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Abstract 

All organisms require rapid and flexible signaling mechanisms in order to effectively respond to 

biotic and abiotic stress. Calcium ions (Ca
2+

) have proven to be important components of 

signaling networks. Observations of stimulus-specific oscillations of cytosolic Ca
2+

 during signal 

transduction suggest that Ca
2+

 signals directly encode information. These stimulus-specific 

oscillations, known as Ca
2+

 signatures, can be interpreted by an array of Ca
2+

-binding sensors and 

effectors, which subsequently regulate appropriate cellular responses. While progress has been 

made regarding the classic Ca
2+

-sensor calmodulin (CaM), less research has been directed 

towards the CaM-like family of Ca
2+

-sensors (CMLs). This family – unique to plants – is 

suspected to regulate a multitude of stress and developmental pathways; however, to date very 

few members of this family have had their functions elucidated by the identification of 

downstream targets and upstream regulators. In the present study, I investigate the regulation of 

CML39, which has previously been shown to strongly respond to the stress hormone jasmonic 

acid (JA) in Arabidopsis. Bioinformatic tools predict a large number of putative JA-responsive 

cis-elements within the CML39 promoter. Deletion analysis of CML39 promoter fragments in 

planta reveals that some cis-elements respond in a tissue-specific manner. Analysis of transgenic 

MYC2 loss-of-function (myc2) mutants demonstrates that MYC2 – the preeminent JA-responsive 

transcription factor – is not necessary for CML39 promoter activity. Collectively, these data 

reveal a complex tissue-specific pattern of CML39 regulation and provide a foundation for the 

future identification of relevant transcription factors. 
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Chapter 1 

Introduction and Literature Review 

1.1 Calcium in Signal Transduction 

Overview 

To adapt and survive in changing environments, all cells must have means of communication – 

and to communicate, cells must have calcium. 

 All signal transduction pathways broadly follow a three step form: perception, 

transduction, and response. Stimulus perception often begins with the activation of receptors on 

the surface of extracellular membranes or within the cytosol. Activated receptors transmit this 

perception through signaling cascades that may involve phosphorylation/dephosphorylation, the 

production of secondary messengers, including cAMP (cyclic 3′-5′-adenosine monophosphate), 

IP3 (inositol 1,4,5-triphosphate), and the release of calcium ions (Ca
2+

) from extra- and 

intracellular stores. Rapid changes in the concentration of secondary messengers affect the 

activities of downstream effector proteins – such as protein kinases, metabolic enzymes, and 

transcription factors – which ultimately coordinate cellular responses to the original stimulus. 

 Ca
2+

 is a ubiquitous component of signal transduction pathways. In plants, it has been 

implicated in mediating developmental pathways (e.g. pollen tube growth, Steer, 1989; 

nodulation, Oldroyd and Downie, 2004; and lateral root formation, Hsu et al., 2013), the response 

to abiotic stresses (e.g. drought, salinity, and cold, Kiegle et al., 2000), and the response to biotic 

stresses (e.g. bacterial pathogen, Chiasson et al., 2005; insect herbivory, Manzoor et al., 2012; 

viruses, Nakahara et al., 2012). 

 Ca
2+

 ions are acutely toxic to cells because they are able to form insoluble crystals with 

phosphate-compounds (Kudla et al., 2010). Thus, cells possess a number of mechanisms to drive 

Ca
2+

 from the cytosol. Plant genomes encode a single family of Ca
2+

/H
+
 antiporters (CAX genes), 
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which transport Ca
2+ 

from the cytosol. These Ca
2+

-pumps have a high capacity for transport but a 

relatively low affinity for Ca
2+

 and appear to primarily maintain  Ca
2+

 homeostasis (McAinsh and 

Pittman, 2009), although some members are also components of Ca
2+

-mediated stress tolerance 

(Cheng et al., 2004). Plant genomes also encode low capacity, high affinity Ca
2+

-transporting P2-

type ATPases divided into auto-inhibited (ACA) and ER-type (ECA) families. A number of these 

transporters – particularly members of the ACA family – have been demonstrated to regulate 

properties of Ca
2+

-signals (Boursiac et al., 2010; Dodd et al., 2010). Together these pumps 

maintain basal [Ca
2+

]cyt at 100-200 nM compared with concentrations in the low millimolar range 

outside of cells (Gilroy et al., 1993). 

 During signal transduction, detection of a stimulus may trigger the activation of Ca
2+

- 

channels causing rapid release of Ca
2+

 from extra- and intracellular stores. Ca
2+

 flows down its 

electrochemical gradient causing a transient rise of cytosolic free Ca
2+

 ([Ca
2+

]cyt) (McAinsh and 

Pittman, 2009; Spalding and Harper, 2011). Arabidopsis possesses 20 cyclic-nucleotide gated 

channels (CNGCs) – several of which have documented roles in Ca
2+

 transport and pathogen 

response (Spalding and Harper, 2011). Similarly, glutamate-receptor-like channels are non-

selective cation channels known to mediate Ca
2+

 responses to developmental and abiotic signals 

(Kudla et al., 2010). Finally, the vacuolar Two-Pore Channel (TPC1) is both Ca
2+

- and voltage-

gated. TPC1 has demonstrated roles in hormonal signaling, and fungal pathogen defense (Peiter 

et al., 2005; Bonaventure et al., 2007). Given that the vacuole is the cell’s principle Ca
2+

-storing 

organelle, TPC1 likely functions in many other processes as well (Sanders et al., 2002). 

 Through the concerted actions of these Ca
2+

-pumps and channels, cells can produce a 

myriad of Ca
2+

 elevation patterns. However, given the large number of signaling pathways 

mediated by Ca
2+

, it is important to consider how cells can derive multiple specific responses 

using a common secondary messenger. 
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Ca
2+

 Signaling Paradigms 

There are two models describing how cells achieve specificity from Ca
2+

 flux: the Ca
2+

 signature 

hypotheses, and the Ca
2+

 switch hypothesis. The chief premise of the Ca
2+

 signature hypothesis is 

that signal specificity is directly encoded by the precise frequency, amplitude, and spatial 

patterning of [Ca
2+

]cyt transients, which may then be decoded by downstream Ca
2+

-sensors (see 

review by McAinsh and Pittman, 2009). By contrast, the Ca
2+

 switch hypothesis contends that 

[Ca
2+

]cyt elevation merely activates available Ca
2+

 sensors and that specificity lies elsewhere 

within signaling pathways (see review by Scrase-Field and Knight, 2003). Since both models 

enjoy some experimental support and are not mutually exclusive, it is likely that a combination of 

the two mediates Ca
2+

-signaling depending upon the context.  

Regardless, both models rely upon the activities of downstream Ca
2+

-sensor and effector 

proteins to propagate signals through cellular pathways (Figure 1.1). Ca
2+

-sensor proteins are 

characterized by the presence of one or more EF-hand motifs, which are able to coordinately bind 

Ca
2+

 (Gifford et al., 2007). In plants, there are three main groups of EF-hand Ca
2+

-sensors: the 

calmodulin (CaM) and CaM-like (CML) proteins, the calcineurin-B-like (CBL) proteins, and the 

Ca
2+

-dependent protein kinases (CDPKs) (see review by DeFalco et al., 2010). Notably, while 

CaM proteins are conserved across eukaryotes, the CMLs, CBLs, and CDPKs are unique to 

plants and some protists. 

Calmodulin and Calmodulin-Like Proteins 

CaM is the best characterized Ca
2+

-sensor in biology. CaM is a small (~150 residues), acidic 

protein composed of two globular domains connected by a flexible, central helical linker region 

(DeFalco et al., 2010). Each globular domain has a pair of EF-hands capable of coordinating 

Ca
2+

-binding. Ca
2+

-binding induces a conformational change that exposes inner hydrophobic 

residues which mediate CaM’s physical interaction with numerous target proteins (Gifford et al., 

2007). Remarkably, CaM is also able to interact with certain targets in the absence of Ca
2+  
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Figure 1.1 The Ca
2+

 Signaling Paradigm. Stimuli are perceived by specialized receptors 

(purple), which activate the release of Ca
2+

 from extra- and intracellular stores through Ca
2+

-

channels (dark blue). Elevations in cytosolic free Ca
2+

 are perceived by Ca
2+

- sensor proteins 

(cyan). These Ca
2+

-sensors are then able to regulate numerous target proteins, which mediate 

physiological responses. 
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(Rainaldi et al., 2007). Ca
2+

-binding alters CaM’s interactions with and regulation of a wide 

variety of targets, including Ca
2+

 transporters and channels (e.g. ACA2, Hwang et al., 2000; 

CNGC2, Hua et al., 2003), protein phosphatases and kinases (e.g. tobacco MAPK Phosphatase 1, 

Rainaldi et al., 2007; wheat Ca
2+

/CaM-dependent kinsase, Yang et al., 2010), metabolic enzymes 

(e.g. NAD kinase, Turner et al., 2004), transcription factors (e.g. WRKYIId, Park et al., 2005), 

and even DNA (e.g. CaM7 binds light responsive promoter elements, Kushwaha et al., 2008). 

In addition to conserved CaM, plants also possess an expanded family of CaM-like 

(CMLs) proteins, which share between 16 to 75% amino acid identity with CaM (McCormack et 

al., 2005). For example, Arabidopsis has 50 annotated CML genes (Figure 1.2; McCormack et al., 

2005). Like CaM, CMLs lack known motifs other than EF-hands. Unlike CaM, CMLs can 

contain a variable number of EF-hands some of which are degenerate (McCormack et al., 2005). 

Additionally, some CMLs have N-terminal extensions, which may be significant in their 

subcellular targeting or protein interactions (Chigri et al., 2012). Compared with conserved CaM 

isoforms, the precise roles of CMLs in signal transduction are less clear. However, accumulating 

evidence suggests that CMLs are important regulators of development and stress. 

Several CMLs have been implicated in the regulation of developmental transitions. For 

instance, CML42 plays a role in the development of trichomes. CML42 physically interacts with 

KIC in both yeast two-hybrid and in vitro GST-pulldowns (Dobney et al., 2009). KIC is known to 

negatively regulate trichome branching through interactions with the kinesin KCBP, which is 

itself a CaM-binding protein. Notably, cml42 knockout plants displayed abnormal trichome 

branching (Dobney et al., 2009). Two closely related CMLs, CML23 and CML24 have been 

demonstrated to regulate the transition to flowering. Flowering time was altered in mutant cml24 

plants with some cml24 alleles displaying early flowering and others delayed flowering (Tsai et 

al., 2007). However, cml23/cml24 double mutants displayed delayed flowering. This effect may  
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Figure 1.1 CaM and CML phylogenetic tree. This tree was generated from amino acid 

sequences of CaM and CMLs in Arabidopsis. Gene identification numbers and CaM/CML names 

are shown. Distance represents percent sequence divergence. Adapted from McCormack and 

Braam (2005).   
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be caused by CML23/CML24 antagonism of nitric oxide accumulation, which promotes 

expression of the FLC flowering inhibitor (Tsai et al., 2007).  

CML24 is also involved in responses to abiotic stimuli regulated by the stress hormone 

abscisic acid (ABA). CML24 transcripts were significantly induced by touch, temperature stress, 

oxidative stress, and the phytohormone abscisic acid (ABA), although there were no associated 

changes in CML24 protein accumulation (Delk et al., 2005). Knockdown of CML24 transcript 

was associated with decreased sensitivity to multiple ABA responses, suggesting CML24 as a 

positive regulator of ABA signaling. Importantly, ABA is an inhibitor of flowering suggesting 

that CML24 regulates different responses in flowers versus seedlings. CML18 was shown to 

interact with the Na
+
/H

+
 antiporter NHX1 and decrease its Na

+
-transporting activity (Yamaguchi 

et al., 2005). CML18 was predicted to dissociate from NHX1 under salt stress thereby promoting 

NHX1 activity and enhancing Na
+
 sequestration into the vacuole.  

Finally, several CMLs play roles in responding to biotic stress from herbivores and 

pathogens. CML9 is responsive to the defense hormone salicylic acid (SA), the hemibiotrophic 

pathogen Pseudomonas syringae, and bacterial flg22 (Leba et al., 2012). cml9 knockout plants 

showed increased resistance to P. syringae – possibly via the upregulation of the PR1 pathogen 

defense gene. This suggests CML9 as a repressor of SA-mediated defense signaling. Similarly, 

CML43 is implicated in the SA-mediated hypersensitive response (HR), which promotes 

resistance to certain pathogens. CML43 is rapidly induced following inoculation with P. syringae 

and CML43 overexpressing plants demonstrate an accelerated HR (Chiasson et al., 2005). The 

knockdown of tomato APR134, a CML43 homolog, compromised resistance to P. syringae. 

Another study implicated several CMLs in responses to insect herbivory. CML11, CML12, 

CML16, and CML42 were rapidly and transiently upregulated following exposure to oral 

secretions from the generalist herbivore Spodoptera littoralis (Vadassery et al., 2012b). A second 

group of CMLs, CML9, CML17, and CML23 showed later, sustained expression. This second 
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group was also inducible by the phytohormone methyl jasmonate (MeJA) (Vadassery et al., 

2012b). A related study demonstrated that cml42 knockout plants had increased expression of the 

herbivory defense gene VSP2, increased production of aliphatic glucosinolate secondary 

metabolites, and showed enhanced resistance to S. littoralis herbivory (Vadassery et al., 2012a). 

Taken together, this suggests that despite CML42 being rapidly induced by insect oral secretions, 

it is in fact a repressor of JA-mediated herbivory defense.  

Thus, ongoing research suggests that CMLs mediate a large number of important 

processes in plants. Importantly, CMLs appear able to bind multiple targets and differentially 

regulate multiple pathways. 

 

1.2 Transcription 

Core Promoters and Basal Transcription Machinery 

As many CMLs show increased transcription in response to stimuli, it is important to investigate 

and understand the mechanisms underlying gene expression. The process of gene transcription 

depends upon the assembly of general, or more accurately basal, transcription factors (TF) upon 

the core promoter of a gene to form the Pre-Initiation Complex (PIC). Canonically, assembly 

commences with the binding of the TBP subunit of TFIID to the TATA-box approximately 30bp 

to 40bp upstream of the transcription start site (TSS). The binding of TFIID bends DNA to a 90
o
 

angle, introducing a kink which facilitates the recruitment of additional basal transcription factors 

and RNA Polymerase II (RNAPol II) (Roeder, 1996). Upon recruitment, RNAPol II slowly 

begins transcription at the TSS until promoter escape, whereupon it undergoes a conformational 

change that increases the stability of the transcription complex and allows more rapid 

transcription (Dvir, 2002). 

