show a mutant heterozygous for the insertion; Lanes 8 and 9 show a wild type plant.  
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 Identification of eds mutants 

 

I tested homozygous mutant plants for bacterial growth. I hand-infiltrated leaves 

of five weeks old plants with a Psm ES4326 suspension (O.D.600 = 0.0002) and 

measured bacterial titer 3 days after inoculation (dpi). I compared bacterial growth 

supported by mutants to that supported by wild type, and calculated the significance of 

difference (P-value) using the Wilcoxon rank sum test (Wilcoxon, 1945). Figure 8 

shows bacterial growth data for two eds mutants, SALK_152700 and SAIL_765_F01, 

both having T-DNAs inserted in At2g40110, a gene belong to the Arabidopsis Yippee 

protein family with unknown function. In total, from 84 homozygous T-DNA mutants 

tested, I identified 18 mutants that showed consistent eds phenotypes. They are 

summarized in Table 2. 

 

 

 

Figure 8. Bacterial growth in two At2g40110 mutants 

Bacterial growth assays using Psm ES4326. Each bar at 0 or 3 days represents data from 

4 or at least 16 replicates, respectively. Error bars represent standard deviation. Asterisk, 

p<0.05; double Asterisks, p<0.01. P values were calculated using the two-tailed Mann-

Whitney U-test.  Similar results were obtained in two other independent experiments.  

 

* * 

** 



 

 36 

Table 2. T-DNA mutants that show eds phenotypes 

AGI T-DNA mutants TAIR8 Annotation 

At1g10040 SAIL_839_C04; SAIL_1145_G05 Expressed protein 

At1g61810 SAIL_618_D04; SALK_117267 Glycosyl hydrolase family 1 protein 

At2g35660 SALK_021722; GABI_713E07 Monooxygenase 

At2g40110 SAIL_765_F01; SALK_152700 Yippee family protein, 

At4g37430 
SAIL_1148_A04; 

SAIL_1298_G12; SALK_013939 
Cytochrome P450 81F1  

At5g05730 SAIL_511_B12; SAIL_1279_H11 Anthranilate synthase 

At5g26920 SALK_023199; GABI_075_G12 Calmodulin-binding protein like 

At1g73805 
SALK_052422; SALK_138476; 

SALK_108516 
Calmodulin-binding protein like 

 

Only genes for which one or more mutants were found to have eds phenotypes are listed. 

Annotation based on TAIR8 release (www.arabidopsis.org) 

 

 

Discussion 

 

Using a typical reverse genetic approach, I identified genes that are likely 

important for plant defense against the bacterial pathogen Psm ES4326. We mainly 

focused on pathogen-induced genes as our initial candidates, since they are likely 

involved in disease response (Glazebrook et al., 2003; Wang et al., 2008b). It is known 

that many defense-related genes are also suppressed during pathogen infection. For 

instance, some bacterial effectors can suppress PTI to compromise host basal defense 

(Underwood et al., 2007b; Xiang et al., 2008) and the bacterial toxin coronatine mimics 

JA-isoleucine to suppress SA signaling (Tamogami and Kodama, 2000; Katsir et al., 

2008a). Plants may also actively turn off expression of many genes during the process 

of disease defense, possibly to limit pathogen access to water and nutrients  (Robert-

Seilaniantz et al., 2007). My screen did not include genes that are suppressed by 

pathogens or down-regulated by the host plant. However, compared to mutations in 
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inducible genes, mutations in repressed genes may be less likely to cause enhanced 

bacterial growth since they may already act negatively during the defense response. 

Another limitation on my screen was availability of homozygous mutants. Only 

~80% of candidate genes had T-DNA insertion alleles available at the time of the screen 

(more T-DNA mutants have been added to ABRC during the past few years, it is likely 

some more mutants have become available). Homozygous T-DNA lines were obtained 

for only some of the insertions, as summarized in Figure 9.  

 

 

 

 

 

 

Over all, less than 4% of homozygous mutant lines tested showed enhanced 

bacterial growth. This percentage is likely even lower after verifying by testing 

additional alleles or complementation assay. There could be many reasons that the 

Figure 9. Summary of the eds screen 

Availability of T-DNA mutants was based on the time of the screen. “No homozygous 

lines” includes cases when the T-DNA was not present in the ordered lines or and cases 

when the homozygous mutation is lethal. A mutant was only considered an eds mutant 

after three consistent replicate experiments showing enhanced bacterial growth relative 

to wild-type controls.   
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majority of mutants with defects in pathogen-inducible genes do not support 

significantly more bacterial growth than wild type. First, a knockout mutation in a 

single gene is not likely to cause a dramatic phenotype, because the plant genome is 

relatively robust with many functional redundancies (Gilliland et al., 1998; Sangster et 

al., 2007). This is especially true for members of conserved gene families, such as 

WRKY and TGA transcript factors (Zhang et al., 2003; Ulker and Somssich, 2004). 

Second, T-DNA insertion mutants may not be null mutants. A functional mRNA or 

protein can be still made if T-DNA is inserted in the promoter region or introns. Even 

for mutants that have exon insertions, a partial message can often be observed. Last, our 

eds assay may not be sensitive enough to detect minor defects in plant defense. The 

outcome of bacterial growth assays can be affected by many factors such as light, water, 

and nutrient conditions, and the assay needs many replicates to detect significant 

differences between genotypes.  

 

 

Materials and Methods 

 

 Plant growth and bacterial growth assay 

 

Arabidopsis plants were grown on autoclaved BM2 Germinating Mix (Berger 

Inc., Quebec Canada) in a growth chamber at 22°C and a 12 hours photoperiod under 

100 mM m
-2

 s
-1

 fluorescent illumination with 75% relative humidity.  Plants were 4-5 

weeks old at the time experiments were performed. Psm ES4326 was cultured at room 
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temperature in King’s B medium (protease peptone, 10 mg/ml; glycerol, 15 mg/ml; 

K2HPO4, 1.5 mg/ml; MgSO4, 5mM, pH7.0) with 50 µg/µl streptomycin. Leaves of five 

weeks old plants were hand injected with a P. syringae suspension (O.D.600 = 0.0002) in 

5 mM MgSO4 solution. For each genotype, two 0.7cm diameter leaf disks were taken 

after 3 days from each of 8 infected leaves. These discs were then homogenized in 

400ul 5 mM MgSO4 using a paint shaker. The homogenized leaf tissue suspension was 

serially diluted and plated onto King’s B medium with streptomycin to select for Psm 

ES4326. Colonies were counted after 2 days and the number of bacteria per cm
2 

plant 

tissue were calculated. The significance of differences (P-value) was calculated using 

the Wilcoxon rank sum test (Wilcoxon, 1945). 

 

Genotyping of T-DNA insertion mutants 

  

 Leaf samples from 15 individual three weeks old T4 plants were pressed onto 

FTA
®

 paper (Whatman, UK). Sample disks were excised using micro punch and 

washed twice in “Super Soft” buffer (0.1% Tween-20, 10 mM Tris-HCl, 2 mM EDTA, 

pH 7.7) and then twice with TE rinsing buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) 

before use as PCR templates. PCR was carried out as described in Figure 6 using 

primers designed using a custom Perl Script. The thermal cycling program used was 

94°C for 2 min, followed by 40 cycles of 95°C for 20 sec, 52°C for 30 sec and 72°C for 

1min 20 sec, final extension at 72°C for 2 min and then hold at 4°C.  The 52°C 

annealing temperature was altered as needed for some T-DNA lines.  When 

homozygous T4 lines were detected, they were bulked and verified at the T5 generation 
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using same PCR scheme with 8 plants. When only heterozygous T4 lines were detected, 

they were bulked and screened again for homozygotes at the T5 generation using the 

procedures described above. When no insertion was detected, the line was either 

discarded or tested using additional T4 seeds. 
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Chapter II: The Genetic Network Controlling the Arabidopsis 

Transcriptional Response to Pseudomonas syringae pv. maculicola: 

Roles of Major Regulators and the Phytotoxin Coronatine 

 

ABSTRACT 

 

 Expression profiling of wild-type plants and mutants with defects in key 

components of the defense signaling network was used to model the Arabidopsis 

network 24 hours after infection by Pseudomonas syringae pv. maculicola strain Psm 

ES4326.  Results using the Affymetrix ATH1 array revealed that expression levels of 

most pathogen-responsive genes were affected by mutations in coi1, ein2, npr1, pad4, 

or sid2.  These five mutations defined a small number of different expression patterns 

displayed by the majority of pathogen-responsive genes.  P. syringae pv. tomato strain 

Pst DC3000 elicited a much weaker salicylic acid response than Psm ES4326.  

Additional mutants were profiled using a custom array.  Profiles of pbs3 and ndr1 

revealed major effects of these mutations and allowed PBS3 and NDR1 to be placed 

between the EDS1/PAD4 node and the SA synthesis node in the defense network.   

Comparison of coi1, dde2, and jar1 profiles showed that many genes were affected by 

coi1, but very few were affected by dde2 or jar1.  Profiles of coi1 plants infected with 

Psm ES4326 were very similar to those of wild-type plants infected with bacteria 

unable to produce the phytotoxin coronatine, indicating that essentially all COI1-

dependent gene expression changes in this system are caused by coronatine. 

  



 

 42 

Notes on others’ contribution to this chapter: This chapter is coauthored by several 

others. Dr. Raka Mitra conducted all ATH1 microarray experiments. Dr. Raka Mitra, 

Dr. Masanao Sato and Keegan Hasselmann helped analyze the ATH1 and “mini-array” 

data. Lisa Lenarz-Wyatt conducted some of the bacterial growth experiments. Dr. Jerry 

Cohen helped with SA quantification, Dr. Fumiaki Katagiri and Dr. Masanao Sato 

helped with statistical analysis of microarray data. Dr. Jane Glazebrook helped with 

writing and editing the manuscript.   
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INTRODUCTION 

 

Most of what is known about the topology of the defense signaling network is 

based on comparing the effects of various defense signaling mutants on a few particular 

phenotypes. Considering the large number of genes induced or repressed in response to 

pathogen attack and the apparent complexity of the signaling network, a comparison of 

mutant phenotypes on a larger scale is desirable. One method for obtaining system-wide 

information about mutant phenotypes is expression profiling. Expression profiling has 

been used in studies of responses to pathogens, for example to describe the response to 

PAMPs (Navarro et al., 2004), to discern the defense-suppressing activities of effectors 

(Truman et al., 2006), and to characterize particular defense-signaling mutants, such as 

mpk4 (Petersen et al., 2000) and  pmr4 (Nishimura et al., 2003). Previously, we used 

expression profiling to model the defense network by comparing similarities among the 

profiles of a suite of defense signaling mutants (Glazebrook et al., 2003).  This work 

was limited by the use of an early microarray representing only 8,000 Arabidopsis 

genes and by the lack of statistical power due to the absence of replicates. 

 Here, we report studies of the Arabidopsis response to infection by P. syringae 

pv. maculicola strain ES4326 (Psm ES4326) at 24 hours after infection.  We used 

expression profiling of wild-type plants and mutants with defects in key defense 

signaling components (coi1, ein2, pad4, npr1, and sid2) to define the major patterns of 

regulation governing the response to this pathogen, thereby creating a model of the 

defense network at a single time point.  The model describes the relationships among 

the regulators, and defines groups of genes that are subject to similar regulation. We 
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found that most induced genes fit one of a small number of regulatory patterns defined 

by the effects of the five mutations.  The repressed genes fit similar patterns, 

demonstrating that these five genes comprise a regulatory network that controls 

activation of induced genes, as well as suppression of repressed genes.  Comparison of 

our data obtained with Psm ES4326 to public data obtained with other strains suggested 

that Pst DC3000 induces a much weaker SA response than Psm ES4326.  We found that 

this is true, as SA levels in plants infected with Pst DC3000 are much lower than in 

plants infected with Psm ES4326.  We refined the network model by profiling 

additional mutants, revealing major effects of PBS3 and NDR1 on signaling, and 

allowing us to place these mutants between the node defined by PAD4 and EDS1 and 

the SA-synthesis node.  Lastly, we found that essentially all of the COI1-dependent 

gene expression changes in this system are due to the phytotoxin coronatine. 
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RESULTS 

 

A major portion of the Arabidopsis genome responds to infection by Psm ES4326 

 

To obtain a global view of gene expression changes triggered by Psm ES4326 

infection, we compared expression profiles of wild-type Col-0 plants infected with Psm 

ES4326 to profiles of mock-infected plants.  The experiment consisted of three 

independent biological replicates, each including samples collected nine, 24, and 32 

hours after infection.  We obtained expression profiles from each of the resulting 18 

samples using the Affymetrix ATH1 microarray (Redman et al., 2004).  To determine 

which genes showed significantly different expression levels in corresponding mock 

and Psm ES4326-infected samples, we used a mixed-effect linear model with a q-value 

cut-off of 0.01, as described in Materials and Methods.  We identified 381, 4076, and 

3340 Psm ES4326-induced genes and 210, 4541, and 3983 Psm ES4326-repressed 

genes at nine, 24, and 32 hours after infection, respectively. 

Figure 10 shows that the sets of induced or repressed genes from different time 

points overlapped extensively.  These similarities were reflected in the correlations for 

pair-wise comparisons of the log2 fold-change values of the differentially-expressed 

genes.  For the set of 591 genes differentially expressed at 9 hours post inoculation, the 

correlations between the 9 hpi values and the 24 and 32 hpi values were 0.81 and 0.88, 

respectively.  For the 9993 genes differentially expressed at 24 or 32 hpi, the correlation 

between the 24 and 32 hpi values was 0.89. Table S1* shows the data for all the genes 

on the array.  (* All supplement table or figures from this chapter are available online 

at http://apsjournals.apsnet.org/doi/suppl/10.1094/MPMI-21-11-1408) 
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Most Psm ES4326-responsive genes show altered expression in defense signaling 

mutants 

 

 Sectors of the defense signaling network defined by the hormones SA, JA, and 

ET have major roles in regulating pathogen-responsive gene expression.  To assess the 

contributions of these sectors on the gene expression changes induced by Psm ES4326 

infection, we compared expression profiles of wild-type Col-0 to those of various 

defense signaling mutants: pad4 (blocks SA and other signal(s)), sid2 (blocks SA 

synthesis), npr1 (blocks transmission of the SA signal), ein2 (blocks ET signaling), and 

coi1 (blocks JA signaling).  The experiment above revealed the largest number of 

Figure 10.  Venn diagrams showing the number of genes whose expression levels 

are affected by Psm ES4326 infection.   

The total number of genes induced or repressed at each time point is shown outside 

the circles.  Hpi, hours post inoculation.  A.  Induced genes.  B.  Repressed genes. 
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expression changes at 24 hours after infection, so we chose this time point for mutant 

analysis.  The experiment consisted of three independent biological replicates, each 

including wild type plants that were mock-inoculated or Psm ES4326-infected and 

mutants that were Psm ES4326-infected, all sampled after 24 hours.  We obtained 

expression profiles from each of these 21 samples using the ATH1 microarray.   

 We decided to focus on a set of genes that show robust expression changes in 

response to Psm ES4326 infection.  To define these, we analyzed the profiles from all 

six samples of mock-inoculated and Psm ES4326-infected wild-type plants 24 hours 

after inoculation (three from the time course experiment and three from the signaling 

mutants experiment), using a mixed-effect linear model.  Table S2 shws the results for 

all the genes on the array.  We first selected genes that were differentially expressed 

with q-values <0.01.  Then, to eliminate genes with small expression changes, we 

further selected genes that showed a greater than four-fold change in expression, 

resulting in a final set of 1140 Psm ES4326-induced and 1397 Psm ES4326-repressed 

genes, 2537 in total.   

To determine which of the 2537 genes induced or repressed by Psm ES4326 

showed altered expression levels in plant defense signaling mutants, we compared 

profiles from infected wild-type plants to those of infected mutants.  Expression levels 

in infected wild-type plants were compared to those in infected mutant plants using a 

mixed-effect linear model.  Table S3 contains the data for all the genes on the array.  

For each mutant, we determined which of the 1140 or 1397 genes induced or repressed 

by Psm ES4326 infection in wild-type plants showed significantly different expression 

levels in mutant plants, using a q-value cut-off of q<0.01.  As shown in Table 3, while 
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all mutations studied altered expression of some Psm ES4326-responsive genes, the 

mutation with the strongest effect on both induced and repressed genes was pad4.   

For the vast majority of genes differentially expressed between infected mutants 

and infected wild type, defense signaling mutations reduced Psm ES4326-triggered 

expression changes.  For Psm ES4326-induced genes, nearly all effects of mutations 

reduced gene expression, indicating that the signaling factors act to induce expression 

of these genes.  For Psm ES4326-repressed genes, nearly all effects of mutations 

increased gene expression, indicating that the signaling factors act to repress expression 

of these genes.   

 

Table 3.  Genes Differentially Expressed in Mutant Plants.   

  pad4 sid2 npr1 ein2 coi1 

Induced by 

infection (1140) 

L
a 

710 153 220 177 349 

H
b 

14 28 24 2 4 

Repressed by 

infection (1397) 

L 0 3 1 0 7 

H 897 111 317 167 239 

 

For each mutant, the number of genes expressed at significantly different levels 

in infected mutant plants than in infected wild-type plants is shown.  Data was 

obtained from the ATH1 microarray.
 a
L indicates genes expressed at lower 

levels in mutant than in wild-type plants (q<0.01).
 b
H indicated genes 

expressed at higher levels in mutant than in wild-type plants (q<0.01). 

