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 Plants have evolved inducible immune responses to pathogen infection. 

Pathogen-induced, isochorismate synthase-dependent salicylic acid (SA) biosynthesis 

promotes immunity to biotrophic pathogens, which keep the host alive as a long-term 

food source, partially through NPR1 (non-expresser of pathogenesis-related 1) 

activation. NPR1 also prevents harmful SA hyperaccumulation and SA cytotoxicity 

through an unknown mechanism.  In this study, mutation of three genes was found to 

restore SA tolerance to npr1. Overexpression of one of these genes, the transcription 

factor ANAC1, was associated with increased pathogen resistance, but this gene was 

not essential for immunity. The other two genes, ELP2 (Elongator subunit 2) and ELP3 

(Elongator subunit 3), encode subunits of the histone acetyltransferase Elongator, which 

is conserved in eukaryotes and functions in RNA polymerase II-dependent transcription, 

as well as in tRNA modification, exocytosis, and tubulin modification. Mutation of human 

ELP1  (Elongator subunit 1), causes the neural disorder familial dysautonomia. This 

study shows Elongator functions both upstream and downstream of SA to positively 

regulate biotrophic pathogen resistance, and does so in an NPR1-independent manner. 

Plants lacking ELP2 were susceptible to avirulent pathogen infection, possibly due to 
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the delayed induction of defense genes including ICS1. Plants lacking both ELP2 and 

NPR1 were highly susceptible to avirulent pathogen infection compared to the single 

mutants, suggesting ELP2 and NPR1 act synergistically in plant immunity. However, 

pre-activation of defense genes during systemic acquired resistance (SAR) restored 

pathogen resistance to elp2 plants.  In light of these results, a model is proposed where 

Elongator promotes immunity through the acceleration of defense gene activation.  
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CHAPTER 1 
INTRODUCTION 

Why Study Plants and Their Immunity? 

Human Nutrition 

 Approximately one sixth of people worldwide are malnourished due to the 

uneven distribution of resources. According to one study, six million people die each 

year from malnutrition, and ~800 million are malnourished. Most of the food supply 

comes directly from plants, and the rest is indirectly derived. Although enough food is 

produced to provide each person on earth with an adequate diet, poverty, plant disease, 

environmental disasters, and political strife cause local food shortages (Leathers and 

Foster, 2004). Understanding the factors that affect our food supply is essential for 

devising strategies to promote food security and fight malnutrition.  

 Food supply is largely affected by agricultural productivity. In the last century, 

agricultural production has greatly increased due to the use of industrial machinery and 

fertilizer. This increase has mostly been limited to industrialized countries, where 

agricultural problems affect profits more than nutrition. In developing countries, 

increases in agricultural production and farming cost reduction would increase access to 

cheaper food while keeping for-profit farmers in business and subsistence farmers 

nourished (Leathers and Foster, 2004).  

Non-Nutritional Applications 

 Other plant applications include biofuel production, phytoremediation, and 

phytochemical production (the plant kingdom can produce >100,000 metabolites). 
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(McGuinness and Dowling, 2009; Turner, 2009) (Trethwewny, 2004). Plants are also 

sought after for their natural beauty.  

Impacts of Plant Disease 

 One major factor affecting plant growth is disease. Disease results in lower crop 

yield and quality, and in most cases occurs after investments of water, fertilizer, and 

labor (Alam and Rolfe, 2006). The adoption of crop monoculture also contributes to the 

spread of disease. Monoculture of crops is an efficient method of production. However, 

it exacerbates disease outbreaks because non-host barriers do not interrupt large 

swaths of potential hosts (Zhu et al., 2000). The Irish potato famine, caused by 

Phytopthora infestans, was responsible for the deaths of between two hundred 

thousand and 1.2 million people, though as is usually the case with famine, political, 

cultural, and economic conditions were also major factors (Gráda, 2006). More locally, 

citrus canker (Xanthomonas axonopodis) and citrus greening (likely caused by 

Liberibacter species) are damaging the Florida citrus industry (Parnell et al., 2009). 

Disease Management 

 Currently, most disease management practices focus on prevention. Once a 

diseased plant is detected, it is often destroyed to prevent dissemination (Fry, 1982). 

Disease “treatment” in the clinical sense is rare. While knowledge of the mammalian 

immune system has allowed the invention and widespread use of medical drugs, the 

lack of understanding of plant diseases and plant immunity has limited such 

advancements for plants. Antibiotic therapies have been tried, but cost and other factors 

have limited their use (Daniels, 1982).  
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 Pesticides are used to contain disease and pests, but these applications can be 

detrimental to the environment and human health. The fact that these costs are not 

borne by the farmer, combined with the effectiveness of pesticides at increasing crop 

yield and quality, contributes to their widespread usage (Phipps, 1989). Chemical 

companies have designed crops around tolerance to pesticides and herbicides (Funke 

et al., 2006). Recent advancements in the understanding of plant immunity have led to 

the introduction of compounds that activate the plant’s innate defenses. Though 

effective, the biological consequences of these treatments are not fully understood. A 

better understanding of the plant immune system will facilitate the use of these 

treatments, and allow the rational design of disease treatments and disease-resistant 

crops, reducing the need for toxic and costly pesticides. In the developing world, plant 

immunity research can inform crop selection and management practices, while reducing 

the cost of farming, provided advances are effectively communicated and distributed.  

Understanding Cell Biology Through Plant Immunity 

 Investigation of plant-pathogen interactions has brought insights into diverse 

biological processes. Upon pathogen infection, significant transcriptional reprogramming 

occurs (Tao et al., 2003) (Schenk et al., 2000). Knowledge of defense gene regulation 

has led to a greater understanding of how genes are regulated generally. This is also 

the case for other cellular processes, as the entire cell works in concert to combat the 

infection. Many cellular processes have been implicated in disease resistance. A few 

examples are apoptosis, metabolism, photosynthesis, transport, cell wall synthesis, 

stomata closure, and signal transduction. Plant-pathogen interactions also provide an 

interesting case study of co-evolution (Katagiri et al., 2002). The reproductive success 
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of a pathogen often depends on its ability to infect its host, just as the plant will be less 

successful if infected. Thus, plants and their pathogens are locked into an evolutionary 

arms race (Thompson and Burdon, 1992) (Bergelson et al., 2001). As discussed below, 

the race alternates between the pathogen suppressing defense activation, and the plant 

countering this suppression.  

Pathogenesis 

Initial Contact 

 Plants possess an innate immune system that protects them from microbial 

pathogens, but lack specialized immune cells and long-term immunological memory of 

mammals (Nurnberger et al., 2004). Due to the sessile nature of plant life, plants must 

quickly and effectively respond to changes in their environment or perish. Most often, 

when a microbe contacts the plant, entry is prevented by preformed and constitutive 

defenses such as the waxy cuticle, the cell wall, antimicrobial enzymes, and secondary 

metabolites (Martin, 1964) (Hahn et al., 1989) (Broglie et al., 1991) (Nicholson and 

Hammerschmidt, 1992). Elimination or exclusion of the microbe occurs without 

activation of costly defenses. However, plant pathogens may gain entry by injuries to 

the plant tissue, enzymatic degradation of cell walls, or through stomata (Romantschuk 

and Bamford, 1986) (Vidal et al., 1998) (Davis et al., 1984).  

Lifestyles of Plant Pathogens 

 Pathogens utilize two general strategies to gain access to the photosynthate 

inside plant cells. Necrotrophic pathogens rapidly kill host cells using toxic molecules 

and lytic enzymes, resulting in rapid tissue necrosis. The necrotroph then grows 

saprophytically on the dead tissue (van Kan, 2006). Biotrophic pathogens persist and 
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multiply in live plant tissue, eventually resulting in starvation of the plant cells. Chlorosis 

and water soaking are followed by complete collapse of the tissue. If successful, both 

kinds of pathogens eventually kill the infected tissue (Staskawicz et al., 2001) 

(Glazebrook, 2005).  

Model Organisms for the Study of Plant/Pathogen Interactions 

 The Arabidopsis thaliana/Pseudomonas syringae pathosystem has emerged as a 

model for the study of plant/biotrophic pathogen interactions (Katagiri et al., 2002). 

Genome sequences from both organisms are available, and a large fraction of their 

genes have been characterized or at least assigned putative functions (The Arabidopsis 

Genome Initiative, 2000) (Buell et al., 2003). Arabidopsis is also an ideal system for 

genetics due to its relatively small diploid genome, short generation time, high fertility, 

ease of growth, and small size. The availability of many polymorphic markers between 

two ecotypes greatly facilitates the identification of induced mutations, allowing forward 

genetic screens to be carried out efficiently (Jander et al., 2002). Pseudomonas 

syringae pv. maculicola ES4326 (Psm) is a hemibiotrophic, plant-pathogenic bacterum 

that is Gram-negative, rod-shaped, and has polar flagella. Pathovars of this species are 

assigned based on host range. Psm typically invades plants through wounds or stomata 

(Romantschuk, 1992) (Romantschuk and Bamford, 1986) (Kreig and Holt, 1984). It 

persists and multiplies in the apoplast, eventually causing “leakage” of water and 

photosynthate, which it uses to multiply and eventually overwhelm plant defenses 

(Katagiri et al., 2002). 
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Infection Outcome Depends on Signal Potentiation and Suppression  

Recognition 

 If the pathogen does invade the plant, it will likely be recognized by its pathogen 

associated molecular patterns (PAMPs), which are essential and conserved structural 

motifs that are present in pathogens but not in plants. Examples include the peptide 

flg22 and elongation factor (EF) Tu, which are components of flagella and the ribosome, 

respectively. PAMPS are recognized by transmembrane pattern recognition receptors 

(PRRs), each specific for its cognate PAMP. flg22 is recognized by the plant receptor 

FLS2 (flagellin sensitive 2), while EF-Tu is recognized by EFR (EF-Tu receptor) (Felix et 

al., 1999) (Gomez-Gomez et al., 1999) (Kunze et al., 2006). After recognition, the 

pathogen signal is amplified through a MAP kinase cascade(s); eventually affecting the 

activity of transcription factors in the nucleus and activating resistance (Nuhse et al., 

2000) (Asai et al., 2002). PAMP recognition results in PAMP-triggered immunity (PTI), 

which limits pathogen growth (Nimchuk et al., 2003). 

Immune Responses 

 PTI includes diverse immune responses. Following pathogen infection, 

antimicrobial, low molecular weight compounds known as phytoalexins are produced, 

and cell walls are reinforced by callose deposition (Donofrio and Delaney, 2001) (Skou, 

1985) (Keen and Bruegger, 1977) (Smith, 1982). Additionally, antimicrobial 

pathogenesis-related (PR) proteins accumulate. These are low-molecular weight, 

thermostable, protease-resistant proteins; some of which degrade microbial cell walls 

and membranes (Edreva, 2005). Examples include the -1,3-glucanase PR-2 that 

breaks down fungal cell walls, and the thaumatin-like PR-5 protein, which has 
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membrane permeabilizing activity. The PR-1 protein has an unknown function, but can 

comprise 1-2% of all protein during an infection. During the presence of certain 

pathogenic effector proteins, plants cells may also undergo a form of programmed cell 

death, depriving the pathogen of nutrients and water (Holliday et al., 1981) (Goodman 

and Novacky, 1994). Since pathogens may enter the plant through stomata, stomatal 

closure also occurs during infection (Melotto et al., 2008). Collectively, these responses 

limit the growth and spread of the pathogen. The importance of these responses is 

emphasized by the discovery that they may be directly suppressed by pathogens to 

promote pathogenesis (Glawischnig, 2007) (Melotto et al., 2008). Additionally, the 

pathogens attempt to short-circuit the PAMP-generated signal, preventing the activation 

of these responses.  

Signal Suppression 

 Pathogens may attempt to suppress PTI signaling by injecting effector proteins 

into the plant cell via a type III secretion system (TTSS). These effector proteins 

promote virulence and pathogen growth by reducing the plant defense response (Wei et 

al., 1999) (van Dijk et al., 1999) (Gopalan et al., 1996). An effector protein may, in turn, 

be recognized by its cognate plant resistance (R) protein, present in resistant cultivars 

of a given species (Belkhadir et al., 2004). In this case, the effector protein is referred to 

as an avirulence (Avr) factor, and activates effector-triggered immunity (ETI). 

Transcriptionally, ETI is qualitatively similar to PTI, but with faster and stronger defense 

gene activation (Tao et al., 2003). Psm and another pathovars, Pseudomonas syringae 

pv. tomato (Pst), secretes over 30 effector proteins into plant cells, and can cause 

disease in Arabidopsis. Examples of effector proteins secreted by Pst DC3000 are 
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AvrRpm1, which is recognized by the plant R protein RPM1; AvrRps2, which is 

recognized by RPS2; and AvrRpt2, also recognized by RPS2 (Kunkel et al., 1993) 

(Boyes et al., 1998) (Ritter and Dangl, 1995) (Chen et al., 2000) (Yu et al., 1993). 

Recognition of AvrRpm1 by RPM1 is mediated by RIN4. AvrRpt2 is a cysteine protease 

that cleaves RIN4, preventing AvrRpm1 recognition by RPM1 (Mackey et al., 2003). 

RIN4 can also bind to RPS2 and prevents its inappropriate activation. AvrRpt2 cleavage 

of RIN4 triggers activation of RPS2 and resistance (Mackey et al., 2002). These 

observations have led to a “Guard Hypothesis,” which states that R proteins function to 

detect changes in the targets (i.e. RIN4) of bacterial effector proteins (Jones and Dangl, 

2006). The absence of either Avr or R protein results in disease if PTI defenses are 

insufficient (Jones and Takemoto, 2004; Nurnberger et al., 2004). Addition of an avr 

gene to virulent pathogens renders them avirulent, and addition of R genes to plants 

confers resistance to pathogens containing the cognate avr gene (Ronald et al., 1992) 

(Hammond-Kosack et al., 1998).  

Salicylic Acid-Mediated Immunity 

Hormones Modulate Plant Immune Responses 

 Plants can customize their defense response based on the type of pathogen they 

encounter. This is accomplished by modulation and crosstalk of hormone-dependent 

signaling pathways. Salicylic acid (SA), jasmonates and jasmonic acid (JA) and 

ethylene (ET) are the main signaling molecules acting during disease resistance, 

although hormones like abscisic acid (ABA), auxin, and brassinosteroids also play a role 

(White, 1979) (Jacobs, 1952) (Jensen et al., 1998) (Whenham et al., 1985) (Gundlach 

et al., 1992) (Lund et al., 1998) (Spoel and Dong, 2008). These hormones play 
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significant roles in other physiological processes as well (Roberts et al., 1980) (Hildman 

et al., 1992). For example, SA regulates germination, flowering, and heat generation 

(Raskin et al., 1989) (Hayat and Ahmed, 2007). It should be noted that salicylic acid is 

not a hormone in the strictest sense, as it apparently does not travel from its site of 

origin to elicit a response in another part of the plant (Vernooij et al., 1994). Nonetheless 

it is a central signaling molecule in plant immunity (Gaffney et al., 1993) (Lawton et al., 

1995). Defense responses involving JA and ET are generally more effective against 

necrotrophic pathogens and chewing insects (Ton et al., 2002) (Glazebrook et al., 

2003). JA- and ET-dependent responses antagonize those of SA and vice versa, 

although these responses may also act synergistically in some cases (Rojo et al., 1999) 

(van Wees et al., 2000) (Spoel et al., 2003) (Kunkel and Brooks, 2002).  