 While this basic view of transcription has been known for over a decade, a number of 

nuances have since emerged that alter this general picture. RNA sequencing efforts in mammals, 
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Drosophila, and Arabidopsis have revealed that many genes lack a clearly defined TSS (Sandelin 

et al., 2007). Instead, transcription often begins at a number of different sites distributed across a 

50bp to 100bp region of the promoter. More interesting still is the revelation that the majority of 

transcribed genes lack a TATA-box used to recruit the basal transcriptional machinery. For 

instance, in Arabidopsis only 28% of transcribed genes use a TATA-box to assemble the PIC 

(Molina and Grotewold, 2005). Subsequent efforts have revealed that TATA-type and TATA-less 

promoter types have distinct characteristics. TATA-type promoters tend to have more sharply 

defined TSSs and typically control genes responsive to environmental stress or developmental 

stimuli (Yamamoto et al., 2009). Furthermore, TATA-type promoters are enriched in stress or 

hormone responsive cis-elements within a -400bp to -40bp interval relative to the TSS 

(Yamamoto et al., 2011). By contrast, TATA-less promoters tend to have more dispersed TSS 

and control genes with constitutive expression (Yamamoto et al., 2011).  

Transcription Factors and the Mediator Complex 

In addition to basal TFs, regulatory TFs are recruited to specific cis-elements within promoters. 

These TFs are able to locally regulate the expression of genes by promoting or inhibiting the 

formation of the PIC and subsequent promoter escape.  

 A large proportion of the genome is dedicated to TFs – Arabidopsis is estimated to 

possess more than 1500 TFs (Riechmann, 2000). Major TF families present in plants include the 

MYB family, the WRKY family, the bHLH family, the bZIP family, the MADS family, and the 

AP2/ERF family. 

 It is noteworthy that CaM plays several important roles in transcription. Several members 

of the CaM-binding transcription activator (CAMTA) family have roles in responses to biotic and 

abiotic stresses (Finkler et al., 2007; Doherty et al., 2009). Furthermore, CaM has been 

demonstrated to bind several TFs, including MYB, WRKY, and TGA family members (Park et 

al., 2005; Popescu et al., 2007), and CaM-binding may enhance their DNA-binding affinities 
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(Yoo et al., 2005). Finally, CaM itself can directly regulate transcription. The CaM7 isoform has 

recently been shown to bind Z- or G-box motifs and positively regulate the transcription of genes 

involved in photomorphogenesis (Kushwaha et al., 2008). 

 The evolutionarily conserved Mediator complex of proteins is thought to integrate the 

activities of individual TFs, and translate their effect upon the RNAPol II and other basal TFs 

(Larivière et al., 2012). The interaction of TFs with specific Mediator subunits has been 

demonstrated to be essential for their ability to regulate transcription. For instance, Chen et al. 

(2012) found that MED25 was required for the ability of the ABA-responsive TF ABI5 to 

negatively regulate seed germination. Interactions of TFs with Mediator complex are individually 

weak but collectively strong (Larivière et al., 2012). Interestingly, these studies have revealed that 

most TF interaction domains are unfolded in their free state and form similar helical segments 

upon binding with Mediator subunits. This conformational flexibility has led to the notion that TF 

interactions with Mediator are inherently ‘fuzzy’, which may explain the ability of Mediator 

subunits to interact with a wide variety of TFs (Larivière et al., 2012). Work is ongoing, however 

Mediator subunits have already been associated with multiple plant processes, including 

flowering (Kidd et al., 2009), hormone responses (Cevik et al., 2012; Chen et al., 2012a), and 

pathogen defense (Zhang et al., 2013).  

Heterochromatin and RNAs 

An additional and complex aspect of the regulation of gene expression concerns the nature of 

chromatin itself. The core promoter of genes is generally nucleosome free. Yet elsewhere in the 

promoter cell- or tissue-specific nucleosome positioning can inhibit the association of TFs with 

specific cis-elements (Bai and Morozov, 2010). Heterochromatin – the condensed form of DNA – 

prevents the transcription of genes by limiting the accessibility of cis-elements to transcription 

factors (Beisel and Paro, 2011). A model is emerging in which a balance of chromatin remodeling 

and TF binding influence transcription. For instance, nucleosomes and PHO4 TFs compete for 
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regions of DNA. Dynamic shifting of nucleosome positions allows PHO4 binding at temporarily 

exposed high-affinity sites (Lam et al., 2008). This initial binding nucleates more substantial 

chromatin remodeling that increases the accessibility of additional TF sites and ultimately 

promotes transcription (Lam et al., 2008). 

Based upon characteristic patterns of histone acetylation and/or methylation associated 

with gene activation or repression have, some researchers have speculated about the existence of 

a Histone Code, analogous to the Genetic Code, which regulates gene expression – however, this 

hypothesis remains controversial (Henikoff and Shilatifard, 2011). However, it is well established 

that some TFs inhibit target genes through the recruitment of chromatin modification machinery. 

For instance, the floral homeotic TF AP2 represses the expression of AGAMOUS and SEP3 whorl 

identity genes through the recruitment of TPL and the histone deacetylase HDA6 (Krogan et al., 

2012). 

RNAs themselves also play an important role in gene expression. MicroRNAs (miRNAs) 

are known to repress specific genes by binding to mRNA, especially the 3′ untranslated region 

(UTR), and inhibiting translation by ribosomes and/or targeting transcripts for RITS-mediated 

degradation (Beisel and Paro, 2011). TF transcripts are popular miRNA targets and miRNA 

antagonists have been found for members of all major plant TF families (Sun, 2011). 

Additionally, miRNAs are able to recruit DNA methyltransferases to specific genes and target 

them for epigenetic silencing (Beisel and Paro, 2011). Other RNAs, such as long non-coding 

RNAs (lncRNA), are also able to target specific genes for silencing. A particularly important 

example is the cold-induced epigenetic silencing of FLC to promote early flowering in vernalized 

plants. The lncRNA COLDAIR is transcribed from within the first intron of FLC and recruits 

Polycomb Repressive Complex 2 to silence FLC gene expression (Heo and Sung, 2011). 
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Transcription is one of the primary ways in which cells regulate responses to 

development and to stress. One of the more complex pathways that relies heavily upon concerted 

transcriptional control is the jasmonate signaling pathway. 

 

1.3 Jasmonate Signaling 

The phytohormone jasmonic acid (JA), and its related conjugates, regulates one of the most 

complicated signaling pathways in plants.  JA plays a dual role in regulating both important 

developmental steps – such as fertility and the inhibition of growth – and plant defense responses 

to herbivores and necrotrophic-pathogens (Browse, 2009; Ballaré, 2011). 

Early Jasmonate Signaling 

Despite intensive study, many events in early JA-signaling remain elusive. A variety of stimuli 

induce the production of JA. Herbivore-associated molecular patterns (HAMPs) – such as the 

wounding of leaf tissue or the oral secretions of insects – promote the production of JA (Howe 

and Jander, 2008). Remarkably, plants are able to distinguish biotic from abiotic damage as the 

mode, speed, and frequency of wounding influence the magnitude of JA-induction (Wu and 

Baldwin, 2010). JA production may also be induced by the recognition of specific pathogen-

associated molecular patterns (PAMPs). 

 MAPKs, MPKs, and CDPKs have all been shown to participate in regulating components 

of early defense signaling. MPK4 activity has been found to promote JA biosynthesis, possibly 

through a phosphorylation cascade that negatively regulates WRKY25 (Zheng et al., 2007; 

Antico et al., 2012). Wound-induced protein kinases (WIPKs) have been demonstrated to 

promote JA biosynthesis, although the targets of WIPK activity remain unknown (Wasternack 

and Hause, 2013). It is interesting that Ca
2+

 appears to be largely antagonistic to JA biosynthesis. 

For instance, in rice CaM-binding MPK1 negatively regulates wound-induced changes in gene 

expression (Balbi and Devoto, 2008). Similarly, while CDPK4 and CDPK5 promote SA-
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mediated ROS production (Kudla et al., 2010), they also repress wound-induced JA biosynthesis 

(Balbi and Devoto, 2008). 

 While the precise mechanisms remain unclear, the recognition of herbivore and pathogen 

attack promotes JA biosynthesis. JA is produced in a highly regulated process that involves 

multiple subcellular compartments. Initially, the oxylipin α-linolenic acid is cleaved from the 

chloroplast membrane and converted into 12-oxo-phytodienoic acid (OPDA). It is worth 

mentioning that OPDA is itself a signaling molecule and regulates an overlapping, but distinct, 

set of genes compared to JA (Wasternack, 2007). OPDA is transported from the chloroplast to the 

peroxisome where it is subsequently converted to JA. Finally, JA is released from the peroxisome 

into the cytosol where it can be metabolized into several derivatives, including JA-Ile by the 

AMP-transferase JAR1, and MeJA by the methyltransferase JMT (Wasternack, 2007). 

 JA-Ile is the bioactive form of JA and regulates gene expression through the F-box 

protein COI1. As an F-box protein, COI1 acts as an E3 ubiquitin ligase to provide substrate-

specificity to the SCF complex. JA-Ile is able to coordinate the interaction of SCF
COI1

 to JAZ-

family transcriptional repressors and promote their ubiquitination and degradation (Sheard et al., 

2010). This degradation is extremely rapid – Pauwels et al. (2010) estimated that JAZ proteins 

have a half-life of 1.4 min in the presence of JA. 

In the basal state, JAZ proteins bind TFs and repress their transcriptional activities. 

Additionally, through interactions with NINJA, JAZ proteins are able to recruit TPL and the 

histone deacetylases HDA6 and HDA19 (Pauwels et al., 2010). Since many TFs are basally 

bound to the promoters they regulate, JAZ-binding may recruit chromatin-modifying machinery 

to repress gene expression in the absence of JA. A particularly interesting example of this is the 

JAZ-bound BBD1 and BBD2 TFs. In Arabidopsis, these TFs recruit the JAZ::NINJA::TPL::HDA 

complex to the promoter of JMT, but do not appear to positively regulate it in the presence of JA 

(Seo et al., 2013). 
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JA-Responsive Transcription Factors 

JAZ-Bound Transcription Factors 

JA-mediated signaling proceeds through the release of JAZ-bound TFs (Figure 1.3), the 

preeminent of which is the bHLH TF MYC2. Upon release from JAZ-inhibition, MYC2 is able to 

bind G-box sequences (CACGTG) within promoters and positively or negatively regulate 

transcription (Dombrecht et al., 2007). Recently, it was demonstrated that MYC2 binding 

specificity is greatly enhanced by the presence of four adjacent thymidine nucleotides (Figueroa 

and Browse, 2012). MYC2 has been implicated in a multitude of JA-mediated responses  

including the induction of JA biosynthetic enzymes, the antagonism of auxin and SA signaling, 

the upregulation of herbivory defense genes, the downregulation of pathogen defense genes, the 

upregulation of JAZ genes, and the regulation of a number of different TFs (Lorenzo et al., 2004; 

Dombrecht et al., 2007). However, these roles were first suggested based upon changes in gene 

expression found in myc2 knockout plants. Consequently, it has been unclear which responses are 

directly regulated by MYC2 and which are regulated through the MYC2-dependent regulation of 

secondary TFs. 

 The elucidation of these secondary TFs has been an area of intensive study and we know 

a great deal more now than when MYC2 was first identified as a JAZ-binding TF (Chini et al., 

2007). MYC2 directly upregulates the JAZ-family of inhibitors (Chini et al., 2007), thereby 

providing negative feedback upon the JA-signaling pathway. In C. roseus, MYC2 directly 

upregulates the expression of OCRA3 which then promotes the synthesis of terpenoid secondary 

metabolites (Zhang et al., 2011a). MYC2 also directly activates ANAC019, ANAC055, and 

ANAC072 which inhibit SA-signaling by repressing the SA biosynthesis gene ICS1 and 

promoting the SA catabolizing gene BSMT1 (Zheng et al., 2012). This is noteworthy given that 

this is the principle mechanism by which the P. syringae effector coronatine antagonizes SA-

signaling. ANAC019 and ANAC055 are also involved in positively regulating the expression of  
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Figure 1.2 Schematic of the Jasmonic Acid Signaling Pathway. JA-signaling proceeds through 

either an herbivory-activated pathway, regulated by JA/ABA and MYC2; or a necrotroph-

activated pathway, regulated by JA/ET and ERF1/ORA59. Solid lines represent known positive 

(green) or negative (blue) interactions; dashed lines are hypothetic interactions. Compounds are 

in rectangles; transcriptional regulators are in circles; regulated genes are in purple. Adapted from 

Wasternack and Hause (2013). 
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the herbivory defense gene VSP1 and the JA biosynthesis gene LOX2 (Bu et al., 2008). MYC2 

indirectly represses the pathogen defense genes PDF1.2 and THI2.1, by directly repressing the 

expression of the JA/ethylene (ET) TFs ORA59 and ERF1 (Cevik et al., 2012). Furthermore, 

MYC2 also represses the activity in the root apical meristem by directly inhibiting the expression 

of the auxin TFs PLT1 and PLT2 (Chen et al., 2011). 

 Interestingly, recent studies have demonstrated that MYC2 is able to physically interact 

with the MED25 subunit of the Mediator complex and that this interaction is necessary for MYC2 

to positively and negatively regulate transcription (Cevik et al., 2012; Chen et al., 2012a). 

 In addition to MYC2, the paralogs MYC3 and MYC4 are also JAZ-bound TFs involved 

in JA-signaling. Both MYC3 and MYC4 have similar binding affinities to MYC2 (Fernández-

Calvo et al., 2011), as well as its preference for G-box motifs with an adjacent thymidine module 

(Figueroa and Browse, 2012). MYC3 and MYC4 have narrower patterns of tissue expression than 

MYC2 and these three MYC TFs appear to fill related, but not identical, roles in mediating JA-

signaling (Fernández-Calvo et al., 2011). For example, while JA-mediated inhibition of root 

growth is impaired in myc2 plants, myc3/myc4 mutant plants show wild-type levels of growth 

inhibition (Fernández-Calvo et al., 2011). Intriguingly, the myc2/myc3/myc4 triple mutant is as 

impaired as coi1 in the activation of several JA-regulated herbivory and pathogen defense genes, 

however it does not share the reproductive impairment that coi1 mutants are also known for 

(Fernández-Calvo et al., 2011). 