 

 

The gene circuits controlling gene induction and gene repression are similar 

  

 To define patterns of defense gene regulation and reveal relationships among 

network components, we sorted the induced genes into groups according to the defense 



 

 49 

signaling mutations that significantly (q<0.01) affected their expression.  The results are 

shown in Table S4.  Of the 1140 induced genes, 189 were not affected by any mutation, 

indicating that they are controlled by network sectors other than those involving SA, JA 

or ET, and/or are controlled by these sectors in a redundant manner.  As shown in 

Figure 11A, of the remaining 951 genes, 848 fit one of 9 major patterns in which one or 

more mutations reduced expression.  Three sets of genes were affected by only one 

mutation: pad4, coi1, or ein2.  In the remaining six patterns, multiple mutations affected 

gene expression. Three sets of genes were affected by pair-wise combinations of pad4, 

coi1 and ein2, one set of genes was affected by all three mutations, one set of genes was 

affected by npr1 and pad4, and the final set was affected by sid2, npr1 and pad4. Thus, 

genes affected by the SA-related mutations npr1 and sid2 were distinct from genes 

affected by the JA and ET-related mutations coi1 and ein2.  The mutation in pad4 

affected all the NPR1- or SID2-dependent genes, and a subset of the COI1- or EIN2-

dependent genes.  The 103 genes that did not fit one of the major patterns represented 

31 different minor patterns (Table S4).  The largest of these minor patterns were a set of 

11 genes that were affected only by pad4 and sid2, and another set of 11 genes that 

were affected only by npr1 and sid2.  Fewer than ten genes fit each of the other minor 

patterns.  Some minor patterns included genes that were expressed at higher levels in 

mutant plants than in wild-type plants.  We conclude that the five signaling mutations 

studied affect expression of most of the genes induced by Psm ES4326 infection, and 

that the regulation of most genes can be described by one of nine major patterns.  
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 To determine the extent of the similarity between the gene circuits controlling 

gene induction and gene repression, we carried out a similar analysis using the Psm 

Figure 11.  Psm ES4326-responsive genes that are controlled by major defense 

signaling genes.  Numbers in ovals indicate the number of genes whose induction or 

repression is compromised by mutation in certain regulator(s).  For example, A shows 

that the induction of 337 genes was compromised in pad4, but not in any other 

mutants tested.  The induction of 74 additional genes was compromised in only pad4 

and npr1 mutants.  A.  Induced genes.  B.  Repressed genes. 
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ES4326-repressed genes.  The results are shown in Table S5.  Figure 11B shows that of 

the 1397 repressed genes, 420 were not affected by any mutation.  Of the remaining 977 

genes, 891 fit one of nine major patterns.  Six of these nine major patterns for repressed 

genes were also found as major patterns controlling the induced genes. The remaining 

three major patterns with the smallest number of induced genes (ein2 only, pad4 and 

ein2 only, and coi1 and ein2 only) were minor patterns among the repressed genes.  The 

repressed genes showed three additional major patterns that were minor or non-existent 

among the induced genes: genes controlled by all mutations, genes controlled by all 

mutations except sid2, and genes controlled by ein2, pad4 and npr1.  Among the major 

patterns of repressed genes, these were the three with the smallest numbers of genes.  

The 86 repressed genes that did not fit in one of the major patterns represented 19 

different minor patterns (Table S5).  These included 14 genes affected by coi1, pad4, 

and npr1 only, 13 affected by all mutations except coi1, and 13 affected by ein2 and 

pad4 only.  The other patterns included some in which genes were repressed even 

further than in wild-type plants, and comprised fewer than 10 genes each. Overall, the 

gene circuitry controlling gene repression was very similar to the one controlling 

induction, with a few differences: more repressed genes were unaffected by any 

mutation, more repressed genes were affected only by pad4, and more repressed genes 

were affected by combinations of SA-related npr1 and/or sid2 mutations and JA and 

ET-related mutations coi1 and ein2. 
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Psm ES4326 is a Stronger Inducer of the SA Network Sector than Pst DC3000 

  

 Psm ES4326 infection induces strong expression of the canonical SA-regulated 

gene PR-1, while Pst DC3000 induces very weak expression ( e.g. Glazebrook et al., 

1996; Ham et al., 2007).  We tested the possibility that this is a reflection of a general 

difference in the activity of the SA network sector during infection by these two strains.  

Defense responses to different bacterial strains were compared using expression 

profiling data in the NASC-120 data set.  This data includes expression profiles of wild-

type Col-0 plants 24 hours after mock-inoculation or inoculation with Pst DC3000, Pst 

DC3000 avrRpm1 (a strain that triggers ETI due to recognition of AvrRpm1 by the R 

gene RPM1), Pst DC3000 hrcC (the hrcC mutation blocks secretion of effectors, so this 

strain acts as an inducer of the MAMP response), and P. s. pv. phaseolicola race 6 (a 

bean pathogen that fails to cause disease on Arabidopsis).  The data was analyzed using 

a mixed-effect linear model, as described in Materials and Methods.  Table S6 shows 

the log2 expression values, the log2 fold-change values, and the q-values for each 

pathogen compared to mock at 24 hours.  Any gene for which the q-value for the 

comparison of mock- and pathogen-inoculation was less than 0.01 was considered 

responsive to that pathogen, regardless of the fold change.  We chose this less-stringent 

criterion to minimize false-negatives when testing for PsmES4326-responsive genes 

that also respond to the other strains.  As shown in Table 4, Pst DC3000 affected the 

most genes (3369), while Pst DC3000 hrcC affected the fewest (1660).  This is the 

expected result, as MAMP responses are rapid, and are waning by 24 hours after 

treatment (Navarro et al., 2004; Truman et al., 2006). 
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Table 4.  Induction of Psm ES4326-Induced genes by Other P. syringae Strains.   

Strains Total number 

of genes 

induced 

(q<0.01) 

Number of 

107 SA-

dependent 

genes induced 

(q<0.01) 

Average log2 

fold-change 

of 107 SA-

dependent 

genes 

(infected vs. 

mock) 

Number of 

1140 Psm 

ES4326-

induced  

genes 

induced 

(q<0.01) 

Average log2 

fold-change 

of 1140 Psm 

ES4326-

induced 

genes 

(infected vs. 

mock) 

Psm ES4326 4076 107 2.91 1140 3.12 

Pst DC3000 3369 31 0.60 831 1.90 

Pst DC3000 

avrRpm1 

2438 50 1.14 835 1.86 

Pst DC3000 

hrcC 

1660 55 1.10 443 0.86 

Psp 2170 81 1.70 637 1.27 

 

 SA-dependent responses are critical for resistance to P. syringae (Glazebrook, 

2005).  Consequently, we examined induction of SA-dependent genes, defined as the 

107 genes that are induced by Psm ES4326 in a PAD4, NPR1, and SID2 dependent 

manner, by the other pathogen strains.  We found that Pst DC3000 induced the fewest 

of these genes (30; Table 4).  Furthermore, the average Pst DC3000-induced log2 fold-

change of the 107 genes was very low compared to the averages induced by the other 

strains (0.6, compared to > 1 for all the other strains; Table 4).  To test whether this 

effect was specific to SA-dependent genes, we carried out a similar analysis on the 

entire set of 1140 genes strongly induced by Psm ES4326.  In marked contrast to the 

results with the 107 SA-induced genes, Pst DC3000 and Pst DC3000 avrRpm1 induced 

the largest number of these genes (831 and 835, respectively), with fewer genes induced 
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by Psp or Pst DC3000 hrcC.  Similarly, the average log2 fold-change values for these 

1140 genes were highest for these two strains (1.90 for Pst DC3000 and 1.86 for Pst 

DC3000 avrRpm1; Table 4).  The difference in induction of SA-dependent genes in Pst 

DC3000- vs Psm ES4326-infected plants is unlikely to be due solely to differences in 

infection conditions for two reasons.  First, Pst DC3000 was a weaker inducer of SA-

dependent genes when compared to other strains within the NASC-120 data set, not just 

when compared to Psm ES4326.  Second, the difference in expression of SA-dependent 

genes between Pst DC3000 and Psm ES4326 was much more pronounced than the 

difference for the complete set of Psm ES4326-iduced genes. 

 The results from microarray analysis demonstrated that SA-dependent gene 

expression is less active in Pst DC3000-infected plants than in Psm ES4326-infected 

plants, suggesting that SA levels might be lower in Pst DC3000-infected plants.  To test 

this idea, we assayed SA in wild-type, pad4, and sid2 plants nine and 24 hours after 

inoculation.  As shown in Figure 12, SA levels were dramatically lower in Pst DC3000-

infected plants than in Psm ES4326-infected plants.  We conclude that our inference 

from microarray data is correct.  Pst DC3000 either actively represses, or avoids 

inducing, the strong SA response induced by Psm ES4326.  
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Exploration of the SA and JA Network Sectors Using the Miniarray 

 

 The SA and JA network sectors are known to play major roles in disease 

resistance (for review, see Glazebrook, 2005).  To define the roles of additional 

signaling components in these sectors, we selected mutants known, or which we thought 

likely, to have defects in SA or JA signaling.  We then profiled these mutants 24 hours 

Figure 12.  SA levels in plants infected with Pst DC3000 or Psm ES4326  
Plants were mock-inoculated (M), or inoculated with Pst DC3000 (Pst) or Psm 

ES4326 (Psm), and sampled 9 or 24 hours post inoculation (hpi).  Uninoculated 

plants were sampled at the beginning of the experiment (0 hpi).  Each bar represents 

the mean and standard error of SA levels from two independent experiments, 

calculated by ANOVA.  Note the log10 scale on the y-axis.  At both 9 and 24 hours, 

SA levels in wild-type (Col-0) plants were much lower after Pst DC3000 inoculation 

than after Psm ES4326-inoculation (p< 0.01). 
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after infection by Psm ES4326, using a custom microarray that monitors expression of 

464 pathogen-responsive genes, which we call a “miniarray” (Sato et al., 2007).  For SA 

signaling, we chose eds1 because the amino acid sequence of EDS1 is similar to PAD4, 

EDS1 and PAD4 physically interact, and eds1 mutants have reduced SA levels (Falk et 

al., 1999; Feys et al., 2001);  eds5 because eds5 mutants have SA levels as low as those 

in sid2, and EDS5 is thought to be required for SA synthesis (Nawrath and Metraux, 

1999; Nawrath et al., 2002); pbs3 because some groups have reported that SA levels are 

low in pbs3 plants (Jagadeeswaran et al., 2007; Lee et al., 2007); fmo1 because 

pathogen-induced FMO1expression is under EDS1 and PAD4 control, and fmo1 

mutants are defective in systemic acquired resistance, an SA-requiring process (Bartsch 

et al., 2006; Mishina and Zeier, 2006); and ndr1 because we recently found that an ndr1 

mutation has a major effect on gene expression changes triggered by infection with Pst 

DC3000 avrRpt2, raising the possibility of an SA signaling defect (Sato et al., 2007).  

We also profiled pad4, npr1, and sid2.  For JA signaling, we chose dde2, a mutation in 

allene oxide synthase that blocks JA synthesis (von Malek et al., 2002); jar1, a mutation 

in a JA-conjugating enzyme that blocks production of JA-isoleucine (Staswick and 

Tiryaki, 2004); and jin1, a mutation in the MYB2 transcription factor required for a 

subset of responses to JA (Lorenzo et al., 2004).  We also profiled coi1.  As in our 

experiments using the ATH1 microarray, wild-type plants were mock-inoculated or 

inoculated with Psm ES4326, and mutant plants were inoculated with Psm ES4326.   

Samples for profiling were collected after 24 hours.  Each experiment included three 

independent biological replicates and data was analyzed using mixed-effect linear 

models as described in Materials and Methods. 



 

 57 

 We defined genes responding to Psm ES4326 infection in wild-type plants using 

data from two experiments, each consisting of three replicates each of mock- and 

PsmES4326-inoculated wild-type plants. Table S7 shows the log2 expression values, the 

log2 fold-change values, and the q-values for all the genes on the array.  Psm ES4326-

responsive genes were selected by requiring a log2 fold-change of <-1 or >1 (2 fold) and 

q<0.05, resulting in 223 genes.  To detect the effects of mutations on gene expression, 

we compared expression levels in mutant and wild-type plants, as shown in Table S8.  

Then, among the 223 Psm ES4326-responsive genes, we selected those whose 

expression levels in Psm ES4326-infected plants were significantly altered by least one 

mutation (q<0.05), resulting in 205 genes.  Table S9 shows the log2 fold-change and q-

values for these 205 genes.  The number of genes affected by each mutation is shown in 

Table 5.  To explore the relationships among the mutations, the log2 fold-change values 

for each mutation vs. wild-type were subjected to complete linkage hierarchical 

clustering using Cluster, and the results were visualized using Treeview, as shown in 

Figure 13 (Eisen et al., 1998).  Table 6 shows the correlations between the log2 fold-

change values for each pair of mutants.  Beginning with the SA signaling mutants, we 

used the results to define the functions of signaling components relative to those of 

PAD4, NPR1, SID2, and COI1.   

 EDS1:  The profile of eds1 was more similar to that of pad4 than to any other 

mutation in our set (correlation 0.84; Table 6).  The hierarchical clustering does not 

show any large groups of genes that are affected differently by these two mutations.  

Growth of Psm ES4326 in eds1 was similar to pad4, with bacterial titers approximately 

300-fold higher than in wild-type plants, as shown in Figure 13A.   We conclude that 
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within the limits of resolution of our analysis, EDS1 and PAD4 affect the same 

function.   

  

Table 5.  Genes Differentially Expressed in Mutant Plants.   
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Induced 

in wt 

(177) 

L
a 

74 9 88 22 1 8 7 57 25 103 56 22 

H
b 

11 4 8 3 0 0 2 11 3 10 19 4 

Repress

ed in wt 

(28) 

L 0 3 0 0 0 0 0 4 0 0 0 0 

H 11 0 16 0 0 1 0 5 3 10 16 1 

For each mutant, the number of genes expressed at significantly different levels in 

infected mutant plants than in infected wild-type plants is shown.  Data was obtained 

from the miniarray. 
a
L indicates genes expressed at lower levels in mutant than in wild-

type plants (q<0.05). 
b
H indicated genes expressed at higher levels in mutant than in 

wild-type plants (q<0.05) 

 

 EDS5 and NPR1:  The profiles of eds5, npr1, and sid2 are all very similar to 

each other (correlations eds5 to npr1, eds5 to sid2, and npr1 to sid2 0.84, 0.81, and 

0.78, respectively; Table 6).  These mutations also appear to define the same function, 

which is presumably the activity of SA.  In the ATH1 data, we observed a group of 74 

genes whose induction required NPR1 but not SID2, seemingly contradicting the results 

from the miniarray.  Only three of these genes are represented on the miniarray, and 

only one of them met the criteria for significant induction in wild-type plants.  Thus, the 

miniarray cannot detect the group of genes whose induction requires NPR1 but not 

SID2.  
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Table 6.  Pair-wise Correlations Between Mutants. 

 
 coi1 dde2 eds1 eds5 fmo1 jin1 jar1 ndr1 npr1 pad4 pbs3 sid2 

coi1 1
* -0.17 0.06 -0.21 -0.06 0.28 0.15 -0.01 -0.16 0.13 -0.19 -0.19 

dde2 -0.17 1 -0.04 0.04 0.08 0.23 0.58 -0.11 -0.06 -0.15 -0.14 0.04 

eds1 0.06 -0.04 1 0.35 0.22 -0.09 0.11 0.79 0.45 0.84 0.59 0.23 

eds5 -0.21 0.04 0.35 1 0.03 -0.12 0.06 0.29 0.84 0.55 0.71 0.81 

fmo1 -0.06 0.08 0.22 0.03 1 -0.06 -0.04 0.27 0.02 0.16 0.11 -0.03 

jin1 0.28 0.23 -0.09 -0.12 -0.06 1 0.20 -0.11 -0.06 -0.08 -0.10 -0.03 

jar1 0.15 0.58 0.11 0.06 -0.04 0.20 1 -0.07 -0.08 -0.03 -0.08 0.05 

ndr1 -0.01 -0.11 0.79 0.29 0.27 -0.11 -0.07 1 0.39 0.75 0.69 0.11 

npr1 -0.16 -0.06 0.45 0.84 0.02 -0.06 -0.08 0.39 1 0.70 0.71 0.78 

pad4 0.13 -0.15 0.84 0.55 0.16 -0.08 -0.03 0.75 0.70 1 0.68 0.45 

pbs3 -0.19 -0.14 0.59 0.71 0.11 -0.10 -0.08 0.69 0.71 0.68 1 0.51 

sid2 -0.19 0.04 0.23 0.81 -0.03 -0.03 0.05 0.11 0.78 0.45 0.51 1 

The uncentered Pearson correlations between the log2 fold-change values of the infected 

mutant vs infected wild-type is were calculated for the set of 205 genes significantly 

altered by a least 2-fold in infected wild-type vs mock-infected wild-type, and 

significantly different in at least one infected mutant relative to infected wild type.
*
Pair-

wise correlations for the values of log fold-change of 205 genes for the indicated 

mutants vs. wild-type.  Correlations greater than 1 are shown in bold type. 

 

  

 FMO1:  In fmo1, expression of only one gene, FMO1 itself (At1g19250), was 

significantly altered.  Hierarchical clustering did not detect a close similarity between 

fmo1 and any of other mutants studied (Figure 13).  We conclude that fmo1 does not 

have a major effect on gene expression 24 hours after Psm ES4326 infection.  Mishina 

and Zeier reported that fmo1 is not more susceptible to infection by Psm ES4326 

(Mishina and Zeier, 2006), but we found a modest increase in susceptibility to Psm 

ES4326, as shown in Figure 14A.  This discrepancy could be due to differences in 

growth conditions between laboratories. 
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Figure 13.  Clustering of log2 

fold-change values of 

mutants vs. wild-type.  
Complete linkage hierarchical 

clustering was performed as 

described in Materials and 

Methods.  Vertical 

dendrograms describe 

similarities among genes, and 

the horizontal dendrogram 

describes similarities among 

mutants.  Columns labeled by 

mutant names contain log2 

fold-change values of mutants 

vs. wild-type.  The column 

labeled “Col-0” contains the 

log2 fold-change values of Psm 

ES4326-inoculated vs. mock-

inoculated wild-type plants.  

These values were not used in 

the clustering.  Negative values 

shown in blue indicate lower 

expression in a mutant than in 

wild type, or repression in 

wild-type plants.  Positive 

values shown in yellow 

indicate higher expression in a 

mutant than in wild type, or 

induction in wild-type plants.  