Salicylic Acid Metabolism 

 During infection, SA accumulates in cells and promotes pathogen resistance 

(Métraux et al., 1990) (Durrant and Dong, 2004). Exogenous SA treatment or 

expression of ectopic SA biosynthesis genes results in resistance, while removal of SA 

causes susceptibility (Kauss et al., 1992) (Verberne et al., 2000) (Nawrath and Métraux, 

1999). In plants, SA is made through two metabolic pathways. Starting with 

phenylalanine, the phenylpropanoid pathway converts this amino acid into SA. 

Additionally, chorismate is converted to SA via isochorismate through the action of a 

chloroplastic isochorismate synthase (ICS1), and a putative isochorismate pyruvate 

lyase (IPL). ICS1 is the rate-limiting enzyme for pathogen-induced SA biosynthesis 

during the immune response (Strawn et al., 2006). 
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 SA can be glucosylated through the activity of SA-glucosyltransferase and stored 

in the vacuole as 2-O--D-glucosylbenzoic acid (SAG) (Lee et al., 1995). SAG is 

biologically inert and accumulates to high levels during pathogen infection (Malamy et 

al., 1992).  

Regulation of SA Biosynthesis and Accumulation 

 SA biosynthesis is amplified by positive-feedback regulation. The interacting 

lipases PAD4 (phytoalexin deficient 4) and EDS1 (enhanced disease susceptibility 1) 

are upstream inducers of SA synthesis. In eds1 pad4 plants, ICS1 induction is 

diminished following infection (Falk et al., 1999) (Wiermer et al., 2005) (Zhou et al., 

1998) (Jirage et al., 1999). In pad4 plants, EDS1 expression is lowered, while in eds1 

plants, PAD4 expression is lowered, forming a positive feedback loop between PAD4 

and EDS1, both of which promote SA accumulation. In turn, SA increases EDS1 and 

PAD4, expression, suggesting the existence of a positive feedback loop between 

EDS1/PAD4 and SA (Wiermer et al., 2005) (Delaney et al., 1995; Feys et al., 2001). 

EDS1 and PAD4 are also essential for PTI and ETI, suggesting they act to amplify the 

immune response (Durrant and Dong, 2004). SA biosynthesis is also subject to 

negative feedback regulation by NPR1 (nonexpresser of PR genes 1) (Shah et al., 

1997). This protein and its immune functions are discussed in detail below. Conversion 

of SA to methyl-SA and SAG may also modulate SA levels during infection. 

Overexpression of the SA glucosyltransferase SGT1 or an SA methyltransferase 

reduced SA accumulation and resistance during pathogen infection (Koo et al., 2007) 

(Song et al., 2008). The Psm virulence factor coronatine is an analog of JA, and induces 
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methyl-SA production, reducing free SA levels and increasing susceptibility (Song et al., 

2008).  

 Although conversion of SA to biologically inert compounds and negative 

feedback regulation by NPR1 serve to prevent SA hyperaccumulation during pathogen 

infection, ICS1 must also be repressed during normal growth to avoid wasteful immune 

activation. Basal repression is accomplished by Ethylene Insensitive 3 (EIN3) and 

ethylene insensitive 3-like (EIL1). These transcription factors bind to the ICS1 promoter 

and prevent transcription (Chen et al., 2009).   

Fitness Costs of SA Hyperaccumulation 

 Constitutive accumulation of SA is detrimental to the plant. Indeed, plants may 

have evolved an inducible and tightly regulated system of immunity to forgo the cost of 

constitutive defense activation. The SA analogues benzothiadiazole (BTH), and 

isonicotinic acid (INA) induce defense activation in plants without cytotoxic effects 

(Friedrich et al., 1996) (Métraux et al., 1991). However, in the absence of pathogens, 

BTH incurs a fitness cost in the form of reduced seed yield and fresh weight (Heil et al., 

2000) (Heil, 2002). Several Arabidopsis mutants that have elevated SA levels and 

constitutive defense responses also exhibit reduced seed yield and dwarf phenotypes, 

indicating that unregulated defense activation reduces fitness. In some cases, reduced 

fitness in these mutants requires SA (Heidel et al., 2004) (Kirik et al., 2001) (Silva et al., 

1999).  

Systemic Acquired Resistance 

 SA is essential for systemic acquired resistance (SAR), a long lasting, broad-

spectrum resistance to pathogens in systemic tissue following an infection in distal 
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tissue (Wildermuth et al., 2001) (Gaffney et al., 1993) (Métraux, 2002) (Durrant and 

Dong, 2004). SAR, like ETI, is qualitatively similar to PTI, employing similar and 

overlapping signaling pathways (Maleck et al., 2000). However, defense activation is 

induced more slowly and to a lower level than during PTI or ETI (Ryals et al., 1996). 

PAMPs, avirulent and virulent pathogens, and high doses of non-pathogenic bacteria all 

induce SAR (Mishina and Zeier, 2007).  

 An SAR-inducing mobile signal that moves from local infected tissue to systemic 

tissue has been proposed (Ross, 1961) (Durrant and Dong, 2004). The identity of the 

signal(s), and the molecular mechanism underlying its generation and perception has 

been the subject of intense study. Mutational analysis has revealed several genes that 

are required for the generation of the mobile signal. DIR1 (defective in induced 

resistance 1), a putative lipid transfer protein, lacks SAR but displays normal local 

pathogen resistance, suggesting DIR1 is involved in the generation and/or transmission 

of the mobile signal (Maldonado et al., 2002). FAD7, a fatty acid desaturase, the lipases 

EDS1, PAD4, and SA-binding protein 2 (SABP2), as well as the dihydroxyacetone 

phosphate reductase SFD1, are essential for SAR (Chaturvedi et al., 2008) (Forouhar et 

al., 2005). These data suggest that a lipid or lipid-derived molecule may be a mobile 

signal in SAR. The aspartic protease CDR1 (constitutive disease resistance 1) is 

required for both local and systemic resistance, suggesting the possible involvement of 

a peptide signal in SAR (Xia et al., 2004). Although local SA synthesis and signaling are 

essential for SAR signal generation, SA and methyl-SA are probably not long-distance 



 

24 

signals (Attaran et al., 2009). Following signal recognition, de-novo SA biosynthesis in 

systemic leaves occurs and activates resistance (Métraux et al., 1990).   

Chromatin Remodeling is Associated with SA-Responsive Gene Activation 

 DNA encodes all the information needed to build a cell. Further programming 

instructions in response to environmental cues can also be found on the histones 

associated with DNA that form chromatin. These ancillary instructions come in the form 

of post-translational modifications to the N-terminal regions of histones 2, 3, and 4 (H2, 

H3, and H4). These largely reversible modifications include mono, di, and trimethylation, 

acetylation, phosphorylation, ubiquitination, and sumoylation (Loidl, 2004).  Some of 

these modifications are associated with actively transcribed chromatin, while others are 

more closely associated with condensed and relatively silent chromatin. This plant 

histone “code” for influencing gene expression via histone modifications is still being 

elucidated. These efforts are complicated by the fact that the effects of histone 

modifications can depend upon other modifications.   

 Basal repression of defense genes is mediated by several factors that are 

thought to recruit chromatin-modifying factors that condense defense gene chromatin. 

SNI1 (suppressor of npr1 inducible 1) represses basal expression of defense genes and 

H3 di-acetylation at the PR-1 promoter (Li et al., 1999) (Mosher et al., 2006). HDA19 

(histone deacetylase 19), a putative histone deacetylase, also represses basal 

expression of defense genes, possibly by removing histone acetylations that are 

normally associated with “open” chromatin. However, HDA19 positively regulates 

pathogen resistance, and interacts with and possibly deactivates the immune repressor 

transcription factors WRKY38 and WRKY62 (Kim et al., 2008). SIZ1, a small ubiquitin-
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like modifier (SUMO) protein, is also a repressor of defense genes (Lee et al., 2007). 

The involvement of SNI1, HDA19, and SIZ1 in plant immunity suggests a role for 

histone modification in defense gene repression. However, genes that are directly 

targeted by these proteins have not been identified, with the exception of WRKY70 by 

the histone methylase ATX1 [Alvarez-Venegas, 2007 #6678].  

 Changes in chromatin modification occur during plant defense induction. 

Treatment with exogenous SA leads to increased levels of H3Ac, H4Ac, H3K4me2, and 

H3K4me3 on the PR-1 promoter (Mosher et al., 2006). These modifications are 

generally, but not always, associated with actively transcribed chromatin. This increase 

is NPR1-dependent and correlates positively with PR induction. NPR1 also prevents 

SA-dependent H3 deacetylation (Butterbrodt et al., 2006) (Koornneef et al., 2008). 

These results suggest that NPR1 or another protein recruits a histone 

acetyltransferase(s) and a histone methyltransferase(s) to defense genes during 

pathogen infection and/or SA treatment. A histone methylase, ATX1, activates the 

expression of the WRKY70 gene (itself an activator of defense genes), and directly 

establishes the H3K4me3 modification on WRKY70 nucleosomes, facilitating its 

transcription. A large number of genes (12%) depended on ATX for their expression, but 

only WRKY70 was shown to be a direct target of ATX (Alvarez-Venegas et al., 2007). 

The lack of characterized chromatin modifying enzymes that target defense genes 

represents a gap in the knowledge of how defense genes are repressed, primed, and 

induced. In particular, although histone acetylation is correlated with defense gene 
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expression, no histone acetyltransferases have been shown to regulate plant immunity 

or modify defense gene chromatin.  

The NPR1 Protein 

 In order to identify components of the SA signaling pathway, researchers 

genetically screened for mutants lacking SA-inducible PR expression. One mutant, 

npr1, was deficient in PR expression, susceptible to P. syringae and 

Hayaloperonospora parisitica, and lacked SA-induced resistance and SAR (Ryals et al., 

1997) (Shah et al., 1997) (Cao et al., 1994). These studies established NPR1 as a 

positive regulator of SA-dependant resistance that acts downstream of SA. NPR1 

encodes a protein containing four ankyrin repeats and a BTB (Broad-Complex, 

Tramtrack and Bric-a-brac) domain, both of which are involved in protein-protein 

interactions (Cao et al., 1997).  

Post-translational modification regulates NPR1 activity 

 During normal growth, NPR1 is present as an oligomer in the cytosol and is 

transcriptionally induced during infection (Mou et al., 2003) (Kinkema et al., 2000). 

During SAR, SA synthesized in the chloroplast is transported to the cytosol, which 

becomes more oxidized, followed by a reduction in redox potential and an increase in 

reduced glutathione. NPR1 is reduced by glutathione, causing NPR1 to form monomers 

(Mou et al., 2003). NPR1 conformation is also controlled by nitrosylation. Upon SAR 

induction, NPR1 is S-nitrosylated by S-nitrosoglutathione, facilitating oligomerization, 

and possibly preventing protein degradation. Both NPR1 oligomerization and 

monomerization are essential for pathogen resistance and PR expression. At the same 

time, thioredoxins catalyze the reduction of cysteine-156, disrupting intermolecular 
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disulfide bonds and promoting monomerization (Tada et al., 2008). Monomeric NPR1 

localizes to the nucleus where it functions as a transcriptional co-activator of defense 

genes (Kinkema et al., 2000).  

 Spurious NPR1 nuclear accumulation is prevented by a CUL3-based ubiquitin 

ligase, which adds ubiquitin to NPR1, targeting it for degradation by the proteasome, 

and preventing PR expression in the absence of infection. NPR1 phosphorylation is 

essential for this degradation. Proteasome inhibition or mutation of the ubiquitin ligase 

also prevents the induction of SAR, suggesting NPR1 turnover is essential for its 

transcriptional co-activator activity (Spoel et al., 2009).  

NPR1 coordinates the immune response through transcription factors 

 Nuclear NPR1 interacts with several members of the TGA transcription factor 

family (Zhang et al., 1999) (Després et al., 2003) (Johnson et al., 2003) (Després et al., 

2000). The effects of these transcription factors are regulated at the level of NPR1 

binding, protein turnover, and TGA factor disulfide reduction. Several TGAs have been 

shown to bind to SA-responsive cis-elements in the PR-1 promoter. TGA factors include 

both positive and negative regulators of SAR, three of which function redundantly (Fan 

and Dong, 2002) (Pontier et al., 2001) (Niggeweg et al., 2000). The triple mutant 

tga2/5/6 (but not single or double mutants) displayed normal local resistance but lacked 

SAR and had increased basal PR-1 (Zhang et al., 2003b). These data suggest that 

these transcription factors act in concert to ensure PR-1 is expressed at the appropriate 

time. NPR1 is also essential for the expression of several WRKY transcription factors, 

some of which control PR expression (Wang et al., 2006) (Kim et al., 2008) (Yang et al., 

1999). Thus, PR expression depends upon SA accumulation and NPR1 activation.  
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 Pathogen infection initiates transcriptional reprogramming, a fraction of which is 

SA-dependent. NPR1 controls a subset of these SA-dependent defense genes 

(Glazebrook et al., 2003) (Blanco et al., 2009). During infection, PR-1, PR-2, and PR-5 

are differentially dependent upon SA and NPR1 for their expression. PR-1 almost 

completely depends upon NPR1 for its timely expression during pathogen infection. PR-

2 and PR-5 are partially npr1-independant. PR-2 requires SA accumulation for its 

expression, while PR-5 is partially expressed independently of SA (Nawrath and 

Métraux, 1999) (Shah et al., 1997). The cellular machinery involved in the induction of 

PR genes, and the basis for differential PR activation by distinct pathways, is not fully 

understood.  

 During SAR, cytosolic oligomeric NPR1 is reduced to monomers which move into 

the nucleus to control both the expression of PR genes and genes involved in protein 

folding and transport, presumably for the folding and export of PR proteins (Kinkema et 

al., 2000) (Després et al., 2000) (Zhang et al., 1999; Després et al., 2000; Kinkema et 

al., 2000; Fan and Dong, 2002; Després et al., 2003; Johnson et al., 2003; Mou et al., 

2003). Interruption of a protein chaperone results in leaf collapse and cell death 

following treatment with isonicotinic acid (INA), an SA analog, or tunicamycin, a protein 

misfolding agent (Wang et al., 2005). This suggests NPR1-regulated increases in 

protein folding and secretion capabilities are essential processes that must be 

coordinately regulated with defense responses for a non-toxic and effective resistance.  

NPR1 prevents harmful hyper-activation of the immune response  

 Nuclear NPR1 alleviates the cytotoxic effects of high concentrations of SA 

(Zhang et al., 2009). NPR1 may accomplish this through its control of TGA factors, as 
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the tga2/5/6 mutant lacks SA tolerance (Zhang et al., 2003b). Other proteins also likely 

contribute to SA tolerance. Identification of these proteins would lead to a better 

understanding of the underlying causes of SA toxicity, which are thought to include 

oxidative stress (Rao et al., 1997).  

 Nuclear NPR1 also prevents ICS1 overexpression and SA hyperaccumulation 

during the immune response and moderates SA levels in mutants that constitutively 

accumulate SA (Zhang et al., 2009) (Clarke et al., 1998). This moderation of SA 

accumulation may serve to prevent SA toxicity and reduced plant fitness, and/or to shut 

off the immune response once the infection subsides (Durrant and Dong, 2004). Hence, 

SA accumulation is subject to both positive and negative feedback regulation. How 

NPR1 moderates ICS1 expression is unknown.  