 Beyond the MYC family, JAZ proteins repress the activities of a number of other 

important TFs. JAZ proteins also basally inhibit the bHLH TFs TT8, GL3, and EGL3, as well as 

the R2R3-subfamily MYB TFs MYB75 and Glabra1 (Qi et al., 2011). Upon release, these TFs 

can be recruited into WD-repeat/bHLH/MYB complexes to upregulate the expression of late 

anthocyanin biosynthesis genes (Gonzalez et al., 2008; Shan et al., 2009), or promote the 

development of epidermal cells into trichomes (Pesch and Hülskamp, 2009). MYB21 and 
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MYB24 – additional members of the R2R3-subfamily of MYB TFs – are essential to JA-

mediated male fertility (Mandaokar et al., 2006). In fact they may be the primary TFs of JA-

mediated fertility as they have recently been demonstrated to interact with JAZ proteins, and their 

overexpression in coi1 plants can rescue fertility but not other JA-mediated responses (Song et 

al., 2011). 

 Finally, the AP2/ERF family TFs EIN3 and EIL1 are transcriptionally and post-

transcriptionally repressed by the direct activities of JAZ proteins and HDA6 (Zhu et al., 2011). 

These JA/ET-responsive GCC-box-binding TFs are essential to JA/ ET-induced expression of 

pathogen-specific defense genes ERF1, ORA59, and PDF1.2 (Zhu et al., 2011). In turn, ERF1 

and ORA59 positively regulate necrotrophic defense genes, including PDF1.2 (Lorenzo et al., 

2003), and negatively regulate herbivory defense genes, including VSP1 (Lorenzo et al., 2003). 

Remarkably, ERF1 and ORA59 also require the MED25 Mediator subunit in order to regulate 

transcription – suggesting that MED25 may act as an integrative hub of signals within the JA-

pathway (Cevik et al., 2012). 

Other JA-Responsive Transcription Factors 

In addition to TFs directly regulated by JAZ proteins, MYB and WRKY family TFs play key 

roles in JA-signaling and JA-mediated defense response. Many R2R3-family MYB TFs 

positively regulate the expression of secondary metabolites and defensive proteins. MYB28, 

MYB29, and MYB76 play key roles in the biosynthesis and spatial expression of glucosinolate 

defensive proteins (Sønderby et al., 2010). In grapevine, MYC1 physically interacts with several 

MYB TFs to promote the synthesis of anthocyanins (Hichri et al., 2010). In contrast, JA 

stimulates MYB44 to antagonizes the JA pathway by positively regulating WRKY70 (Shim et al., 

2013), which in turn upregulates SA biosynthesis and downregulates JA biosynthesis (Li et al., 

2004). Several members of the WRKY TF family seem to play important roles in mediating 

SA/JA antagonism. For instance, WRKY7 and WRKY25 have been found to antagonize SA-
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signaling (Kim et al., 2006; Zheng et al., 2007), while WRKY18 and WRKY40 negatively regulate 

JA-dependent responses to necrotrophic pathogens (Pandey et al., 2010). The MYB and WRKY 

TF families are incredibly large – 196 and 74 members, respectively, in Arabidopsis (Dubos et 

al., 2010; Rushton et al., 2010) – and undoubtedly many JA-related TFs remain uncharacterized. 

JA-Mediated Defense Responses 

The concerted action of these TFs, as well as other signaling proteins, ultimately promotes 

defense to herbivore or nectrophic-pathogen attack.  

One well-documented response common to both types of attack is the systemic spread of 

JA-defenses following local attack. While there remains some uncertainly as to the mechanism, it 

appears that locally produced MeJA can spread through the vasculature to distal regions of the 

plant where it is converted to bioactive JA-Ile and activates defense responses (Tamogami et al., 

2012). Moreover, attacked plants will release numerous volatile compounds – including MeJA 

and green leaf volatiles (GLVs) – which are able to ‘prime’ the defenses of other plants that are 

‘eavesdropping’ (Heil and Ton, 2008).  

Priming does not induce resistance itself, but it does make cells competent to respond to 

low levels of a stress stimulus in a more rapid and robust manner than non-primed cells (Conrath, 

2011). While priming has long been enigmatic, current studies indicate that priming involves the 

accumulation of mRNA and inactive forms of signaling molecules so that upon stress perception 

a larger pool of secondary signaling proteins can increase the speed and magnitude of defensive 

signaling. For example, it was recently demonstrated that priming by a SA analog induced the 

accumulation of both MPK3 and MPK6 transcripts, and inactive MPK3 and MPK6 protein. 

Subsequently, the leaves of primed plants had more active MPK3 and MPK6, which enhanced the 

activation of defensive genes and promoted resistance to P. syringae (Beckers et al., 2009). While 

priming has been documented within multiple plant species, and even between plants of different 
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species, the precise mechanisms of action require further investigation (Frost et al., 2008; Heil 

and Karban, 2010). 

While either herbivore or pathogen attack induce the expression of defensive genes, each 

triggers a different subsets of defenses (Glazebrook, 2005; Antico et al., 2012). Plants employ 

both direct and indirect strategies to combat insect attack. Numerous secondary metabolites – 

such as terpenoids, alkaloids, and phenylpropanoids – are potently toxic to insects (Howe and 

Jander, 2008; Wu and Baldwin, 2010). Additionally, numerous proteinase-inhibitors prevent the 

digestion of plant matter. Key defensive genes include the VSP1 and VSP2 acid phosphatases that 

act as potent growth inhibitors when consumed by insects (Antico et al., 2012). Plants also 

promote indirect defenses through the release of numerous volatile compounds, some of which 

are able to attract insect predators (Howe and Jander, 2008). Finally, plants are also able to 

tolerate a degree of attack by sequestrating nutrients to inaccessible tissues (Howe and Jander, 

2008). 

By comparison, much less is known about the effectors mediating plant resistance to 

necrotrophic pathogens (Glazebrook, 2005). In general, plants appear to counteract necrotrophic 

pathogens through the upregulation of potent, energetically expensive anti-microbial compounds 

(Glazebrook, 2005). For instance, JA/ET positively regulates PDF1.2, a defensin, and THI2.1, a 

thionin, both of which may disrupt pathogen cell membranes (Antico et al., 2012). Other well-

documented anti-microbial compounds include camalexin and indole glucosinolates (Glazebrook, 

2005). 

Crosstalk with Other Hormones 

To fully appreciate the complexity of the JA pathway – and the challenge of dissecting it – it is 

essential to understand the various ways in which it intersects with other signal transduction 

pathways. 
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 A critically important aspect of JA-signaling is its interactions with ET and ABA. JA-

mediated responses to insect herbivory and necrotrophic pathogen are promoted by ABA and ET, 

respectively (Figure 1.3) (Ballaré, 2011; Wasternack and Hause, 2013).  

Necrotrophic pathogens trigger the production of both JA and ET. SCF
COI1

-mediated 

degradation of JAZ proteins relieves repression of the key ET TFs EIN3 and EIL1 (Zhu et al., 

2011). EIN3 and EIL1 then promote secondary TFs – including ORA59 and ERF1 – which in turn 

regulate pathogen-specific defense genes such as PDF1.2 (Zarei et al., 2011).  

Synergism between JA and ABA in herbivory responses is less well understood by 

comparison. Wounding, either abiotic or by insects, triggers the production of ABA, while JA 

promotes the expression of the ABA receptor PYL4 (Lackman et al., 2011). The activated PYL4 

receptor is speculated to promote MYC-dependent positive regulation of herbivore-specific 

defense responses, including the induction of defense effectors VSP1 and VSP2 (Pieterse et al., 

2012). Interestingly, ABA also increases the expression of JAM1, which is able to antagonize 

MYC2-mediated defense responses by competing for G-box motifs (Li et al., 2007; Nakata et al., 

2013), which suggests that ABA may also play a role in the negative feedback of JA/ABA 

signaling. 

TFs in both branches of JA-signaling are able to antagonize each other. myc2 knockout 

plants are more resistant to necrotrophic pathogens because of increased expression of 

antimicrobial defense genes like PDF1.2 (Dombrecht et al., 2007). It has been proposed that 

MYC2 suppresses the JA/ET branch at its root by upregulating the EIN3/EIL1 antagonists EBF1 

and EBF2 (Binder et al., 2007; Kazan and Manners, 2013). Similarly, ORA59 overexpression 

downregulates VSP1 and other herbivory-specific defense genes (Verhage et al., 2011). 

Moreover, ET antagonizes ABA signaling by inhibiting its biosynthesis and promoting its 

inactivation (Arc et al., 2013). Together, ET and ABA are able to promote distinct branches of 

JA-signaling. 
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 The antagonism between JA and SA is among the most well characterized crosstalk in 

hormone-mediated plant signaling. SA is the primary hormone that mediates plant resistance to 

biotrophic pathogens. The mutual antagonism of SA and JA is mediated by a large number of 

TFs, which downregulate their respective biosyntheses and effectors (Kazan and Manners, 2013). 

P. syringae takes advantage of JA/SA antagonism by producing coronatine, a JA-Ile analog, 

which antagonizes SA signaling through MYC2, and the NAC TFs ANAC019, ANAC055, and 

ANAC072 (Zheng et al., 2012). The SA-receptor NPR1, is able to regulate a number of genes 

through its interactions with TGA TFs (Després et al., 2000; Wu et al., 2012). SA-induced genes 

include the biotrophic defense gene PR1, as well as WRKY50, WRKY62 and WRKY70, which 

inhibit JA signaling (Wasternack and Hause, 2013). Remarkably, in the absence of SA, TGA TFs 

positively regulate the JA/ET nectrophic TFs ORA59 and ERF1 (Zander et al., 2010). 

Additionally, experiments have demonstrated that while NPR1 is required for SA-mediated 

suppression of JA, NPR1 can do so cytosolically (Spoel et al., 2003). Recent studies suggest that 

this inhibition is accomplished downstream of JAZ degradation, and seems to involve the 

inhibition of ORA59 expression through the JA/ET-responsive GCC-box (Van der Does et al., 

2013). Indeed, transgenic lines carrying 4xGCC::GUS constructs demonstrated that the GCC-box 

was sufficient for JA/ET induction and SA-mediated suppression (Van der Does et al., 2013). 

Given the important role JA plays in repressing growth, it is not surprising that there is 

crosstalk with the growth hormones auxin and gibberellic acid (GA). JA-induced inhibition of 

root growth is controlled by MYC2 repression of the auxin TFs PLT1 and PLT2, which maintain 

the root apical meristem (Chen et al., 2011). Meanwhile, GA can interact synergistically or 

antagonistically with JA depending upon the tissue context. In stamen, DELLA proteins inhibit 

the JA biosynthesis gene LOX1 (Wasternack and Hause, 2013). By inhibiting DELLAs, GA is 

able to promote JA biosynthesis, and ultimately stamen maturation through JA-induced 

MYB21/MYB24. By contrast, in vegetative tissues DELLA proteins enhance MYC2 activity by 
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competitively binding JAZ proteins (Wager and Browse, 2012). In this context, GA antagonizes 

JA-signaling by inhibiting DELLA’s sequestration of JAZ proteins. Thus, JA-signaling can 

promote or inhibit growth and development depending upon the context. 

As mentioned earlier, there is also an important role for Ca
2+

-modulation of JA-signaling. 

Ca
2+

-signaling appears to regulate early defensive signaling, although the mechanisms remain 

unclear. Oral secretions from S. littoralis are sufficient to induce transient increases in [Ca
2+

]cyt , 

as well as the expression of multiple CMLs (Vadassery et al., 2012a; Vadassery et al., 2012b). 

Furthermore, a constitutively active mutant of the vacuolar Ca
2+

- and voltage-gated cation 

channel TPC1 displays enhanced expression of JA biosynthesis genes including, LOX2 

(Bonaventure et al., 2007). Interestingly, TPC1 is regulated by TCP-family TFs, which are 

themselves regulated by miR-319 whose expression has been linked to regulation of JA 

biosynthesis (Schommer et al., 2008).  

Certain CDPKs seem to positively regulate SA-signaling, while negatively regulating JA-

signaling (Balbi and Devoto, 2008). Some of this regulation is through modulating phytohormone 

biosynthesis, but CDPK3 is also able to specifically repress necrotrophic-pathogen defense by 

phosphorylating and inhibiting ERF1 (Kanchiswamy et al., 2010). Notably, there is evidence to 

suggest that MAPKs and CDPKs can mediate JA/SA antagonism in the presence of ET (Dodd et 

al., 2010). 

JA itself triggers fluxes in [Ca
2+

]cyt which can positively regulate the transcription of JA-

responsive genes, possibly through CaM-binding of TFs (Sun et al., 2006). As mentioned 

previously, CaM can also bind to TFs and alter their DNA-binding properties. This includes 

WRKY7, which inhibits SA-mediated pathogen resistance (Kim et al., 2006), and IQD1, which 

positively regulates glucosinolate synthesis and enhances resistance to herbivory (Reddy et al., 

2011). Moreover, CaM7 and MYC2 bind identical sequences in light-responsive promoters, but 

while CaM7 acts as a positive regulator, MYC2 acts as a negative regulator (Kushwaha et al., 
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2008; Gangappa et al., 2013). Many of these interactions require further characterization, but it is 

clear that Ca
2+

-signaling exerts a considerable effect upon JA-signaling. 

 The large degree of crosstalk between hormone pathways – as well as the vast number of 

players mediating this crosstalk – has made elucidating the precise functions of individual TFs 

challenging. For instance, MYC2 has been demonstrated to positively regulate the expression of 

the herbivory-specific defensive gene VSP1 (Dombrecht et al., 2007). Subsequent studies have 

found that MYC2 directly promotes the expression of ANAC019 and ANAC055 (Zheng et al., 

2012), which in turn have been shown to be upstream of VSP1 expression (Bu et al., 2008). 

However, ANAC019 and ANAC055 negatively regulate SA levels by directly downregulating 

the SA biosynthesis gene ICS1 and directly upregulating the SA metabolism gene BSMT1 (Zheng 

et al., 2012). Additionally, ANAC019 and ANAC055 are involved in negatively regulating 

ORA59 and ERF1 (Kazan and Manners, 2013), which repress VSP1 expression through unknown 

mechanisms (Memelink, 2009). Thus, although we know that these NAC TFs positively regulate 

VSP1 expression, it is unclear if they do so directly, or by relieving SA-mediated repression of 

JA-signaling, or by relieving ET-mediated repression of herbivory defense – which itself may be 

a by-product of SA crosstalk. 

 A great deal of our knowledge of hormone-signaling pathways is derived from the use of 

knockout and overexpression transgenic lines followed by observing changes in marker gene 

expression and/or herbivore/pathogen resistance. However, due to the complex interconnecting 

nature of these pathways, to firmly establish the functions of TFs we must directly identify the 

genes they regulate. 
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1.4 Promoter Analysis 

Overview 

Promoter analysis offers a number of tangible benefits when analyzing a gene of interest. The 

identification of regulatory cis-elements can suggest pathways in which the gene participates, as 

well as suggesting candidate TFs for further study. 