A color scale is provided at the 

bottom of the Figure.  Vertical 

bars at the right labeled “A”, 

“B”, or “C” mark clusters of 

genes that are discussed in the 

text. 
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 PBS3:  The expression profile of pbs3 was similar to those of eds1 (correlation 

0.59), pad4 (0.68), npr1 (0.71), eds5 (0.71), and sid2 (0.51; Table 6).  The number of 

genes affected by pbs3 was greater than the number affected by npr1, eds5, or sid2, but 

smaller than the number affected by eds1 or pad4 (Table 5).  Figure 13 shows that 

Cluster grouped pbs3 with pad4 and eds1, in a separate group from npr1, eds5, and 

sid2.  Inspection of Figure 13 explains these results.  There is a group of genes that is 

affected similarly by pbs3, eds1, and pad4, but not by npr1, eds5, or sid2 (Group A in 

Figure 13). There are other groups of genes that are affected by pad4 and eds1, but not 

Figure 14.  Growth of Psm ES4326 in various genotypes.   
Plants were inoculated with Psm ES4326 and bacterial titers were determined 

immediately (0), or 3 days post-inoculation (dpi).  All four mutants supported 

significantly higher concentrations of bacteria than wild-type (P<0.001 by Mann-

Whitney U-test).  Similar results were obtained in at least three independent 

experiments.  A.  Growth in fmo1, eds1, and pad4.  Bars represent means and standard 

deviations of 4 replicates at 0 dpi, and 24, 16, 16, or 8 replicates for wild-type (Col-0), 

fmo1, eds1, and pad4, respectively, at 3 dpi.  B.  Growth in pbs3.  Bars represent means 

and standard deviations of 4 replicates at 0 dpi and 16 replicates at 3 dpi.   
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by pbs3, npr1, eds5, or sid2 (Groups B and C in Figure 13).  We found a major increase 

in susceptibility to Psm ES4326 in pbs3, as shown in Figure 14B and consistent with the 

results of Nobuta et al., (2007).  Assuming that signal flow through the network is 

divergent, we conclude that PBS3 acts a point intermediate between the node defined by 

pad4 and eds1 and the node defined by npr1, eds5, and sid2. 

 NDR1:  The expression profile of ndr1 is very similar to those of eds1 and pad4 

(correlations 0.79 and 0.75, respectively), and slightly less similar to pbs3 (0.69).  

Correlations between ndr1 and eds5, npr1, or sid2 are low, less than 0.40.  Cluster 

places ndr1in the group with pbs3, eds1 and pad4, closer to eds1 and pad4 than to pbs3.  

Inspection of Figure 13 reveals a small group of genes (Group C) affected by pad4 and 

eds1, but not by ndr1 or pbs3.  Another group of genes (Group B) is affected by pad4, 

eds1 and ndr1, but not by pbs3.  There are no groups of genes affected by pbs3 but not 

ndr1, so we conclude that NDR1 likely acts at a point between the node defined by 

PAD4 and EDS1, and the node defined by PBS3. 

 

COI1-Dependent Gene Expression Changes are a Response to Coronatine 

  

 We studied three additional mutations affecting the JA sector.  Two of these, 

dde2 and jar1, block synthesis of the active form of JA, JA-Ile.  COI1 is required for 

responses to JA.  Consequently, if endogenous JA-Ile is responsible for activation of the 

COI1-dependent genes, the profiles of dde2, jar1, and coi1should all be quite similar.  

Our results from the miniarray are strikingly inconsistent with this idea, as very few 

genes were significantly affected by dde2 or jar1, while many were affected by coi1.  
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Furthermore, there was almost no correlation between the profile of coi1 and those of 

dde2 and jar1.  This raised the possibility that coronatine, a toxin produced by Psm 

ES4326 and DC3000 that mimics the effects of JA-Ile, might be responsible for 

induction of the COI1-dependent genes. 

 To study the role of coronatine in Psm ES4326-induced gene expression, we 

profiled wild-type and coi1 plants after mock-inoculation, inoculation with Psm 

ES4326, or inoculation with PsmES4326 cor, a coronatine-deficient mutant.  The 

experiment consisted of three biological replicates and data was analyzed using mixed-

effect linear models, as described in Materials and Methods.  Using this data, we 

compared two sets of log2 fold-change data for all the genes on the array; coi1infected 

with Psm ES4326 vs. wild type infected with Psm ES4326 and wild type infected with 

Psm ES4326 cor vs. wild type infected with PsmES4326 (data shown in Table S10).  

As shown in Figure 15, these values are almost identical, with a correlation of 0.96.  We 

conclude that essentially all of the COI-dependent gene expression changes triggered by 

Psm ES4326 at 24 hours after infection are a response to coronatine produced by the 

pathogen. 

 

DDE2, JAR1 and JIN1 Have Small Effects on Coronatine Responses 

  

 Although dde2 and jar1affect only a small number of genes, there is a 

reasonable correlation between their profiles (0.58; Table 6).  Among the 22 genes 

significantly affected by at least one of these mutants, the correlation is 0.75, suggesting 

that endogenous JA-Ile contributes to changes in expression of a small group of genes.  
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Curiously, for the 16 genes significantly affected by dde2, the correlation between coi1 

and dde2 is -0.72, suggesting that endogenous JA-Ile is inhibiting COI1.  Nine genes 

were significantly affected by jin1. Of these nine genes, five are similarly affected by 

coi1, and four are not.  This suggests that JIN1 mediates a small fraction of the gene 

expression changes triggered by the action of COI1.  The four genes that are not 

affected by coi1 may indicate a COI1-independent function of JIN1, but this data set is 

too small to draw a firm conclusion. 

 

Figure 15.  The presence of coi1 in the plant or coronatine deficiency in the 

pathogen have very similar effects.   
The log2 ratios of infected coi1 vs. infected wild-type, and wild-type infected with Psm 

ES4326 cor vs. wild-type infected with Psm ES4326 were plotted for all the genes on 

the miniarray. 
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DISCUSSION 

 

 In this work, we used similarities among expression profiles from plants with 

loss-of-function mutations in key components of the defense signaling network to study 

the network at a fixed time after infection with a particular pathogen, Psm ES4326.  We 

found that most Psm ES4326-responsive genes were affected by at least one mutation in 

the study set, and that most affected genes fit one of a few simple patterns of regulation.  

Comparison of the Psm ES4326 profiling data with profiles from Pst DC3000 infected 

plants indicated that the SA sector is much less active after Pst DC3000 infection.   

Expansion of the set of mutants studied using a custom miniarray allowed EDS1, 

NDR1, PBS3, and EDS5 to be positioned in the SA sector.  The lack of correlation 

between profiles from coi1 and those of dde2 and jar1 led to an experiment that showed 

that essentially all COI1-dependendent gene expression changes are attributable to the 

effects of coronatine. 

 Profiling showed that expression levels of most Psm ES4326-induced genes 

were reduced by one or more of the mutations pad4, npr1, sid2, ein2, or coi1.  Most 

genes fit one of 10 major expression patterns (including the pattern unaffected by any 

mutation), far fewer than the possible 32 patterns formed by all combinations of 

unaffected or reduced expression in each mutant.  A few genes constituted a large 

number of minor patterns, including some in which genes were induced at even higher 

levels in mutants than in wild-type plants.  Many of the minor patterns are likely not 

biologically meaningful, as many of the genes constituting these patterns were excluded 

from one of the major patterns by q-values close to the cut-off.  Interestingly, repression 



 

 66 

of many of the Psm ES4326-induced genes was attenuated by the same set of mutants, 

and the major expression patterns of repressed genes were quite similar to those of the 

induced genes.  It is tempting to think of repressed genes as being targets of pathogen 

effectors whose repression favors the pathogen.  However, for the many genes whose 

repression is attenuated by pad4, npr1, or sid2, this seems unlikely to be true.  Rather, it 

is likely that the SA-dependent defense response includes increased expression of some 

genes and decreased expression of others. 

 We found that the SA network sector is much less active following Pst DC3000 

infection than following Psm ES4326 infection.  This could be due to better recognition 

of Psm ES4326 by the plant, or better suppression of SA signaling by DC3000 

effectors.   These possibilities might be distinguished by introducing individual 

effectors from each strain into the other, and screening for Pst DC3000 effectors that 

weaken the SA response to Psm ES4326, and for Psm ES4326 effectors that strengthen 

the SA response to Pst DC3000.   

 Using profiles from a custom miniarray, we found that pad4 and eds1 have very 

similar effects on network function that we could not differentiate, as did eds5, npr1, 

and sid2.  We did differentiate npr1 and sid2 using the ATH1 array, but very few of the 

differentiating genes were present on the miniarray.   We identified PBS3 and NDR1 as 

network components acting between the pad4/eds1 node and the eds5/npr1/sid2 node, 

as shown in Figure 16.  NDR1 was placed above PBS3 in the network due to the group 

of genes affected by pad4, eds1, and ndr1, but not by pbs3 (group B in Figure 13).  

PBS3 was placed above NPR1 due to the group of genes affected by pad4, eds1, ndr1, 

and pbs3, but not by npr1 (group A in Figure 13).  NPR1 was placed above EDS5 and 
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SID2 due to the group of genes identified on the ATH1 array that were affected by npr1 

but not by sid2.  This placement may seem strange since NPR1 is well known to 

transmit the SA signal to the nucleus.  Our model rests on the assumption of signal 

divergence through the network.  This assumption may not be correct.  Alternatively, 

NPR1 may react to a signal in addition to SA.  This was suggested as an explanation for 

why an induced systemic resistance response required NPR1 but not SA (Pieterse et al., 

1998).  To explain our data, such an additional signal would have to require PAD4, 

EDS1, NDR1, and PBS3.  We did not attempt to place fmo1 in the network, as we did 

not detect any significant changes in gene expression in this mutant. 

 

Figure 16.  A model of the network sector including SA.   
The model is based mainly on the results from the miniarray, assuming signal 

divergence as signal proceeds through the network.  Numbered ovals represent groups 

of similarly-regulated genes.  Group 4 is based on the results from the ATH1 array.  As 

this group of genes is not present on the miniarray, the roles of EDS1, PBS3 and NDR1 

in their regulation are not directly known.  
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 PBS3 encodes a GH3-like protein.  As other family members, such as JAR1, 

catalyze formation of hormone-amino acid conjugates, it is tempting to speculate that 

PBS3 produces an SA conjugate.  However, this is unlikely because the enhanced 

susceptibility and reduced PR-1 expression phenotypes of pbs3 can be rescued by 

exogenous SA.  There is conflicting data regarding levels of free (not glucoside 

conjugates) SA levels in infected pbs3 plants.  Nobuta et al. reported increased SA 24 

hours after infection by Pst DC3000 avrRpt2 (Nobuta et al., 2007).  Lee et al. reported 

reduced SA 24 hours after infection by Pma DG3 (very similar to Psm ES4326), and six 

hours after infection by Pma DG6 (a DG3 derivative carrying avrRpt2), but no change 

at six or 12 hours, and an increase 24 hours after infection by Pma DG34 (a DG3 

derivative carrying avrRpm1) (Lee et al., 2007).  Jagadeeswaran et al found reduced 

levels 12 and 24 hours after infection by Pst DC3000 carrying avrRpm1 (Jagadeeswaran 

et al., 2007).  Our profiling data strongly suggests reduced SA signaling 24 hours after 

infection by Psm ES4326, consistent with the reduced SA levels observed by Lee et al.  

It is entirely possible that all of the reported SA levels are correct, and that the 

contribution of PBS3 to SA levels varies according to the inducing stain and/or with 

environmental conditions.  This would be reminiscent of pad4, which shows reduced 

SA levels after Psm ES4326 infection, but not after Psm ES4326 avrRpt2 infection 

(Zhou et al., 1998).  Also like PAD4, PBS3 affects expression of many more genes than 

canonical SA signaling mutants.  This suggests that the effect of PBS3 on SA levels is 

regulatory, rather than biosynthetic.  

 NDR1 was first identified in a screen for mutations that interfere with resistance 

due to recognition of the AvrB effector by the R protein RPM1 (Century et al., 1995).  



 

 69 

Subsequently, it was found to be required for resistance mediated by many other, but 

not all, R genes (Century et al., 1995; Aarts et al., 1998; McDowell et al., 2000).  Based 

on these results, NDR1 has long been considered as a protein required for R-gene 

mediated resistance.  Indeed, expression profiling of responses to Pst DC3000 avrRpt2 

in wild-type, ndr1, and rps2 plants showed that essentially all of the gene expression 

changes that required the cognate R gene RPS2 also required NDR1 (Sato et al., 2007).  

However, this study also showed that there were additional genes whose expression 

required NDR1 but not RPS2.  Many of these genes were also PAMP-responsive, 

suggesting a role for NDR1 in the PAMP response.  This idea was supported by the 

subsequent finding that Pst DC3000 hrcC grows to higher titers in ndr1 than in wild-

type plants (Katagiri and Sato, 2007).  Here, we found that essentially all SA-dependent 

genes were also NDR1-dependent, as were many SA-independent genes.  This may 

reflect a role for R genes in activating responses to Psm ES4326, or it may reflect a 

general role for NDR1 in SA signaling and a branch of PAD4 and EDS1-dependent 

signaling.  Profiling of ndr1 plants after treatment with exogenous SA might help to 

resolve these possibilities.  

 The phytotoxin coronatine has been suspected to mimic the action of JA since 

isolation of coi1 plants, which are resistant to coronatine and insensitive to JA (Feys et 

al., 1994b).  It is now clear that both coronatine and JA-Ile, the active form of JA, act by 

binding to the F-box protein COI1, thereby promoting degradation of the JAZ repressor 

proteins (Chini et al., 2007; Thines et al., 2007; Katsir et al., 2008b).  Expression 

profiling studies have shown that coronatine has a major effect on host gene expression 

during P. syringae infection (Thilmony et al., 2006), that methyl-JA and coronatine 
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have similar effects on gene expression in tomato (Uppalapati et al., 2005), and that the 

effects of JA on gene expression depend largely on COI1 (Feng et al., 2003).  In our 

work, data from the ATH1 array showed that many gene expression changes depend on 

COI1.  Comparison of the effects of coi1 and coronatine deficiency in the pathogen 

using the miniarray showed that essentially all COI1-dependent gene expression 

changes are attributable to coronatine.  Defects in synthesis of endogenous JA had little 

effect on gene expression.  Thus, our results show that in this plant-pathogen 

interaction, there is very little role for endogenous JA, but coronatine produced by the 

pathogen has a major effect. This result differs from those of Zhao et al., who did a 

similar analysis comparing Pst DC3000 and Pst DC3000 cor on wild-type and jai1 

tomato (tomato JAI1 is likely orthologous to Arabidopsis COI1).  While there was 

substantial overlap between coronatine-dependent and JAI1-dependent genes, a 

substantial number of jai1-dependent genes were not coronatine-dependent (Zhao et al., 

2003).  There may be more effect of endogenous JA or other oxylipins in the Pst 

DC3000-tomato system than in the Psm ES4326-Arabidopsis system.  

 Curiously, among the few genes affected by loss of JA synthesis due to the 

presence of dde2, there was a negative correlation between the effect of dde2 and the 

effect of coi1.  This does not appear to be consistent with the fact that coronatine and 

JA-Ile act similarly in binding to COI1.  If the COI1-coronatine complex is more active 

than the COI1-JA-Ile complex, then COI1 binding to JA-Ile might reduce COI1 activity 

relative to COI1 binding to coronatine, explaining our results.    

 In summary, we have investigated the relationships among defense signaling 

network components defined by mutations using expression profiles as detailed 
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descriptions of mutant phenotypes.   It is worth emphasizing that in this approach, we 

do not assume that the transcript level of a particular gene represents its activity.  

Rather, we use causal relationships between the presence of a mutation and changes in 

the expression profile.  Although our analysis at this stage was mostly limited to 

qualitative comparisons of gene sets that are differentially regulated in single mutants, 

we succeeded in revealing complex relationships among network components that 

affect the SA sector.  This approach has the potential to extract additional information 

about the network.  It has been shown that even low amplitude profiles can contain 

statistically significant information when whole profiles are used as phenotypes 

(Hughes et al., 2000).  Therefore, quantitative analysis of these data could reveal more 

subtle relationships among network components.  The data in this study were generated 

under a single experimental condition: 24 hours after infection by Psm ES4326.  A 

different pathogen, such as a necrotrophic fungal pathogen, might induce different 

signal flow patterns in the network and reveal relationships that may have escaped 

detection using Psm ES4326.  Data from multiple time points would allow the direction 

of signal flow to be determined, and might reveal relationships that are undetectable at 

the single time point we used.   
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MATERIALS AND METHODS 

 

Plant Genotypes and Growth Conditions 

 

 All genotypes were derived from the Col-0 accession.  They were: sid2-2 

(Wildermuth et al., 2001), eds5-1 (Nawrath et al., 2002), pad4-1 (Jirage et al., 1999), 

ein2-1 (Alonso et al., 1999), coi1-1 (Xie et al., 1998), ndr1-1 (Century et al., 1997), 

dde2-2 (von Malek et al., 2002),  jar1-1(Staswick et al., 2002), and jin1-1 (Berger et al., 

1996; Lorenzo et al., 2004).  The eds1 plants were derived by introgression of eds1-2 

into Col-0 and fmo1-1 was SALK_026163 (Bartsch et al., 2006), and pbs3-2 was 

SALK_018225 (Nobuta et al., 2007).  All plants were grown in controlled-environment 

chambers at 22C, 75% relative humidity, 12 h light (100 mM m-2 s-1 fluorescent 

illumination), and 12 h dark. 

 

Psm ES4326 Infection and SA assays 

 

 Pseudomonas syringae pv. maculicola was cultured in King’s B medium at 

room temperature (22-25C) as described (Glazebrook and Ausubel, 1994).  For 

microarray experiments, overnight liquid cultures were washed and resuspended in 5 

mM MgSO4.  Bacteria were diluted to a concentration equivalent to OD600 = 0.002 and 

introduced into leaves of 30-day-old plants using a needleless syringe.  Mock-infected 

plants were similarly treated with 5 mM MgSO4.  For bacterial growth experiments, 4-5 

week-old plants were inoculated at a concentration of OD600 = 0.0001.  Two leaf discs 

were cut from each inoculated leaf with a #3 cork borer, ground in 5 mM MgSO4, 
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serially diluted, and plated on King’s B medium.  For free (non-conjugated) SA assays, 

mature leaves of 4-5 week-old plants were inoculated with Pst DC3000 or Psm ES4326 

suspensions of OD600= 0.01.  SA was determined by solid phase extraction and gas 

chromatography-mass spectrometry as described previously (Tsuda et al., 2008).   