Dissection of Plant Immunity Using Suppressor Screens 

Suppressors of npr1 

 Researchers have previously examined the function of NPR1 by screening for 

mutations capable of suppressing npr1 phenotypes. These studies have been 

instrumental in the identification of components of the SA-dependent defense signaling. 

Most npr1 suppressor mutants were isolated based on their ability to restore SA-

induced PR expression to npr1. One class of npr1 suppressor mutants is the ssi 

(suppressor of SA insensitivity) group, which exhibit constitutive defense activation. 

SSI2 encodes a stearoyl-ACP desaturase, and disruption of this gene in ssi2 results in a 

ten-fold increase in 18:0 fatty acid content, suggesting involvement of a fatty acid signal 

molecule in plant immunity (Kachroo et al., 2001). A mutation in an R gene was 

responsible for the phenotypes of ssi4, which may be due to constitutive R protein 



 

30 

activation (Shirano et al., 2002). Activation of another R protein in snc1 (suppressor of 

npr1 constitutive 1) resulted in constitutive PR expression and pathogen resistance in 

npr1 (Zhang et al., 2003a). A screen for suppressors of snc1 led to the identification of 

several genes that were shown to be essential for plant immunity (Zhang and Li, 2005) 

(Zhang et al., 2005). The sni1 mutation, mentioned above, restored inducible PR 

expression and SAR to npr1, and selectively de-repressed NPR1-dependent genes (Li 

et al., 1999). The sni1 phenotypes were rescued by disruption of Rad51d, a protein 

involved in homologous recombination (Durrant et al., 2007). These studies highlight the 

utility of suppressor screens in understanding the function of the suppressed mutant 

gene as well as in identifying new components of plant immunity.  

Identification and Characterization of Three Novel npr1 Suppressor Mutants 

 Although the transcriptional co-activator activity of NPR1 has been studied 

extensively, its role in regulating SA accumulation and SA tolerance is not well 

understood. To identify genes involved in SA tolerance and SA accumulation, this study 

screened for mutations that suppressed SA toxicity and SA hyperaccumulation in npr1. 

Thirteen unique suppressor mutants were isolated, and the affected genes in three of 

these mutants were identified. One mutation was found in the transcription factor 

ANAC1, which is induced during pathogen infection. Two mutants carried mutations in 

subunits 2 and 3 of the Elongator complex, which functions in histone acetylation, 

tubulin acetylation, and tRNA synthesis. ELP2 and ELP3 were found to regulate 

pathogen resistance independently of NPR1. The elp2 mutants were characterized in 

detail, and ELP2 was found to function both upstream and downstream of SA by 

regulating the kinetics of defense gene expression. This study establishes Elongator as 
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an essential component of plant immunity. The mutant and transgenic plants 

characterized in this study will facilitate the dissection of Elongator’s immune function. A 

greater understanding of plant immunity will aid in devising strategies for the 

management of plant disease and the rational design of disease-resistant crops. 
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CHAPTER 2 
MATERIALS AND METHODS 

Mutant Screen and Genetic Analysis 

 Ethylmethylsulfonate (EMS) mutagenesis was carried out as described 

previously (Weigel and Glazebrook, 2002). Approximately 250,000 M2 seeds were 

surface sterilized, plated on ½ strength Murashige and Skoog (MS) [Murashige, 1962 

#31] medium supplemented with 0.5 mM SA at a density of ~150 seeds/10 cm plate, 

and vernalized for three days. Seeds were then germinated with 16 hr light/8 hr dark 

cycles at 25C. 10-day-old seedlings with green cotyledons were transferred to ½  

strength MS medium without SA, grown for one week, and subsequently transplanted 

into soil. M3 seeds were tested for SA-tolerance by germinating seeds on ½ MS 

supplemented with 0.26 mM SA and visually scoring cotyledon color. The Mendelian 

inheritance of each mutant was determined by crossing to its parent, npr1, and scoring 

the F1, F2, and F3 progeny for SA-tolerance and morphology. Only seeds that 

germinated were scored. Prior to further characterization, mutants were backcrossed 

three times.  

Growth Conditions and Biological Materials 

 Plants were grown in Metromix 200 soil under 16 hr light/8 hr dark photoperiods 

at ~25C. The Arabidopsis wild types used were Arabidopsis thaliana (L.) Heynh. 

Columbia (Col-0) ecotype and Landsberg erecta (Ler) ecotype. Escherichia coli XL-1 

Blue was grown in LB broth or on LB agar plates with 50 g/ml kanamycin. Psm was 

grown in King’s B broth or on tryptic soy agar plates supplemented with 50 g/ml 

streptomycin.  The mutant npr1-3 has been described previously (Cao et al., 1997). 
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Insertion mutant alleles were identified using the SIGnAL T-DNA Express Arabidopsis 

gene-mapping tool (http://signal.salk.edu/). All SALK lines were distributed by the NASC 

(http://arabidopsis.info/).  All mutants in this study were identified by PCR using gene-

specific markers as described in Table A-3.  

Cloning and Transformation 

 For construction of 35S::ELP2-GFP transgenic plants, the ELP2 cDNA was 

obtained from the RIKEN BRC and amplified with a 20:1 Taq/Pfu mixture (to ensure 

replication fidelity) and fused to the 5’ end of the GFP gene in pRTL2-mGFP (Stacey et 

al., 1999) under control of the constitutive 35S cauliflower mosaic virus promoter, and 

transformed into Escherichia coli XL-1 Blue by electroporation and subsequent selection 

with kanamycin. The plasmid was then transformed into Agrobacterium tumefaciens 

GV3101 (pMP90), and elp2 and elp2 npr1 plants were transformed using the floral dip 

method (Clough and Bent, 1998). T1 seeds were screened on soil by spraying a 1/100 

dilution of Finale (Bayer Cropscience). T2 lines containing a single transgene insertion 

and T3 plants homozygous for the transgene were isolated based on segregation of 

Finale resistance. Homozygous T3 lines were subjected to western blot analysis to 

determine transgene expression. One line from each mutant background that displayed 

wild type morphology and expressed the transgene was selected for analysis of elp2 

phenotypes and ELP2-GFP subcellular localization. 

Map-Based Cloning 

 For rough mapping, genomic DNA from ~100 F2 homozygous plants was 

extracted by the CTAB method [Jander, 2002 #6536] and chloroform extraction and 

subjected to bulked segregant analysis using a collection of 22 simple sequence length 
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polymorphism (SSLP) markers (Table A-1) spaced roughly evenly over the entire 

genome (Lukowitz et al., 2000). Fine mapping was carried out with homozygous plants 

using various markers from The Arabidopsis Information Resource (TAIR) 

(http://arabidopsis.org/servlets/Search?action=new_search&type=marker), and markers 

generated in this study (Table A-2). DNA from genes within the mapping interval was 

amplified from the mutants by PCR, sequenced by Sanger sequencing (Sanger et al., 

1977), and compared to the wild type sequence using CodonCode Aligner (CodonCode 

Corporation). Mutations were confirmed with derived CAPS markers in the original 

mutant plants and in 100 independent F2 plants from the mapping populations. 

Assessment of Pathogen Growth 

 For analysis of basal resistance, plants were infected with Psm (OD600 NM = 

0.0001) and pathogen titers were determined as previously described (Clarke et al., 

1998). For determination of SA-induced resistance, plants were soil-drenched with 

water or 1 mM SA solution 24 hours prior to infection with Psm (OD600 NM = 0.001). 

For SAR evaluation, three lower leaves were infected with Psm (OD600 NM = 0.002) or 

10 mM MgCl2 two days prior to secondary infection of two upper leaves with the Psm 

(OD600 NM = 0.001), which were then assayed for pathogen growth. For determination 

of ETI, leaves were infected with Pst DC3000 carrying avrRpt2 gene (OD600 NM = 

0.0001).  

Analysis of Gene Transcripts 

RNA extraction and RNA gel blot analysis were carried out as described 

previously (Cao et al., 1994). 150 mg leaf tissue was ground to a fine powder in liquid 

nitrogen and extracted with warm phenol and RAPD buffer (100mM LiCl, 100mM Tris 



 

35 

pH 8.0, 10mM EDTA, 1% SDS). The aqueous phase was extracted with chloroform, 

and the resulting aqueous phase ethanol-precipitated at -80C overnight. RNA was 

pelleted by centrifugation and washed once with 70% ethanol, dried at room 

temperature, and resuspended in 40 l DEPC-treated ddH2O.  

For RNA Blot analysis, 10 g RNA was subjected to eletrophoresis on a 

formaldehyde-agarose gel, washed five times in five volumes ddH2O, and transferred to 

a nylon membrane by vacuum transfer. Radioactive probes were synthesized by 

asymmetric PCR using P32-labeled dCTP and isolated DNA fragments. Primers used to 

make probes are listed in Table A-4. Prehybridization and hybridization were performed 

at 55C overnight in 0.5 M Na2HP04, pH 7.2, 7% SDS, and 10 mg/mL BSA (Church and 

Gilbert, 1984). The blot was washed twice at 65C for 20 min with 2x SSC (0.3 M NaCI, 

0.03 M sodium citrate) and 1% SDS. The blots were then exposed to x-ray film and the 

film was then developed.  

For reverse transcription (RT), total RNA was treated with DNase I (Ambion) at 

37°C for 30 min. After inactivation of the DNase, RT was performed using the M-MLV 

Reverse Transcriptase first-strand synthesis system (Promega) with 5 l of the DNase-

treated RNA in a 20 l reaction. The resulting cDNA products were diluted 20-fold with 

water, and 2.5 l used for quantitative PCR. Quantitative PCR was performed in an 

Mx3000P qPCR system (Stratagene). All PCR reactions were performed in duplicate 

using the SYBR Green protocol (Applied Biosystems) under the following conditions: 

94°C for 3 min, 40 cycles (94°C for 1 min, 56°C for 1 min, 72°C for 1 min with a 12.5 l 

reaction volume and a 1 M primer concentration. The primers used are listed in Table 
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A-4. The resulting Ct and E values were used to calculate the relative mRNA 

abundance according to the Ct method. The values were normalized to those for the 

reference gene UBQ5. Specific amplification was confirmed by examining melting 

curves after the run was completed.  

Semi-quantitative RT-PCR was carried out as above, except diluted RT products 

were subjected to 28 cycles of conventional PCR and subjected to electrophoresis with 

primers specific to UBQ5 as an internal control. Psm-treated samples were inoculated 

with an OD600 NM of 0.001 and leaves were harvested after one day.  

Analysis of Protein Expression 

 Protein expression was determined by SDS-PAGE and western blot. For 

determination of protein expression of independent transgenic plant lines, 14-day-old 

seedlings were ground to a fine powder in liquid nitrogen and extracted in RIPA buffer 

(150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, 

pH 8.0.and a protease inhibitor cocktail). Protein samples were loaded onto a 10% 

SDS-PAGE gel and transferred to a nitrocellulose membrane by electroblotting. The blot 

was probed with a green fluorescent protein monoclonal antibody (1:1000 dilution, 

Santa Cruz Biotech). The antibody bound proteins were detected by using a 

horseradish peroxidase–conjugated anti-mouse secondary antibody (1:5000 dilution, 

Pierce) followed by chemiluminescence.  

Salicylic Acid Measurement 

 Soil-grown plants (4-weeks old) were infected with Psm (OD600 NM of 0.001) to 

induce SA accumulation. 100 mg of tissue was harvested, frozen in liquid nitrogen, 

ground to a fine powder, and sequentially extracted with 90% and 100% methanol. 
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Samples were split into two tubes, sodium hydroxide was added to a final concentration 

of 2 mM, and the methanol/water mixture was evaporated to a final volume of ~20 l, 

and hydrolysis buffer (0.1M sodium acetate buffer pH 5.5) was added to a final volume 

of 250 l. Half the samples were incubated for 1.5 hr at 37°C with 10U of -Glucosidase 

(EC3.2.1.21, from Sigma) for quantification of glucose-conjugated SA. 230 l of 10% 

trichloroacetic acid was added to all the samples, followed by centrifugation. The 

supernatant was extracted with 1 ml of extraction buffer (50% cyclohexane, 50% ethyl 

acetate), and the organic phase transferred to a fresh Eppendorf tube containing 50 l 

hydrolysis buffer, evaporated to a final volume of ~20 l, and stored at -20°C. Prior to 

HPLC analysis, samples were brought to a final volume of 250 l with hydrolysis buffer 

and centrifuged through a 0.2 m filter. HPLC analysis of SA was performed with 

Agilent’s Chemstation with a reverse phase C18 column. The eluent was 0.2 M sodium 

acetate buffer pH 5.5 (90%) with methanol (10%) at a flow-rate of 0.8 mL/min. SA was 

detected by fluorescence at an emission wavelength of 412 nm and an excitation 

wavelength of 301 nm.  The retention time for SA was approximately 18 min. This 

procedure had an ~60% recovery rate, as estimated by extraction of known amounts of 

SA. 

Confocal Microscopy 

 Confocal microscopy of live plant tissue was performed as described previously 

(Kinkema et al., 2000). Non-transgenic and 35S::ELP2-GFP plants were imaged using 

identical settings, while 35S::GFP plants were imaged using a lower exposure due to 
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the high expression of GFP in these plants. Images were processed identically using 

the ImageJ software (Abramoff et al., 2004). 

Reproducibility of Experiments and Statistical Analysis 

 All experiments depicted in the Figures were conducted at least three times with 

similar results. Statistical analyses were performed using Student’s t test for comparison 

of two data sets. A * indicates a statistically significant difference at the level of at least 

95% confidence.  

Locus Numbers 

 The locus numbers for the genes discussed in this article are as follows: ELP2 

(At1g49540), ELP3 (At5g50320), ANAC1 (At1g01010), NPR1 (AT1G02450), ICS1 

(At1g74710), UBIQUITIN (At4g05320), PR-1 (At2g14610), PR-2 (At3g57260), PR-5 

(At1g75040.1) GST11 (At1g02920), LURP1 (At2g14560), SAG21 (At4g02380), EDR11 

(At1g02930).  
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CHAPTER 3 
ELP2 FUNCTIONS UPSTREAM AND DOWNSTREAM OF SALICYLIC ACID IN PLANT 

IMMUNITY 

Isolation of snt1 

 The suppressor screen was designed to isolate mutations that restored SA 

tolerance to npr1. To screen for suppressors of SA toxicity, npr1 seeds were 

mutagenized with ethyl-methanesulfonate (EMS), and M2 seeds were germinated on ½ 

strength MS medium supplemented with 0.5 mM SA. Seedlings with green cotyledons 

were allowed to recover on MS medium for one week, then transferred to soil and 

allowed to self-fertilize. The SA-tolerance phenotype was then confirmed in the M3 

generation. We identified 13 unique mutants, based on complementation tests and 

phenotype analysis, which were true breeding for SA-tolerance. One mutant that 

restored SA tolerance to npr1 was snt1 (for suppressor of npr1-mediated SA-toxicity-1) 

(Figure 3-1a).  

 Despite their increased disease susceptibility, npr1 plants hyper-accumulate SA 

during pathogen infection. Since snt1 restored SA tolerance to npr1 plants, it may also 

suppress SA hyper-accumulation and pathogen susceptibility. We first determined SA 

levels in snt1 npr1 after Psm inoculation. The snt1 mutation reduced free and total Psm-

induced SA accumulation in npr1 (Figure 3-1b). To determine if snt1 restores pathogen 

resistance, bacterial titers were determined after Psm infection of snt1 npr1 plants. 