 An immediate challenge with this strategy is defining the promoter of a gene. In many 

analyses, the promoter is defined in a somewhat ad hoc manner (Solovyev, 2003). The PIC is 

assumed to assemble on a TATA-box ~30bp upstream of the TSS. The proximal promoter is 

typically defined as the 200bp to 300bp upstream of that TATA-box, and is usually rich in 

potential TF binding sites. The region further upstream, usually referred to as the distal promoter, 

may contain additional TF binding sites, enhancer or repressor sequences, or other regulatory 

information. While quite a bit of effort has been put towards better defining the TSS and core 

promoter of a gene, some studies limit their promoter analysis to ≤500bp directly upstream of a 

gene’s predicted TSS. 

 However, as has already been discussed, this simplistic view of promoter structure is not 

always correct. The majority of genes are not regulated from TATA-box sequences, TSSs can be 

very fluid in structure, and distal regions of the promoter can have a profound impact upon 

transcriptional regulation. For example, in HeLa cells the IFN-β enhancer sequence could be 

translocated more than 2kb of its canonical position and still promote transcription through 

interactions with the proximal promoter (Nolis et al., 2009). Furthermore, regions of the 5′ and 3′ 

UTRs, as well as introns, can contribute to the regulation of transcription. For instance, Jeong et 

al. (2006) demonstrated that while a 1.6kb sequence immediately upstream of PRF2 could 

promote limited reporter gene activity, the addition of the first intron was required to produce the 

strong, constitutive expression pattern that PRF2 shows in planta. Moreover, some UTRs contain 

introns capable of enhancing gene transcription (Rose et al., 2008). 
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While it is impractical to analyze all possible regulatory sequences, the best practice is 

often to include the 5′ UTR and perhaps the first intron in promoter analyses. 

Cis-Element Prediction 

Promoter analysis often begins with an in silico analysis to identify potential cis-elements and/or 

their cognate TFs for subsequent investigation. These analyses typically involve the survey of 

available expression microarray databases for relevant stimuli or genetic backgrounds, as well as 

bioinformatics approaches to identify known and/or novel cis-elements. 

 A wide variety of expression microarray data, often from previously published research, 

is available for meta-analysis on the web. Public databases, such as NASC and AtGenExpress, 

collect and curate data from hundreds of experiments representing a wide variety of 

developmental stages, stress and hormone treatments, and genetic backgrounds. These arrays can 

be viewed individually, or through programs such as the Bio-Analytic Resource (bar.utoronto.ca) 

or GeneVestigator (www.genevestigator.com), to survey the expression of a gene of interest and 

identify factors which may affect its expression. While these resources are useful for generating 

hypotheses, they must be analyzed cautiously. In particular, microarrays measure transcript 

abundance rather than transcription itself, which means that observed changes in expression may 

be due to changes in transcript stability rather than changes in promoter transcriptional activity 

(Cheadle et al., 2005). 

 Pattern discovery approaches attempt to identify novel cis-elements within a given 

nucleotide sequence. Coexpressed genes are expected to have similar regulators, so sequences 

shared amongst such genes may also share cis-elements (Thijs et al., 2002). Identifying these 

sequences is typically accomplished by taking promoter sequences from a large number of 

coexpressed genes and then identifying small (≤10bp) motifs that are overrepresented within the 

coexpressed set compared with a background set (Bailey and Elkan, 1994; Toufighi et al., 2005). 

This is a powerful method which is able to identify putative cis-elements without a priori 
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knowledge of promoter structure or TF-binding affinity, including the elucidation of novel motifs 

conserved in Arabidopsis promoters (Molina and Grotewold, 2005). 

A variation of this method can be conducted using a set of orthologous promoters rather 

than coexpressed genes. This technique – sometimes called phylogenetic shadowing – assumes 

that orthologous promoters vary rapidly with evolutionary time, but that regulatory sequences 

will be conserved provided that genes are under similar selection pressures (Sandelin et al., 

2004). Phylogenetic shadowing has proven to be a powerful approach and has been used to 

identify conserved regulatory sequences, such as novel cis-elements governing the expression of  

LIP1 (a lipase, Castrillo et al., 2011) and AGAMOUS (a floral TF, Hong et al., 2003). 

Both of these techniques have a number of caveats. The determination of motif 

background frequency is non-trivial and must be done in a species-specific fashion (Toufighi et 

al., 2005). Even with accurately determined background frequencies, the small size of motifs 

inevitably leads to the identification of many false positives (Tompa et al., 2005). 

Unlike pattern discovery, pattern match programs analyze a given sequence – or set of 

sequences – for the presence of previously characterized cis-elements. This can be a more 

focused strategy and will identify sequences with associations to known TFs or phenotypes. 

There are many freely available web-based programs and databases that can be used for this type 

of analysis. Notable examples in plant biology include PLACE (Higo et al., 1999), AGRIS 

(Yilmaz et al., 2011), AthaMap (Steffens et al., 2004), Athena (O’Connor et al., 2005), PlantProm 

(Shahmuradov, 2003), PlantTFDB (Zhang et al., 2011b), and ConSite (Sandelin et al., 2004). 

Pattern match strategies must also contend with a number of caveats. Database quality is 

absolutely critical to the success of pattern matching. Poorly annotated or outdated databases will 

produce poor results. Moreover, the cis-element format within the database is also significant. 

Cis-elements may be recorded as either a confirmed cis-element, such as the ABA-resposive 

element (ABRE) YACGTGGC (Choi, 2000), or a core consensus sequence, such as the ABRE 
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consensus ACGT (Shen et al., 2004). Databases matching shorter consensus sequences will 

identify more false positives than those using longer sequences. Similarly, databases can format 

cis-elements as either sequences or positional weight matrices (PWMs). TF binding is somewhat 

degenerate and some sequence variation can be tolerated. For example, while MYC2 binds most 

strongly to palindromic G-box sequences (CACGTG) it can also bind several variations with 

relatively high affinity (Fernández-Calvo et al., 2011). A consensus sequence represents this 

degeneracy through IUPAC code (e.g. Y = C or T), but this notation fails to convey sequence 

preference. PWMs – often represented as Logos (Figure 1.4) – convey affinity for nucleotide 

substitutions and can be used to more accurately score the likelihood of TF-binding (Tompa et al., 

2005). While PWMs are better able to predict TF-binding, they are unavailable for many TFs, and 

where they are available their accuracy depends upon the number of interactions analyzed. 

Even with accurate sequence information and high stringency settings, separating signal 

from noise can be difficult. Improvement of predictions is an ongoing project in bioinformatics, 

but foreknowledge of biological context remains valuable when predicting real TF-binding sites. 

For example, a predicted site is more likely to be bound in vivo if coactivator or corepressor sites 

are nearby (Yáñez-Cuna et al., 2013). For instance, the in vivo occupancy of predicted NFkB sites 

in human cells strongly correlates with the presence of an accompanying STAT1 site (Kasowski 

et al., 2010). 

Cis-Element Identification 

While bioformatic approaches are useful in generating hypotheses, ultimately predictions must be 

demonstrated in order to firmly identify TF regulators of genes of interest. Methods of TF and 

cis-element identification can be broadly classified as in vitro or in vivo. 

 Several in vitro methods are well suited for identifying TFs which bind a sequence of 

interest. The Yeast One-Hyrbid (Y1H) assay can be used to identify either TFs that interact with a 

given bait sequence (Menke et al., 1999), or sequences that interact with a bait TF (Ou et al.,  
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Figure 1.4 Logo representations of transcription factor binding affinities. Position-weight 

matrices of top-scoring octamers corresponding to MYC2, MYC3, and MYC4. Adapted from 

Fernández-Calvo et al. (2011). 
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2011). In the Y1H library quality is particularly important given that TF abundance is often 

relatively low in cells. Fortunately, research groups have started constructing TF-specific libraries 

– including the recent construction of a 1589-member Arabidopsis library (Ou et al., 2011). 

Similarly, a staple of promoter analysis is the electrophoretic mobility shift assays (EMSA) where 

TF-binding will retard DNA migration through a polyacrylamide gel (Hellman and Fried, 2009). 

Another suitable method uses labeled TFs as probes on microarrays that contain all possible N-

mers of a given size, and can thus help determine TF-binding sequences (Zhu et al., 2009). As an 

added benefit, these methods provide enough information to generate PWMs. A variation on this 

technique uses microfluidics rather than protein-binding arrays. This approach is significantly 

more sensitive and can better detect low-affinity and transient interactions compared with 

conventional protein-binding arrays (Maerkl and Quake, 2007; Fordyce et al., 2010).  

While in vitro assays are well-suited for testing potential interactions and establishing 

TF-binding affinities, they cannot account for the context-specific nuance of in vivo TF-binding. 

For example, nucleosomes influence the accessibility of TF sequences and their positioning can 

be regulated in a tissue- and stress-specific manner (Kumar and Wigge, 2010; Bargaje et al., 

2012). This in vivo positioning can be assessed through the isolation of nucleosome crosslinked 

DNA followed by PCR (Shu et al., 2013). A powerful method for determining in vivo chromatin 

activity and/or TF associations is the combination of chromatin immunoprecipitation (ChIP) with 

sequencing/microarray probing bound DNA fragment. For instance, using ChIP-seq Seo et al. 

(2013) recently demonstrated that the TF BBD1 recruited chromatin repressive enzymes to JMT1 

in the absence of JA.  

 Despite many technical advances, promoter driven reporter systems remain the backbone 

of promoter analyses. In these systems, a chosen promoter sequence is used to drive expression of 

a reporter gene. Once transformed into plants, researchers are able monitor the ability of this 

promoter to regulate spatio-temporal reporter expression during developmental processes and in 
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response to stressors. A common variation of this technique is the deletion or mutation of specific 

promoter segments in order to measure their contributions to promoter activity. 

 Several different reporter genes are commonly used in these systems. Foremost is GUS, 

which is able to catalytically cleave several substrates into chromogenic or fluorescent products. 

This allows GUS to evaluate both qualitative patterns and quantitative levels of promoter activity 

(Ruijter et al., 2003). Quantitative measurements with GUS are particularly outstanding since the 

fluorescent signal is proportional to GUS concentration over six orders of magnitude (Ruijter et 

al., 2003). However, samples must be fixed prior to staining and thus GUS cannot be used to 

monitor promoter activity in live tissues. Alternatively, luciferase (LUC) and green-fluorescent 

protein (GFP) can be used to monitor patterns of promoter activity under certain conditions, but 

these are generally more expensive and/or more difficult to work with (Ruijter et al., 2003). 

Hybrid reporters, such as GUS-LUC fusions, may also be used to leverage to individual benefits 

of each (Koo et al., 2007). 

 While promoter::reporter systems are useful, several important caveats must be kept in 

mind. First, selection of the promoter region is absolutely crucial. As mentioned previously, many 

areas of the genome – including UTRs and introns – may contribute to the regulation of 

transcriptional activity. Thus, the promoter sequence must be selected carefully and constructs 

must be compared against known patterns of gene expression (e.g. corroboration via RT-PCR, 

microarray data, etc.). Second, a promoter’s activity will be influenced by its inserted position 

within the genome. These positional effects can influence both reporter expression level and the 

spatial distribution of promoter activity (Ruijter et al., 2003). Thus, many independent transgenic 

lines must be analyzed to separate promoter-specific activity from background noise. Moreover, 

transformed plants may contain multiple insertions of a given construct, which may artificially 

elevate reporter activity. These are difficult problems to overcome as only Southern blotting can 

definitively determine precise insertion number. Finally, this method measures reporter activity 
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rather than gene expression directly, which complicates data interpretation. For instance, the GUS 

protein has a half-life of ~50hr (Jefferson et al., 1987). Since GUS activity will persist longer than 

most transcripts will, measures of GUS activity reflect cumulative promoter activity rather than 

current promoter activity. Furthermore, while reporter activity may reflect promoter activity, it is 

a much cruder estimate of gene expression than techniques which also account for transcript 

stability. 

 Despite these caveats, promoter::reporter systems have several benefits. First, while 

microarrays and qRT-PCR can measure gene expression, the promoter::reporter system is the 

only in vivo method to evaluate the contributions of different promoter regions to overall 

promoter activity. Second, unlike most in vitro approaches, high reporter gene stability means 

that this system can detect weak and transient promoter activity with a high degree of sensitivity 

(Ruijter et al., 2003). Third, insertion into the genome means that promoter::reporters are 

sensitive to important determinants of gene regulation missing in vitro, including post-

translational regulation of TFs, and chromatin modification. For example, transgenic 

PHO5Pro::GFP plants display nucleosome positioning virtually identical to the native PHO5 

promoter, and alteration of this nucleosome positioning can regulate GFP reporter activity in 

planta (Lam et al., 2008). Finally, promoter::reporter systems are able to visualize spatio-

temporal patterns of promoter activity with a level of cellular detail that would be impractical to 

otherwise achieve. 

 Significant deficiencies in our knowledge of promoters necessitate a multifaceted 

experimental strategy when investigating the regulation of a gene of interest. By combining 

computational predictions with in vitro and in vivo identification – and accounting for 

methodological caveats – the regulatory elements of promoters can be effectively determined. 
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1.5 Research Objectives 

Given the critical role of Ca
2+

 signaling in plant development and stress responses, a detailed 

analysis of the molecular components mediating these signal transduction pathways is required. 

The CMLs are a plant-specific family of Ca
2+

 sensors that remain largely uncharacterized in 

terms of their physiological functions. Furthermore, while some CMLs have been demonstrated to 

respond to developmental and stress stimuli, no transcription factors have been directly 

implicated in regulating CML expression.  

In particular, while previous work has demonstrated that CML39 expression responds 

strongly to MeJA (Vanderbeld and Snedden, 2007), the upstream signaling pathways that regulate 

this expression are completely unknown.  

The goal of my project was to elucidate these signaling pathways by identifying cis-

elements within the CML39 promoter which are responsible for its jasmonate-induced expression 

patterns. In order to isolate these cis-elements, 5ʹ deletions of the CML39Promoter::GUS 

constructs were created and transformed into Arabidopsis plants and compared to assess the 

contributions of different regions of the CML39 promoter to its MeJA-responsiveness. 
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Chapter 2 

Materials and Methods 

Construct Design and Cloning 

The genomic region from the CML39 (AT1G76640) ATG translation start site to the predicted 

UTR of the nearest-neighbour gene was previously amplified by PCR and subcloned into pBI101 

(Vanderbeld and Snedden, 2007). This construct was used as the template for the PCR-mediated 

amplification of 5ʹ deletion fragments of the CML39 promoter region. Primers used in these 

amplifications may be found in Appendix A, Table A.1. PCR products were cloned into the 

pCR8-TOPO entry vector (Invitrogen) and subsequently subcloned into the binary vector 

pGWB203 (Nakagawa et al., 2007) with the LR Gateway cloning system (Invitrogen). Constructs 

were confirmed by DNA sequencing. Each construct was transformed in Agrobacterium 

tumefaciens strain GV3101 and then into Arabidopsis plants using the floral dip method (Clough 

and Bent, 1998). Transformants were selected by growth upon 0.5x Murashige and Skooog media 

(MS) supplemented with 25 µg/mL hygromycin. 