 

Microarray Experiments 

 

 Microarrays were Affymetrix ATH1 (Redman et al., 2004) and the custom 

miniarray described by (Sato et al., 2007).  The ATH1 experiments included a sixth 

mutant, pad2-1.  This mutation had relatively little effect on gene expression, and it was 

not discussed here.  The data is available from NASCArrays (see accession numbers 

below).  The NASC-120 data collected by Nürnberger et al. was obtained from 

NASCArrays (Craigon et al., 2004).  Only the data from the 24h time point was 

analyzed.  Miniarray experiments were conducted in four batches of 7 to 8 samples 

each, with three biological replicates of each set.  Each batch included wild-type plants 

inoculated with Psm ES4326, and all sampling was done 24 h after inoculation.  Two 

batches included mock-inoculated wild-type plants.  One batch included wild-type and 

coi1 plants inoculated with Psm ES4326 or Psm ES4326 cor, or mock-inoculated.  

Another batch also included Psm ES4326-inoculated coi1plants, making a total of six 

replicates for this genotype-treatment combination.  Some of the genotypes included in 

the four batches are not relevant to the analysis reported here, so they are not discussed.  

The complete data sets are available from GEO (see accession numbers below).  

Preparation of RNA, labeling, hybridization to arrays, and scanning were performed as 
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described previously (Sato et al., 2007).  ATH1 data generated in this work, as well as 

NASC-120 data, were normalized using RMAExpress (Irizarry et al., 2003), and 

miniarray data were normalized using SBQ (Sato et al., 2007). 

 

 

Microarray data analysis 

 

 Generally, the normalized expression profile data sets were subjected to mixed-

effect linear models to obtain the mean estimate and standard error values.  The contrast 

of the second model in each case was set to obtain standard errors for particular 

comparisons.   Student’s t-test (two tails) was used to obtain the p-values for particular 

comparisons.  The p-values were corrected for multiple testing using the Benjamini-

Hochberg false discovery rate (FDR), and the corrected values were designated as the q-

values.  All these analyses were done in R (ver. 2.5.1) using the lme4 package for the 

mixed models.  The models used in each of the following comparisons are described 

below as cases A, B, and C.  

(1) Comparison of Psm ES4326-inoculated and mock-inoculated wild-type plants at 

three time points using ATH1 data: case C with two levels of the inoculum effect I, Psm 

ES4326 and mock-inoculation and three levels of the condition effect Y, 9, 24, and 32 

hours.  Results are shown in Table S1 

(2) Comparison of Psm ES4326-inoculated and mock-inoculated wild-type plants at 24 

hours using ATH1 data from two experiments: case B with two levels of the sample 

effect S, Psm ES4326 and mock-inoculation.  Results are shown in Table S2. 
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(3) Comparison of wild-type and mutant plants inoculated with Psm ES4326 using 

ATH1 data: case A with eight levels of the sample effect S, Col, coi1, ein2, npr1, pad2, 

pad4, and sid2.  All the pair-wise comparisons among the genotypes were made. 

Results are shown in Table S3. 

(4) Comparison of pathogen- and mock-inoculated plants in the NASC120 data set: case 

A with five levels of the sample effect S, Pst DC3000, Pst DC3000 avrRpm1, Pst 

DC3000 hrcC, Psp, and mock-inoculation.  Each strain was compared to mock-

inoculation, and all the pair-wise comparisons between strains were made.  Results are 

shown in Table S6. 

(5) Comparison of Psm ES4326-inoculated and mock-inoculated wild-type plants using 

miniarray data: case B with two levels of the sample effect S, Psm ES4326 and mock-

inoculation.  Results are shown in Table S7. 

(6) Comparison of wild-type and mutant plants inoculated with Psm ES4326 using 

miniarray data: case B with 22 levels of the sample effect S, Col, eds5, npr1, pad4, sid2, 

coi1, dde2, ein2, jin1, jar1, eds1, fmo, ndr1, pbs3, and 8 other genotypes profiled 

together but not used in this study.  Note that this data set did not have a factorial 

design.  Each mutant was compared to Col.  Results are shown in Table S9. 

(7) Comparisons using the Psm ES4326 cor data: case C with two levels of the 

condition effect, Col and coi1, and three levels of the inoculum effect I, Psm ES4326, 

Psm ES4326 cor-, and mock inoculation.  Results are shown in Table S10. 

Case A: for data generated as three biological replicates within a single experimental 

set. 

log2(ygsr) = µ + Rr + γgsr 



 

 76 

And then, for each gth gene, the next model was fit separately. 

γgsr = ν + G:Sgs + G:Rgr + εgsr 

Where y , µ, ν, R, γ, G, S, and ε represent expression value, a constant, a constant, 

replicate, residual from the first model, gene, sample, and residual from the second 

model, respectively. R, γ, and ε were random effects, and the rest were fixed effects.  

Case B: for data generated in multiple experimental sets, each having three biological 

replicates. 

 log2(ygsrb) = µ + Bb + B:Rbr + γgsrb 

And then, for each gth gene, the next model was fit separately. 

γgsr = ν + G:Sgs + G:(B + B:R)grb + εgsr 

Where y , µ, ν, B, R, γ, G, S, and ε represent expression value, a constant, a constant, 

experiment, replicate, residual from the first model, gene, sample, and residual from the 

second model, respectively. B, R, γ, and ε were random effects, and the rest were fixed 

effects.  R is nested in B.  

Case C: for comparisons with two fixed factors: 

log2(ygyir) = µ + Rr + γgyir 

And then, for each gth gene, the next model was fit separately. 

γgyir = ν + G:Ygy + G:Y:Igyi + G:Rgr + εgyir 

Where y , µ, ν, R, γ, G, Y, I, and ε represent expression value, a constant, a constant, 

replicate, residual from the first model, gene, condition, inoculum, and residual from the 

second model, respectively. R, γ, and ε were random effects, and the rest were fixed 

effects.  All correlation values are uncentered Pearson correlations. 
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Clustering 

 

 Figure 13 was created by clustering of the log2 fold-change values of mutants vs. 

Col-0. The set of 205 miniarray genes significantly affected by PsmES4326 infection of 

wild-type plants (q<0.05) and significantly different in at least one mutation in the study 

set relative to Col-0 (q<0.05) were subjected to complete linkage hierarchical clustering 

of only the mutants, using Cluster.  This provided the order and dendrogram for the 

mutants.  Then, the set of 205 genes was separated into the set of genes induced by Psm 

ES4326 infection of Col-0, and the set repressed.  Each set of genes was subjected to 

complete linkage hierarchical clustering of only the genes.  This provided the order and 

dendrograms for the genes.  The log2 fold-change values for Col-0 vs. mock were scaled 

by a factor of 0.4, and added as the last column of the figure.  Note that these values 

played no part in the clustering.   

 

Microarray Data Accession Numbers 

 

 The original (.CEL) data files for the 18 ATH1 hybridizations from the ES4326 

time course experiment are available from NASC Arrays as NASC-414. The files for 

the 21 ATH1 hybridizations from the wild-type and mutants comparison are available 

as NASC-454 (accession number pending). The miniarray files are available from Gene 

Expression Omnibus as GSE11009. 
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Chapter III: Arabidopsis Calmodulin Binding Protein CBP60g 

Contributes to MAMP-Induced SA Accumulation and Is Involved in 

Disease Resistance against Pseudomonas syringae  

 

ABSTRACT 

 

Salicylic acid (SA)-induced defense responses are important factors during effector 

triggered immunity and microbe-associated molecular pattern (MAMP)-induced 

immunity in plants. This chapter presents evidence that a member of the Arabidopsis 

CBP60 gene family, CBP60g, contributes to MAMP-triggered SA accumulation. 

CBP60g is inducible by both pathogen and MAMP treatments. Pseudomonas syringae 

growth is enhanced in cbp60g mutants. Expression profiles of a cbp60g mutant after 

MAMP treatment are similar to those of sid2 and pad4, suggesting a defect in SA 

signaling. Accordingly, cbp60g mutants accumulate less SA when treated with the 

MAMP flg22 or a P. syringae hrcC strain that activates MAMP signaling. MAMP-

induced production of reactive oxygen species and callose deposition are unaffected in 

cbp60g mutants. CBP60g is a calmodulin-binding protein with a calmodulin-binding 

domain located near the N-terminus. Calmodulin binding is dependent on Ca
2+

. 

Mutations in CBP60g that abolish calmodulin binding prevent complementation of the 

SA production and bacterial growth defects of cbp60g mutants, indicating that 

calmodulin binding is essential for the function of CBP60g in defense signaling. These 

studies show that CBP60g constitutes a Ca2+-dependent link between MAMP 

recognition and SA accumulation that is important for resistance to P. syringae.  
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INTRODUCTION 

 

Recent studies have shown that SA signaling is an integral part of the MAMP 

response, as well as of R-gene mediated resistance. Treatment with the MAMPs flg22 

or bacterial lipopolysaccharide (LPS) caused SA accumulation and systemic acquired 

resistance, a systemic response associated with SA (Mishina and Zeier, 2007). Flg22 

treatment also induced many canonical SA-related genes, including SID2, EDS5, NPR1, 

and PR1 (Denoux et al., 2008). SA was produced in response to flg22 or challenge with 

Pst DC3000 hrcC, a strain that is unable to transport effectors and thus serves as an 

elicitor of the MAMP response. Many gene expression changes caused by challenge 

with Pst DC3000 hrcC were reduced in pad4 or sid2 mutants, demonstrating that 

MAMP-induced SA plays a role in the MAMP response. Importantly, resistance to Pst 

DC3000 induced by pre-treatment with flg22 was compromised in pad4 and sid2 

mutants, demonstrating that MAMP-induced SA is important for MAMP-triggered 

resistance (Tsuda et al., 2008). The nature of the link between MAMP recognition and 

activation of SA signaling remains to be determined. 

The CBP60 family consists of seven members (from CBP60a to CBP60g: 

At5g62570; At5g57580; At2g18750; At4g25800; At2g24300; At4g31000; At5g26920; 

multiple sequence alignment shown in Figure 17) that were identified based on their 

protein sequence similarities to tobacco and maize homologues (Reddy, 1993; Lu Y-T, 

1994; Dash et al., 1997). Domains that bind CaM in a Ca
2+

 dependent manner have 

been mapped to the C-terminal ends of five family members (Reddy et al., 2002). 

CBP60 genes were shown to be differentially expressed in response to bacterial 
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pathogens and inducers of defense responses but their biological functions remain 

unknown (Reddy et al., 2003).  

We have studied a member of the Arabidopsis CBP60 CaM-binding protein 

family, CBP60g (At5g26920), which lacks the C-terminal CaM-binding domain of 

other family members. We found that it is inducible by infection with Psm ES4326 and 

by MAMPs. Loss-of-function mutants allowed enhanced growth of Psm ES4326, 

demonstrating a role of this protein in disease resistance. Characterization of mutant 

lines revealed a defect in SA signaling following MAMPs treatment, indicating a role 

for CBP60g in activation of SA signaling by MAMPs. We demonstrated that CBP60g 

binds CaM, and determined that the CaM-binding domain lies in the N-terminal part of 

the protein. Mutant proteins that lacked CaM-binding activity failed to complement the 

defense defects of a cbp60g loss-of-function mutant, indicating that CaM binding is 

important for the function of CPB60g in defense signaling. 
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Figure 17. Multiple sequence alignment of Arabidopsis CBP60 proteins  

Coding sequences of Arabidopsis CBP60 proteins were aligned using Multalin with 

default settings (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html). Red 

colored amino acids: consensus value > 90%, blue colored amino acids: consensus 

value > 50%. Underlined region A indicates the experimentally determined CBD of 

CBP60g, underlined region B indicates conserved calmodulin binding domains (CBDs) 

of CBP60a, CBP60b, CBP60c, CBP60d, and CBP60e. 
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RESULTS 

 

CBP60g Expression is Induced in Response to Pathogen Attack and MAMPs 

 

We noticed that, according to microarray data, Arabidopsis CBP60g (CaM-binding 

protein 60-like.g; At5g26920) was strongly up-regulated in response to infection by the 

virulent strain Psm ES4326 (Wang et al., 2008b). We used the real-time quantitative 

polymerase chain reaction (qRT-PCR) to monitor expression of this gene. Figure 18A 

shows that expression of CBP60g was induced between three and six hours after Psm 

ES4326 infection, and expression remained high for at least 24 hours. CBP60g  

 

 

Figure 18.  Changes in CBP60g expression levels after pathogen infection or 

MAMP treatments  
Each bar represents the log2 value of fold changes relative to mock samples. Data was 

obtained in three independent experiments, each with two technical replicates, and 

analyzed by ANOVA. Error bars represent standard error.  

(A) CBP60g induction in response to inoculation with Psm ES4326 or Pst DC3000 

inoculation. (B) AtCBP60g induction in response to Pst DC3000 hrcC or flg22 

inoculation.  
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expression was also induced between six and nine hours after infection by Pst DC3000, 

but to a lesser extent. We further investigated CBP60g expression after MAMP 

treatments. We inoculated wild-type plants with Pst DC3000 hrcC, a strain defective in 

delivery of type-III effectors (Deng et al., 1998). By three hours after inoculation, and 

continuing for at least 24 hours, CBP60g transcript levels were higher than in mock-

treated controls. Infiltration with the purified MAMP, flg22, had an even stronger effect 

(Figure 18B). These results indicate that expression of CBP60g is induced in response 

to bacterial pathogens and MAMPs. 

 

Mutations in CBP60g Result in Enhanced Susceptibility to P. syringae 

 

We studied the function of CBP60g using loss-of-function mutants. We acquired 

two T-DNA insertion mutants of CBP60g, SALK_023199 and GABI_075G12, and 

named them cbp60g-1 and cbp60g-2, respectively. According to the SIGnAL database 

(http://signal.salk.edu/), the T-DNA insertion of cbp60g-1 is located in the third exon of 

At5g26920, while in cbp60g-2 it is in the fifth exon, as shown in Figure 19A. Reverse 

transcription PCR (RT-PCR) showed that the CBP60g transcript was absent in cbp60g-

1 homozygotes and only partial in cbp60g-2 homozygotes (Figure 19B), suggesting that 

neither mutant allele produces functional CBP60g protein.   

To test cbp60g mutants for enhanced susceptibility to P. syringae, wild type (Col-

0), cbp60g-1, and cbp60g-2 plants were inoculated with Psm ES4326, and bacterial titer 

was determined three days later. Figure 19C shows that both mutant lines supported 

significantly more bacterial growth than wild-type plants, but less than the extremely 
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susceptible pad4 plants (Zhou et al., 1998). The fact that two independent mutations in 

CBP60g result in similar enhanced susceptibility phenotypes strongly suggests that 

these phenotypes result from mutations in CBP60g. This idea was further verified by 

introducing a genomic clone containing CBP60g and its promoter (1093 base pairs 

upstream of its start codon) into homozygous cbp60g-1 plants. The progeny of a  

 

 

Figure 19. T-DNA insertion mutants of CBP60g support more bacterial growth 

than wild-type plants 

(A) Illustration of CBP60g mutants cbp60g-1 and cpb60g-2. Bold lines, exons; thin 

lines, introns; bold arrows: T-DNA insertions; thin arrows, primers used for RT-PCR.  

(B) RT-PCR results showing two regions of the CBP60g transcript from both mutants . 

(C) Bacterial growth assays using Psm ES4326. Each bar at 0 hours or 72 hours 

represents data from 4 or at least 16 replicates, respectively. Error bars represent 

standard deviation from 16 samples. Asterisk, p<0.05; two asterisks, p<0.001. P values 

were calculated using the two-tailed Mann-Whitney U-test.  Similar results for the 

cbp60g mutants were obtained in two other independent experiments. Complemented, 

cbp60g-1 plants carrying wild-type CBP60g as a transgene; Without transgene; siblings 

of the complemented plants lacking the transgene. 
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transformant that was hemizygous for the transgene were infected with Psm ES4326 

and bacterial titers in individual plants were determined three days later. The average 

titer in plants carrying the wild-type transgene was similar to wild-type plants, while the 

average titer in sibling plants lacking the transgene was significantly higher and similar 

to untransformed cbp60g-1 homozygotes. Pst DC3000 also grew to higher titers in 

cbp60g mutants than in wild-type plants, and this phenotype was also complemented by 

a wild-type CBP60g transgene as shown in Figure 19D. However, the effect of cbp60g 

mutants on Pst DC3000 growth was smaller than the effect on Psm ES4326 growth. 

Based on these experiments, we conclude that CBP60g is required for wild-type levels 

of resistance to both Psm ES4326 and Pst DC3000.   

 

Expression Profiling of cbp60g-1 Suggests a Defect in MAMP-Triggered SA 

Signaling  

 

 

In an effort to understand how cbp60g mutations affect defense responses 

against bacterial pathogens, we conducted microarray profiling experiments using a 

customized long-oligonucleotide microarray with probes for 464 pathogen-responsive 

genes, representing diverse expression patterns (Sato et al., 2007). Expression profiling 

and data analysis using the custom microarray were carried out as described in 

Methods. First, we compared wild-type and homozygous cbp60g-1 plants 24 hours after 

inoculation with Psm ES4326. Other than CBP60g itself, there was only one gene 

(COR47, At1g20440) that was significantly different from wild-type by more than two-

fold. These results indicated that CBP60g did not have a major effect on gene 

expression 24 hours after Psm ES4326 infection.  
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Since CBP60g is also inducible by MAMP treatments, we tested the cbp60g-1 

mutant for alterations in gene expression following inoculation with Pst DC3000 hrcC. 