Surprisingly, pathogen growth was higher in the snt1 npr1 double mutant than in npr1 

plants (Figure 3-1c). These results suggest that although snt1 restores SA tolerance 

and normal SA accumulation to npr1, the snt1 gene functions in plant immunity at least 

partially independently of NPR1. The snt1 npr1 plants also exhibited a serrated and 
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curly leaf phenotype, and were a lighter shade of green than npr1 (Figure 3-1d). These 

plants also displayed significantly reduced seed yield, short siliques, delayed silique 

senescence, and late flowering (not shown).  

Genetic Analysis of snt1 

 When the snt1 npr1 double mutant was backcrossed to the npr1 parent, the F1 

progeny were not SA tolerant and had npr1 morphology. Of 139 F2 plants, 39, or 

roughly one quarter (P > 0.1, Figure 3-2a) had snt1 morphology suggesting snt1 is a 

single, recessive, nuclear mutation. The snt1 npr1 mutant was backcrossed two more 

times to remove secondary-site mutations before further characterization.  To determine 

if snt1 morphology and SA tolerance are caused by the same mutation, co-segregation 

analysis was carried out in the segregating F3 population. Nearly all of the progeny from 

parents with snt1 morphology were SA tolerant, while only a fraction of the progeny 

from npr1-like plants were SA tolerant (Figure 3-2a and b). Therefore the suppression of 

SA-toxicity by snt1 likely also causes abnormal development. 

Map-based Cloning of snt1 

 The snt1 mutation was identified using a map-based cloning approach. To map 

the snt1 locus, we isolated a T-DNA insertion npr1 mutant in the Landsberg erecta 

background (npr1-L), which displayed SA toxicity similar to npr1 (Figure A-1). The snt1 

npr1 double mutant was crossed to npr1-L to generate an F2 segregating population. 

This allowed rapid confirmation of elp2 homozygosity in F2 plants by analysis of SA-

tolerance in the F3 progeny. For rough mapping, ninety five plants homozygous for snt1 

were identified on the basis of morphology. The snt1 allele was linked to the markers 

CIW1 and NGA280 on the lower arm of chromosome 1 (Figure 3-3a). Further three-
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point mapping of snt1 was carried out using a mapping population of 1198 homozygous 

snt1 plants using various CAPS markers, and the mapping interval was narrowed to a 

region between markers CTD1 and CTD3. To identify the molecular lesion in snt1, the 

eleven open reading frames between these markers were amplified and sequenced in 

snt1 npr1 and compared to the wild type genome sequence. One GA transition, which 

formed a new stop codon, was found in the sixth exon of At1g49540, which was 

confirmed using a derived CAPS marker [Neff, 2002 #6677] specific for the wild type 

allele (Figure 3-3b).  This gene encodes the ELP2 protein, the 93 kD second subunit of 

the Elongator complex. ELP2 contains several WD-40 domains, which are known to 

mediate protein-protein interactions (Fellows et al., 2000) (Smith et al., 1999) . The snt1 

mutation is a nonsense mutation halfway through the coding sequence, likely resulting 

in a truncated and non-functional protein.  

 To confirm that SNT1 is ELP2, we isolated three loss-of-function T-DNA insertion 

elp2 mutants (Figure 3-3c). These mutants were then crossed with npr1 to obtain elp2 

npr1 double mutants. All elp2 npr1 mutants restored SA tolerance and decreased SA 

accumulation, exacerbated pathogen susceptibility, and had snt1-like morphology 

(Figures 3-3d-g). The snt1 mutation was therefore renamed elp2-1.  This data suggests 

the snt1 mutation destroys ELP2 function, and that ELP2 is essential for SA toxicity, SA 

hyperaccumulation, and pathogen resistance.  

ELP2 Functions in Defense Gene Expression and Pathogen Resistance 

 The Elongator complex has been shown to control the expression of stress-

induced genes in yeast (Otero et al., 1999). ICS1 is the rate-limiting enzyme in SA 
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biosynthesis during the immune response and is highly induced by pathogen infection. 

Since elp2 suppresses hyper-accumulation of SA in npr1, ICS1 expression in the elp2 

npr1 mutants was examined. ICS1 expression was significantly lower in the elp2 npr1 

double mutant than in npr1 (Figure 3-4a), suggesting ELP2 is essential for ICS1 

overexpression and SA hyper-accumulation in npr1.  

 Induction of PR gene transcription also occurs during pathogen infection, and is 

partially dependent on NPR1 (Shah, 2003).  To determine the contribution of ELP2 to 

PR expression in npr1, expression of these genes was examined in elp2 npr1 plants 

during Psm infection. Compared to npr1, expression of PR-2, PR-5, and to a lesser 

extent PR-1 was delayed and reduced (Figure 3-4b) This data, together with the 

observation that elp2 npr1 plants are more susceptible than npr1 plants, suggests ELP2 

controls an additional layer of defense activation on top of the defenses controlled by 

NPR1.  

 Since ELP2 acts independently of NPR1, ELP2 may be essential for pathogen 

resistance when NPR1 is present. To determine the function of ELP2 in wild type plants, 

the elp2 npr1 mutant was crossed to wild type, and elp2 single mutants were isolated in 

the segregating F2 population by CAPS marker genotyping. The elp2 single mutant was 

morphologically indistinguishable from elp2 npr1. The elp2 mutant exhibited less ICS1 

expression and SA accumulation than wild type (Figures 3-5a and 3-5b). These 

differences were modest, but statistically significant and reproducible. Plants lacking 

ELP2 also had delayed and reduced PR expression compared to wild type (Figure 3-

5c). Interestingly, PR-1 expression was delayed in elp2 plants, but eventually reached 
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wild type levels. Pathogen resistance was also compromised in elp2 plants (Figure 3-

5d). Pathogen titers in elp2 plants were typically 20-50-fold higher than in wild type, and 

elp2 leaves were more chlorotic than those of wild type (not shown). These results show 

that ELP2 is essential for defense gene expression and pathogen resistance.  

ELP2 is Essential for Salicylic Acid-Induced Immunity 

 Pathogen susceptibility in the elp2 mutants may result from decreased SA 

accumulation, which in turn causes a reduction in SA-dependent gene expression. 

However, SA biosynthesis in elp2 plants was only moderately less than in wild type 

(Figure 3-5b). It seemed unlikely that this moderate decrease in SA levels was 

responsible for the marked susceptibility of elp2. Therefore, the possibility that ELP2 

regulates immune responses downstream of SA was explored by examining SA-

inducible resistance in elp2 plants. Exogenous SA provided elp2 plants with less 

protection than wild type against Psm infection (Figure 3-6A). Additionally, SA-inducible 

expression of PR-2 and PR-5 was decreased in elp2 plants (Figure 3-6B).  These data 

suggest ELP2 acts downstream of SA as a positive regulator of defense responses. 

ELP2-independent SA-inducible resistance was also observed in the form of partial SA-

inducible pathogen resistance and normal PR-1 and residual PR-2 and PR-5 

expression.   

Initiation of Systemic Acquired Resistance Restores Pathogen Resistance to elp2 

 In order to explore the role of ELP2 in SAR, immune responses were pre-

activated by SAR inducement before a second infection with Psm. The SAR-induced 

decrease in pathogen growth was similar in elp2 and wild type plants, though pathogen 

growth in SAR-induced elp2 plants was still somewhat greater than in wild type (Figure 
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3-7a). In the npr1 negative control, high levels of pathogen growth were seen in both the 

mock-treated and SAR-induced plants. These results suggest ELP2, unlike NPR1, is 

not essential for SAR, and that SAR induction can partially rescue the susceptibility of 

elp2 plants. SAR-induced gene expression was then examined in elp2 plants. Of the six 

SAR-induced genes tested, three required ELP2 for their full expression, while all 

required NPR1. PR-1 and PR-2 were strongly NPR1-dependent, while the other genes 

were partially expressed in the absence of NPR1. Expression of all six genes was 

higher in elp2 plants than in npr1 plants. These results suggest SAR-induced gene 

expression in elp2 plants is sufficient to limit pathogen growth, while in npr1 this is not 

the case. Notably, the more highly expressed genes were ELP2-dependent, while 

genes expressed at lower levels were not (Figure 3-7b).  

ELP2 is Essential for Effector-Triggered Resistance 

 ETI is considered a faster, stronger version of SAR and PTI. Since immune 

responses involving rapid transcriptional changes are deficient in elp2, the fastest and 

strongest immune response, ETI, may also be affected. Indeed, plants lacking ELP2 

were susceptible to a low-dose infection of the avirulent pathogen Pst DC3000 avrRpt2 

(Figure 3-8a). The npr1 plants were also susceptible. Removal of both NPR1 and ELP2 

resulted in the complete elimination of ETI, suggesting NPR1 and ELP2 act 

synergistically in ETI. The fact that ELP2 is essential for basal resistance and ETI but 

not SAR may reflect the need for timely defense gene expression in locally infected 

naive tissues. If elp2 plants are allowed sufficient time following SAR activation, defense 

gene expression and pathogen resistance are comparable to wild type, suggesting 

delayed induction of defense genes may contribute to compromised immunity in elp2 
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plants. To test this hypothesis, the expression profiles of several defense genes that are 

strongly induced early in infection were examined in elp2 plants following infection with 

the ETI-inducing pathogen Pst DC3000 avrRpt2. PR-1 expression was monitored as a 

marker for “late” defense gene induction. The npr1 and elp2 npr1 plants were also 

included to determine the specific contributions of NPR1 and ELP2 to early defense 

gene induction. Expression of these early defense genes in wild type plants peaked at 

4-8 hpi, then rapidly decreased, suggesting a tight control of induction and suppression 

(Figure 3-8b). Induction of all genes except for WRKY18 was delayed in elp2 plants, but 

in some cases eventually reached levels similar to wild type. This delay also occurred in 

the absence of NPR1. In contrast, gene induction in npr1 plants was generally not 

delayed, but expression failed to reach wild type levels for some genes. At5g47230 was 

completely ELP2-dependent, and also showed the narrowest expression window, with 

expression returning to basal levels by 8 hpi. Surprisingly, defense gene expression in 

elp2 npr1 plants remained high long after repression had occurred in wild type, elp2, 

and npr1 plants, suggesting ELP2 and NPR1 act redundantly to repress gene 

expression at the appropriate time.  

Subcellular Localization of the ELP2 Protein 

 To determine the subcellular localization of ELP2, the ELP2 coding sequence 

was cloned downstream of the constitutive 35S promoter from cauliflower mosaic virus, 

and C-terminally tagged with green fluorescent protein. This construct was introduced 

into both elp2-1 and elp2-1 npr1 plants, and homozygous, single insertion transgenic 

plants that expressed the ELP2-GFP protein were isolated (Figure 3-9a). The 

35S::ELP2-GFP transgene complemented SA-induced PR expression and pathogen 
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susceptibility phenotypes of elp2 (Figures 3-9b and 3-9c). The transgene also restored 

the SA toxicity, ICS1 overexpression, and SA hyper-accumulation phenotypes to elp2 

npr1 plants (Figures 3-9d-f). The transgene also restored normal morphology to elp2 

and elp2 npr1 plants (Figure 3-9g). These results suggest that ELP2-GFP can 

complement elp2 phenotypes and is therefore a functional protein.  

 ELP2-GFP was localized to the cytosol in epidermal cells, guard cells, and root 

tip cells (Figure 3-10a and 3-10b). The absence of NPR1 or treatment with the SA 

analog INA failed to visibly alter ELP2-GFP localization (Appendix Figure A-2). These 

results suggest ELP2 is localized primarily to the cytosol of plant cells.  
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Figure 3-1. The snt1 mutation suppresses SA toxicity and over-accumulation in npr1. 
(A) SA-tolerance of snt1 npr1. Plants were grown on 1/2 MS medium 
containing 0.26 mM SA, and photographed 11 days after germination. (B) 
Accumulation of SA and SA + SAG in snt1 npr1. Leaves were infiltrated with 
Psm (OD600 NM = 0.001). SA levels were determined 24 hours after 
treatment. Values represent the average of three independent samples ( 
SD). (C) Morphology of the snt1 npr1 mutants. Plants were grown under long-
day conditions at 25C and photographed 28 days after germination. (D) 
Growth of Psm in snt1 npr1 plants. Leaves of 4-week-old plants were 
pressure-infiltrated with a bacterial suspension of OD600 NM = 0.0001 and 
bacterial numbers determined at 0 and 3 days after inoculation (dpi). Values 
represent the mean of 4-10 samples ( SD).  
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Figure 3-1. Continued 
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 Figure 3-1. Continued 
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A  
 

Generation  Narrow leaves Normal leaves 
F1 snt1♀ x npr1♂ 0 10 
F1 snt1♂ x npr1♀ 0 10 

F2 snt1 x npr1 39 139 
 
 
 
 

F2 Morphology SA-tolerant SA toxic 
snt1 98.84  3.69% 1.15  3.69% 
npr1 16.31  10.74% 83.69  10.74% 

B 

 
Figure 3-2. Genetic analysis of snt1. (A) Segregation of snt1 morphology. (B) Co-