 A region containing a putative Jasmonate-Response Element (JRE), between -356bp to          

-299bp upstream of the of the CML39 ATG translational start site, was duplicated four times and 

fused with the TATA-box sequence (-46 to +8) of the CaMV minimal promoter to produce the 

39ProJRE-WT construct sequence. As a negative control, a modified version of the 39ProJRE-

WT sequence – 39ProJRE-MUT – was altered at residues previously demonstrated to inhibit the 

binding of MYC family transcription factors (Figure B.2; Fernández-Calvo et al. 2011). Designed 

JRE construct sequences were analyzed with promoter analysis programs to ensure that the fusion 

of these sequences did not introduce new cis-elements. Oligonucleotides were synthesized by 

GeneArt (Invitrogen), subcloned into the pGWB203 vector, and subsequently transformed into 

Col-0 Arabidopsis plants as described above. 
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Plant Growth Conditions 

All experiments using Arabidopsis thaliana were performed using the Columbia accession (Col-

0; wildtype). Seeds were surface sterilized with chlorine gas and sown in petri dishes upon sterile 

0.5x MS media containing 0.8% (w/v) agar. After sowing, seeds were stratified in the dark at 4
o
C 

for 3 days prior to transfer to growth chambers. Growth chambers delivered a 16hr light (200 

µE/m
2
/sec)/ 8hr dark photoperiod at 22

o
C with 70% relative humidity. For analyses of seedlings, 

petri plates were incubated for 7-10 days (to stage 1.0 – 1.04; Boyes et al. 2001). The myc2 T-

DNA insertional knockout line (SALK_017005C; locus identifier, AT1G32640) was obtained 

from the SALK institute. Homozygous knockout plants were identified by segregation for 

hygromycin-resistance and confirmed by PCR-based screening using the border primer, LBb1.3 

(5ʹ-attttgccgatttcggaac-3ʹ) and JIN1-9 gene specific primers (forward, 5ʹ-cctacgctatattctggcaacc-

3ʹ; reverse, 5ʹ-agtggctcttctctaccgtttg-3ʹ). 

Stress Treatments 

Hormone treatments of CML39Pro::GUS plants were conducted using 7d plate-grown seedlings. 

At least three transgenic lines for each promoter 5ʹ deletion construct were analyzed. Response to 

methyl jasmonate (MeJA) was assayed by spraying to saturation plate-grown seedlings with 

either 1% ethanol (control) or 100 µM MeJA/1% ethanol solution (diluted from 95% MeJA stock, 

Sigma Aldrich). Samples were collected at 24hr post-treatment unless otherwise stated. 

Histochemical GUS Assays 

Histochemical GUS staining was essentially performed as described (Vanderbeld and Snedden, 

2007). In brief, seedlings were harvested and immediately soaked in ice-cold 90% acetone for 1h 

with gentle shaking. Subsequently, samples were thoroughly rinsed with water before being 

placed in GUS staining solution (100 mM Na2HPO–NaH2PO4 buffer pH 7.0, 10 mM 

ethylenediamine-tetraacetic acid (EDTA), 0.1% Triton X-100 and 0.1 mg/mL X-Gluc). Seedlings 

were incubated at 37
o
C overnight with gentle shaking, and then cleared with repeated washes of 
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70% ethanol. Control and experimental plants were treated concurrently to allow direct 

comparisons. Seedlings were examined with a Zeiss SteREO Discovery.V12 stereomicroscope 

and digitally photographed.  

Fluorometric GUS Assays 

Whole seedlings were bulked (n ≥ 15), and snap frozen in liquid nitrogen. Where indicated, 

seedling root and shoot tissue was separated prior to bulking. Bulked tissue samples were then 

homogenized in protein extraction buffer (50 mM Na2HPO4-NaH2PO4, pH 7.0, 10 mM EDTA, 10 

mM dithiothreitol (DTT), 0.1% (w/v) sodium lauryl sarcosine, 0.1% (v/v) Triton X-100). 

Samples of protein extract were added to an excess of assay buffer (50 mM Na2HPO4-NaH2PO4 

buffer pH 7.0, 10 mM EDTA, 10 mM dithiothreitol (DTT), 0.1% (w/v) sodium lauryl sarcosine, 

0.1% (v/v) Triton X-100, 0.5 mg/mL MUG) and allowed to incubate at 37
o
C with gentle rocking. 

After 2hr, an excess of 0.2 M Na2CO3 was added to stop the reaction. Fluorescence readings were 

performed using Gemini XS plate reader (Molecular Devices) at an excitation of 365nm and an 

emission of 455nm. Total protein concentration in the extract was calculated as described 

(Bradford, 1976). 

RNA Extraction and RT-PCR 

For analysis of CML39 transcripts in Col-0 and myc2 knockout plants, seedlings were grown on 

0.5 x MS media for 7d, and then sprayed to saturation with either 1% ethanol (control) or 100 µM 

MeJA/1% ethanol. Seedlings were harvested 24hr after treatment and total RNA extracted from 

100 mg of tissue using RNeasy Plant mini RNA extraction kit (Qiagen) as per manufacturer’s 

instructions. RNA samples (1 µg) of were used for cDNA synthesis by SuperScriptIII reverse 

transcriptase (Invitrogen) according to manufacturer’s instructions. Semi-quantitative RT-PCR 

was carried out using CML39 specific primers (forward, 5ʹ- ACCATTTCTCATTCAAATCC -3ʹ; 

reverse, 5ʹ- CAAAGCCTTATTTACACAGC -3ʹ) to determine the presence or absence of 

transcript. Additionally, ACTIN2 (forward, 5ʹ-TCGGTGGTTCCATTCTTGCT-3ʹ; reverse, 5ʹ-
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GCTTTTTAAGCCTTTGATCTTGAGGAG-3ʹ) was amplified as a control for equal cDNA 

loading in PCR reactions. 

Protein Extraction and Western Blot 

Tissue samples (1g) from stage 1.0-1.04 wildtype seedlings were powdered under liquid nitrogen 

and total proteins extracted in 1 mL Plant Protein Extraction buffer (25 mM Tris-HCl pH 7.5, 

10% glycerol, 5 mM EDTA, 1:100 Plant Protease Inhibitor Cocktail (Sigma-Aldrich)). Protein 

concentrations were assessed by the Bradford method. Denatured proteins were subjected to 

electrophoresis in 15% acrylamide SDS-PAGE gels. Samples were loaded into replicate gels 

where one was stained for total protein using Coomassie Brilliant Blue R250, and the other was 

used for electroblotting to a nitrocellulose membrane using a semi-dry transfer apparatus (Biorad 

Laboratories). Membranes were blocked with PBS-T (phosphate-buffed saline, 0.5% Tween-20) 

containing 5% (w/v) skim milk powder overnight at 4
o
C with shaking. Blots were incubated with 

1:3000 anti-CML39 rabbit antisera (Vanderbeld, 2007) in PBS-T containing 1% (w/v) milk 

powder for 2hr at room temperature with shaking, followed by three 5-min washes with PBS-T. 

Blots were then incubated with 1:20 000 secondary goat HRP-tagged antibodies (Sigma) in PBS-

T with 1% (w/v) milk for 1hr at room temperature with shaking and then washed as described 

above. Immunoblot signals were detected with Supersignal West Femto Chemiluminescent 

Substrate (Pierce). 

Bioinformatics 

The CML39 putative promoter region was defined as the full 941bp intergenic region from the 

translation start site of CML39 (AT1G76640) to the predicted UTR of the nearest-neighbour gene 

(AT1G76650). 

Analysis of the CML39 promoter region was performed with four strategies: a survey of 

available microarray expression data; the identification of published cis-elements; the prediction 
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of known and novel motifs within the CML39 promoter region; and the comparison of motifs in 

an orthologous promoter region. 

The CML39 AGI code (AT1G76640) was used to query microarray data using the Bio-

Analytic Resource for Plant Biology (BAR) Arabidopsis eFP Browser (Winter et al., 2007), and 

Genevestigator (Hruz et al., 2008). 

Published cis-elements were identified within the CML39 promoter region using several 

databases. The full-length CML39 promoter region in FASTA format was analyzed with PLACE 

(Higo et al., 1999), AtPAN (Chen et al., 2012b), PlantProm (Shahmuradov, 2003), and ConSite 

(Sandelin et al., 2004). The AGI code of CML39 was used as query with AthaMap (Steffens et 

al., 2004), Athena (O’Connor et al., 2005), and AGRIS (Davuluri et al., 2003; Yilmaz et al., 

2011). Athena’s analysis settings were altered to include all -941bp of the CML39 putative 

promoter. 

The CML39 promoter region in FASTA format was queried with BLAST to identify 

similar promoter regions (Altschup et al., 1990). The genomic region from the translation start 

site of the A. lyrata CML39 ortholog (9318341(ARAYLDRAFT_895547)) to the predicted UTR 

of the nearest-neighbour gene was selected as its putative promoter. To predict orthologous cis-

elements both putative promoter sequences were analyzed in FASTA format with PROMH 

(Solovyev, 2003). 

Over-represented N-mers within the promoter region of CML39 and/or coexpressed 

genes were identified using the BAR Promomer (Toufighi et al., 2005). Genes coexpressed with 

CML39 (r-value ≥ 0.95) were identified using the BAR Expression Angler (Toufighi et al., 2005); 

coexpression analysis was limited to the methyl jasmonate, mutant, and cycloheximide arrays. 

 To predict the transcription start site of CML39, its putative promoter sequence in 

FASTA format was analyzed with TSSP (Shahmuradov et al., 2005). 
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Chapter 3 

Results 

3.1 In silico survey of CML39 expression patterns 

To help contextualize bioinformatics predictions, a survey of available CML39 transcript 

microarray data was performed using the BAR eFP browser and Genevestigator. My survey 

indicates that CML39 is expressed in a number of developmental and physiological contexts 

(Table 1). Expression in mature pollen and lateral roots is consistent with previous reports of 

CML39 promoter activity (Vanderbeld and Snedden, 2007), however, the BAR eFP Browser also 

indicated basal expression within seedling roots (Table 3.1). Indeed, data from multiple transcript 

microarrays indicate the expression of CML39 within the root elongation zone. Consistent with 

previous work, CML39 is strongly and broadly expressed in response to treatment with MeJA. 

With respect to biotic stressors, CML39 appears to respond to both P. syringae and the 

necrotrophic fungus B. cinerea. This contradicts previous reports (Vanderbeld and Snedden, 

2007), but is consistent with jasmonate’s reported role in plant defense (Glazebrook, 2005). 

 I also examined transcript microarray data from different genetic backgrounds including 

transcription factor knockout and overexpression lines, however, the majority of mutant 

backgrounds had no effect upon CML39 expression (Supplementary Table 2.1). An exception 

was in the myb21-4/myb24-5 double-knockout background where CML39 floral expression seems 

to increase slightly. Another exception is the wrky53 and wrky18/wrky40 backgrounds, which 

showed increased CML39 expression in response to P. syringae infiltration. However, this 

experiment lacked appropriate infiltration controls making the data difficult to interpret. Finally, 

the lack of effect on CML39 expression in myc2 background is notable given the important 

substantial role MYC2 plays in jasmonate signaling (Dombrecht et al., 2007). However, in this  
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Table 3.1 CML39 is expressed in a subset of developmental and stress contexts. Data 

surveyed from listed microarray databases using the BAR eFP browser. Experimental conditions 

for these microarray experiments can be found at the BAR website (bar.utoronto.ca/efp). 

Factor  BAR Array Name Ref 

Development Mature pollen Dev Map (Schmid et al., 2005) 

 Seedling root Dev Map (At-TAX) (Bassel et al., 2008) 

 Root elongation zone – 

cortex cells 

Root 

 

(Brady et al., 2007) 

 Root Xylem pole pericyle Root II (De Smet et al., 2008) 

 Lateral roots Tissue Specific (Nawy et al., 2005) 

Abiotic NaCl – 3hr-6hr Abiotic Stress Map (Kilian et al., 2007) 

 Drought – 0.5hr-1hr 

Drought – Chronic  

Abiotic Stress Map 

Abiotic Stress (At-TAX) 

(Kilian et al., 2007; 

Zeller et al., 2009) 

 Cold – 1hr Abiotic Stress (At-TAX) (Zeller et al., 2009) 

 Osmotic – 1hr Abiotic Stress (At-TAX) (Zeller et al., 2009) 

 ABA – 1hr Abiotic Stress (At-TAX) (Zeller et al., 2009) 

Biotic MeJA – 0.5hr-3hr Hormone (Winter et al., 2007) 

 Pseudomonas syringae – 6hr Biotic Stress (Winter et al., 2007) 

 Botrytis cinerea – 18hr-48hr Biotic Stress (Winter et al., 2007) 

Chemical Cylcoheximide Chemical (Winter et al., 2007) 
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experiment CML39 did not consistently respond to MeJA in wild-type plants, which raises 

questions concerning the experimental procedures used.  

 

3.2 Prediction of cis-elements within the CML39 promoter region 

Three bioinformatic approaches were taken to predict relevant jasmonate-responsive cis-

elements: identification of published cis-elements, a comparison of the A. thaliana putative 

promoter with an orthologous putative promoter region from A. lyrata, and the identification of 

over-represented motifs in the CML39 promoter region. 

 Multiple pattern matching databases were queried to identify published cis-elements 

within the CML39 promoter region. These databases fall into three broad categories: low 

stringency signal scan (PLACE, AtPAN, PlantProm, AthaMap), high stringency signal scan 

(Athena, AGRIS), and position weight matrix (PWM) detection (Consite).  