Wild-type and cbp60g-1 plants were mock-inoculated or inoculated with Pst DC3000 

hrcC, and samples were collected after three and nine hours, when MAMP-triggered 

responses generally occur (Chisholm et al., 2006; Bittel and Robatzek, 2007). At three 

hours after inoculation with Pst DC3000 hrcC, 31 genes showed differential expression 

between wild-type and cbp60g-1 plants (q<0.05). At nine hours, 43 genes were 

differentially expressed (q<0.05). Clearly, the effect of CBP60g on gene expression 

changes during a MAMP response is larger than it is 24 hours after Psm ES4326 

inoculation. 

To determine in which sector of the defense signaling network CBP60g acts, we 

compared the effects of cbp60g-1 on the response to DC3000 hrcC to the effects of 

other mutations that perturb the defense signaling network. We chose pad4 and sid2, 

which reduce SA signaling (Glazebrook et al., 1997; Wildermuth et al., 2001); coi1 and 

dde2, which reduce JA signaling (Feys et al., 1994a; von Malek et al., 2002); ein2, 

which reduces ethylene signaling (Guzman and Ecker, 1990), and mpk3, which may 

affect MAMP signaling (Asai et al., 2002). Wild-type and mutant plants were 

inoculated with Pst DC3000 hrcC and wild-type plants were also mock-inoculated. 

Samples were again collected after three and nine hours. We selected genes with 

significantly different expression levels in at least one of the seven mutants compared to 

wild-type, after Pst DC3000 hrcC inoculation (q<0.05). Among these, we further 

selected genes that were induced or repressed by at least two-fold in wild-type plants 

inoculated with Pst DC3000 hrcC compared to mock-inoculated wild-type plants. For 
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the 88 genes that met these conditions at the three hour time point, the log2 ratios of 

cbp60g to Col-0, coi1-1 to Col-0, dde2-2 to Col-0, ein2-1 to Col-0, mpk3 to Col-0, 

pad4-1 to Col-0, and sid2-2 to Col-0 were subjected to complete-linkage agglomerative 

hierarchical clustering (Eisen et al., 1998). The same procedure was carried out on the 

77 genes that met these conditions at the nine hour time point. Figure 20 shows that the 

effects of cbp60g most closely resembled those of sid2 and pad4, which disrupt SA 

signaling during the MAMP response. At nine hours, the correlations between the 

cbp60g to Col log2 ratios and the pad4 to Col and sid2 to Col log2 ratios were 0.75 and 

0.68, respectively as shown in Table 7. As PAD4 and SID2 function in SA signaling, 

these strong correlations between the effects of cbp60g and those of mutations known to 

disrupt SA signaling suggested that CBP60g functions in activation of SA signaling 

during the MAMP response. 

 

Table 7. Correlation coefficients between expression profiles at 9 hpi after Pst 

DC3000 hrcC treatment  

 

 

  cbp60g-1 coi1 dde2 ein2 mpk3 pad4 sid2 

cbp60g-1 1 -0.52  -0.17  -0.48  -0.45  0.75  0.68  

coi1 -0.52  1 0.23  0.58  0.44  -0.53  -0.42  

dde2 -0.17  0.23  1 0.49  0.49  -0.19  -0.11  

ein2 -0.48  0.58  0.49  1 0.61  -0.56  -0.54  

mpk3 -0.45  0.44  0.49  0.61  1 -0.52  -0.50  

pad4 0.75  -0.53  -0.19  -0.56  -0.52  1 0.91  

sid2 0.68  -0.42  -0.11  -0.54  -0.50  0.91  1 



 

 90 

 

Figure 20. Expression patterns identified by agglomerative hierarchical clustering 

The log2 ratios of each indicated sample comparison were used for the analysis. 

Clustering was separately performed at each time point with Cluster (Eisen et al., 1998) 

using the uncentered Pearson correlation and complete linkage clustering. Results were 

visualized with Treeview (Eisen et al., 1998). Blue indicates negative values, yellow 

positive values and black zero. 
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SID2 Expression and Free SA Levels Are Reduced in cbp60g Mutants 

 

The microarray data also revealed that SID2 was induced by Pst DC3000 hrcC 

inoculation in wild-type plants (1.74-fold at three hours and 3.02-fold at nine hours), 

and that this induction was attenuated in cbp60g mutant plants (the ratio of SID2 

expression in cbp60g-1 to wild-type is 0.34 at three hours and 0.38 at nine hours). The 

qRT-PCR results shown in Figure 21A confirmed that SID2 expression was induced by 

DC3000 hrcC inoculation and flg22 treatment, as we have reported previously (Tsuda 

et al., 2008). SID2 expression was reduced in both cbp60g mutants, with statistically 

significant differences observed three hours after flg22 treatment and nine hours after 

DC3000 hrcC inoculation. Since SID2 is required for SA synthesis during the defense 

response, we suspected that SA accumulation was also compromised in cbp60g 

mutants.  

To determine whether SA levels were lower in cbp60g mutants, we measured free 

(non-conjugated) SA levels in wild-type, cbp60g, and sid2 plants following mock 

treatment, flg22 treatment, and DC3000 hrcC inoculation. Figure 21B shows that SA 

levels in both cbp60g mutants were significantly lower than in wild-type plants at six 

and nine hours following flg22 treatment and at nine hours following DC3000 hrcC 

inoculation (note the log10 scale). SA levels in sid2 plants were very low and did not 

respond to treatments. We also measured free SA levels in cbp60g-1 following Psm 

ES4326 inoculation. The SA level in cbp60g-1 was only lower than in wild-type plants 

at nine hours after inoculation (q=0.002) but not 24, and the extent of the reduction at 9 

hours was less than in the case of flg22 or Pst DC3000 hrcC treatments (Figure 21C).  
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F

igure 21. SID2 expression and SA accumulation in cbp60g mutants 

(A) SID2 expression in Col-0 and cbp60g mutants after flg22 or Pst DC3000 hrcC 

(hrcC) treatment. Each bar represents the log2 expression value relative to ACTIN2. 

Data was obtained in three independent experiments, each with two technical replicates, 

analyzed by ANOVA. Error bars represent standard error. (B) Measurement of free SA 

after flg22 or Pst DC3000 hrcC treatments. (C) Measurement of free SA after Psm 

ES4326 treatment. For B and C, data from two independent experiments, each 

consisting of one sample of each type, was analyzed by ANOVA. Error bars represent 

standard error.  
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To verify that the SA difference we observed in Psm ES4326-inoculated plants was not 

due to enhanced bacterial growth in the cbp60g-1 mutant, we monitored bacterial titers 

in the plants used for SA extraction. As shown in Figure 22, no significant differences 

in titer were observed among wild type and cbp60g-1 mutants at 9 or 24 hours after 

inoculation. Taken together, these results show that CBP60g contributes to SA 

accumulation during the MAMP response and pathogen attack. 

 

 

Figure 22. Bacterial growth in plants treated for SA measurement 

Bacterial growth assays using Psm ES4326 (inoculation dosage: OD600 =0.01). Each bar 

at 0, 9 and 24 hours represents data from 16 replicates. Error bars represent standard 

deviation from 16 samples. Comparisons were made between Col-0 and mutants at all 

time points using the two-tailed Mann-Whitney U-test. No P values smaller than 0.05 

were found. This experiment was repeated three times, and similar results were 

obtained.  

 

CBP60g Mutants Do Not Affect the flg22-Triggered ROS Burst or Callose 

Deposition 

 

Having observed that cbp60g mutants were deficient in MAMP-induced SA 

accumulation, we tested cbp60g mutants for defects in other MAMP-triggered 
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responses. Two characteristic MAMP signaling responses are transient production of 

reactive oxygen species (ROS) and deposition of callose (Bittel and Robatzek, 2007). 

We monitored flg22-induced ROS production in wild-type, cbp60g-1, cbp60g-2, and 

fls2 plants. FLS2 encodes the flagellin receptor, thus fls2 mutants do not respond to 

flg22. There was no difference in production of ROS between wild-type plants and 

cbp60g mutants, while ROS production was abolished in fls2 plants (Figure 23). Callose 

deposition at twelve hours after flg22 treatment was assayed by aniline blue staining 

and image analysis. No significant differences were observed among wild type and 

cbp60g mutants (Figure 24). No callose deposition was observed in pmr4 mutants, 

which lack a callose synthase (Nishimura et al., 2003). Clearly, cbp60g mutants are not 

defective in flg22-induced ROS production or callose deposition.  

 
 

Figure 23. Measurement of flg22-induced ROS   

Oxidative burst induced by 10 µM flg22, measured as relative luminescence units 

(RLU). Flg22 was added at the beginning of the measurement. Each line represents the 

average of three replicates, each measured at 1 minute intervals. Student’s T test 

showed no significant difference among cbp60g mutants and wild type control. Mutant 

fls2 was used as a negative control that does not generate ROS in response to flg22 

treatment.   
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Figure 24. Measurement of flg22-induced callose deposition   

Aniline blue staining of callose deposits 12 hours after flg22 infiltration. The bar graph 

represents the average number of callose deposits observed per square millimeter. Error 

bars are standard deviation of 24 measurements, 4 from each of 6 leaves per genotype. 

Comparison between both cbp60g mutants and Col-0 were done using two-tailed Mann-

Whitney U-test. No p-values were smaller than 0.05. Mutant pmr4 was used as a 

negative control that does not produce callose deposits. This experiment was repeated 

four times, and similar results were obtained. 
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CBP60g Is a CaM-Binding Protein with the Calmodulin Binding Domain Located 

at the N-Terminus 

 

Five of the eight CBP60 proteins have a CaM binding domain (CBD) at the C 

terminus (Reddy et al., 2002). However, the corresponding sequence of CBP60g is 

poorly conserved (Figure 17). In order to test whether CBP60g binds to CaM and 

identify possible CBD domain(s) of CBP60g, we predicted its coiled coil domains using 

the PredictProtein algorithm (Rost et al., 2004), as this protein secondary structure is 

shared by nearly all known CBDs (Yap et al., 2000). Figure 25A shows the positions of 

the predicted coiled coil domains.  
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Figure 25. Mapping and site-directed mutagenesis of the CBP60g CaM-binding 

domain 

(A) Illustration of wild-type and deletion constructs of CBP60g protein sequences. FL, 

full-length wild-type protein; D1 to D5, five deletion constructs. Empty white bars, 

predicted coiled-coil domains; dark solid bars, non-coiled coil domains. Numbers 

indicate amino acid positions in the full-length protein. (B) CaM binding by GST-

tagged CBP60 deletion constructs. Left, detection of CaM biding; right, detection of 

GST; Ld, protein size marker ladder. (C) Helical wheel projection of the CBP60g CaM-

binding domain. Amino acids selected for mutagenesis are circled. (D) CaM binding 

assay of mutated GST-tagged CBP60g proteins. Upper picture, CaM binding; lower 

picture, detection of GST. 
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We tested the ability of CBP60g to bind CaM by constructing a GST-CBP60g 

protein fusion and expressing it in Escherichia coli. Western blotting with anti-GST 

antibody showed that a protein of the expected molecular weight (approximately 89 

kilodaltons) was produced. A replicate blot was incubated with biotinylated CaM. 

Bound CaM was then detected with streptavidin-conjugated alkaline phosphatase. 

Figure 25B shows that full-length CBP60g protein bound to CaM. No binding was 

observed in the absence of Ca
2+

.  

We then tested various CBP60g deletion mutants (Figure 23A) in an effort to 

locate the CaM binding domain (CBD). Figure 25B shows that a 76 amino acid 

fragment from the N-terminus of the protein was sufficient for CaM binding. Further 

deletions revealed that a fragment of only 45 amino acids retained CaM binding 

capability (Figure 26). According to the CaM target database 

(http://calcium.uhnres.utoronto.ca), this amino acid sequence does not contain any of 

the known CaM-binding motifs. However, as shown in Figure 23C, it does contain a 

predicted coiled coil domain, and it is amphipathic, a property shared by almost all 

CBDs (Yap et al., 2000).  

Previous studies showed that disruption of amphipathic properties of CBDs 

abolished CaM binding (Kim et al., 2002a; Moon et al., 2005), so we further defined the 

CBD of CBP60g using site-directed mutagenesis. Based on the helical wheel projection 

of the CBP60g CBD (Figure 25C), we mutated the codons for all four hydrophobic 

amino acids (three valines and one phenylalanine) on the hydrophobic side to create 

codons for hydrophilic amino acids (arginine or lysine). As controls we also mutated 

codons for two amino acids on the hydrophilic side of the CBP60g CBD and one amino 
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acid just outside the CBD. These changes did not affect the amphipathic nature of the 

predicted helix. Figure 25D shows that loss of any of the four hydrophobic amino acids 

on the hydrophobic side of the CBD abolished CaM binding, while none of the other 

mutations had a detectable effect. Taken together, these experiments demonstrated that 

CBP60g is a CaM-binding protein, and defined the CBD in the N-terminus of the 

protein. 

 

Figure 26. Mapping of the CBP60g CBD 

A GST fusion containing the first 45 amino acids of CBP60g was detected using 

GST antibody and assayed for CaM binding. The top panel shows the immunoblot 

result with GST antibody, the bottom panel shows CaM binding results. (+IPTG: 

protein crude extract after IPTG induction, -IPTG: protein extract without IPTG 

added).  

 

CaM Binding Is Required for CBP60g Function in Disease Resistance and SA 

Accumulation 

 

CaM binding often modulates protein function (Bouche et al., 2005). To investigate 

whether CaM binding affects the function of CBP60g in defense responses, we 

engineered transgenic plants carrying mutated CBP60g proteins that no longer bind 

CaM in the cbp60g-1 mutant background. We then tested them for defects in limiting 

bacterial growth and SA accumulation. We transformed cbp60g-1 mutant plants with 
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modified genomic constructs including both CaM-binding (F41K) and non-CaM-

binding (V28K, V29R) versions of CBP60g, which were fused to c-Myc epitope tags at 

their C-termini. A wild-type version of the CBP60g c-Myc fusion construct (WT) was 

also made as a control. Primary transformants containing single copies of the transgenes 

were selected by qPCR, and their progeny were used for analyses. First, we tested 

expression of the modified proteins by immunoblotting using c-Myc antibody. None of 

the c-Myc fusion proteins were detected in untreated plants, but they were all present in 

plants inoculated with Psm ES4326 as shown in Figure 27A. This was also true for the 

wild-type CBP60g c-Myc fusion construct. Thus, the Psm ES4326-induced increase in 

the CBP60g transcript level is reflected in the protein level. We then measured bacterial 

growth and SA accumulation in the transgenic plants. Figure 27B shows that 2 days 

after inoculation with Psm ES4326, bacterial titers in transgenic lines carrying non-

CaM-binding constructs were similar to the titers in cbp60g-1, while titers in transgenic 

lines carrying the CaM-binding construct were similar to those in wild-type plants. We 

assayed four additional independent transgenic lines for bacterial growth, yielding 

consistent results (Figure 27C). This shows that CaM binding is required for 

complementation of the enhanced disease susceptibility phenotype of cbp60g-1. We 

also measured free SA levels in leaves after treatment with flg22 or infection by Psm 

ES4326.  Figure 28 shows that the non-CaM-binding proteins, V28K and V29R, failed 

to complement the SA accumulation defects of cbp60g-1, while the protein that did bind 

CaM, F41K, restored SA to wild-type levels. Collectively, these results demonstrate 

that CBP60g requires CaM binding for its function in disease resistance and MAMP-

induced SA accumulation. 
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Figure 27. Measurement of bacterial growth and free SA in cbp60g transgenic lines 

(A) Presence of modified CBP60g proteins in the cbp60g-1 background. Upper panel 

shows the immunoblot results using anti-c-Myc antibody; lower panel shows the large 

subunit of the Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) stained with 

Ponceau S as a measurement of the total protein loaded onto each lane. M indicates 

mock treated, P indicates Psm ES4326 treated. (B) Bacterial growth assays using Psm 

ES4326. Each bar at 0 and 48 hours represents 4 or 16 replicates, respectively. Error 

bars represent standard deviation. P values were calculated using two-tailed Mann-

Whitney U-test. Asterisks indicate p<0.05. (C) Independent bacterial growth assay 

measuring additional lines  
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Figure 28. Measurement of free SA in cbp60g transgenic lines 

Measurement of free SA in response to flg22 and Psm ES4326 treatment. Data were 

obtained from two independent replicates, and analyzed by ANOVA.  Error bars 

represent standard error. Asterisks indicate p< 0.01 

 

 

DISCUSSION 

 

Our reverse-genetic study of CBP60g revealed that this gene is required for wild-

type levels of resistance to the bacterial pathogens Psm ES4326 and Pst DC3000, 

indicating that it plays a role in plant defense. Expression profiling studies suggested a 

defect in activation of SA signaling during the MAMP response. SA assays proved that 

CBP60g contributes to MAMP-induced SA accumulation. We found that CaM binding 
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is important for the role of CBP60g in defense signaling. In contrast to other members 

of the CBP60 family, the CaM-binding domain of CBP60g lies close to the N-terminus 

of the protein. CaM binding is needed for activation of the protein, as mutants that fail 

to bind CaM also fail to complement the SA and bacterial growth defects of loss-of-

function mutants. Our work demonstrates that CBP60g constitutes a Ca2+-dependent 

link from MAMP signaling to activation of SA synthesis. 

 

The Role of CBP60g in MAMP Signaling 

 

Figure 29 shows a model of the position of CBP60g in the defense signaling 

network. Recognition of MAMPs such as bacterial flagellin by pathogen recognition 

receptors (PRRs) activates a MAP kinase cascade that in turn activates gene expression 

changes and ethylene production. MAMP recognition also triggers elevation of 

cytosolic Ca
2+

 concentration; activates production of reactive oxygen species (ROS) by 

AtrbohD and deposition of callose. Recently, we found that MAMP signaling also 

activates SA production, and that activation of SA signaling by MAMPs is important 

for MAMP-induced resistance (Tsuda et al., 2008). SA signaling is also activated in 

response to recognition of effectors by R genes (ETI). Infection by the virulent strain 

Psm ES4326 activates SA signaling strongly, and infection by Pst DC3000 activates it 

to a lesser degree (Wang et al., in press). It is not known whether this activation is due 

to a weak ETI response that does not result in a hypersensitive response, or to some 

other mode of pathogen recognition. Loss of CBP60g reduces MAMP-induced SA 

accumulation. Following Psm ES4326 inoculation, an SA accumulation defect was 
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observed at nine but not 24 hours. SA accumulation at nine hours likely reflects MAMP 

signaling, so this data is consistent with the idea that CBP60g is involved in transducing 

a signal from the MAMP response to SA accumulation. It is likely that there are 

multiple routes to activation of SA accumulation, with different routes more or less 

important for different stimuli and/or at different times. This may explain our finding 

that CBP60g is important for SA accumulation during the MAMP response, but has 

little effect during the response to Psm ES4326.  