segregation of snt1 morphology and SA tolerance.  
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Figure 3-3. Disruption of ELP2 confers snt1 phenotypes. (A) Map-based cloning of snt1. 
Ninety-five F2 progeny homozygous for snt1 were used to determine the 
approximate position of the snt1 mutation using bulked segregant analysis. 
snt1 was linked to the markers CIW1 and NGA280. Out of a total mapping 
population of 1198 plants homozygous for snt1, 16 were heterozygous at 
BEDSSLP1 and 2 were heterozygous at CIW1. Plants that were 
heterozygotes at these two markers were mutually exclusive. Therefore snt1 
is flanked by these two markers. Of the CIW1 heterozygotes, one was 
heterozygous at CTD1. Of the BEDSSLP1 heterozygotes, one was 
heterozygous at CTD2. No heterozygotes were found at CTD3. Molecular 
markers used in this study are presented in Table A-2. (B) DNA 
polymorphism between snt1 and wild type plants. Non-complementary 
primers were used to introduce a new BslI site unique to wild type. The DNA 
fragments flanking the BslI site were amplified from the wild type and snt1 
plants, digested with BslI, and separated on an agarose gel. (C) Structure of 
the SNT1/ELP2 gene (At1g49540), the snt1 mutation, and the insertion sites 
of three T-DNA insertion mutants. Boxes denote the coding sequence, and 
lines between denote introns. (D) SA-tolerance of elp2 npr1 knockout 
mutants. Seedlings were grown on media supplemented with 0.26 mM SA 
and photographed after 10 days. (E) Accumulation of SA  and SA + SAG in 
independent elp2 npr1 mutants. Leaves were infiltrated with Psm (OD600 NM 
= 0.001). SA levels were determined 24 hours after inoculation. Values 
represent the average of three independent samples ( SD). (F) Growth of 
Psm in independent elp2 npr1 mutants. Leaves of 4-week-old plants were 
pressure-infiltrated with a bacterial suspension of OD600 NM = 0.0001 and 
bacterial numbers determined at 0 and 3 days after inoculation (dpi). Values 
represent the mean of 4-10 samples ( SD). (G) Morphology of independent 
snt1 npr1 mutants. Plants were grown under long-day conditions at 25C and 
photographed 28 days after germination. 
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Figure 3-3. Continued 
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Figure 3-3. Continued 
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Figure 3-3. Continued
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Figure 3-4. ELP2 regulates ICS1 and PR expression. (A) ICS1 expression in elp2 npr1 
plants. Leaves were infiltrated with Psm (OD600 NM = 0.001). Relative 
transcript levels were determined 24 hr after treatment by quantitative real-
time PCR as described in Methods. Expression levels were normalized with 
respect to the internal control UBQ5. Expression levels are displayed relative 
to untreated samples. Values represent the average value from three 
independent samples ( SD). (B) PR expression in elp2 npr1 plants. Leaves 
were infiltrated with Psm (OD600 NM = 0.001). Transcript levels were 
determined by RNA blot analysis. The 25s rRNA band in the ethidium 
bromide-stained gel was photographed as a loading control before 
transferring to a nitrocellulose membrane. Blots were sequentially probed for 
the indicated genes.  
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Figure 3-5. Characterization of elp2 single mutants. (A) Growth of Psm in elp2 plants. 
Leaves of 4-week-old plants were pressure-infiltrated with a bacterial 
suspension of OD600 NM = 0.0001 and bacterial numbers determined at 0 
and 3 days post inoculation (dpi). Values represent the mean of 4-10 samples 
( SD). (B) PR expression in Psm-infected elp2 plants. Transcript levels were 
determined by RNA blot analysis. The 25s rRNA band in the ethidium 
bromide-stained gel was photographed as a loading control before 
transferring to a nitrocellulose membrane. Blots were sequentially probed for 
the indicated genes. (C) Accumulation of free and total SA in elp2 plants. 
Leaves were infiltrated with Psm (OD600 NM = 0.001). SA levels were 
determined 24 hr after treatment. Values represent the average of three 
independent samples ( SD). (D) ICS1 expression in elp2 plants. Leaves 
were infiltrated with Psm (OD600 NM = 0.001). Relative transcript levels were 
determined 24 hr after treatment by quantitative real-time PCR as described 
in Methods. Expression levels were normalized with respect to the internal 
control UBQ5. Expression levels are displayed relative to untreated samples. 
Values represent the average value from three independent samples ( SD). 
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Figure 3-5. Continued 
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 Figure 3-5. Continued 
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Figure 3-6. ELP2 is essential for full-scale SA-induced resistance. (A) SA-induced 
resistance of elp2 plants. Plants were treated with H2O or 1 mM SA 24 hr 
prior to Psm infection (OD600 NM = 0.001), and bacterial numbers 
determined at 0 and 3 dpi. Values represent the mean of 4-10 samples ( 
SD). (B) SA-induced PR expression in elp2 plants. PR expression in Psm-
infected elp2 plants. Transcript levels were determined by RNA blot analysis. 
The 25s rRNA band in the ethidium bromide-stained gel was photographed 
as a loading control before transferring to a nitrocellulose membrane. Blots 
were sequentially probed for the indicated genes.  
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Figure 3-6. Continued 
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Figure 3-7. Systemic acquired resistance in elp2 plants. (A) Three lower leaves of 4-
week-old plants were pressure-infiltrated with a bacterial suspension of Psm 
(OD600 NM = 0.001). Two days later, two upper leaves were inoculated with 
the same dose of Psm and bacterial growth was determined. Values 
represent mean with standard deviation. (B) Expression of SAR-inducible 
genes was determined by qRT-PCR following infection two days after 
infection. Values represent the mean of three independent samples with 
standard deviation. 
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Figure 7. Continued 
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Figure 3-8. Effector-triggered resistance in elp2 plants. (A) Plants were inoculated with 

Pst DC3000 avrRpt2 (OD600 NM = 0.0001) and bacterial growth was 
determined after three days. (B) Expression of early-response genes defense 
genes was determined by qRT-PCR following infection with Pst DC3000 
avrRpt2 (OD600 NM = 0.001). Gene expression was normalized to UBQ5 
expression. Values represent the mean of three independent samples with 
standard deviation.  
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Figure 3-8. Continued
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Figure 3-9. ELP2-GFP is a functional protein in planta. (A) ELP2-GFP expression in 
elp2 and elp2 npr1 lines. (B) Complementation of SA-induced PR expression 
in elp2. (C) Complementation of Psm resistance in elp2. (D) 
Complementation of SA tolerance in elp2 npr1. (E) Complementation of free 
and total SA hyper-accumulation in elp2 npr1. (F) Complementation of ICS1 
overexpression in elp2 npr1. (G) Complementation of morphology in elp2 and 
elp2 npr1. (G) Protein expression of ELP2-GFP in elp2 and elp2 npr1 plants. 
Total protein was analyzed by western blot as described in Methods.   
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Figure 3-9. Continued 



 

67 

 

 

E 

*

 

*

Figure 3-9. Continued 
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Figure 3-9. Continued
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Figure 3-10. Subcellular localization of the ELP2 protein. (A) All three rows of images 
show, from left to right, GFP fluorescence, autofluorescence from 
chloroplasts, DIC images, and the overlay of all three channels. (B) GFP 
fluorescence from 5-day old root tips.  
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CHAPTER 4 
ELP3 IS A POSITIVE REGULATOR OF PLANT IMMUNITY 

Isolation and Genetic Analysis of snt3 

 Another mutation that restored SA tolerance in npr1 was snt3 (Figure 4-1a). To 

determine the effect of snt3 on the enhanced pathogen susceptibility phenotype of npr1, 

we infected snt3 npr1 plants with Psm and examined pathogen growth. Psm growth was 

~3-fold greater in snt3 npr1 compared to npr1 (Figure 3-1b). These data suggest snt3 

confers SA tolerance to npr1, and functions in plant immunity at least partially 

independently of NPR1. snt3 npr1 plants also exhibited wide leaves and a lighter green 

coloration (Figure 3-1c).  

 To determine the heritability of snt3, snt3 npr1 was backcrossed to npr1, and 

progeny were observed.  F1 progeny resembled npr1, suggesting snt3 is recessive or 

haplo-insufficient. Out of 72 F2 plants, 22 or roughly one quarter (P > 0.1, Figure 4-2a) 

resembled snt3 npr1, further suggesting a recessive or haplo-insufficient mutation.  To 

determine the co-segregation of the SA tolerant and snt3 morphology, progeny from F2 

plants with either npr1 or snt3 morphology were examined. Progeny from snt3-like 

parents were nearly all SA-tolerant, while only a fraction of the progeny from npr1-like 

plants were SA tolerant (Figure 4-2b), suggesting SA-tolerance and snt3 morphology 

co-segregate in snt3 and are caused by the same mutation or two closely-linked 

mutations.   

Map-Based Cloning of snt3 

 For rough mapping, 100 plants homozygous for snt3 were identified on the basis 

of morphology. The snt3 mutation was linked to the markers CIW9 and CIW10 on the 
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lower arm of chromosome 5. Further three-point mapping of snt3 was carried out using 

various CAPS and SSLP markers (Table A-2), and the mapping interval was narrowed 

to the interval between markers at the loci At5g50180 and At5g50360 (Figure 4-3a). 

One gene within this interval was ELP3 (At1g50320), which encodes the catalytic third 

subunit of the HAT Elongator complex. Since snt1/elp2 phenotypically resembled snt2, 

and since ELP2 and ELP3 function in the same protein complex, SNT3 may be ELP3.  

The ELP3 coding region was therefore amplified from snt3 npr1 and sequenced. A 

deletion of a cytosine was detected in the first exon of ELP3, resulting in frameshift and 

likely resulting in a non-functional protein (Figure 4-3c). This polymorphism was 

confirmed using a derived CAPS marker in the snt3 mutant (Figure 4-3b) and in 100 

homozygous snt3 plants in the mapping population (not shown).  

 To determine if a loss of ELP3 function caused the snt3 phenotypes, we 

examined a second allele of ELP3, elo3-1, which was previously generated in the Ler 

background. elo3-1 npr1-L plants were more SA tolerant than npr1-L and 

morphologically resembled snt3 (not shown). Taken together, this data suggests the 

loss of ELP3 function is responsible for the phenotypes seen in snt3 npr1, and that 

SNT3 is ELP3. 

Characterization of snt3 Single Mutants 

 To determine the function of ELP3 in pathogen resistance, growth of Psm was 

measured in the elp3-1 and elp3-2 single mutants. The elp3-2 mutant is another elp3 

allele generated in the Wassilewskija ecotype. Both of these mutants were significantly 

more susceptible than their respective wild types (Figures 4-3a and 4-4b), suggesting 

ELP3 plays an essential role in plant immune responses. 
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Figure 4-1. snt3 suppresses SA toxicity and over-accumulation in npr1. (A) SA-
tolerance of snt3 npr1. Plants were grown on 1/2 MS medium containing 0.26 
mM SA, and photographed 11 days after germination. (B) Morphology of the 
snt3 npr1 mutants. Plants were grown under long-day conditions at 25C and 
photographed 28 days after germination. (C) Growth of Psm in snt3 npr1 
plants. Leaves of 4-week-old plants were pressure-infiltrated with a bacterial 
suspension of OD600 NM = 0.0001 and bacterial numbers determined at 0 
and 3 days after inoculation (dpi). Values represent the mean of 4-10 samples 
( SD).  
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Figure 4-1. Continued 

 

A  

F2 Morphology SA-tolerant SA toxic 
snt3 92.2  9.4% 7.7  9.5% 
npr1 16.31  10.74 83.6  10.7 

 

 

 

Generation  Wide leaves Normal leaves 
F1 snt3♀ x npr1-3♂ 0 10 
F1 snt3♂ x npr1-3♀ 0 10 

F2 snt3 x npr1-3 22 50 

B 

 

Figure 4-2. Genetic analysis of the snt3 mutation. (A) Phenotypes of the progeny from 
backcrossed snt3 npr1 plants. (B) Phenotypes of F3 progeny from F2 plants 
scored in (A) with either snt3 or npr1 (wild type) morphology.  
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Figure 4-3. Identification of the snt3 mutation. (A) Map-based cloning of snt3. 100 F2 
progeny homozygous for snt3 were used to determine the approximate 
position of the snt3 mutation using bulked segregant analysis. snt3 was 
closely linked to the markers CIW9 and CIW10. Out of a total mapping 
population of 1352 plants homozygous for snt3, 72 were heterozygous or Ler 
at the marker At5g47570, and 180 were heterozygous or Ler at the marker 
PCD2. The recombinants found by these two markers were mostly mutually 
exclusive. Markers At5g50000, At5g50120, and At5g50180 had 4, 3, and 2 
heterozygotes respectively. Markers At5g50360, At5g50390, At5g50460, 
At5g50770, and At5g51130 had 1, 2, 5, 12, and 25 heterozygotes 
respectively. No crossover was observed between these two groups of 
markers. (B) DNA polymorphism between snt3 and wild type plants. Non-
complementary primers were used to introduce a new MwoI site unique to 
wild type. The DNA fragments flanking the MwoI site were amplified from the 
wild type and snt3 plants, digested with MwoI, and separated on an agarose 
gel. (C) Structure of the ELP3 gene (At5g50320), the snt3, elo3, and elp3-2 
mutations. Boxes denote the coding sequence, and lines between denote 
introns.  

Col-0   snt3 
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Figure 4-3. Continued 
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Figure 4-4. Growth of Psm in elp3-1 and elo3-2 single mutants. (A) Psm growth in elp3. 
(B) Psm growth in elo-2. Leaves of 4-week-old plants were pressure-infiltrated 
with a bacterial suspension of OD600 NM = 0.0001 and bacterial numbers 
determined at 0 and 3 days after inoculation (dpi). Values represent the mean 
of 4-10 samples ( SD).  
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CHAPTER 5 
THE ROLE OF ANAC1 IN PLANT IMMUNITY 

Isolation and Genetic Analysis of snt2 

 A third mutation that restored SA tolerance in npr1 was snt2 (Figure 5-1a). snt2 

npr1 plants also displayed reduced size and yellowing around the shoot apical meristem 

(Figure 5-1b). To determine if snt2 suppresses the enhanced pathogen susceptibility 

phenotype of npr1, we infected snt2 npr1 plants with Psm and examined pathogen 

growth. Psm growth was reduced by ~8-fold in snt2 npr1 compared to npr1 (Figure 5-

1c). These results suggest snt2 confers pathogen resistance and SA tolerance to npr1. 

npr1 lacks SAR as well as local resistance. We tested the SAR response in snt2 npr1, 

but observed no significant decrease in pathogen growth compared to snt2 npr1 plants 

that received a mock primary infection. The same was true for npr1, whereas SAR was 

induced in the wild type. Therefore snt2 does not restore SAR to npr1. To determine the 

heritability of the yellowing phenotype we carried out genetic analysis by backcrossing 

snt2 npr1 to its parent, npr1, and observing the progeny.  F1 progeny from reciprocal 

crosses resembled npr1, suggesting snt2 is recessive or haplo-insufficient. Out of 192 

F2 plants, 64 resembled snt2 npr1 (Figure 5-1a), further suggesting an snt2 is possibly a 

recessive or haplo-insufficient allele (P < 0.1). To determine the co-segregation of the 

SA tolerant and yellowing phenotypes of snt2, we examined progeny from F2 plants with 

either npr1 or snt2 morphology. The snt2 progeny were nearly all SA-tolerant, while only 

a fraction of the progeny from npr1-like plants were SA tolerant (Figure 5-1b), 

suggesting SA-tolerance and yellowing co-segregate and are caused by the same 

mutation or two closely-linked mutations.  
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Map-Based Cloning of snt2 

 To map the snt2 locus, snt2 npr1 was crossed to npr1-L to generate an F2 

segregating population. For rough mapping, 198 plants homozygous for snt2 were 

identified on the basis of morphology. The snt2 mutation was linked to the marker 

F12M12 on chromosome 1. Further three-point mapping of snt2 was carried out using 

the original 198 plants using various CAPS markers (Table A-2), and the mapping 

interval was narrowed to the telomeric side of At1g01050 (Figure 5-2a). The progeny of 

the plants heterozygous at this marker were all SA-tolerant, confirming snt2 

homozygosity (not shown). The genes in this region were then amplified from snt2 npr1 

and sequenced. A transition point mutation was found in the first intron of At1g01010 

(Figure 5-2c). This gene encodes a putative NAC (no apical meristem domain 

containing) transcription factor (ANAC1). This polymorphism was confirmed using a 

derived CAPS marker (Figure 3-2b) in the snt2 mutant and in 100 homozygous snt2 

plants in the mapping population (not shown). Interestingly, intron 1 lacks a consensus 

branch-point sequence (Figure 5-3d). The snt2 mutation introduces such a sequence 

thirty-six bases upstream of the 3’ splice site.  

 To test the notion that snt2 phenotypes result from a loss of ANAC1 function, two 

lines containing T-DNA insertions in ANAC1 were isolated and crossed into an npr1 

background. The double mutants did not exhibit SA tolerance, nor did they have any 

detectable morphological phenotype (not shown), though ANAC1 mRNA levels were 

undetectable (Figure 3-3e). This data suggests that snt2 may be a gain-of-function 

mutation.  
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 Since snt2 is located in an intron, it may affect splicing of ANAC1. To test this, 

ANAC1 cDNA from snt2 was amplified by RT-PCR. The single amplicon obtained was 

the same size as that from wild type. The cDNA was then sequenced and compared to 

the wild type cDNA sequence. The two sequences were 100% identical (not shown). 

This data suggests snt2 does not affect the structure of the ANAC1 transcript. ANAC1 

mRNA levels in snt2 were then tested using semi-quantitative RT-PCR. In snt2, ANAC1 

transcript levels were higher than in npr1, suggesting snt2 may somehow increase the 

expression of this gene. This overexpression might be responsible for snt2 phenotypes. 