Low-stringency scans predicted a large number and variety of cis-elements (Figure 3.1A; 

Supplementary Table 2.2), thus analysis has been limited to WRKY, MYB, TGA, and MYC-

family cis-elements which have members with demonstrated roles in jasmonate signaling (Pandey 

et al., 2010; Zander et al., 2010; Qi et al., 2011; Kazan and Manners, 2013). WRKY-binding sites 

are concentrated within the 350bp most upstream of the ATG translational start site, while MYB 

sites are spread more evenly across the promoter region. Notably, two predicted MYC cis-

elements have an adjacent thymidine-rich module that has recently been demonstrated to 

significantly enhance MYC-binding (Figueroa and Browse, 2012). Interestingly, the furthest 

downstream predicted MYC-family site has a strong similarity to motifs recognized by TGA-

family bZIP transcription factors, which respond to both OPDA and SA (Chattopadhyay et al., 

1998; Stotz et al., 2013). 
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Figure 3.1 Predicted cis-elements in the genomic region upstream of CML39. Predictions were made with (A) low-stringency signal scan, (B) 

high-stringency signal scan, (C) position weight matrices, (D) orthologous signal scan. An overview of prediction stringency is presented in the 

Methods. Nucleotide positions (bp) are relative to the ATG translational start site (0bp) of the CML39 open-reading-frame. The 941bp region is 

presented as it represents the full intragenic region between the translational start site of CML39 and that of the nearest neighbor gene upstream. 

For low-stringency pattern match (A) and position weight matrices pattern match (C), only cis-elements with demonstrated roles in JA-signaling 

have been displayed.  
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It is not surprising that the higher-stringency bioinformatic scans predicted far fewer cis-

elements. A number of WRKY and MYB sites are predicted, as well as AP2/ERF and LFY 

family sites (Figure 3.1B; Supplementary Table 2.3). Both WRKY sites – as well as three MYB 

sites – are consistent with the lower-stringency analyses. High-stringency scans also predict two 

AP2/ERF sites. It is notable that no MYC binding sites are predicted by this analysis. 

By comparison, the PWM-based scans predict a very large number of cis-elements. 

Multiple MYB and MYC sites are consistent with the low-stringency scans (Figure 3.1C). A 

number of AGAMOUS (i.e. MADS-Box) and TFIIB sites are also predicted. Unfortunately, these 

programs did not have PWMs available for WRKY-binding cis-elements. 

Finally, the CML39 promoter region was compared with an A. lyrata ortholog to identify 

conserved motifs (Figure 3.1D, Supplementary Figure 3.1). One WRKY and two MYC family 

sites were conserved (Supplementary Table 3.4). Additionally, a number of bZIP-family binding 

sites were also identified – including two TGA-family bZIP. 

In addition to signal scan approaches, the BAR Promomer program was used to identify 

statistically over-represented motifs in the CML39 promoter region. While three motifs are 

associated with miscellaneous hormone signaling, the majority are associated with either floral 

gene expression (MADS-Box) or have not been annotated (Table 2.2). Promomer did identify an 

overrepresentation of the ET-responsive EIN3-binding motif. Notably absent is the ACGT core-

sequence that is highly associated with MYC-family binding. 

Taking a different bioinformatics approach, the BAR Expression Angler was used to 

identify a number of genes which coexpress with CML39 in response to MeJA treatment (r-value 

≥ 0.95). The majority of these genes are related to auxin signaling, however a number are 

important JA-signaling components (Table 2.3). This coexpressing gene set was analyzed for 

shared, over-represented motifs with the BAR Promomer program. A massive number of motifs 

were identified, so analysis was limited to the highest scoring motifs (Supplementary 2.5).  
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Table 3.2 The CML39 promoter is predicted to contain multiple motifs associated with 

floral gene expression. N-mers were detected using the BAR Promomer program. 

Size N-mer *Bkg Avg **Set Avg Sig Annotation 

6 ATTCAA 0.8 4 0.012 EIN3-binding site 

4 CAAT 5.9 14 0.007 AtHB (HD-ZIP TFs) 

ATCT 5.9 14 0.008  

TCTA 4.9 12 0.012 AGL3 (MADS box) 

AAGA 8.6 11 0.041  

CTAA 5.1 12 0.017 Early response to 

dehydration 

TGAA 6.9 13 0.034  

CTCA 3.5 9 0.024  

TAAC 4.5 10 0.033 GA-response element  

TAGA 4.8 10 0.040 AGL3 (MADS box) 

CCAT 3.5 8 0.042 AGAMOUS 

CTAG 2.2 6 0.042  

CCTA 2.3 6 0.044 MADS box 

* Background Average is the estimated frequency that a given N-mer will be found within the promoter region of an 

Arabidopsis gene 

** Set Average is the average frequency that a given N-mer is found within the promoter region of queried                

co-expressed genes 
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Table 3.3 Genes predicted to coexpress with CML39 involve components of jasmonate- and 

auxin-signalling. Coexpressed genes were selected using the BAR Expression Angler program. 

Coexpressed genes fall within an r-value range of 0.95 to 1.00. 

Gene Annotation 

CYP74B2 (At4g15440) Response to wounding; IAA biosynthesis 

JAZ9 (At11g70700) Jasmonate signalling 

ILR1 (At3g02875) Hydrolyses IAA conjugates (IAA-Leu, IAA-Phe) 

(At4g24350) Phosphorylase; Cell wall remodelling; wound response 

IAR3 (At1g51760) Hydrolyses IAA-Al conjugates 

ANN3 (At2g38760) Annexin3 (Ca
2+

-binding protein) 

AMT1 (At5g05730) Jasmonate-induced defective lateral root development; auxin 

transport 

AT103-1A (At2g29450) Jasmonate metabolism, auxin induced 

AtCSLA11 (At5g16190) Cellulose synthase 

VHA-E3 (At1g64200) Vaculolar H
+
-ATPase 

AKN2 (At4g39940) IAA biosynthesis 

AtPSK2 (At2g22860) Growth factor; organ morphogenesis 

CYP96A4 (At5g52320) Cytochrome P450 

AtBETAF (At1g12240) Vacuolar Ca
2+

 transport 

AtPGIP2 (At5g06870) Fungal/MeJA induced pectinase inhibitor 

ANNAT44 (At2g38750) Annein4 (Ca
2+

-binding protein) 

AtMYB34 (At5g60890) Modulates ASA1 to tryptophan secondary metabolite synthesis 

AtHNL (At5g10300) Jasmonate biosynthesis 

AtMBD11 (At3g15790) Binds methyl CpG; similar to H. sapiens MBD which repress 

transcription 

(At4g29700) Alkaline Phosphatase; nuclear and vacuolar localization 

(At4g24340) Phosphorylase; implicated in AP2/ERF ORA59 transcription 
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Similar to the previous Promomer analysis, the majority of identified motifs are floral-specific 

MADS box sites, although two ET-responsive motifs were also identified. Interestingly, further 

analysis with Athena revealed a significant overrepresentation of TATA box and MYC2 motifs   

(p < 0.05) amongst the promoters of these genes (Supplementary Table 2.6). 

Additionally, analysis was undertaken to better define the 5ʹ UTR of CML39. While there 

is no established CML39 UTR, the TSSP program predicts a transcription start site consistent 

with TFIIB sites predicted by multiple bioinformatics tools.  

Comparing between all programs and identification methods, several cis-elements are 

consistently predicted. Taken together, I have constructed a consensus of cis-element predictions 

(Figure 3.2, Supplementary Table 3.7). 

 

3.3 Tissue-specific jasmonate-responsive cis-elements within the CML39 promoter 

To determine the relevance of different promoter regions, constructs encoding variations of the 

CML39 putative promoter driving the expression of the GUS reporter enzyme were established 

(Figure 3.3). Eight constructs with varying 5ʹ deletions to the CML39 promoter region were stably 

transformed into Arabidopsis. Homozygous transgenic seedlings were sprayed to foliar saturation 

with control (1% ethanol) or jasmonate (100 µM MeJA/1% ethanol) solutions and assayed for 

GUS activity after 24hr. 

 Initial evaluation of specific GUS activities from whole-seedlings showed a marked 

decrease in activity corresponding to loss of the genomic region between -599bp and -301bp 

upstream of the CML39 ATG site (Figure 3.4). The importance of this segment to jasmonate-

responsiveness was supported by histochemical staining of GUS activity (Figure 3.5). Control 

plants demonstrate a low basal level of GUS activity within the hypocotyl and root body. 

However, in response to MeJA-treatment, transgenic lines show a dramatic increase in GUS  
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Figure 3.2 Cis-element predictions within the CML39 promoter that were predicted by 

multiple and/or high stringency sources and have a putative or established link to 

jasmonate signaling. 
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Figure 3.3 Schematic diagram of CML39 5′ promoter deletion constructs used in the present 

study. 39Pro-941 represents the full intragenic region between the translational start site of 

CML39 and that of the nearest neighbor gene upstream. Sequences were cloned into the entry 

vector pCR8, and then subcloned into the pGWB203 binary vector to drive expression of the 

GUS reporter protein. 
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Figure 3.4 Jasmonate-responsiveness of specific CML39 promoter-driven GUS reporter 

activity in transgenic seedlings. See figure 3.3 caption for a description of CML39 promoter 

constructs. Seedlings of stages 1.0 to 1.04 were examined 24hr after treatment with 100 µM 

MeJA. Specific activity is presented as an average across individual lines (n=3). Data from 3 

independent transgenic lines and 3 biological replicates are presented for each construct. No 

significant differences detected (p < 0.05, two-way t-test). Error bars represent standard deviation 

from the mean. 
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Figure 3.5 The CML39 promoter has a jasmonate-responsive cis-element between -356bp and -301bp necessary for GUS reporter activity 

in shoot tissue. See figure 3.3 caption for a description of the CML39 promoter constructs. Seedlings of stages 1.0 to 1.04 were examined for 

histochemical staining of GUS activity 24hr after 100 µM MeJA treatment. Patterns are representative of at least three independent biological 

replicates.   
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staining. Staining throughout the body of the root increased substantially, particularly in the 

elongation zone and in emerging lateral roots. Notably, GUS activity was also strongly induced 

by MeJA treatment in the shoot apical meristem and young true leaves of stressed seedlings. 

Transgenic seedlings showed very consistent patterns and intensities of GUS activity until 39Pro-

301 lines, whereupon GUS activity was completely lost from shoot tissue. Taken together, this 

data suggests that a jasmonate-responsive cis-element is located between -356bp and -301bp. It is 

notable that a comparison of the 39Pro-356 and 39Pro-301 transgenic lines reveals the loss of 

only one predicted cis-element: a MYC-family binding element. However, while 39Pro-301 

seedlings show no jasmonate-responsive GUS activity in shoot tissue, closer inspection of   

39Pro-301 root suggests that an additional cis-element is present within -301bp of the CML39 

CDS. Qualitatively, 39Pro-301 plants appear to maintain the jasmonate-responsiveness at the 

elongation zone of root tips (Figure 3.6). Remarkably, these data suggest that an additional 

jasmonate-responsive cis-element exists within the CML39 putative promoter. 

To corroborate the validity of a root-specific jasmonate-responsive element, quantitative 

fluorometric assays were carried out to separately measure the shoot and root components of 

GUS activity in transgenic plants. GUS activities of transgenic lines showed noticable variation 

(Supplementary Figure 3.2). Nevertheless, quantitative GUS activity reflected the histochemical 

pattern of comparatively high shoot activity, which is eliminated by the 39Pro-301 construct 

(Figure 3.7). By contrast, root specific activities were very consistent across all lines, including 

39Pro-301. Examining a construct’s average GUS activity by pooling the activity of individual 

lines reinforces this trend (Figure 3.8).  

Taken together, these data suggest the existence of two jasmonate-responsive cis-

elements within the CML39 promoter. One cis-element – required for jasmonate-responsiveness 

in shoot tissue – is located between -356bp and -301bp. Another cis-element – sufficient for  
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Figure 3.6 The CML39 promoter has a jasmonate-response element within -301bp of the 

ATG translational start site sufficient to drive GUS reporter expression within the 

elongation zone of roots. Seedlings of stages 1.0 to 1.04 were examined for histochemical 

staining of GUS activity 24hr after 100 µM MeJA treatment. Patterns are representative of at 

least three independent biological replicates. 
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Figure 3.7 Quantitative reporter GUS activity analysis indicates that a promoter region 

within -301bp of the CML39 ATG translational start site retains jasmonate-responsiveness. 
Stacked columns represent GUS activity from control (dark) and 100 µM MeJA (light) treated 

samples of individual lines. GUS specific activity was measured in crude extracts from bulked 

seedling dissections (n=6). Asterisks denote MeJA-treated samples with significantly more GUS 

activity than corresponding control samples (p < 0.05, two-tailed t-test) Error bars represent 

standard deviation from mean values. 
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Figure 3.8 Quantitative reporter GUS activity analysis indicates that a promoter region 

within -301bp of the CML39 ATG translational start site retains jasmonate-responsiveness. 
Stacked columns represent GUS activity from control (dark) and 100 µM MeJA (light) treated 

samples across individual lines. GUS specific activity was measured in crude extracts from 

bulked seedling dissections (n=6). No significant differences detected (p < 0.05, two-tailed t-test). 

Error bars represent standard deviation from mean values.  
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jasmonate-responsiveness within root and possibly the elongation zone and lateral roots 

specifically – is located within the -301bp segment upstream of the CML39 CDS. 

 

3.4 MYC2 is not necessary for CML39 promoter jasmonate-responsiveness 

The 55bp necessary for CML39 shoot jasmonate-responsiveness has only one predicted cis-

element: a T/Gbox (Figure 3.9). This motif is well characterized as a binding site for MYC-

family transcription factors. This particular G-box variant also has a thymidine-rich sequence 

recently demonstrated to be critical for promoter binding by MYC-family TFs (Figueroa and 

Browse, 2012). MYC2 is the best characterized jasmonate TF – often regarded as the master 

transcription factor of the jasmonate signaling pathway (Kazan and Manners, 2013). Thus, I 

attempted to determine if MYC2 played a role in CML39 gene expression and promoter activity. 

 Homozygous myc2 knockout plants (JIN1-9; AT1G32640) were obtained from ABRC 

and grown along with Col-0 plants on 0.5 x MS media. RNA was extracted from control (1% 

ethanol) and jasmonate (100 µM MeJA/1% ethanol) treated seedlings in both Col-0 and myc2 

backgrounds. CML39 transcript was detected in myc2 plants suggesting that MYC2 is not an 

essential transcription factor for CML39 expression (Figure 3.10). However, it should be noted 

that RT-PCR results were inconsistent and in multiple biological replicates CML39 amplicon 

levels appeared to be less abundant than in wildtype controls. If this knockdown effect is real, it 

would indicate a supporting role for MYC2 in controlling CML39 expression. Nevertheless, these 

data must be interpreted cautiously until a more thorough analysis can be performed in the future.  