 

 

Figure 29. Model of CBP60g function in defense signaling 

Binding of MAMPs by pattern recognition receptors initiates a MAPK signaling 

cascade that leads to activation of defense gene expression through WRKY 

transcription factors. MAMP recognition also induces callose deposition and CBP60g 

expression. CBP60g, when activated by CaM binding, positively regulates signaling 

leading to SA accumulation and defense gene expression. 
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Presently, we cannot determine at what point in the MAMP signaling cascade a 

signal is transferred to CBP60g. This uncertainty is indicated by the dotted circle on the 

left in Figure 29. The signal coming from CBP60g must act upstream from SA 

synthesis, as SA levels are reduced in cbp60g mutants. PAD4 also contributes to SA 

levels, as pad4 mutants have reduced SA after MAMP treatment and after Psm ES4326 

infection (Tsuda et al., 2008). Unlike pad4, cbp60g does not affect SA levels at late 

times after infection by Psm ES4326, and it does not have a substantial effect on gene 

expression 24 hours after infection (Zhou et al., 1998; Wang et al., in press). It may 

affect SA levels independently of PAD4, or it may act upstream of PAD4. This 

uncertainty is indicated by the dotted circle on the right in Figure 29. Among the 

mutants studied by expression profiling, the effect of cbp60g was most similar to that of 

pad4, and slightly less similar to that of sid2. This may be an indication that cbp60g acts 

upstream of pad4 to activate SA signaling during the MAMP response. 

 

 

Attenuated MAMP-Induced SA Signaling May Explain the Enhanced 

Susceptibility of cbp60g Plants to Psm ES4326 

  

Psm ES4326 is a strong inducer of SA synthesis (Zhou et al., 1998). In turn, SA-

dependent defense responses play a major role in limiting growth of this pathogen. 

Mutations that seriously compromise SA signaling, including pad4, eds5, sid2, and 

npr1, result in increases in bacterial growth on the order of 2-3 log10s (Cao et al., 1994; 

Glazebrook et al., 1996; Nawrath and Metraux, 1999). In cbp60g mutants, we observed 
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reduced SA production following MAMP treatments, and this was reflected in delayed 

SA accumulation in plants inoculated with Psm ES4326, evidenced by reduced SA 

levels nine hours after infection. Growth of Psm ES4326 was enhanced by about 10-

fold in cbp60g mutants, a smaller effect than observed in canonical SA pathway 

mutants. Could the delay in SA accumulation be responsible for the enhanced pathogen 

growth? This seems likely. Responses to avirulent and virulent P. syringae strains were 

shown to be quite similar, with the major differences lying in the relative speed and 

amplitude of responses, rather than in qualitative effects (Tao et al., 2003). Thus, a 

delay in launching a critical response such as SA signaling could well have a dramatic 

effect on resistance.  

The effect of MAMP responses on resistance can be detected by pre-treating plants 

with flg22, and then inoculating with Pst DC3000 one day later. In wild-type plants, 

this results in a 3-log10 reduction in bacterial growth. In pad4 and sid2 a plant, this 

difference was reduced, with the effect of sid2 being stronger than the effect of pad4. 

We tested cbp60g mutants using this assay. While Pst DC3000 grew to higher titers in 

cbp60g mutants than in wild-type plants, the growth reduction due to fgl22 pre-

treatment was not significantly different in cbp60g and wild-type plants as shown in 

Figure 30. MAMP-induced SA levels are higher in cbp60g mutants than in pad4, which 

are in turn higher than in sid2. It is likely that the reduction of SA in cbp60g plants is 

not sufficiently severe to compromise flg22-induced resistance.    
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Figure 30. Measurement of Pst DC3000 growth after flg22 treatment 

Growth of Pst DC3000 was measured in plants pre-treated with flg22 or water (mock). 

Each bar represents data from 32 replicates pooled from two independent experiments. 

Standard errors and p values were calculated by ANOVA.  

 

 

CaM Binding is Required for the Function of CBP60g in Defense Signaling 

  

 We identified a CaM-binding domain near the N-terminus of CBP60g (Figure 

17). This domain is predicted to form a basic, amphipathic helix, but is otherwise unlike 

known CaM-binding motifs.  Plant CaM binding domains are known to be highly 

polymorphic. Previous studies have identified several motifs that are conserved in some 
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CaM binding proteins. These include the 1-10 and 1-14 motifs described by Rhoads et 

al (Rhoads and Friedberg, 1997); the 1-16 motif described by Osawa et al (Osawa et al., 

1999) and the IQ motif described by Cheney et al (Cheney and Mooseker, 1992). Our 

work adds another defined sequence to the known CaM-binding domains. Mechanisms 

by which CaM binding can modulate protein function include relieving auto-inhibition, 

remodeling active sites, and mediating dimerization (Yang and Poovaiah, 2003). The 

placement of the CaM-binding domain near the N-terminus is consistent with a role of 

CaM binding in relieving auto-inhibition or in promoting dimerization. It seems 

unlikely that it remodels an active site, as the central portions of CBP60 proteins show 

extensive conservation (Figure 17), yet other CBP60 proteins have C-terminal CaM-

binding sites while CBP60g has an N-terminal site.   

 CaM binding is needed for activation of CBP60g function, as mutants lacking 

CaM binding activity could not complement the SA and pathogen growth defects of 

cbp60g insertion mutants. Thus, CBP60g is regulated at two levels, elevated mRNA and 

protein in response to pathogen attack, and Ca
2+

 in the form of CaM binding. Such a 

“double check” mechanism may suggest an adverse effect of initiating a CBP60g-

dependent defense response. Indeed, we were unable to obtain plants expressing 

CBP60g under the control of the strong 35S promoter, suggesting that unregulated 

expression of CBP60g is deleterious. 
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CBP60g Constitutes a Link between Ca
2+
 and SA Signaling   

  

 While there is abundant evidence that Ca
2+

 acts as a signal in the MAMP 

response, relatively little is known about the effect of this signal. In parsley cell 

cultures, production of phytoalexins in response to the MAMP Pep-13 requires Ca2+ 

influx (Blume et al., 2000). Here, we provide evidence that Ca
2+

 affects activation of 

MAMP-induced SA signaling. CaM binds cbp60g only in the presence of Ca
2+

, and 

CaM binding is required for CBP60g to promote SA signaling. CBP60g thus links Ca
2+

 

to SA signaling. This connection could constitute part of the system plants use to 

discriminate among pathogens, and between pathogens and beneficial or harmless 

microbes. Ca2+ has long been considered as a ubiquitous second messenger for many 

signaling cascades, including defense signaling (Sanders et al., 2002; Yang and 

Poovaiah, 2003; Bouche et al., 2005). The complexity of calcium patterns responding to 

different stimuli led to hypothesis that these patterns encode information that is relayed 

to downstream signaling components. Germinating spores of Gigaspora margarita (a 

beneficial soil fungus that forms a mutualistic association with its plant host) led to a 

single transient cytosolic Ca
2+

 elevation in soybean cell culture that lasted only 20 

minutes (Navazio et al., 2007). Treatment with Rhizobium lipochitooligosaccharide 

nodulation factors led to rapid periodic cytosolic Ca2+ spikes in alfalfa root hairs 

without dramatically altering the basal cytosolic Ca2+ concentration (Ehrhardt et al., 

1996). In tobacco cell cultures flg22 led to biphasic cytosolic Ca
2+

 elevation that lasted 

several hours (Lecourieux et al., 2005). These studies suggested that the calcium 

signatures in beneficial host microbe interactions may differ from those of pathogenic 



 

 110 

ones (Bouche et al., 2005). Perhaps CBP60g is only activated in response to Ca
2+

 

signatures characteristic of a pathogen attack, mediated by various CaM proteins in the 

plant.  

 

 

MATERIALS AND METHODS 

 

 

Plant Genotypes, Growth Conditions, and Pathogen Inoculation 

Wild type Columbia (Col-0), pad4-1 (Jirage et al., 1999), sid2-2 (Wildermuth et al., 

2001), fls2-17 (SAIL_691C07) (Zipfel et al., 2004), pmr4 (Vogel and Somerville, 

2000), cbp60g-1 (SALK_023199), and cbp60g-2 (GABI_075G12) Arabidopsis plants 

were grown on autoclaved BM2 Germinating Mix (Berger Inc., Quebec Canada) in a 

growth chamber at 22°C and a 12 hours photoperiod under 100 mM m
-2

 s
-1

 fluorescent 

illumination with 75% relative humidity.  Plants were 4-5 weeks old at the time 

experiments were performed. Psm ES4326, Pst DC3000 and Pst DC3000 hrcC
-
 strains 

were cultured at room temperature in King’s B medium (protease peptone, 10 mg/ml; 

glycerol, 15 mg/ml; K2HPO4, 1.5 mg/ml; MgSO4, 5mM, pH7.0) with 50 µg/µl 

streptomycin (Psm ES4326) or 25 µg/µl rifampicin (Pst DC3000 and hrcC
-
). Flg22 

peptide (EZBiolab Inc., IN, USA) was used at 1 µM. 

 

Bacterial Growth Assays 

Psm ES4326, and Pst DC3000 suspensions in 5 mM MgSO4 of OD600=0.0002, and 

OD600=0.0001, respectively, were infiltrated into mature leaves using a needless 
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syringe.  Determination of bacterial titers was as described previously (Parisy et al., 

2007).  

 

Microarray Analysis 

 Expression profiling data for plants infected with Psm ES4326 was obtained and 

analyzed as part of the experiments described in (Wang et al., in press). The data is 

available from Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/), 

accession number GSE11009. The data for cbp60g (SALK_023199) was not included 

in the Supplemental Tables for Wang et al. [48], because it was not discussed there.

 For the experiment using Pst DC3000 hrcC, mature leaves of 4.5-weeks-old 

plants were infiltrated with a bacterial suspension (OD600=0.05, 5x107 cfu/ml), or water 

as mock treatment. Samples were collected 3 and 9 hours post inoculation. Three 

independent experiments were carried out. RNA was extracted using Trizol (Invitrogen, 

CA USA) described by Sato et al (Sato et al., 2007). Expression profiles were analyzed 

in the R environment with the lme4 package after Stable genes Based Quantile (SBQ)-

normalization [50].  For comparison of profiles between mock- and Pst DC3000 hrcC-

infected Col-0 plants, the data were fitted to a 2-stage mixed effect linear model: 

Ygrtjk = 1 + ( 1| Jj / Kk ) + γgrtjk  

γgrtjk = Gg:Rr:Tt + Gg:Tt + Gg + Gg:( 1| Jj / Kk ) + εgrtjk 

where Y, G, R, T, J, K, γ, and ε are log2-transformed expression level value, gene, 

treatment (mock- and hrcC-infected), time (3 and 9 hpi), experiment group, replicate, 

residual of the 1
st
 model, and residual of the 2

nd
 model. G, R and T are fixed effects, and 

J, K, γ, and ε are random effects. The contrast of the 2
nd

 model was made to compare 
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Pst DC3000 hrcC-infected and mock-infected values at each time for each gene. For 

comparison of profiles among different plant genotypes after Pst DC3000 hrcC 

infection, it was necessary to compensate for the fact that the data for cbp60g-1 was 

obtained in a separate set of experiments from the experiments using the other mutants. 

The data from each of the two experiment groups were separately fitted to the above 2-

stage model, except that R is genotype (8 genotypes) instead of treatment and that the 

model contains no J. Using the fitted values for the samples common between pairs of 

experiment groups, calibration values that equalize the fitted values for the same 

genotype at each time point in different experiment groups were calculated. The 

calibration values were added to the initial SBQ-normalized data, and the calibrated 

data were fitted to the above 2-stage model except that R is genotype and that the first 

model includes an R:T fixed effect. The contrast of the 2nd model was made to compare 

the value of each genotype with that of Col-0 at each time for each gene. 

 

Cloning and site-specific mutagenesis of CBP60g 

To make the complementation and transgenic site-specific mutagenesis constructs, the 

genomic coding sequence (with introns) of At5g26920 and an additional 1093 base 

pairs of DNA sequence upstream of its start codon was first amplified by polymerase 

chain reaction (PCR) using KOD Hot Start DNA Polymerase (Novagen, CA) and TA-

cloned into the pCR8 vector following the manufacturer’s protocol (Invitrogen, CA). It 

was then recombined into the Gateway-compatible pMDC123 binary vector (Brand et 

al., 2006) through the LR reaction (Invitrogen, CA). For testing CaM binding, mapping 

the CBP60g CBD, and identifying crucial amino acids of the CBP60g CBD, full length 
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and various partial cDNA sequences of CBP60g (without the promoter or introns) was 

cloned into the pDEST15 vector (Invitrogen, CA) and expressed in E. coli. Site-specific 

mutagenesis of CBP60g was performed using the Phusion™ Site-Directed Mutagenesis 

Kit (New England Biolabs Inc., MA USA). For determination of CaM binding and 

production of transgenic plants carrying mutated versions of CBP60g, site-specific 

mutagenesis was carried out beginning with a full-length cDNA clone or a genomic 

clone, respectively, in pCR8. Cloning and mutagenesis primers used in these 

experiments are listed in Appendix 3. Arabidopsis transformation was carried out using 

Agrobacterium tumefaciens stain C58C1 as described by (Clough and Bent, 1998). All 

cloned DNA sequences were verified by sequencing. 

 

Determination of Transgene Copy Number by Quantitative PCR 

3-4 leaves from each 4-weeks-old transgenic plant were collected and homogenized in 

liquid nitrogen using a mortar and pestle. 0.5 ml of extraction buffer (100 mM Tris 

pH=8.0, 50 mM EDTA pH=8.0, 500 mM NaCl, and 10 mM β-mercaptoethanol) with 

35µl of 10% SDS was then added. Samples were incubated at 65°C for 10 minutes, and 

DNA was precipitated by adding 130 µl 5 M potassium acetate. Samples were then 

treated with 10 µ/ml RNase, ethanol-precipitated, washed and quantified before use. 

The copy number of the BAR transgene relative to that of single copy gene, RMP1, was 

determined by qPCR experiments according to Stahl et al. (Stahl et al., 1999) using the 

SYBR Green JumpStart
TM

 kit (SIGMA, MO USA) following the manufacturer’s 

protocol. The thermal cycling program used was 94°C for 2 min, followed by 40 cycles 

of 94°C for 15 sec, 60°C for 1 min and 72°C for 1 min. Experimental readouts were 
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obtained using ABI7500 Real Time PCR system (Applied Biosystems, Foster city, CA, 

USA). Copy number of transgenes was determined as described by Bubner et al 

(Bubner and Baldwin, 2004). Primers used in these experiments are listed in Appendix 

3. 

 

Quantitative RT-PCR Analysis of Gene Expression 

RNA was purified using Trizol (Invitrogen, CA USA). Quantitative RT-PCR 

experiments were carried out using an ABI7500 Real Time PCR system (Applied 

Biosystems, Foster city, CA, USA) and the SuperScript™ III Platinum® SYBR® Green 

One-Step qRT-PCR kit (Invitrogen, CA USA), following the manufacturer’s protocol. 

The thermal cycling program was 50°C for 10 min, followed by 40 cycles of 95°C for 

15 sec, 60°C for 1 min. ACTIN2 (At3g18780) was used as the internal reference. 

Relative gene expression and probability values were calculated as described (Tsuda et 

al., 2008). Primers used in these experiments are listed in Appendix 3. 

  

SA Assays 

Mature leaves of 4.5 weeks-old plants were infiltrated with Psm ES4326 (OD600=0.01), 

Pst DC3000 hrcC (OD600=0.05) or 10 µM flg22 peptide. Determination of SA by solid-

phase extraction, isotope dilution GC-MS, and data analysis were performed as 

described previously (Tsuda et al., 2008). 
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Callose Quantification 

Four weeks old plants were injected with 1 µm of flg22 suspension, and samples were 

collected 12 hours later. Infiltrated leaves were cleared overnight in alcoholic 

lactophenol (95% ethanol: lactophenol =2:1, lactophenol was made by mixing equal 

volumes of phenol, glycerol, lactic acid and water). Samples were then rinsed in 50% 

ethanol and then in water. Cleared leaves were stained with 0.01% aniline blue in 0.15 

M phosphate buffer (pH=9.5). Callose deposits were visualized under ultraviolet 

illumination using a Nikon Eclipse E600 microscope. Four pictures of different areas 

were taken of each leaf and callose deposits were counted using the “analyze particles” 

function of ImageJ (http://rsb.info.nih.gov/ij/). Six leaves were analyzed for each 

genotype, and three independent experiments were performed. P values were calculated 

using the Mann-Whitney U-test. 

 

Protein Expression in E. coli 

Deletion and site-specific mutagenesis constructs of CBP60g were cloned into the 

pDEST15 plasmid vector, which creates N-terminal fusions to GST (Invitrogen, CA 

USA). They were then introduced into competent E. coli BL21 (DE3) pLysS 

(Invitrogen) by electroporation. Colonies were selected on plates containing 

chloramphenicol (34 µg/ml) and ampicillin (50 LB µg/ml) plates. 200-µl aliquots of 2-

ml overnight cultures were added to 4 ml of liquid LB medium containing 50 µg/ml 

chloramphenicol and 100 µg/ml ampicillin. They were then incubated at 37°C for 2 hr 

(OD600 ≈0.4) before addition of 20 µl of 200 mM IPTG. After a further 2 hr incubation 

at 37°C, samples were collected by centrifugation, washed with water, and resuspended 
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in lysis buffer (50 mM potassium phosphate pH=7.8, 400 mM NaCl, 100 mM KCl, 10% 

glycerol, 0.5% Triton X-100, 10 mM imidazol). Prior to loading on SDS gels, samples 

were frozen and thawed three times with liquid nitrogen and a 45°C water bath, and 

then mixed with same volume of 2x SDS-PAGE sample buffer (0.125 M Tris-HCL 

pH=6.8, 20% glycerol, 4% β-mercaptoethanol, 0.2% bromophenol blue, 4% SDS).     