If snt2 overexpression were responsible for pathogen resistance in snt2, then this gene 

would be expected to be induced by pathogen infection. Indeed, ANAC1 expression is 

increased during pathogen infection (Figure 5-3e).  

Characterization of ANAC1 single mutants 

 To determine the function of ANAC1 in pathogen resistance, we infected both 

anac1 T-DNA insertion mutants and the snt2 single mutant with Psm and measured 

pathogen growth. The snt2 single mutant, but neither knockout mutant, was significantly 

more resistant than wild type. This suggests that the snt2 mutation confers pathogen 

resistance, and acts independently of NPR1. The lack of detectable phenotypes in the 

knockout mutants suggests ANAC1 is not essential for resistance to Psm, but that 

overexpression of ANAC1 may be sufficient to confer resistance.  
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Figure 5-1. The snt2 mutation suppresses SA toxicity and over-accumulation in npr1. 
(A) SA-tolerance of snt2 npr1. Plants were grown on 1/2 MS medium 
containing 0.26 mM SA, and photographed 10 days after germination. (B) 
Morphology of the snt2 npr1 mutants. Plants were grown under long-day 
conditions at 25C and photographed 28 days after germination. (C) Growth 
of Psm in snt2 npr1 plants. Leaves of 4-week-old plants were pressure-
infiltrated with a bacterial suspension of OD600 NM = 0.0001 and bacterial 
numbers determined at 0 and 3 days after inoculation (dpi). Values represent 
the mean of 4-10 samples ( SD). (D) Systemic acquired resistance of snt2 
npr1 plants. Three lower leaves of 4-week-old plants were pressure-infiltrated 
with a bacterial suspension of OD600 NM = 0.002. Two days later, two upper 
leaves were inoculated (OD600 NM = 0.001) and bacterial growth was 
determined as in (C).  
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Figure 5-1. Continued 
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A 

Generation Yellowing Normal 
F1 snt2♀ x npr1-3♂ 0 10 
F1 snt2♂ x npr1-3♀ 0 10 

F2 snt2 x npr1-3 64 134 
 

B  

F2 Morphology SA-tolerant SA toxic 
snt2 96.6  4.8% 3.8  5.7% 
npr1 16.31  10.74 83.6  10.7 

 

Figure 5-2. Genetic analysis of the snt2 mutation. (A) Phenotypes of the progeny from 
backcrossed snt2 npr1 plants. (B) Phenotypes of F3 progeny from F2 plants 
scored in (A) with either snt2 or npr1 morphology.  
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Col-0 snt2  

 
 

 

C 
(anac1-2) (anac1-1) 

Figure 5-3. Identification of the snt2 mutation.  (A) Map-based cloning of snt2. 198 F2 
progeny homozygous for snt2 were used to determine the approximate 
position of the snt2 mutation using bulked segregant analysis. snt2 was 
closely linked to the marker F12M12. Out of a mapping population of the 
same 198 plants homozygous for snt2, 11 were heterozygous at At1g01290, 
10 were heterozygous at At1g01260, and one was heterozygous at 
At1g01050. Therefore snt2 is on the telomeric side of these markers. (B) DNA 
polymorphism between snt2 and wild type plants. Non-complementary 
primers were used to introduce a new DdeI site unique to wild type. The DNA 
fragments flanking the DdeI site were amplified from the wild type and snt2 
plants, digested with DdeI, and separated on an agarose gel. (C) Structure of 
the ANAC1 gene (At1g01010), the snt2 mutation, and the insertion sites of 
two T-DNA insertion mutants. Boxes denote the coding sequence, and lines 
between denote introns. (D) Possible branch-points in intron 1 of At1g01010. 
Bases in bold indicate possible branch points, with the branch-point 
consensus sequence for Arabidopsis shown above the sequence. The snt2 
mutation is shown in red. (E) Expression of At1g01010. Gene expression was 
analyzed by semi-quantitative RT-PCR as described in Methods.  
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Figure 5-3. Continued 
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*

Figure 5-4. Growth of Psm in snt2, anac1-1, and anac1-2 single mutants. Leaves of 4-
week-old plants were pressure-infiltrated with a bacterial suspension of 
OD600 NM = 0.0001 and bacterial numbers determined at 0 and 3 days post 
inoculation (dpi). Values represent the mean of 4-10 samples ( SD).  
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CHAPTER 6 
DISCUSSION 

 The isolation of two Elongator mutants with deficient immune responses from the 

same genetic screen strongly supports the notion that this protein complex plays an 

important role in plant immunity. Although efforts within the last decade have revealed 

diverse functions for Elongator, how Elongator accomplishes these functions is only 

beginning to be understood.   

Functions of Elongator 

Elongator and Transcription 

 Elongator was first identified as an interactor of hyperphosphorylated (elongating) 

RNA Polymerase II (RNAPII) in yeast, and subsequently co-purified with RNAPII in 

mammalian cells. Elongator is comprised of six subunits. Holo-Elongator is a relatively 

unstable six-subunit complex composed of two subcomplexes: core-Elongator, 

comprised of Elp1, Elp2, and Elp3 (Wittschieben et al., 1999) (Otero et al., 1999) 

(Fellows et al., 2000), and a smaller three-subunit module comprised of Elp4, Elp5, and 

Elp6 (Li et al., 2001b). All six subunits are highly conserved in eukaryotic organisms. 

The first and second subunits, ELP1 and ELP2, are WD40 proteins that act as scaffolds 

for complex assembly (Smith et al., 1999). ELP1 also contains a functional nuclear 

localization sequence (Fichtner et al., 2003). ELP3 is a histone acetyltransferase (HAT), 

and has been shown to acetylate histone 3 and possibly histone 4 (Winkler et al., 2002). 

Other than their requirement for ELP3 HAT activity, the functions of ELP4-6 are 

unknown. Multiply acetylated H3 and H4 are decreased in yeast Elongator mutants 

(Winkler et al., 2002). Additionally, disruption of subunits in both Elongator and SAGA 
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(another HAT) results in severe growth defects, while disruption of Elongator and H3 or 

H4 N-terminal tails results in synthetic lethality (Wittschieben et al., 2000). These results 

suggest Elongator’s HAT activity is important for its function.  

 ELP3 also contains a putative radical S-adenosyl methionine (SAM)-binding 

domain, suggesting Elongator may also contain methyltransferase activity (Chinenov, 

2002). In support of this notion, disruption of ELP1, ELP4, ELP3, and the ELP3 SAM-

binding domain but not its HAT domain, prevented DNA demethylation of paternal DNA 

in mouse zygotes (Okada et al., 2009). However, DNA methyltransferase or histone 

methyltransferase activity of ELP3 has not yet been demonstrated.  

 Elongator preferentially acetylates K14 on histone 3 (Winkler et al., 2002). This 

modification is generally associated with actively transcribed chromatin (Lusser, 2002) 

(Fransz and de Jong, 2002). Not surprisingly, Elongator has been shown to function in 

gene expression. Disruption of Elongator affected the activation of many genes in yeast, 

while only a few constitutively expressed genes were affected (Krogan and Greenblatt, 

2001). Removal of any of the six Elongator subunits or the ELP3 HAT domain results in 

slow adaptation to new growth conditions and environmental stresses. The induction of 

genes required for growth in the new conditions was also delayed (Otero et al., 1999). 

These studies suggest Elongator functions in transcription activation. However, 

chromatin immunoprecipitation experiments failed to detect an interaction between 

Elongator and its target genes in yeast (Winkler et al., 2002). In contrast, Elongator was 

detected at several target and non-target genes in human cell lines. Additionally, cells 

lacking Elongator displayed defects in neuronal migration, and several genes important 
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for cell migration were under-expressed and their chromatin hypoacetylated only in the 

coding region (Close et al., 2006). In yeast elp mutants, total histone acetylation was 

decreased, yet no clear clustering of histone acetylation was observed in the promoter 

or coding regions (Winkler et al., 2002). Though these studies examined different 

histone modifications, organisms, and genes, further experiments are needed to test the 

notion that Elongator facilitates gene induction by histone modification.   

 Elongator genes have also been identified in Arabidopsis, and disruption of all 

Elongator genes tested resulted in nearly identical developmental defects such as 

elongated leaves and reduced fertility (Nelissen et al., 2005). These results suggest that 

removal of any Elongator subunit abrogates the function of the entire complex, though 

an exception to this is discussed below.   

Elongator and tRNA Modification 

 Although Elongator certainly plays a distinct role in transcription, elp mutants also 

display translational defects. Yeast elp mutants lack 5-methoxycarbonylmethyl (mcm5) 

and 5-carbamoylmethyl (ncm5) groups on uridines at the wobble position in 11 tRNA 

species, one of which was found to co-immunoprecipitate with Elongator (Huang et al., 

2005). Overexpression of two of these tRNAs lacking the mcm5 side chain was sufficient 

to rescue the elp phenotypes, but not mcm5 and ncm5 synthesis (Esberg et al., 2006). 

Elongator also seems to interact with naked RNA (Otero et al., 1999). This data 

suggests Elongator may directly modify tRNAs, and defects in tRNA modification and 

translation may explain the phenotypes of elp mutants. Interestingly, an elp3 mutant has 

been isolated that is zymocin-insensitive (presumably lacks mcm5 and ncm5), yet does 

not display the other elp3 phenotypes (Jablonowski et al., 2001). This data calls into 
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question the assertion that all the phenotypes of Elongator mutants are caused by tRNA 

modification defects. 

 These studies raise an important question: Are the elp phenotypes due to defects 

in tRNA or chromatin modification? In other words, does a defect in translation then 

affect transcription, or vice versa? For example, in mouse zygotes, delayed translation 

of DNA demethylases resulting from decreased mcm5 and ncm5 levels in tRNA might 

result in delayed paternal DNA demethylation. Alternatively, Elongator might directly 

demethylate the paternal genome or acetylate chromatin in genes important in this 

process, initiating a somatic cell transcriptional program.  

Elongator in Familial Dysautnomia 

 In humans, a mutation resulting in a truncated ELP1 protein results in familial 

dysautonomia (FD), an autosomal recessive disease, resulting in abnormally low 

numbers of neurons in the autonomic and sensory nervous systems. In FD cells, 

Elongator is not present at genes involved in neuron migration (Close et al., 2006). 

Underexpression of these genes in FD neurons was thought to contribute to lowered 

neuron numbers. Additionally, lowered -tubulin acetylation, which is involved in cell 

migration, was observed in cells lacking Elongator subunits. Expression of a 

nonacetylatable -tubulin mutant led to comparable defects in cortical neurons. ELP3 

associates with and promotes acetylation of -tubulin, suggesting -tubulin may be a 

target of Elongator, and that -tubulin acetylation is essential for normal neuron 

migration (Creppe et al., 2009). In a subsequent study, the molecular basis of 

Polymicrogyria (abnormal development of the cerebral cortex) was shown to be a 
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mutation in an -tubulin variant of unknown function that is not susceptible to the 

acetylation that regulates microtubule function during cortical neuron migration 

(Abdollahi et al., 2009). These studies suggest -tubulin hypoacetylation due to 

Elongator disruption is the cause of FD and possibly other neural disorders. In light of 

these results, the possibility that hypoacetylation of -tubulin may underlie some or all of 

the Elongator mutant phenotypes in yeast and plants must be considered.  

ELP3 is Essential for Plant Immunity 

 The isolation of two mutants with deficient immune responses that lack different 

subunits of Elongator strongly implicates this complex in plant immunity. A discussion of 

the elp3 mutants is presented here, while a more detailed discussion of Elongator’s 

function in plant immunity is presented below in the context of elp2 characterization. 

The elp3 mutation was found to be a deletion of a cytosine and a subsequent 

frameshift, likely resulting in a non-functional protein. This was unexpected, as EMS 

mutagenesis normally causes transition mutations, and in rare cases (~1%), 

transversions (Kim et al., 2006). This deletion might have been due to a spontaneous 

mutation. Alternatively, another transition mutation may have occurred somewhere in 

the vicinity of the elp3 mutation, and the elp3 mutation was introduced during error-

prone DNA repair. In a large-scale EMS mutagenesis reverse-genetic screen, Greene 

et al. reported several non-transition mutants, some of which may have resulted from 

error-prone repair (Greene et al., 2003). Regardless of how the elp3 mutation was 

generated, the data shows that disruption of ELP3 results in SA tolerance, susceptibility 

to Psm, and abnormal leaf development.  
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 The wide leaf phenotype is somewhat surprising, given that the elp2 mutants and 

the elo3 mutant all exhibit a narrow leaf phenotype. The reason for this is not known. It 

is possible that a second-site mutation that is closely linked to ELP3 causes this 

phenotype. Obtaining an independent mutant allele in Columbia background might 

address this question. However, mutants containing a T-DNA insertion in ELP3 in this 

ecotype were unavailable. Another possibility is that loss of ELP3 function confers 

different phenotypes to different ecotypes of Arabidopsis.  

 With the exception of leaf size, the elo3 mutant closely resembled the elp3 

mutant, suggesting these mutants are allelic. The mapping of these mutations to the 

same gene confirms this notion. The phenotypes of these alleles also suggest that 

Elongator functions in plant immunity in at least two Arabidopsis ecotypes. Although 

elo3 is more susceptible than wild type Ws, the difference between elo3 and Ws is less 

than the difference between elp3 and Col-0. This may be because Ws supports less 

Psm growth than Col-0 (Figure 4-3).  

The Role of Elongator in Plant Immunity 

 The transcription coactivator NPR1 is a master regulator of plant immune 

responses.  Mutations in the NPR1 gene block SA- or INA-induced defense gene 

expression and disease resistance and completely compromise SAR (Cao et al., 1994). 

To identify additional regulators of SAR, two genetic screens for suppressors of npr1 

have been performed (Bowling et al., 1997) (Clarke et al., 1998) (Shah et al., 1999) (Li 

et al., 1999; Shah et al., 2001) (Li et al., 2001a). The suppressors identified in these 

screens either restored inducible defense gene expression and pathogen resistance or 

displayed constitutive defense responses. In this study, a genetic screen was performed 
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which selected for suppressors of npr1 based on the SA-nontolerant phenotype of npr1 

on MS medium containing high concentrations of SA.  Isolation and characterization of 

the npr1-suppressor mutant elp2 revealed that the Elongator subunit 2 (ELP2) functions 

upstream and downstream of SA in plant immunity, and is an accelerator of plant 

immune responses, which primarily regulates the NPR1-independent defense pathway.  

Mutations in the ELP2 gene partially restored SA tolerance in npr1 (Figure 3-1a 

and 3-3d), suggesting that the wild-type ELP2 protein may play a role in producing SA 

cytotoxicity in npr1. ELP2 may negatively regulate the expression of antioxidant genes 

that help scavenge reactive oxygen species (ROS) generated by high levels of SA, thus 

attenuating SA-caused oxidative damage to plant cells (Rao et al., 1997). Previous work 

has reported that elp mutant plants (including elp1, elp2, elp4, and elp6) are more 

resistant to oxidative stress caused by methyl viologen and cesium chloride under light, 

which is correlated with increased expression of antioxidant genes such as CAT3 

(encoding catalase 3) (Chen et al., 2006) (Zhou et al., 2009). The elevated antioxidant 

capacity in elp2 plants may alleviate oxidative damage caused by SA, thus rendering 

npr1 plants more SA tolerant.  This conclusion is in agreement with the result that SA 

cytotoxicity is partially caused by SA-induced oxidative stress (Rao et al., 1997).  