One interpretation of reduced, but not eliminated, CML39 expression in the myc2 

background is that MYC2 regulates one, but not both, jasmonate-responsive cis-elements. For 

example, MYC2 might regulate the T/GBox within the -356bp region thereby regulating CML39  
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Figure 3.9 CML39 promoter has a jasmonate-responsive cis-element between -356bp and -

301bp, containing a predicted G-box motif (blue), necessary for GUS reporter activity in 

shoot tissue. Seedlings of stages 1.0 to 1.04 were examined for histochemical staining of GUS 

activity 24hr after treatment with 100 µM MeJA. Patterns are representative of at least three 

independent biological replicates. 
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Figure 3.10 RT-PCR analysis from Col-0 and myc2 cDNA indicates that jasmonate-induced 

CML39 expression is present, but may be reduced in myc2 knockout background. Seedlings 

of stages 1.0 to 1.04 were harvested 24hr after treatment with 100 µM MeJA.  Result is 

representative three independent biological replicates. 
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expression in shoot tissue. To test this possibility, the 39Pro-941, 39Pro-356, and 39Pro-301 

GUS constructs were transformed into a homozygous myc2 background. If MYC2 is necessary 

for full patterns of CML39 JA-responsiveness, GUS activity should be eliminated from one or 

more tissue types. However, histochemical staining of GUS activity in transgenic myc2 

39Pro::GUS seedlings showed no difference in expression pattern compared to Col-0 genetic 

background controls (Figure 3.11). Although it is possible that MYC2 acts in a redundant 

capacity along with other transcription factors, these data indicated that MYC2 is probably not a 

primary regulator of CML39 promoter jasmonate-responsiveness. 

 

3.5 CML39 protein is not obviously expressed in response to methyl jasmonate 

While both microarray database interrogation and previous research has established that CML39 

mRNA is expressed in response to jasmonates (Vanderbeld, 2007), it has not been demonstrated 

whether this translates into significant changes in CML39 protein abundance. 

 To look for jasmonate-induced regulation of CML39 protein, plate grown wildtype 

seedlings were harvested at 12hr, 24hr, 48hr, and 72hr after treatment with control (1% ethanol) 

or jasmonate (100 µM MeJA/1% ethanol) solutions. Western blot analysis suggest that CML39 is 

expressed at very low levels – near the limit of detection using the sensitive Supersignal West 

Femto Chemiluminescent Substrate (Pierce) – across all time points observed, but regardless of 

treatment no obvious changes in protein abundance over 72hrs were observed (Figure 3.12). It is 

possible that initial jasmonate-induced CML39 expression primes cells to for subsequent 

signaling where CML39 will be upregulated. This could be investigated in future studies where 

immunoblots are conducted after single vs multiple JA-treatments. Nevertheless, this data should 

not be over-interpreted and more thorough analysis of CML39 abundance is required. 
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Figure 3.11 myc2 knockout does not alter patterning of jasmonate-induced CML39 

promoter driven GUS reporter activity. Seedlings of stages 1.0 to 1.04 were examined for 

histochemical staining of GUS activity 24hr after 100 µM MeJA treatment. Patterns are 

representative of at least three independent biological replicates. 
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Figure 3.12 CML39 protein does not accumulate following MeJA treatment. Wild-type 

Arabidopsis seedlings of stages 1.0 to 1.04 were examined for CML39 protein accumulation 12hr 

(1, 2), 24hr (3, 4), 48hr (5, 6), and 72hr (7, 8) after 100 µM MeJA (even) or control (odd) 

treatments. Plant soluble protein extracts were subjected to SDS-PAGE (lanes were loaded for 

equal µg protein) and electroblotted to nitrocellulose membrane for immunoblotting with anti-

CML39 antisera (top). To confirm equal loading of protein extracts, a replicate gel was stained 

for total protein using Coomassie Brilliant Blue R250 (bottom). 
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3.6 Supplementary Figures 

Supplementary Table 3.1 CML39 expression in a subset of transcription factor knockout 

and overexpression backgrounds. Data surveyed from listed microarray databases using the 

Genevestigator. Experimental conditions for these microarray experiments can be found at the 

Genevestigator website (www.genevestigator.com). 

Array ID  Tissue Ref 

E-MEXP-883 No MeJA response in myc2 or 

Col-0 

4-5 week leaf (Dombrecht et al., 2007) 

GSE5537 No difference to inducible 

WRKY27 

Young rosette  

GSE6830 No difference in wkry2, wrky7, 

wrky30, wrky40, wrky54, wrky56 

Senescing leaf NASC, unpublished 

GSE6829 No response to P. syringae in 

Col-0; moderate increase in 

wrky53, wrky18/wrky40 

14d seedlings NASC, unpublished 

GSE22766 No difference from PaWRKY1 OE 7d seedling Fu Physiology Plant 2012 

GSE46107 No difference in wrky40, wrky63, 

WRKY40 OE, WRKY63 OE 

Developed 

rosette leaves 

Van Aken Plant 

Physiology 2013 

E-ATMX-30 No difference in myb3r1/myb3r4 9d seedlings Haga Plant Physiology 

2011 

GSE9674 Xanthosmonas infilitration; no 

difference in MYB30 OE 

4 week leaf Raffaele Plant Cell 2008 

GSE32193 CML39 slightly elevated in 

myb21-5/myb24-5 

Floral tissue (Reeves et al., 2012) 

GSE9605 No response to inducible 

AGAMOUS  

Floral tissue (Gómez-Mena et al., 

2005) 
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Supplementary Table 3.2 Cis-elements predicted within the CML39 promoter using low-

stringency pattern match programs. Only cis-elements with a putative or established role in 

JA-signaling have been shown. 

Element Consensus Seq Position Annotations Databases 

WboxAtNPR1 TTGAC -940 bp WRKY71 PLACE, AtPAN 

WboxAtNPR1 TTGAC -908 bp WRKY71 PLACE, AtPAN, 

PlantProm 

WboxNtERF3 TGACT -888 bp  PLACE, AtPAN 

WbokAtNPR1 TTGAC -625 bp WRKY71 PLACE, AtPAN 

WboxAtNPR1 TTGAC -602 bp WRKY71 PLACE, AtPAN 

WboxAtNPR1 TTGAC -390 bp WRKY71 PLACE, AtPAN 

MYBCore CNGTTR -801 bp MYB1, MYB2 PLACE, AtPAN, 

AthaMap 

MYB  -739 bp MYB46, MYB83 AthaMap 

MYBCore CNGTTR -588 bp MYB1, MYB2 PLACE, AtPAN, 

AthaMap 

AtMYB1 GATAAG -568 bp MYB1 AtPAN 

GAREAT TAACAAR -27 bp  PLACE, AtPAN 

GBox CANNTG -830 bp MYC, ICE1 PLACE, AtPAN 

Gbox CANNTG -563 bp MYC, ICE1 PLACE, AtPAN 

Gbox CANNTG -402 bp MYC, ICE1 PLACE, AtPAN 

T/GBox AACGTG -314 bp MYC 

MYC 

PLACE, PlantProm 

T/GBox AACGTG -166 bp PLACE, PlantProm 

TGA1 TGACGTGG +23 bp OPDA responsive; 

bZIP family 

AthaMap 

TGA1 TGACGTGG -160 bp AthaMap 

TATA TATATAA -729 bp TFIIB PLACE, AtPAN 

TATABox TATTTAA -342 bp TFIIB PLACE 

TBP CTATAAATACC -108 bp TFIIB AthaMap 
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Supplementary Table 3.3 Cis-elements predicted within the CML39 promoter using high-

stringency pattern match programs. Predictions were made with Athena and AGRIS programs. 

Element Consensus Seq Position Annotations Databases 

Wbox TTGACY -943bp 

-909 bp 

WRKY TFs Athena 

Athena 

CCA1 AAMAATCT -758 bp MYB family; circadian rhythm Athena 

TATA box TATAAA -730 bp 

-89 bp 

TFIIB Athena 

Athena 

DRE Core RCCGAC -645 bp Dehydration; AP2/ERF family Athena 

Ibox motif GATAAG -569 bp Light; Bound by LeMYB1; 

Bound by AtMYB1 

Athena 

GAREAT TAACAAR -520 bp 

-28 bp 

Gibbirilin related; MYB family Athena 

Athena 

RAV1-A CAACA -402 bp AP2 AGRIS 

LFY CCATTG -416 bp Floral Development; LFY 

family 

AGRIS 
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Supplementary Table 3.4 Predicted cis-elements shared between orthologous CML39 

promoter regions in A. thaliana and A. lyrata. Predictions and comparison performed with the 

PromH program. 

Cis-element Position Annotation 

Wbox4 (cAtGGTCAAACC) -911bp Arabidopsis thaliana WRKY40 

Z-BAC (TCATAGTCAT) -893bp, -104bp Phaseolus vulgaris Class 1 TGA-type bZIP  

DR5 (CCTTTTGTGTt) -846bp Glycine max ARF1 

CArG1 (ACAATTAAGG) -784bp Antirrhinum majus DEF/GLO 

rbe (TCCAACTTGGg) -536bp Arabidopsis thaliana RSG bZIP 

T/Gbox (AAAACGTGTTtt) -305bp Lycopersicon esculentum JaMYC2, MaMYC10 

IBox (GGATGAGATAtGt) -296bp Lycopersicon esculentum IBF 

D1box (GTAGCTAG) -254bp Nicotiana tabacum Various bZIP 

Gbox2 (TCAGACGTGTGA) -169bp Arabidopsis thaliana STF1/HY5 

BGTF (TCAaGTCGAGAATa) -129bp Nicotiana tabacum BGTF 

Fp31/VI (ACTTGAaACAC) -121bp Glycine max Unknown TF 

Dbox (AAaAAAGAAAGAAc) -56bp Zea mays DOF1 
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Supplementary Table 3.5 Overrepresented motifs shared between genes coexpressed with 

CML39. Analysis was limited to highest scoring N-mers of a given size. Analysis was limited to 

highest scoring N-mers. The significance of N-mers is displayed in brackets (p-value), while the 

proportion of high scoring N-mers is displayed in square brackets [high scoring/total detected]. 

Motifs are shared with at least 95% of genes. N-mers were detected with the BAR Promomer 

program. 

Size N-mer Bkg Avg
* 

Set Avg
** 

Z-Score, Sig Annotation 

4 

(<0.005) 

[4/127] 

TATA 243.5 334.5 2.9, 0.005 Overrepresented in light repressed 

promoters 

TGTA 124.1 164.7 3.2, 0.001 EIN3-binding site; light repressed 

promoters 

ATGT 141.1 181.5 2.7, 0.005 EIN3-binding site; MYC-binding site 

 GAGA 146.2 87.1 -2.9, 0.005 Auxin responsive genes; DREB2-

binding motif 

5 

(<0.01) 

[4/55] 

TTATT 100.0 132.0 2.4, 0.01 AGAMOUS MADS domain binding 

(broad specificity WWWWN); 

AAATG 62.6 84.5 2.4, 0.01 MADS-box TFs; AP3/PI heterodimer 

ATATG 48.6 69.9 2.6, 0.005 AGAMOUS (MADS-box TF) 

 TTGTA 48.0 65.5 2.4, 0.01 No Arabidopsis annotation 

6 

(<0.05) 

[1/2] 

AAAAAA 122.5 178.4 2.1, 0.05 AGAMOUS MADS-box 

(WWWWWW consensus) 

* Background Average is the estimated frequency that a given N-mer will be found within the promoter region of an 

Arabidopsis gene 

** Set Average is the average frequency that a given N-mer is found within the promoter region of queried                

co-expressed genes 
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Supplementary Table 3.6 MYC-binding and TATA-box motifs are overrepresented in genes 

predicted to coexpress with CML39. Background and set averages are displayed as percentage 

(left) and number (right) of genes predicted to contain a given motif. Coexpressed genes were 

predicted with the BAR Expression Angler program. Motifs were predicted and analyzed with the 

Athena program. 

TF/Motif Name Bkg Avg
* 

Set Avg
** 

P-Value 

TATA-box Motif 82% 24789 96% 25 0.006 

W-box promoter Motif 67% 20292 61% 16 0.439 

AtMYC2 BS in RD22 35% 107046 50% 13 0.022 

GAREAT 55% 16578 50% 13 0.479 

Ibox promoter motif 40% 12259 42% 11 0.199 

CCA1 binding site motif 27% 8251 34% 9 0.136 

DRE core motif 23% 6989 26% 7 0.190 

LTRE promoter motif 5% 1568 7% 2 0.303 

* Background Average is the estimated frequency that a given motif will be found within the promoter region of an 

Arabidopsis gene 

** Set Average is the average frequency that a given motif is found within the promoter region of queried                   

co-expressed genes 
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Supplementary Table 3.7 Several cis-elements consistently detected within the CML39 

promote that have putative or established links with jasmonate-signaling. 