 

Immunoblots and CaM-Binding Assays 

Protein samples in 1x SDS-PAGE running buffer were separated on 8% acrylamide 

SDS gels and blotted to PVDF membranes according to the manufacturer’s instructions 

(Bio-Rad). Membranes were incubated with 5% milk and then washed with TBST 

buffer (per liter: 2.423 g Tris-HCl, 8 g NaCl, and 0.1 ml Tween-20) before incubating 

with 10 µl of 0.25 mg/ml Rabbit monoclonal anti-GST antibody (Invitrogen) in 20 ml 

of TBST buffer. They were then washed three times with TBST, probed with anti-rabbit 

IgG conjugated alkaline phosphatase (AP) (Promega), and visualized by incubating 

with 20 ml BCIP/NBT liquid substrate (Sigma). CaM binding assays were carried out 

using the Affinity
®

 CBP Fusion Protein Detection Kit from Stratagene following the 

manufacturer’s instructions.  Some CaM assays were performed in the presence of 0.05 

M ethylene glycol tetraacetic acid (EGTA) in TBST instead of 1 mM CaCl2, in order to 

test the Ca2+-dependence of CaM binding. 
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Chapter IV: CBP60g and CBP60h play partially redundant, critical 

roles in salicylic acid signaling 

 

ABSTRACT 

 

Our discovery that an AtCBP60 family protein, CBP60g, is involved in MAMP-

induced SA induction led to our study of its closely related family member, CBP60h. 

Bacterial growth assays demonstrated that cbp60h mutants are more susceptible to 

Pseudomonas syringae than wild type and are defective in SA signaling in response to 

Pseudomonas syringae infection. Although it is annotated as a calmodulin-binding 

protein, it fails to bind calmodulin in vitro. A cbp60g and cbp60h double mutant is 

highly susceptible to Pseudomonas syringae, and shows no significant SA induction in 

response to MAMPs or pathogen treatment. Our findings suggest that CBP60g and 

CBP60h may play critical and partially redundant roles in disease defense and SA 

signaling.  

 

 

Notes on others’ contribution to this chapter: This chapter is coauthored by several 

others. Le V Nguyen helped on running qRT-PCR experiments. Dr. Fumiaki Katagiri 

helped with phylogenetic analysis. Dr. Jane Glazebrook helped on writing and editing 

the manuscript.   
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INTRODUCTION 

 

In plants, important metabolic and developmental pathways are often governed by 

multiple homologous genes. These genes are thought to arise from genome duplications 

and share complete or partial redundant functions.  This genetic redundancy is often 

observed in Arabidopsis and is thought to account for the absence of apparent 

phenotypes for the majority of single loss-of-function mutants (Somerville and Dangl, 

2000; Briggs et al., 2006). A classic example is the redundancy shared by some MAP 

kinases in the MAPK signaling cascades. Both MPK3 and MPK6 were found to be 

involved in signaling downstream of the flagellin receptor, FLS2 (Asai et al., 2002). 

Single mutants of mpk3 or mpk6 do not completely abolish FLS2-triggered defense 

responses, while a double mutation is lethal. It is hypothesized that MPK3 and MPK6 

share redundant function in FLS2-mediated signaling and also act synergistically in 

some crucial developmental processes (Wang et al., 2008a). Upstream of MPK3/MPK6, 

MKK4 and MKK5 are also found to act in a similar fashion (Asai et al., 2002). 

In Chapter III, we demonstrated that an Arabidopsis calmodulin-binding protein, 

CBP60g, is involved in disease resistance against Pseudomonas syringae and 

contributes to inducible SA accumulation in response to MAMPs. CBP60g belongs to a 

gene family with eight family members (www. arabidospsis.org). CBP60 family 

proteins are highly conserved (as shown in Figure 17) and are all annotated as 

calmodulin-binding like proteins. We demonstrated that CBP60g is a bona fide 

calmodulin binding protein, and mutations that abolish calmodulin binding also abolish 

its function in disease resistance and SA accumulation. In the TAIR8 annotation release 
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(www.arabidopsis.org), a new member of the Arabidopsis CBP60 family, CBP60h, was 

added. It is the family member most similar to CBP60g. Mutant analyses showed that it 

is also involved in disease resistance against Pseudomonas syringae and SA 

accumulation. A cbp60g and cbp60h double mutant is extremely susceptible to 

Pseudomonas syringae, and shows no significant SA induction in response to MAMPs 

or pathogen treatment. Our findings suggest that CBP60g and CBP60h share partially 

redundant and critical function in disease defense and SA signaling.  
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RESULTS 

 

Discovery of CBP60h and its involvement in disease resistance against P. syringae 

 

The latest update to the Arabidopsis genome annotation corrected many 

previously wrongly-annotated genes (TAIR8, www.arabidopsis.org). This revealed a 

new member of the Arabidopsis CBP60 family, CBP60h (At1g73805), a gene that was 

formerly annotated as encoding two separate transcripts. Arabidopsis CBP60 family 

proteins are highly conserved (Figure 17). With the addition of a new member, we 

performed phylogenetic analysis of all 8 members as shown in Figure 31.  

 

 

 

CBP60g and CBP60h are the closest related family members based on our 

phylogenetic analysis. This led to our hypothesis that they may share similar functions. 

Figure 31. Phylogeny of CBP60 proteins 

Phylogenetic analysis was performed using maximum likelihood method. Full length 

protein sequences were used for the analysis. Gi|1680123 is a moss (Physcomitrella 

patens) CBP60 protein.  
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To investigate this, we obtained three T-DNA insertion lines, SALK_052422, 

SALK_108516, and SALK_138476 from ABRC and named them cbp60h-1, cbp60h-2 

and cbp60h-3 respectively. According to the SIGnAL database (http://signal.salk.edu/), 

the T-DNA insertions in cbp60h-1 and cbp60h-3 are located in the first intron of 

At1g73805, while the insertion in cbp60h-2 is in the seventh exon, as shown in Figure 

32A. Reverse transcription PCR (RT-PCR) showed that the CBP60g transcript was 

absent in cbp60h-1 homozygotes and only partial in cbp60g-2 and cbp60h-3 

homozygotes (Figure 32B), suggesting that none of three mutant alleles produces 

functional CBP60h protein.   

 

Figure 32. Analysis of cbp60h mutants 

(A) Illustration of CBP60h mutants cbp60h-1, cpb60h-2 and cpb60h-3. Bold lines, 

exons; thin lines, introns; pink arrows: T-DNA insertions; black thin arrows, primers 

used for RT-PCR.  (B) RT-PCR results showing two regions of the CBP60g transcript 

from all mutants. 

 

 To test cbp60g mutants for enhanced susceptibility to P. syringae, wild type (Col-

0), cbp60h-1, cbp60h-2, and cbp60h-3 plants were inoculated with Psm ES4326 or Pst 

cbp60h-3 

cbp60h-1 

F1 

R1 

F2 

R2 

cbp60h-2 A 

B 
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DC3000, and bacterial titer was determined three days later. Figure 33 shows that both 

mutant lines supported significantly more bacterial growth than wild-type plants. The 

fact that three independent mutations in CBP60h result in similar enhanced 

susceptibility phenotypes strongly suggests that these phenotypes result from mutations 

in CBP60h. 

 

 

Figure 33. Bacterial growth in 

cbp60h mutants 

Bacterial growth assays using 

Psm ES4326 and Pst DC3000. 

Each bar at 0 day and 2 (or 3) 

days represent data from 4 or at 

least 16 replicates, respectively. 

Error bars represent standard 

deviations from at least16 

samples. Asterisk, p<0.05; P 

values were calculated using 

the two-tailed Mann-Whitney 

U-test.   
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A cbp60g and cbp60h double mutant is highly susceptible to P. syringae and 

defective in SA signaling 

 

 To investigate whether CBP60g and CBP60h share redundant functions, we made 

a cbp60g-1 and cbp60h-1 double mutant, namely cbp60gh. We inoculated cbp60gh with 

Psm ES4326. As shown in Figure 34, it is highly susceptible to the pathogen. Three 

days after inoculation, bacterial titer in cbp60gh is significantly higher than sid2 and 

comparable to pad4. 

  

 

 

 

 

a a a a a a 

b 
c c 

e 
d 

e 

Figure 34. Bacterial growth in the cbp60g and cbp60h double mutant 

Bacterial growth assays using Psm ES4326. Each bar at 0 day or 3 days represents 

data from 4 or at least 16 replicates per experiment, respectively. Data were pooled 

from three independent experiments. Error bars represent standard error, q values 

were calculated by ANOVA.  

 



 

 125 

 We investigated SA induction in cbp60gh plants in response to both MAMP and 

pathogen stimuli. Mutants pad4 and sid2 with defects in SA signaling were also 

included as controls. Samples were collected at 9 and 24 hours post inoculation. Figure 

35 shows that cbp60gh accumulated significantly less SA in response to either Psm 

ES4326 or flg22 treatment. The level of free SA observed in cbp60gh was lower than 

that of pad4 but higher than sid2.  Consistent with our previous findings, cbp60g-1 

accumulated less SA in response to flg22 treatment and at 9hpi with Psm ES4326 

infection. Interestingly, SA accumulation was also defective in the cbp60h-1 mutant 

after infection with Psm ES4326, and at 24 hours after inoculation with flg22. 
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Figure 35. Measurement of free SA in cbp60g, cbp60h and cbp60gh mutants after 

flg22 and Psm ES4326 treatment  
(A) Free SA measured after 9 and 24 hpi of flg22 treatment. (B) Free SA measured 

after 9 and 24 hpi of Psm treatment. All data were pooled from three independent 

experiments. Samples were extracted from six leaves for each genotype in each 

experiment. Error bars represent standard error calculated by ANOVA. Different 

letters in the figures indicate significant differences (p<0.05). Comparisons were made 

only within the same time point.  

 

Expression of both SA-dependent and SA-independent genes are affected in the 

cbp60gh mutant 

 

 The facts that cbp60gh is defective in both MAMP and pathogen-induced SA 

accumulation and is highly susceptible to Psm ES4326 led us to investigate whether 

expression levels of known defense genes are also affected in cbp60gh. We chose SID2, 
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PR1, PR5 and FMO1, because both SID2 and PR1 are positively regulated by SA 

signaling (Wildermuth et al., 2001; Wiermer et al., 2005), while PR5 and FMO1 are 

regulated in an SA-independent manner (Glazebrook et al., 1996; Hu and Reddy, 1997; 

Bartsch et al., 2006; Mishina and Zeier, 2006). Figure 36 shows that following Psm 

ES4326 infection, expression levels of all four genes were attenuated, demonstrating 

that cbp60gh affects both SA-dependent and SA-independent pathways. Interestingly, 

expression of PR5 was not defective in either cbp60g-1 or cbp60h-1, suggesting that 

they may act redundantly in some SA-independent pathways. 
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Figure 36. qRT-PCR analysis of PR1, SID2, PR5 and FMO1 expression in cbp60g, 

cbp60h and double mutant  

Each bar represents the log2 gene expression value relative to ACTIN2. Data was 

obtained in three independent experiments, each with two technical replicates, and 

analyzed by ANOVA. Error bars represent standard error. Asterisk, p<0.05; double 

asterisks, p<0.01. Comparisons were made with Col-0 within each combination of time 

point and treatment.  

 

 

CBP60h does not bind calmodulin  

 

 Our previous studies demonstrated that CBP60g is a calmodulin binding protein, 

and its binding to calmodulin is required for function. Because the sequences of 

CBP60h and CBP60g are highly conserved (Figure 17 and 31), we investigated whether 

CBP60h also binds to calmodulin by constructing a GST-CBP60h protein fusion and 

expressing it in Escherichia coli. Western blotting with anti-GST antibody showed that 

a protein of the expected molecular weight (approximately 77 kilodaltons) was 
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produced. A replicate blot was incubated with biotinylated CaM. Bound CaM was then 

detected with streptavidin-conjugated alkaline phosphatase. GST-CBP60g was used as a 

positive control that binds to calmodulin. Figure 37 shows that full-length CBP60h 

failed to bind CaM.  

 

 

 

Figure 37. Calmodulin binding assay with CBP60h  
A) Western blot of GST fusion proteins. (B) A replicate blot showing a calmodulin 

binding assay with biotinylated calmodulin. From lane 1 to lane 5: GST-CBP60h 

protein extract without IPTG induction; GST-CBP60h Protein extract with IPTG 

induction; GST-CBP60g protein extract without IPTG induction; GST-CBP60g protein 

extract with IPTG induction; Protein ladder (from top to bottom: 100kD, 75kD, 50kD, 

37kD). 
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DISCUSSION 

 

Our previous reverse-genetic study of CBP60g revealed it was required for the 

wild-type level of resistance to P. syringae, and for MAMP-triggered SA accumulation. 

We followed up by investigating its closely related family member CBP60h and the 

cbp60g-1 and cbp60h-1 double mutant. We have shown that CBP60h is also required 

for the wild-type level of disease resistance and SA accumulation. Interestingly, it does 

not bind calmodulin. Double mutant cbp60gh is highly susceptible to P. syringae, 

supporting a higher level of bacterial growth than Col-0 or sid2. The latter completely 

lacks SA accumulation. It also showed severely attenuated SA accumulation in response 

to both MAMP and pathogen treatment. Our results suggest that CBP60g and CBP60h 

may share redundant functions in disease resistance and SA accumulation. 

By closely monitoring SA induction in response to flg22 and Psm ES4326, we 

detected subtle differences in how CBP60h and CBP60g contribute to the process. At 9 

hours after flg22 treatment, cpb60h accumulated the wild type level of SA, while 

cbp60g showed significantly less SA accumulation. The double mutant accumulated 

even less SA (figure 35A). This suggests that during the MAMP-triggered response, 

CBP60g has the larger role in SA induction. The fact that at 24 hpi of flg22, cbp60h 

also accumulated significantly less SA does not invalidate our hypothesis, because the 

MAMP-induced response is thought to be waning after 12 hours (Bent and Mackey, 

2007; Tsuda et al., 2008). At a later time point, SA may be controlled by MAMP-

independent mechanisms, such as the positive-feedback loop known to exist in SA 

signaling (Wiermer et al., 2005).  
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In contrast, CBP60h seems to mainly contribute to SA induction at later times and 

in response to stimuli other than MAMPs. This is evident at 24 hours after Psm ES4326 

infection, when cbp60h accumulated significantly less SA while the SA level in cbp60g 

was comparable to wild type. The exact nature of the stimulus that CBP60h responds to 

is still not clear, but the signaling cascade modulating CBP60h may go through PAD4, 

since the pad4 mutation completely blocks CBP60h induction in response to Psm 

inoculation (Figure 38, see microarray data from (Wang et al., 2008b)). 

 

 

Figure 38. Expression analysis of CBP60g and CBP60h 
Expression values are based on normalized microarray data (Wang et al, 2008b). 

Mock: wild type Col-0 samples treated with MgSO4 solution; Col, coi1, ein2, 

pad4, sid2: wild type and mutant plants treated with Psm ES4326. Comparisons 

were made for CBP60g and CBP60h separately. 
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Figure 39. Model of CBP60g and CBP60h signaling  
Induction of CBP60g and CBP60h can be initiated by both MAMP and Pathogen 

treatment. Under these conditions, their functions are mostly redundant. CBP60g has 

bigger effect on MAMP-triggered responses, while CBP60h plays larger role in Psm 

ES4326-triggered responses. 

  

 Our model of how CBP60h and CBP60g are involved in defense signaling is 

illustrated in Figure 39. Both CBP60h and CBP60g can be induced by either MAMP 

(flg22) or pathogen (P. syringae) treatment. Their induction by Psm ES4326 is 

dependent on PAD4, since the pad4 mutation blocks CBP60h and CBP60g induction 

completely as shown in Figure 37 (Wang et al, 2008b). It seems that CBP60g has a 

larger effect on the MAMP-triggered defense response, while CBP60h has a larger 

effect on the Psm ES4326 triggered response. CBP60g and CBP60h play partially 

redundant roles in SA accumulation and disease response, since the double mutant 
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accumulated dramatically less SA and was more susceptible to Psm ES4326 than either 

single mutant. A microarray-based expression profiling analysis may help us elucidate 

the functional redundancy between CBP60h and CBP60g and study in detail the effect 

of the double mutations. 

 It is intriguing that CBP60h does not bind calmodulin (Figure 37). This suggests 

that CBP60h functions are independent of calcium signaling, in contrast to CBP60g, 

which requires calmodulin binding for its function in disease resistance and SA 

accumulation (Figure 27, 28). The observation that CBP60h does not bind calmodulin is 

also consistent with the fact that the CBD region of CBP60g is not conserved in 

CBP60h. CBP60h also lacks the CBD regions of other Arabidopsis CBP proteins 

(Figure 17). From Chapter III, we found that calmodulin positively regulated CBP60g 

function. It is thus reasonable to think that CBP60h is a “constitutively active” form 

which shares partially redundant roles with CBP60g. This may also explain the subtle 

difference in the effects of CBP60g and CBP60h on SA accumulation. 

 It is evident that the cbp60g and cbp60h double mutation affects SA-independent 

defense signaling (Figure 36). We assayed only FMO1 and PR5 as representatives of 

the SA-independent defense sector. It is likely that many other SA-independent genes 

are also affected. The effect of cbp60gh may be similar to that of pad4, since PAD4 

controls both SA-dependent and SA-independent defense pathways (Zhou et al., 1998; 

Glazebrook et al., 2003). Results from the bacterial growth assay showing that cbp60gh 

supports significantly more bacterial growth than sid2 is also a strong indication that 

effect of cbp60gh goes beyond the SA sector. A microarray-based expression profiling 

experiment would be helpful for us to understand more about the cbp60gh effect. 
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MATERIALS AND METHODS 

 

(The majority of experiments for this chapter, such as plant growth, eds assay, 

expression analysis, cloning, calmodulin binding assay and SA quantification, have 

been already described in the previous chapter. To avoid redundancy, they are omitted 

here.) 