The Atelp2 mutations did not restore pathogen resistance in npr1. Instead, these 

mutations further compromised basal resistance of npr1 to the virulent pathogen Psm 

(Figure 3-1c and 3-3f), suggesting that ELP2 is essential for NPR1-independent 

immunity. Indeed, compared to npr1, Psm-induced expression of PR1, PR2, and PR5 is 

further delayed or reduced in elp2 npr1 plants (Figure 3-3B). elp2 exhibited reduced 
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pathogen-induced ICS1 expression (Figure 3-5a) and SA biosynthesis (Figures 3-5b), 

indicating that ELP2 promotes immunity upstream of SA. Consistently, elp2 mutations 

also suppressed pathogen-induced hyperaccumulation of ICS1 transcripts and SA in 

npr1 (Figures 3-4a, 3-1b, and 3-2e). Furthermore, elp2 mutations partially blocked SA-

induced defense gene expression and pathogen resistance (Figure 3-6), suggesting 

that ELP2 also functions downstream of SA. The function of ELP2, both upstream and 

downstream of SA, may explain the delayed or reduced expression of PR1, PR2, and 

PR5 (Figures 3-1c and 3-4b) and enhanced disease susceptibility (Figures 3-1c and 3-

5d) of elp2 and elp2 npr1 plants.  

Surprisingly, SAR is nearly intact in elp2 plants. When SAR-inducible gene 

expression was monitored, all six genes tested were induced and three of them were 

induced to wild-type levels (Figure 3-7b). The SAR-induced inhibition of pathogen 

growth was similar in wild type and elp2 plants (Figure 3-7a), indicating that SAR 

induction can compensate for the immune defects in elp2. These results, together with 

the delayed and reduced basal defense in elp2, indicate that ELP2 may function as an 

accelerator of defense responses in Arabidopsis. This conclusion is in agreement with 

the results from yeast Elongator mutants (elp) (Otero et al., 1999). Yeast elp cells 

exhibit a delay in growth recovery when introduced to new growth conditions. However, 

once adapted to the new conditions, they grow with a doubling time comparable to wild 

type. The slow adaptation phenotype is most likely caused by delayed expression of 

genes induced by and required for growth under new conditions. For instance, when 

yeast elp cells were transferred from glucose to galactose, the transcript level of the 
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galactose-inducible GAL1-10 gene was ~8-fold lower in elp cells after 30 minutes but 

reached wild-type levels after 2-4 hours. Similarly, expression of the low-phosphate 

inducible PHO5 gene and the low-inositol inducible INO1 gene was significantly delayed 

when elp cells were transferred to low phosphate and low inositol media, respectively. 

These results suggest that Elongator is required for rapid transcriptional reprogramming 

in response to environmental changes.  

The role of AtELP2 as an accelerator in immune responses was further 

substantiated by the results from characterization of defense gene expression in elp2 

plants during ETI. Following infection by the ETI-inducing pathogen Pst 

DC3000/avrRpt2, activation of defense genes was delayed in elp2 plants, but 

expression of some genes eventually reached wild-type levels (Figure 3-8b). Among the 

genes tested, ELP2 is required for induction of At5g47230, suggesting the existence of 

ELP2-dependent genes. In contrast, gene activation in npr1 was mostly not delayed, but 

expression failed to reach wild-type levels. Interestingly, the delayed gene activation in 

elp2 plants or decreased gene expression in npr1 plants only had a moderate effect on 

RPS2-mediated resistance (Figure 3-8b). However, RPS2-mediate resistance was 

completely abolished in the elp2 npr1 double mutant plants, indicating that ELP2 and 

NPR1 function primarily independently of each other in ETI. 

Characterization of the elp2, npr1, and elp2 npr1 mutant plants in this study 

provided new insight into the function of NPR1 and its relationship with ELP2 in plant 

immune responses. Both ELP2 and NPR1 are required for basal immunity and ETI, but 

only NPR1 is required for SAR. Mutations in either ELP2 or NPR1 significantly block the 



 

95 

slow and weak basal immunity, but only moderately affect the fast and strong ETI. The 

result that removal of both ELP2 and NPR1 completely abolishes the RPS2-mediated 

resistance demonstrates that both ELP2 and NPR1 are major positive regulators of ETI. 

ELP2 and NPR1 appear to act at different signaling nodes in immune responses. ELP2 

is mainly essential for the timely activation of defense genes, whereas NPR1 mostly 

controls the scale of gene expression, though these two functions are not mutually 

exclusive. How much overlap exists between the functions of ELP2 and NPR1 remains 

to be determined. Interestingly, expression of several defense genes in elp2 npr1 plants 

remained high long after repression had occurred in wild type, elp2, and npr1 plants, 

suggesting that ELP2 and NPR1 may function redundantly to repress the expression of 

these genes at later time points. These functions may help switch off immune 

responses once pathogen challenge subsides, and the underlying regulatory 

mechanism merits further investigation.  

 How does Elongator promote pathogen resistance? Elongator most likely 

facilitates RNAPII transcription through acetylation of histones. The yeast Elongator 

subunit 3, ELP3, was shown to have histone acetyltransferase (HAT) activity (Winkler et 

al., 2002). In mammals, several genes involved in cell motility, neurulation and vascular 

development were found to be direct targets for acetylation by the Elongator complex 

during transcription elongation (Close et al., 2006). In Arabidopsis, ELP3 was 

colocalized with euchromatin and the phosphorylated form of RNAPII, and reduced 

expression of two auxin-related genes was correlated with reduced histone H3 lysine 14 

acetylation at the coding region of these genes (Nelissen et al., 2009). Although ELP3’s 
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HAT activity has not been tested, it is possible that the Arabidopsis Elongator complex 

directly promotes the induction of defense genes through its interaction with the 

hyperphosphorylated form of RNAP II and subsequent acetylation of histones of these 

genes. This and other possibilities of the underlying mechanism for Elongator’s immune 

function are discussed below, as well as future studies to address these possibilities.  

How Does Elongator Regulate Pathogen Resistance? 

Transcription and Histone Modification 

 Given Elongator’s multifunctional nature, this protein complex might positively 

regulate plant immunity through several different, but not mutually exclusive, 

mechanisms. Elongator might directly promote the induction of defense genes through 

its interaction with RNAP and subsequent acetylation of histones. These modifications 

would convert chromatin to the “open” state, facilitating more efficient transcription. To 

test this hypothesis, defense gene chromatin will be immunoprecipitated with H3K9 and 

H3K14 antibodies to determine the effect of Elongator disruption on pathogen-induced 

H3 acetylation. Chromatin immunoprecipitation (ChIP) experiments will also test the 

possibility that Elongator acts directly on defense genes by probing Interactions 

between Elongator and defense gene chromatin before and during pathogen infection.  

tRNA Modification and Translation 

 Since defects in translation may be responsible for most elp phenotypes in yeast, 

these defects might also explain the immune deficiencies of elp plants. It will be 

interesting to see if plant elp mutants also lack mcm5 and ncm5 tRNA modifications, as 

these modifications are conserved in eukaryotes (de Crecy-Legard et al., 1990). If elp 

plants lack these modifications, the decreased transcription of defense genes in these 
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mutants might be due reduced synthesis of proteins that regulate these genes. Future 

work will attempt to determine the effect of Elongator disruption on tRNA modification in 

plants.  

Localization  

 NPR1 prevents SA toxicity and regulates defense genes through its co-activator 

activity in the nucleus (Zhang et al., 2009). Since Elongator interacts genetically with 

NPR1, Elongator may also carry out its immune function in the nucleus. Although 

nuclear florescence in 35S::ELP2-GFP plants could not be detected (Figure 3-10), 

nuclear localization of a fraction of Elongator seems likely. Previous studies established 

that yeast and human cells posses both cytosolic and nuclear Elongator (Rahl et al., 

2005) (Fichtner et al., 2003) (Creppe et al., 2009), and that this dual localization is 

essential for Elongator function. The NLS sequence on the C-terminus of ELP1 is 

conserved (Rahl et al., 2005); suggesting plant Elongator can enter the nucleus. Failure 

to detect nuclear ELP2-GFP by fluorescence microscopy may be due to low levels of 

nuclear Elongator, or masking of the GFP fluorophore by other proteins in the vicinity. 

Introduction of ELP2-GFP driven by its native promoter to elp2 mutants resulted in 

partial complementation of morphological phenotypes in three lines. However, none of 

these lines had detectable ELP2-GFP protein levels (not shown). It is possible that 

fusion of GFP to ELP2 impedes its function, possibly by steric hindrance, and that 

overexpression of ELP2-GFP might alleviate these effects. Even when driven by the 

strong 35S promoter, no single-insertion transgenic lines were isolated that completely 

complemented the plant defense phenotypes of elp2 (Figure 9). In light of these results, 

other approaches may be needed to determine the subcellular localization of ELP2. 
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Efforts to detect nuclear ELP2-GFP via western blot from nuclear extracts are 

underway. In future work, the immune response of plants lacking the NLS of ELP1 will 

be tested to determine if nuclear localization is essential for Elongator’s immune 

function.  

Dissecting Elongator Function 

 To determine Elongator function in plant immunity, transcriptional and 

translational defects need to be uncoupled in vivo, and the immune responses of the 

resulting mutants characterized. Transcriptional and translation inhibitors are unsuitable 

for this purpose because of their global and non-specific effects. Removal of the HAT 

domain and SAM-binding domain of ELP3, and the nuclear localization sequence of 

ELP1 may uncouple these defects, and will clarify the function of each motif. 

Possible Functions of ELP4-ELP6 in Plant Immunity 

 In yeast, disruption of any Elongator subunit results in similar phenotypes. The 

only evidence for divergent functions between Core-Elongator and Holo-Elongator 

comes from studies with Arabidopsis. Only mutations in core Elongator subunits caused 

stomatal closure to be hypersensitive to ABA (Zhou et al., 2009). This is surprising, 

given that all six subunits are essential for histone acetylation, and suggests HAT 

activity may not be essential for Elongator’s function in ABA signaling. To determine if 

the non-core subunits ELP4-ELP6 are essential for plant immunity, elp1, elp4 and elp6 

mutants have been isolated, and elo1, elo2, and elo3 plants were obtained and crossed 

into an npr1 background. All double mutants were SA tolerant and both single and 

double mutants displayed elp2-like morphology (not shown). Preliminary results show 
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that these mutants are also susceptible to Psm infection, suggesting Elongator’s 

immune function may require both core and non-core subunits.  

Does Elongator Regulate Crosstalk Between Hormone Signaling Pathways? 

 Plant pathogens are known to use stomata for entry into the leaf during 

pathogenesis. Pathogen-induced stomata closure requires ABA and SA signal 

transduction, and is antagonized by the virulence factor coronatine, which is a 

jasmonate-mimic that antagonizes SA signaling (Melotto et al., 2008). Elongator 

antagonizes ABA-mediated signaling (Zhou et al., 2009) and promotes SA signaling 

(this study), suggesting Elongator might modulate crosstalk between these two 

signaling networks. In this study, Psm was infiltrated directly into the apoplast, 

bypassing the leaf infiltration step in pathogenesis. During an infection where the 

pathogen must infiltrate an intact leaf, Elongator may act as both a negative (through 

antagonizing stomatal closure) and a positive (through its activation of defense genes) 

regulator of plant immunity. Elongator might also function in stomatal closure via its role 

in SA signaling.  In plant immunity, virulent P. syringae induces ABA biosynthesis. ABA 

levels are correlated with pathogen susceptibility, and ABA represses SA accumulation 

and defense gene expression (Spoel and Dong, 2008). This suggests ABA might also 

promote virulence after infiltration occurs. However, in some cases ABA may function to 

promote resistance (Ton et al., 2009). Further experiments are needed to determine if 

elongation functions in plant immunity through its role in ABA signaling. Regardless of 

how the Elongator complex regulates defense gene transcription, this study clearly 

demonstrates that AtELP2 is an essential component of plant immunity, which functions 
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together with the transcription coactivator NPR1, to orchestrate plant immune 

responses.  

The Role of ANAC1 in Plant Immunity 

 In addition to Elongator, this study has implicated ANAC1 in SA tolerance and 

plant immunity. This genetic screen aimed to isolate mutants that restored SA tolerance 

to npr1. One such mutant was snt2. It was possible that snt2 might also affect plant 

immunity. The snt2 mutation partially restored pathogen resistance to npr1, and also 

conferred greater resistance to wild type plants. The snt2 mutation was mapped to 

ANAC1, and found to be a gain-of-function mutation, as knockout alleles of ANAC1 did 

not confer snt2 phenotypes and ANAC1 expression was increased in snt2. Wild type 

and npr1 plants containing the 35S:ANAC1-GFP transgene were obtained to attempt to 

recapture the snt2 phenotype and show that SNT2 is ANAC1. Unfortunately, none of 

the transgenic lines expressed detectable amounts of ANAC1-GFP (not shown), nor did 

they display snt2 phenotypes. Therefore we could not confirm the identity of SNT2. 

Perhaps high expression levels of ANAC1 are lethal during embryogenesis, as ANAC1 

expression is lowest during this stage of plant development (AK, 2006). Alternatively, 

the GFP fused to ANAC1 may somehow interfere with its function. However this seems 

unlikely, as other ANAC-GFP fusions proteins have been shown to be function normally 

in vivo (Bu et al., 2008). Transgenic overexpression of ANAC1 without GFP driven by a 

weaker or the ANAC1 native promoter might allow the isolation o ANAC1-overepressing 

plants.  

 Surprisingly, the snt2 mutation was found in intron 1 of ANAC1. The fact that a 

single cDNA amplicon was obtained which was identical to the wild type cDNA suggests 
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this gene is spliced correctly in snt2. ANAC1 expression was also increased in snt2. 

The possibility that alteration of an intron cis-element in snt2 caused ANAC1 

overexpression was then examined. Three cis-elements are essential for intron splicing 

in plants. The first and second elements are located at the 5’ and 3’ splice junctions, 

respectively, and consist of several semi-conserved bases that span the intron/exon 

borders. The third element is the less conserved branchpoint sequence, with a 

consensus sequence of YTTNAN or, more stringently, CTRAY). The Adenine is the 

absolutely conserved and essential branchpoint and functions in formation of the lariat 

intermediate. The branchpoint consensus is usually located -19 to -50 bases upstream 

of the 3’ splice junction (Schuler, 2008). One possible explanation for ANAC1 

overexpression in snt2 is that this mutation increases splicing efficiency by introducing a 

novel branchpoint, which in turn increases steady-state levels of mature ANAC1 mRNA 

and ANAC1 protein. Studies with two Arabidopsis mutants support the plausibility of this 

model.   

 The det3-1 mutation destroys a consensus branch-point sequence that is 32 

base pairs upstream of the 3’ splice junction, and reduces expression of DET3 by half. 

The DET3 cDNA is unchanged, and overexpression of DET3 is sufficient for 

complementation of det3-1 (Schumacher et al., 1999). This suggests branch-point 

sequences may be essential for optimum gene expression. Another mutation, ap3-1, is 

a loss-of-function allele of the APATELA gene, which is involved in flower development. 

The mutant phenotype results from the skipping of exon 5 during splicing. An intragenic 

suppressor mutation, ap3-11, partially restores normal splicing and gene function. This 
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mutation is located 32 nucleotides upstream from the 3’ splice junction in intron 4, and 

creates a novel putative branch point through a G to A transition. The authors of this 

study propose this novel branchpoint may cause exon 5 to be more frequently 

recognized by the splicing machinery (Yi and Jack, 1998).  

 The similarities between ap3-11 and snt2 are striking. Both are G to A transitions, 

both are found in the interval where branchpoints are commonly found, both introduce 

putative novel branchpoints, and both result in an increase in correctly spliced transcript 

levels. Therefore snt2, like ap3-11, may increase transcript levels by increasing exon 

recognition by the splicing machinery.  

  ANAC transcription factors play diverse roles in Arabidopsis. The ANAC family is 

specific to plants and consists of 105 members in Arabidopsis. These transcription 

factors posses a conserved N-terminal DNA-binding NAC domain and a variable C-

terminal transactivation domain (Ooka et al., 2003).  

 Several ANAC factors have been implicated in pathogen resistance. ANAC55 

and ANAC92 are essential for age-related resistance to Pst and H. parasitica, and are 

induced by pathogen infection (Carviel et al., 2009). JA treatment induces ANAC55 and 

ANAC19. This induction is dependant on COI1 and AtMYC2, which are central 

mediators of the JA response. Removal of both ANAC55 and ANAC19, but not one or 

the other alone, resulted in reduced JA-dependant defense gene expression, although 

this double mutant exhibited enhanced resistance to the necrotrophic pathogen B. 

cinerea. Conversely, plants overexpressing each of these genes showed enhanced JA-

induced defense gene expression (Bu et al., 2008).  
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 Overexpression of ANAC1 may increase pathogen resistance, but apparently 

ANAC1 is not essential for immunity (Figure 5-4). Perhaps ANAC1 functions 

redundantly with another ANAC, as is the case with ANAC19 and ANAC55. A BLASTP 

search against the C-terminal transactivation domain of ANAC1 suggests ANAC68 is 

the only close homolog in Arabidopsis and may functionally overlap with ANAC1. 

However, according to microarray data (Genevestigator), ANAC68 is not induced by 

pathogen treatment. Analysis of an anac68 anac1 double mutant may address this 

question of redundancy.  

  In another study, the NAC factor ATAF2 was found to positively regulate plant 

Tobacco Mosaic Virus (TMV) resistance in Tobacco, and was induced during infection 

and SA treatment. Interaction between ATAF and the TMV replicase may act to 

suppress the defense response.  

 The data presented here adds ANAC1 to the list of NACs implicated in pathogen 

resistance. The following arguments suggest ANAC1 may play a role in plant immunity: 

1) Plants overexpressing ANAC1 display increased pathogen resistance 2) ANAC1 

expression is induced upon pathogen infection 3) ANAC1 interacts genetically with 

NPR1, a central regulator of plant immune responses. However, these facts are 

insufficient to assign an immune function to ANAC1, and attempts to recapture the snt2 

phenotype by ANAC1 overexpression were unsuccessful, as discussed above. 

Although an increase in ANAC1 expression was observed in snt2, the possibility that a 

fraction of ANAC1 transcripts were alternately spliced cannot be ruled out. Cloning and 

sequencing a large number of ANAC1 cDNAs might address this possibility. In future 
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work, SA accumulation and ICS1 expression in untreated and infected snt2 and snt2 

npr1 plants will be determined. The yellowing near the shoot apical meristem in snt2 is 

reminiscent of other Arabidopsis mutants that constitutively accumulate SA and are 

resistant to biotrophic pathogens (Clarke et al., 2000) (Zhang et al., 2003a). These 

mutants require ICS1 for their pathogen resistance phenotype. snt2 sid2-1 and snt2 

npr1 sid2-1 mutants will be tested for SA accumulation, ICS1 expression, and pathogen 

resistance to determine if snt2 phenotypes also require ICS1-dependent SA 

accumulation.  
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APPENDIX 
SUPPLEMENTAL FIGURES AND TABLES 

     Ler      npr1-L 
 

 
Figure A-1. Loss of SA tolerance in npr1-L. The experiment was done as for Figure 3-

1a, except that a concentration of 0.18 mM SA was used.  
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Figure A-2. ELP-GFP fluorescence in npr1 and INA-treated seedlings. The experiment 

was done as for Figure 3-10.  
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Figure A-2. Continued 
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 Table A-1. Primers used for rough mapping. 

Rough Map-Based Cloning Markers 
Chromosome  
(cM) 

Marker Forward Primer Reverse Primer Col  
(bp) 

Ler (bp) 

I 
(10) F21M12 GGCTTTCTCGAAATCTGTCC TTACTTTTTGCCTCTTGTCATTG 200 160 
(39) ciw12 AGGTTTTATTGCTTTTCACA CTTTCAAAAGCACATCACA 128 115 
(72) ciw1 ACATTTTCTCAATCCTTACTC GAGAGCTTCTTTATTTGTGAT 159  135 
(81) nga280 CTGATCTCACGGACAATAGTGC GGCTCCATAAAAAGTGCACC 105  85 
(113) nga111 CTCCAGTTGGAAGCTAAAGGG TGTTTTTTAGGACAAATGGCG 128  162 
II 
(11) ciw2 CCCAAAAGTTAATTATACTGT CCGGGTTAATAATAAATGT 105  90 
(30) ciw3 GAAACTCAATGAAATCCACTT TGAACTTGTTGTGAGCTTTGA 230 200 
(50) nga1126 CGCTACGCTTTTCGGTAAAG GCACAGTCCAAGTCACAACC 191 199 
(73) nga168 TCGTCTACTGCACTGCCG GAGGACATGTATAGGAGCCTCG 151 135 
III      
(20) nga162 CATGCAATTTGCATCTGAGG CTCTGTCACTCTTTTCCTCTGG 107 89 
(43) ciw11 CCCCGAGTTGAGGTATT GAAGAAATTCCTAAAGCATTC 179 230 
(70) ciw4 GTTCATTAAACTTGCGTGTGT TACGGTCAGATTGAGTGATTC 190 215 
(86) nga6 TGGATTTCTTCCTCTCTTCAC ATGGAGAAGCTTACACTGATC 143 123 
IV 
(10) ciw5 GGTTAAAAATTAGGGTTACGA AGATTTACGTGGAAGCAAT 164 144 
(47) ciw6 CTCGTAGTGCACTTTCATCA CACATGGTTAGGGAAACAATA 162 148 
(65) ciw7 AATTTGGAGATTAGCTGGAAT CCATGTTGATGATAAGCACAA 130 123 
(104) nga1107 GCGAAAAAACAAAAAAATCCA CGACGAATCGACAGAATTAGG 150 140 
V 
(10) CTR1 CCACTTGTTTCTCTCTCTAG TATCAACAGAAACGCACCGAG 159 143 
(42) ciw8 TAGTGAAACCTTTCTCAGAT TTATGTTTTCTTCAATCAGTT 100 135 
(71) PHYC CTCAGAGAATTCCCAGAAAAATCT AAACTCGAGAGTTTTGTCTAGATC 207 222 
(88) ciw9 CAGACGTATCAAATGACAAATG GACTACTGCTCAAACTATTCGG 165 145 
(115) ciw10 CCACATTTTCCTTCTTTCATA CAACATTTAGCAAATCAACTT 140 130 
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Table A-2. Primers used for fine mapping. 

Fine Mapping Markers 
Marker Forward Primer Reverse Primer Restriction 

Enzyme 
Col 
(bp) 

Ler 
(bp) 

elp2-1   
At1g49580 TGTACCCACCAACTGTCAAC ATCACAGTAATGCCATCGAAG MspI 270, 

217 
487 

At1g49470 
CTD1) 

CTTTGTGCCTGGTCTCTCAC GGTCCACTATCATTAGTGCG BamHI 566, 
454 

1020 

At1g49550 
(CTD3) 

GGCAGCTTTGTATCTCATATG AGTGACCAAGTCCAAGAGTG AciI 477, 
274 

751 

At1g49610 TGCTTGACAGAGGAATTGATG TATGAACCCAATACGAAGGAG AccI 368, 
234 

602 

At1g49580 
(CTD2) 

TGTACCCACCAACTGTCAAC ATCACAGTAATGCCATCGAAG MspI 270, 
217 

487 

BEDSSLP1F TTGGACAAAACTTGCTGCAC AAAATTTCCCTTAAGAAACATGC none 155 125 
GAPB GGCACTATGTTCAGTGCTG TCTGATCAGTTGCAGCTATG BfaI 1211 850, 

361 
elp3-1  
At5g47570 CCACTCAACCATGCCAATGC CGTCGGCAAACACATCGTCC ApoI 250 211, 

39 
At5g50270 CGGTTTGTTGACAGATCTTTG CATATCCTGCATACAAGACAG BstUI 758 521, 

237 
At5g50120 TTACCAAAGATTTCACTGCTCC CATCCTACTCATCATCCCATC Bbs1 500 248, 

252 
At5g50180 GAACCATGTGATATGTTTCACC GCAAGATTACTTCAAACCTTGC BtsCI 604 372, 

232 
At5g50210 TTGTTGGGTGGAGAGAGATC CCAGCTTGATCTAGGATGGC RsaI 793 463, 

329 
At5g50270 CGGTTTGTTGACAGATCTTTG CATATCCTGCATACAAGACAG BstUI 758 521, 

237 
At5g50300 TAGAAACAATGCATGCACAAGC AGTGGTGTGTGAGTGTGTACCG BsrI 228 197, 

31 
At5g50360 ACCACCAGATCCGTTCTTCG CACATCCAAAGGAGATTCGTG EcoRV 782 540, 

242 
At5g50390 CCACAAGAACACTTCCCTTC GGCAGATATACCAAAAAGTGG Tsp509I 318 216, 

102 
At5g50460 CCATTATTGCTCGTTAGTTAC TGGGATGCAATATTTTGGCC BslI 279 211, 

68 
At5g50770 CTAAGAGCCTCCATCATTGG GCAAGTTCATGACAAAGGAC DpnII 586 483, 

103 
AT5G51130 GCCTTACAGGAGGTTTCTAG GGTCGTAAAACAATCGTTCG ApoI 477 288, 

189 
PDC2 CAGTGGATCACTCCCAAGACGCCTC GCACTCAACTTATATATATTTCAG BamHI 425 360, 

65 
anac1 
AT1G01440 CCCAAAGCTATACACGTCAG GAGAATATACCACGGAGAG Taq I 267 236, 

31 
AT1G01290 GGGTTCTGTTCTTGATCTCTTG CGTAAGTCTACACGAACATGC MnlI 820 428, 

392 
AT1G01260 CGACAAAACAGGGAGCCGATAC GCACAGTTCTCTTCTTCTGAGCC BstF5I 897 517, 

380 
AT1G01050 GCACAGGTTCCTACACAAAG CAAGGTTAGATGAGAACAAAG HinfI 296 217, 

79 
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Table A-3. Primers used for mutant genotyping. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mutant Genotyping Markers Restriction 
enzyme 

Col-
0 
(bp) 

Mutant 
(bp) 

Primer Forward Primer Reverse Primer    
SK_004690 ATGATGCCATTAGGGTGTGG CACTATCATCACTACTACGAG    
SK_011529 CTGCGAGAGTAAGACAAATGC TTACCTTATCTCCAGGAGCTG    
SK_084199 TGCACTGCATCGGTGGTATG GAGATTTGAGGCGCCAGAG    
SK_100099 GCAGAGACATGTCATCCACC GGATGGTTTGGTAGTGGTG    
SK_028216 CAGTGTCTTACTGTGTTACAG CAGAGTTATTGGCAGTGGTAC    
SK_003541 CAGCAAATTCTGCTCAAGCTC CCTTGTGTATGTTGAGGAATC    
SK_079193 CTGAGTTCCGTGTGTGATTAC GGATGCCACACAACCTTGG    
SK_143430 TGGATACTGTTATTGCAGCC GTTGGAGAAGCCCTTAGGTG    
SK_128571 CCTCTGTAAAATTTCCGGAGG GGAACTTGCGCTGTAAGTTCCG    
SK_128569 CCTCTGTAAAATTTCCGGAGG GGAACTTGCGCTGTAAGTTCCG    
Sail_228_B11 GGAGATGAACAACAAGACACC CAGCAAATCATGGCCAGCAG    
elp2-2 CATCCCAGACATTCACAACTC CGTTACACTGCTTCCAAACG    
elp2-3 CATCCCAGACATTCACAACTC CGTTACACTGCTTCCAAACG    
elp2-4 CTCACGGATAGCAAGTACTC CGTTACACTGCTTCCAAACG    
LBa1 TGGTTCACGTAGTGGGCCATCG     
LB3 TAGCATCTGAATTTCATAACCAA-

TCTCGATACAC 
    

anac1dCAPS CTGAATTTCATTTGCAAGTAATCGACTTA CCTTGACCTCAACAGATTCTCC Dde1 176, 
25 

201 

elp2-1dCAPS TGTTAGTAGCAGCAAAGAGTCCGAGAATT GACCTGATCTTGGCTCACGGATAGC BslI 187, 
26 

213 

elp3-
1dCAPS-F 

CCTTTACCTGGCCGAGGTTG CATTTTATGTCTTTTCTGTTGCCTC MwoI 192 225 

npr1-3 GGCCGACTATGTGTAGAAATACTAGCG TGAGACGGTCAGGCTCGAGG HhaI   
sid2-1 AAGCTTGCAAGAGTGCAA TTTTAGCTGTCCTGCCAAT  ~200 ~180, 

20 
snc1-1 TGATCGTGCAAAGTCCAAGG GTGAGATTGAGGTACTCGAG XbaI ~400 ~800 

Gene Expression Analysis Primers 
RNA Blot Probe Primers 
Primer Set Forward Primer Reverse Primer 
PR1 CTCATACACTCTGGTGGG TTGGCACATCCGAGTC 
PR2 CAAATCGGAGTATGCTACGG CATCTCTGTAGCTCTGAACG 
PR5 AGATGTGTAACCGGAGACTG CTCGTTTCGTCGTCATAAGC 
Quantitative PCR primers 
Gene Forward Primer Reverse Primer 
ICS1 GAATTTGCAGTCGGGATCAG AATTAATCGCCTGTAGAGATGTTG 
UBQ5 TCTCCGTGGTGGTGCTAAG GAACCTTTCCAGATCCATCG 
ANAC1 GAATCGACAGAGCAGGACAA CTACGACCTCTTACCAGAACATCAG 
At4g27280F ACGGTGCGTTGAATCAGATG TCCCAAATCTCTCCAGTGTC 
At5g47230F CGTTTCCGTTTGTAACGTCG TCCACGTCAGCATACACATC 
At2g38470 GAATCGTAGTGCAGACAACG TCCACATGTTTCCTCACTGG 
At2g35980 GATCAAGTTCAGGCTTAGGG AGAAGTCGAAGTCGCACTTG 
At4g39670 TTACACGGAAGTGTGTGCAC CTTCCATGTACCTCCTCATG 
GST11 CGAGCTCAAAGATGGTGAAC AGGGAGACAAGTTGGTTTCC 
EDR11 AGCCTTTCATCCTTCGCAAC ATGTCCTTGCCAGTTGAGAG 
SAG21 GGCTCGTTCTATCTCTAACG TTCTTCATCACAGCCGAAGC 
LURP1 TGGCTAACAACGTAGAGGAG CAACAGTGACGGAGAAATGG 
WRKY18 TTAGATGCTCGTTTGCACCG CCAAAGTCACTGTGCTTGAC 
PR1 CTCATACACTCTGGTGGG ATTGCACGTGTTCGCAGC 
PR2 ATCAAGGAGCTTAGCCTCAC TGTAAAGAGCCACAACGTCC 

 
Table A-4. Primers used in analysis of gene 
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