 

CBP60h genotypes used 

cbp60h-1: backcrossed and confirmed homozygous SALK_052422; cbp60h-2: 

backcrossed and confirmed homozygous SALK_108516; cbp60h-3: homozygous 

SALK_138476. 

 

Making the double mutant of cbp60g and cbp60h 

Flowering cbp60g-1 plants were used to provide pollen for crossing to cbp60h-1 plants. 

10 seedlings from T7 generation were checked for heterozygosity of cbp60g-1 and 

cbp60h-1. 72 seedlings of a confirmed heterozygous plant (cbp60g/CBP60g: 

cbp60h/CBP60h) were screened for plants homozygous for both cbp60g and cbp60h. A 

confirmed double mutant was bulked and used for our study. 
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Conclusion and Perspectives 

  

 This dissertation work was done with the aim of identifying and studying 

Arabidopsis genes that are important for the defense response against P. syringae. My 

studies have led to the discovery of several candidate genes that are likely involved in 

plant defense. Mutants with defects in these genes supported consistently more bacterial 

growth than Col-0 wild-type controls. These findings demonstrated that the reverse 

genetic screen we used was an effective tool for gene discovery in plant immunity. My 

work also contributed to better understanding of a number of crucial defense signaling 

components (e.g. PAD4, EDS5, COI1 etc.) that were discovered previously, but not 

comprehensively studied on the transcriptome level. The expression analyses of these 

mutants expand our knowledge of their detailed involvement in plant immunity. I 

discovered that different P. syringae pathovars many lead to different magnitudes of 

defense response, specifically in the SA-dependent defense sector. I studied the role of 

coronatine, a bacterial toxin, in plant pathogen interaction. I found that COI1-dependent 

signaling is nearly completely due to the action of coronatine during the process of Psm 

ES4326 infection. This gave us more insight into how bacteria are actively 

manipulating host defense machinery for their gains. My work also focused on 

elucidating the roles of two CBP60 proteins in the defense response. I found that both 

CBP60g and CBP60h were important for defense against P. syringae. Mutations in 

either gene caused more bacterial growth and defects in SA accumulation. My findings 

suggested that CBP60g plays a bigger role in MAMP-triggered response, while CBP60g 

is more important for Psm-induced response.  CBP60g and CBP60h also act 
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redundantly, as a cbp60g and cbp60h double mutant is severely defective in plant 

defense and SA induction.  I also discovered that CBP60g binds to calmodulin, which is 

important for its function, while CBP60h seems to work independently without 

calmodulin regulation.  

 Findings from my Ph.D. project can potentially be expanded from a number of 

aspects. First, work can be done to further characterize other eds mutants that I have 

identified (Table 2). Transcriptional and functional analysis of these mutants can 

potentially lead to discovery of novel plant defense components and broaden our 

understanding of the plant immune response against bacterial pathogens. However, 

further verification of these mutants such as testing additional alleles, complementation 

assay and transcript analysis should be applied before subsequent studies. Second, the 

large quantity of transcriptome data generated by microarray experiments can serve as 

reference points for building a more comprehensive network of disease response in 

Arabidopsis. This is especially useful to help place novel signaling components into the 

network. Clearly, more sophisticated mathematical models have to be developed to help 

analysis and build the network. “Local context finder” (LCF) was one of these 

applications that can be potentially used for this purpose (Katagiri and Glazebrook, 

2003). The algorithm underlying LCF has been recently improved and may be used for 

subsequent network analyses (Fumiaki Katagiri, unpublished). Last but not least, 

analyses of two CBP60 members have led us to believe that other CBP60 members may 

act in similar pathways. We have obtained T-DNA insertion mutants for these 

Arabidopsis CBP60 genes and are in the process of investigating whether they also 

contribute to disease response. Further understanding of CBP60g and CBP60h protein 
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function can also broaden our knowledge of CBP60g/h mediated disease resistance and 

SA accumulation. We have set out to identify protein interactors of both CBP60g and 

CBP60h, as this may contribute to discovery of novel mechanism controlling SA 

signaling pathways. 
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Appendixes 

 

Appendix 1. Original candidate genes for my study 

AGI Annotation 

At1g05680 glycosyltransferase family 

At1g06570 4-hydroxyphenylpyruvate dioxygenase (HPD) 

At1g09240 nicotianamine synthase, putative 

At1g10040 expressed protein 

At1g13210 haloacid dehalogenase-like hydrolase family 

At1g15110 phosphatidylserine synthase -related 

At1g17020 oxidoreductase, 2OG-Fe(II) oxygenase family 

At1g30040 gibberellin 2-oxidase (GA2-oxidase) (ga2ox2) 

At1g30700 FAD-linked oxidoreductase family 

At1g37130 nitrate reductase 2 (NR2) 

At1g47510 endonuclease/exonuclease/phosphatase family 

At1g51760 IAA-Ala hydrolase (IAR3) 

At1g54030 myrosinase-associated protein - related 

At1g55920 serine acetyltransferase 

At1g61120 terpene synthase/cyclase family 

At1g61810 glycosyl hydrolase family 1 

At1g62570 flavin-containing monooxygenase (FMO) family 

At1g73805 Calmodulin-binding like 

At1g74020 strictosidine synthase family 

At1g76490 3-hydroxy-3-methylglutaryl-CoA reductase 1 (HMG1) 

At1g77760 nitrate reductase 1 (NR1) 

At1g78570 NAD-dependent epimerase/dehydratase family 

At1g78660 gamma-glutamyl hydrolase  

At2g04400 indole-3-glycerol phosphate synthase (IGPS) 

At2g05710 aconitate hydratase (citrate hydro-lyase/aconitase) 

At2g13810 aminotransferase family 

At2g14620 xyloglucan endotransglycosylase, putative 

At2g16500 arginine decarboxylase 

At2g17720 oxidoreductase, 2OG-Fe(II) oxygenase family 

At2g19570 cytidine deaminase -related 

At2g24180 cytochrome P450 family 

At2g24210 myrcene/ocimene synthase 

At2g24850 aminotransferase, putative 

At2g27690 cytochrome P450, putative 

At2g29150 short-chain dehydrogenase/reductase family protein  

At2g29350 short-chain dehydrogenase/reductase family protein  

At2g29720 monooxygenase family 

At2g30830 2-oxoglutarate-dependent dioxygenase, putative 

At2g30840 2-oxoglutarate-dependent dioxygenase, putative 
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At2g32150 haloacid dehalogenase-like hydrolase family 

At2g34810 FAD-linked oxidoreductase family 

At2g37760 aldo/keto reductase family 

At2g37770 aldo/keto reductase family 

At2g38240 oxidoreductase, 2OG-Fe(II) oxygenase family 

At2g40890 cytochrome P450 98A3 

At2g45570 cytochrome p450 family 

At3g26220 cytochrome P450 family 

At3g48300 cytochrome P450 71A23 

At3g51840 acyl-coA dehydrogenase 

At3g54640 tryptophan synthase, alpha subunit (TSA1) 

At4g02940 oxidoreductase, 2OG-Fe(II) oxygenase family 

At4g13180 short-chain dehydrogenase/reductase family protein 

At4g13250 short-chain dehydrogenase/reductase family protein 

At4g15760 monooxygenase 1 (MO1), putative 

At4g16210 enoyl-CoA hydratase/isomerase family 

At4g16690 esterase/lipase/thioesterase family 

At4g16730 monoterpene synthase/cyclase family 

At4g18350 9-cis-epoxycarotenoid dioxygenase  

At4g20860 FAD-linked oxidoreductase family 

At4g23420 oxidoreductase famly 

At4g24160 hydrolase, alpha/beta fold family 

At4g26910 dihydrolipoamide succinyltransferase -related 

At4g27070 tryptophan synthase, beta subunit 2 (TSB2) 

At4g33150 lysine-ketoglutarate reductase/saccharopine 

At4g33540 hydrolase family 

At4g35160 O-methyltransferase family 2 

At4g35630 phosphoserine aminotransferase 

At4g37150 hydrolase, alpha/beta fold family 

At4g37310 cytochrome P450, putative 

At4g37370 cytochrome P450, putative 

At4g37430 cytochrome P450 91A2 

At4g38540 monooxygenase 2 (MO2) 

At5g05730 anthranilate synthase, alpha subunit, component I-1 (ASA1) 

At5g17330 glutamate decarboxylase 1 (GAD 1) 

At5g17990 anthranilate phosphoribosyltransferase 

At5g18070 N-acetylglucosamine-phosphate mutase 

At5g22300 Nitrilase 4 (sp P46011) 

At5g24090 glycosyl hydrolase family 18 (acidic endochitinase) 

At5g24150 squalene monooxygenase 1,1 (squalene epoxidase 1,1)  

At5g24160 squalene monooxygenase 1,2 (squalene epoxidase 1,2) 

At5g26920 Calmodulin-binding like 

At5g36220 cytochrome P450 91A1 

At5g54080 homogentisate 1,2-dioxygenase 

At5g54160 O-methyltransferase 1 

At5g56760 serine acetyltransferase (Sat-52) 

At5g65110 acyl-CoA oxidase (gb|AAC13497.1) 
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At1g03230 expressed protein 

At1g04280 expressed protein 

At1g04490 expressed protein 

At1g05000 unkown protein 

At1g05340 expressed protein 

At1g05360 expressed protein 

At1g08800 expressed protein 

At1g08940 expressed protein 

At1g09430 expressed protein 

At1g10140 expressed protein 

At1g10150 expressed protein 

At1g10170 expressed protein 

At1g10410 expressed protein 

At1g13990 expressed protein 

At1g15130 proline-rich protein family 

At1g16420 hypothetical protein common family 

At1g22930 expressed protein 

At1g23040 proline-rich protein family 

At1g23560 expressed protein 

At1g23710 expressed protein 

At1g24460 expressed protein 

At1g27100 expressed protein 

At1g27350 expressed protein 

At1g30755 expressed protein 

At1g55530 expressed protein 

At1g60610 conserved hypothetical protein 

At1g61690 expressed protein 

At1g62420 expressed protein 

At1g67250 expressed protein 

At1g69980 expressed protein 

At2g01340 expressed protein 

At2g01600 expressed protein 

At2g02810 expressed protein 

At2g03120 expressed protein 

At2g05910 expressed protein 

At2g06530 expressed protein 

At2g18680 expressed protein 

At2g20010 expressed protein 

At2g20760 expressed protein 

At2g21620 auxin-regulated protein 

At2g21640 expressed protein 

At2g22560 expressed protein 

At2g23140 expressed protein 

At2g23810 senescence-associated protein family 

At2g24100 expressed protein 

At2g24860 expressed protein 

At2g25110 expressed protein 
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At2g26660 expressed protein 

At2g26780 expressed protein 

At2g30010 expressed protein 

At2g31090 expressed protein 

At2g32130 expressed protein 

At2g32200 hypothetical protein 

At2g32210 expressed protein 

At2g32960 expressed protein 

At2g34070 expressed protein 

At2g36220 expressed protein 

At2g36630 expressed protein 

At2g37970 expressed protein 

At2g39650 expressed protein 

At2g40110 expressed protein 

At2g41160 expressed protein 

At2g41640 expressed protein 

At2g42760 expressed protein 

At2g44140 expressed protein 

At2g44240 expressed protein 

At2g44970 expressed protein 

At2g45920 expressed protein 

At2g47960 expressed protein 

At2g47970 expressed protein 

At3g16860 expressed protein 

At3g25882 expressed protein 

At3g43160 hypothetical protein 

At3g51670 expressed protein 

At4g01870 expressed protein 

At4g03420 expressed protein 

At4g03450 expressed protein 

At4g03960 expressed protein 

At4g04810 expressed protein 

At4g08180 expressed protein 

At4g11740 expressed protein 

At4g12040 expressed protein 

At4g17070 expressed protein 

At4g17790 expressed protein 

At4g17900 expressed protein 

At4g21470 expressed protein 

At4g21810 expressed protein 

At4g23470 proline-rich protein family 

At4g24120 expressed protein 

At4g24230 expressed protein 

At4g24340 expressed protein 

At4g24350 expressed protein 

At4g25030 expressed protein 

At4g25380 hypothetical protein 
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At4g25690 expressed protein 

At4g26060 expressed protein 

At4g28370 expressed protein 

At4g29520 expressed protein 

At4g32130 expressed protein 

At4g32140 expressed protein 

At4g32480 expressed protein 

At4g33050 expressed protein 

At4g33920 expressed protein 

At4g34180 expressed protein 

At4g35890 expressed protein 

At4g36210 expressed protein 

At4g36500 expressed protein 

At4g39670 expressed protein 

At5g34940 expressed protein 

At5g42940 expressed protein 

 

 

Appendix 2. T-DNA insertion lines ordered 

AGI SALK line 

At1g03230 SALK_104998 

At1g04280 SALK_006203 

At1g04490 SALK_129013 

At1g05000 SALK_024258 

At1g05340 SALK_110092 

At1g05360 SALK_123098 

At1g05680 SALK_016116 

At1g06570 SALK_001316 

At1g08940 SALK_149104 

At1g09430 SALK_103053 

At1g10140 SALK_111685 

At1g10150 SALK_080224 

At1g10170 SALK_001399 

At1g10410 SALK_138962 

At1g13210 SALK_107029 

At1g13990 SALK_036708 

At1g15110 SALK_128223 

At1g15130 SALK_063124 

At1g16420 SALK_047493 

At1g22930 SALK_035924 

At1g23040 SALK_118693 

At1g23560 SALK_150006 
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At1g23710 SALK_040406 

At1g24460 SALK_112503 

At1g27100 SALK_150181 

At1g27350 SALK_014897 

At1g30040 SALK_011239 

At1g30755 SALK_063010 

At1g37130 SALK_138297 

At1g51760 SALK_042101 

At1g54030 SALK_030605 

At1g55530 SALK_005236 

At1g55920 SALK_099019 

At1g60610 SALK_136932 

At1g61690 SALK_133410 

At1g62420 SALK_078603 

At1g62570 SALK_078861 

At1g67250 SALK_068044 

At1g69980 SALK_053343 

At1g73805 SALK_052422 

At1g78570 SALK_045446 

At1g78660 SALK_002474 

At2g01340 SALK_067042 

At2g01600 SALK_043625 

At2g02810 SALK_013749 

At2g03120 SALK_098736 

At2g04400 SALK_133331 

At2g05710 SALK_014661 

At2g05910 SALK_005689 

At2g06530 SALK_018194 

At2g13810 SALK_007673 

At2g14620 SALK_001235 

At2g16500 SALK_000293 

At2g17720 SALK_152869 

At2g18680 SALK_001089 

At2g19570 SALK_036597 

At2g20010 SALK_004645 

At2g20760 SALK_091704 

At2g21620 SALK_036381 

At2g21640 SALK_010769 

At2g22560 SALK_003561 

At2g23140 SALK_054373 

At2g23810 SALK_136039 

At2g24850 SALK_108841 

At2g24860 SALK_113249 

At2g25110 SALK_003611 

At2g26660 SALK_138811 
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At2g26780 SALK_146212 

At2g29350 SALK_021619 

At2g29720 SALK_138370 

At2g30830 SALK_075111 

At2g30840 SALK_132540 

At2g31090 SALK_116297 

At2g32130 SALK_037771 

At2g32150 SALK_140073 

At2g32200 SALK_034929 

At2g32210 SALK_063232 

At2g32960 SALK_090892 

At2g34810 SALK_129633 

At2g36220 SALK_007553 

At2g37110 SALK_133613 

At2g37750 SALK_093825 

At2g37760 SALK_065186 

At2g37770 SALK_119576 

At2g37970 SALK_018386 

At2g38240 SALK_024245 

At2g39650 SALK_044347 

At2g41160 SALK_021788 

At2g42760 SALK_095015 

At2g44140 SALK_085300 

At2g44240 SALK_031671 

At2g44970 SALK_119867 

At2g45570 SALK_107836 

At2g45920 SALK_061534 

At2g47960 SALK_100372 

At2g47970 SALK_137173 

At3g25882 SALK_101377 

At3g26220 SALK_029200 

At3g43160 SALK_101224 

At3g48300 SALK_002268 

At3g51670 SALK_099089 

At3g51840 SALK_052364 

At3g54640 SALK_021583 

At4g02940 SALK_119441 

At4g03420 SALK_016695 

At4g03450 SALK_114604 

At4g03960 SALK_001511 

At4g04810 SALK_096188 

At4g08180 SALK_089877 

At4g11740 SALK_046592 

At4g12040 SALK_071408 

At4g13180 SALK_076180 
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At4g16210 SALK_004620 

At4g17790 SALK_021807 

At4g17900 SALK_139889 

At4g18350 SALK_004231 

At4g21470 SALK_016819 

At4g21810 SALK_040913 

At4g23470 SALK_015031 

At4g24120 SALK_034534 

At4g24160 SALK_045300 

At4g24230 SALK_086133 

At4g24340 SALK_018193 

At4g24350 SALK_072656 

At4g25030 SALK_114910 

At4g25380 SALK_076327 

At4g25690 SALK_113322 

At4g26060 SALK_122696 

At4g26910 SALK_005851 

At4g28370 SALK_139156 

At4g29520 SALK_063347 

At4g32130 SALK_072455 

At4g32140 SALK_064022 

At4g32480 SALK_056466 

At4g33050 SALK_119878 

At4g33150 SALK_074558 

At4g33540 SALK_039451 

At4g33920 SALK_143298 

At4g34180 SALK_051637 

At4g35160 SALK_067718 

At4g35630 SALK_140768 

At4g35890 SALK_086784 

At4g36210 SALK_110774 

At4g36500 SALK_137443 

At4g38540 SALK_114842 

At4g39670 SALK_098899 

At5g17330 SALK_017810 

At5g17990 SALK_069482 

At5g18070 SALK_039132 

At5g24090 SALK_095362 

At5g24150 SALK_024504 

At5g34940 SALK_064390 

At5g42940 SALK_152082 

At5g54080 SALK_027807 

At5g54160 SALK_050030 

At5g56760 SALK_142158 

At5g65110 SALK_044183 
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Appendix 3. Cloning and mutagenesis primers for CBP60g 
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