Element Consensus Seq Position Annotations Databases 

WboxAtNPR1 TTGAC -940bp WRKY71 PLACE, AtPAN, Athena 

WboxAtNPR1 TTGAC -908 bp WRKY71 PLACE, AtPAN, PlantProm, 

Athena, A. lyrata 

WboxNtERF3 TGACT -888 bp ERF3 PLACE, AtPAN 

WbokAtNPR1 TTGAC -625 bp WRKY71 PLACE, AtPAN 

WboxAtNPR1 TTGAC -602 bp WRKY71 PLACE, AtPAN 

WboxAtNPR1 TTGAC -390 bp WRKY71 PLACE, AtPAN 

MYBCore CNGTTR -801 bp MYB1, MYB2 PLACE, AtPAN, AthaMap, 

Consite 

MYB.ph3 AAACACTTT -758 bp MYB.Ph3 Consite 

MYB ACCTACC -739 bp MYB46, MYB83 AthaMap, Consite 

MYB.ph3 AAACACTTT -664 bp MYB.Ph3 Consite 

MYBCore CNGTTR -588 bp MYB1, MYB2 PLACE, AtPAN, AthaMap 

AtMYB1 GATAAG -568 bp MYB1 AtPAN 

MYB.ph3 AAACACTTT -94 bp MYB.Ph3 Consite 

GAREAT TAACAAR -27 bp  PLACE, AtPAN, Athena 

G-Box CANNTG -830 bp MYC, ICE1 PLACE, AtPAN 

G-Box CANNTG -563 bp MYC, ICE1 PLACE, AtPAN, Consite 

G-Box CANNTG -402 bp MYC, ICE1 PLACE, AtPAN 

T/G-Box AACGTG -314 bp MYC PLACE, PlantProm, Consite,  

A. lyrata 

T/G-Box AACGTG -166 bp MYC PLACE, PlantProm, Consite,  

A. lyrata 

TGA1 TGACGTGG -160 bp TGA1; OPDA AthaMap, A. lyrata 

TATA-box TATATATAT -108 bp TFIIB AthaMap, Consite, 

PlantProm 
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Query  1    GTCAATCTACTAAATATATAGTCCATTGAGGTTTGACCATGATTTGCTCATAGTCATATT  60 

Sbjct  6    GTCAATCTACT--A-A-ATAGTCCATCGACGTTTGACCATGACTTGCTCATAGTCA---T  58 

Query  61   ATTATTCTCTAGAGCTCACAATTCAAGACAAAAGGAATCTAAACAAGATTC-AAATGAGC  119 

Sbjct  59   ATTATTCTCTAGAGCTCACAATTCAAGACAAAAGGAATCTAA-CAAGATTCAAAATGAGC  117 

Query  120  TTTAGTATAAGATCTTCACATAACGGTAACAATTAAGGTATCTAATAAGATTTTATTCCT  179 

Sbjct  118  TTTAGTGTAAGATATTCATATAACGGTAACAATTAAGGTATCTAATAAG-TTTTCGTCCT  176 

Query  180  ACAAAACAATCtttttttCCAACCAATAA-GAGTTTATATATTGTTAGAGTCCTAACACT  238 

Sbjct  177  ACAAATCAAACTCTTTATCCAACCAATAAAGAGCTTAT-TATTGTTA-A--C--A-CTTT  229 

Query  239  TTTGTGAAGAAG-AATGTTGGCTTTTATCGATCCATCTCAAACTGAAT--C---TC-ACT  291 

Sbjct  230  TTT-TCAAGATGAAATGTTGGCTTTTATTGATCCATCTCAAACTAAGTTACCGATCGACA  288 

Query  292  AAGTTACCGACAATAAT--CCATA--GTGTCAATGAATTGAATCTTACTATTTGACCTCA  347 

Sbjct  289  AA-TTGTCGGCGATCTTTTCCATATTGTGTAAATGAATTGAATCTCACTATTTGACCTCA  347 

Query  348  TCTTTCGGTTGTAGGATTTCTAACACTTATCACTTGTTTTGAATCAACCCAAGTTGGAGA  407 

Sbjct  348  TCTTA-GGATGTAGGATTCCTAACACTTATCACTTATTTTGAATCAACCCAAGTTGGAAA  406 

Query  408  AATTATAGGAGCCATAACAAGTTTGAGGCATT-A-TATGGACTTCTATGGTATGAAACCT  465 

Sbjct  407  AATTATAGGAGCCATAACAAGTTTGAGGCATGCATTATGGACTTATATGCTATGAAACC-  465 

Query  466  TAGGTTGTGAAGAAATTGATT-T--T--TGaaa-aaaaGCAATGATTAGTAGATGAAGTT  519 

Sbjct  466  TAGGTTGTGAAGAAATCGATAATAATAATAAAAGAAAATCGATGGTTAGTAGATCAAGTT  525 

Query  520  ACCATTGTTCTAAATTC  536 

Sbjct  526  ATCATTGTTTTAAATTC  542 

 

Query  540  AAATGGGAGTCGTCAAATA--TTATATTTACCACAATAACATTTCTCAATCCTTCTTCCT  597 

Sbjct  593  AAATGGAAGTCGTCAAATATTTTATATTTACCAAAATACCATTTCTCAATCCATCTTCCT  652 

Query  598  ATATTTAAGACAGAGAGGTAGAAGAAGAAAACGTGTTTTAAACATGGGGATGAGATATGT  657 

Sbjct  653  ATATTTAAGA-A-AGA---AGAAGAAAGAAACGTGTTTTAAACATGGAGATGAGACCTGT  707 

Query  658  AACGAACCAATATACTAATATTTCCTTTCCTAGCTAGATCTAGAAGACTAATAATACTAC  717 

Sbjct  708  AACGAACCAATATACTAATATTTCCGTTCCTAG--ATCTCTACAAGACTATTAATAATAC  765 

Query  718  --T-TCTTCTAGATCTAAAGA----CTAAAAATATTTGttttttttttCTAGATCTGAAT  770 

Sbjct  766  AATGTCTTCTAGATCTAAAGACTAGCTAAAAATATTTGTTTTTTTTTTCTAGATCTGAGT  825 

Query  771  CTCACACGTTTGATTCGTTTCAATTTCTATTTTCTTATTACTATTCTCGACTTGAAACAC  830 

Sbjct  826  CTCACACGTTTGATTCGTTTCAATTTCTATTTTTTTATTCCTATTCTCGTCTTGAAACAC  885 

Query  831  ACCTATATAT--ATAGAGAAACACTTTATACCATTTCTCATTCAAATCCTAAATCaaaaa  888 

Sbjct  886  ACCTATATATAGAGAGAGAAACACTTTATACCATTTCTCATTCAAATCCTAAATC--AAA  943 

Query  889  aaGAAAGAACAATACTTGTAACTTATAACAAATAC  923 

Sbjct  944  AAGAAAGAACAATACTTGTAAC--ATAA-AAATAC  975 

 

Supplementary Figure 3.1 A. thaliana and A. lyrata have similar intergenic sequences 

upstream of orthologous CML39 genes. The A. lyrata putative promoter region is taken from 

the start codon of an orthologous CML39 gene to the stop codon of the nearest neighbour gene. 

Alignment was performed using BLASTN. First segment Expect-value: 2e-139. Second segment 

Expect-value: 7e-128. 
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Supplementary Figure 3.2 Quantitative reporter GUS activity analysis indicates that some 

transgenic CML39Pro::GUS lines display variable quantitative GUS activity between 

biological replicates. Box and whisker plots represent 95% confidence intervals of fold-increase 

of GUS activity from shoot (top) and root (bottom) samples 24hr after 100 µM MeJA treatment. 

GUS activity was measured in crude extracts from bulked seedling dissections (n=6). 
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Chapter 4 

Discussion 

Ca
2+

 is able to regulate a large number of important developmental and stress response pathways 

through an array of sensor and effector proteins. In particular, Ca
2+

-signals mediate JA-signaling, 

which coordinates several developmental pathways, as well as plant defense to herbivore and 

necrotrophic-pathogen attack. CML39, a Ca
2+

-sensor, is known to be upregulated by the MeJA 

(Vanderbeld and Snedden, 2007). In order to isolate MeJA-responsive cis-elements within the 

CML39 promoter region, I have analyzed transgenic plants expressing different CML39Pro::GUS 

constructs. Additionally, through RT-PCR and GUS analysis in myc2 knockout plants, I have 

demonstrated that MYC2 – an important JA-responsive TF – is not necessary for CML39 

promoter activity. 

4.1 Which Regions Of The CML39 Promoter Regulate MeJA-Responsiveness? 

It is important to note that CML39 lacks introns and that the 941bp promoter region has been 

previously demonstrated to reflect CML39 expression in planta (Vanderbeld and Snedden, 2007). 

Thus it is reasonable to believe that measurements of CML39 promoter driven GUS activity in 

this study are reflective of CML39 promoter activity.  

Analysis of different CML39Pro::GUS transgenic seedlings has revealed an interesting 

pattern of promoter activity. Histochemical and fluorometric GUS analysis indicates that the        

-356bp to -301bp region (Region A) of the CML39 promoter is necessary for MeJA-induced 

GUS activity in aerial tissue, including the shoot apical meristem, true leaves, and hypocotyl 

(Figure 3.5, Figure 3.9). Furthermore, GUS analysis also demonstrated that the -301bp to ATG 

region (Region B) of the CML39 promoter is sufficient for MeJA-responsiveness in the 

elongation zone of roots (Figure 3.6, Figure 3.7).  
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 While observed patterns of histochemical GUS activity were quite consistent, it’s 

important to recognize inconsistencies in quantitative fluorometric GUS activity (Figure 3.7). 

Although there is notable variability between biological replicates, box-plots of GUS activity 

fold-induction indicate that 39Pro-356 and 39Pro-301plants show remarkably consistent activity 

(Supplementary Figure 3.2). Variability in 39Pro-941 lines is somewhat greater. This may be due 

to the presence of MeJA-independent cis-elements which are absent in smaller constructs. 

Alternatively this could merely be a consequence of a greater upper limit of promoter activity in 

39Pro-941 constructs. Observed variability in this study underscores the importance of 

maintaining a large number of independent lines for analysis. It also demonstrates why many 

researchers are turning to transient expression systems to better mitigate some of the variability 

inherent in promoter::reporter assays. Nevertheless, by examining several lines of data – 

including histochemical staining, fluorometric quantitation, and tissue-specific sampling – 

promoter::reporter systems can identify important modes of promoter regulation. 

The separate regulation of shoot and root promoter activity observed in this study raises 

two interesting questions: what biological reason is there to regulate the MeJA-responsiveness of 

CML39 from two tissue-specific cis-elements rather than one master MeJA cis-element? And 

why is the TF, which promotes shoot MeJA-responsiveness via Region A, unable to promote 

MeJA-responsiveness in shoot tissues via Region B? 

4.2 Why Does The CML39 Promoter Contain Tissue-Specific Cis-Elements? 

There are a few well-documented examples of TF recruitment to different cis-elements within a 

single gene in a tissue-specific manner. For example in the human Arid3a gene, the TGF-β TF 

Smad3 is recruited to Smad3 cis-elements adjacent to MyoD-sites in myotubes, but to Smad3 cis-

elements adjacent to PU.1 sites in Pro-B cells (Mullen et al., 2011). In these cases, differential 

recruitment seems to be mediated by a combination of differential nucleosome positioning and 

different cell-fate master TFs that pioneer cis-elements in order to promote the recruitment of 
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additional TFs. However in CML39, the cis-elements necessary for shoot and root MeJA-

responsiveness are within 356bp of the CML39 start codon – a span in which most promoters are 

nucleosome free (Yamamoto et al., 2009) – and it is therefore unlikely that CML39 is regulated in 

this manner. 

 A more likely explanation is that different cis-elements within Region A and Region B 

are bound by different TFs, which are expressed in tissue-specific way. For example, Insulin 

receptor substrate-1 (IRS-1) is regulated by the binding of bHLH TFs to an E-box in HepG2 

cells, but by the binding of bZIP TFs to a C/EBP site in CHO cells (Matsuda et al., 1997). This 

differential use of cis-elements is associated with elevated expression of IRS-1 in highly 

metabolic tissues (e.g. liver tissue) compared with lower expression in other cell types (e.g. 

ovarian cells). In a similar way, differential use of cis-elements may indicate that CML39 

regulates a MeJA-pathway which is differentially regulated between shoot and root tissues. For 

instance, secondary metabolites can be differentially produced in shoot and root tissues 

depending upon the site and type of herbivore attack (Kaplan et al., 2008; Ali et al., 2011). 

However, it is difficult to speculate further upon potential pathways that CML39 may regulate as 

we currently have a limited understanding of the scope and significance of tissue-specific 

defenses. 

4.3 Which TFs May Be Regulating CML39? 

MYC-family TFs are likely candidates to govern the MeJA-responsive cis-element within Region 

A. Previous work has indicated that CML39 responds to MeJA and herbivory, but not to 

mechanical wounding (Vanderbeld and Snedden, 2007; Seneviratne, 2008). Plant responses to 

herbivory act primarily through the JA/ABA branch of JA-signaling, largely mediated by the TFs 

MYC2, MYC3, and MYC4. Knockouts of these TFs cause compromised resistance to herbivores, 

largely due to decreased accumulation of secondary metabolites and insect growth-inhibitors 

(Fernández-Calvo et al., 2011; Schweizer et al., 2013). Significantly, while MYC2 is a master 
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regulator of many JA-pathways, MYC3 and MYC4 appear to be more specialized in promoting 

plant defenses to herbivores (Fernández-Calvo et al., 2011). In silico analysis predicts only one 

cis-elements in Region A, a G-box with an adjacent thymidine module, which has been 

demonstrated to enhance MYC-family binding (Figueroa and Browse, 2012).  

In this study, RT-PCR and transgenic myc2 CML39Pro::GUS plants indicate that MYC2 

is not necessary for CML39 promoter activity (Figure 3.10, Figure 3.12). This is a significant 

result considering that MYC2 has been implicated in regulating a large proportion of the JA-

signaling pathway including JA biosynthesis, upregulation of herbivory-specific defenses, 

upregulation of JAZ proteins, and antagonistic crosstalk with auxin and SA (Dombrecht et al., 

2007). Importantly, this also suggests that CML39 expression is not promoted by the myriad other 

TFs that are directly upregulated by MYC2. However, MYC2 is not the only TF which promotes 

transcription through the G-box. 

Previous studies have used transgenic MYC3Pro::GUS and MYC4Pro::GUS plants to 

characterize their patterns of expression (Fernández-Calvo et al., 2011). Intriguingly, while 

MYC3::GUS plants display ubiquitous GUS activity in aerial tissues, MYC4::GUS plants display 

shoot GUS activity in patterns very reminiscent of CML39::GUS, including strong activity in the 

shoot vasculature, as well as darker staining within the leaf primordia, and shoot apical meristem 

(Supplementary Figure 4.1). Moreover, in vitro estimations of MYC TF binding affinities 

indicates that while MYC2 and MYC3 show degenerate binding of many G-box variants, MYC4 

binding is more stringent and G-box sequence variations can greatly reduce its binding affinity 

(Fernández-Calvo et al., 2011b). Thus, it seems possible that MYC4 could bind the G-box with 

thymidine module present in Region A, but be unable to bind to the more deviant G-box lacking a 

thymidine module within Region B.  

This hypothesis is based upon speculation and further experimental work will be required 

to investigate it. Importantly, MYC4 PWMs were previously determined in an in vitro system 
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limited to MYC4 homodimers and short DNA oligos. Thus, in vivo binding affinities may be 

influenced by post-translational modification, or heterodimerization with other MYC- or MYB-

family members. Moreover, my 5′ deletion analysis of the promoter region of CML39 cannot 

exclude the possibility of a novel cis-element within Region A governing CML39 shoot MeJA-

responsiveness. Nevertheless, MYC4 recruitment to high-affinity G-boxes, either as a homodimer 

or a MYC4 heterodimer with MYC3 or MYC2, provides a reasonable explanation of why TFs 

present in shoot tissues are unable to promote MeJA-responsiveness via Region B. 

In silico analysis of Region B was less helpful in identifying a candidate TF governing 

the root-specific MeJA-responsiveness of the CML39 promoter region. Region B contains three 

predicted MYB sites, and MYBs are known to positively regulate insect-specific defenses 

(Sønderby et al., 2010; Qi et al., 2011). However, it has recently been demonstrated that many 

MYB-regulated genes are actually promoted by the dimerization of a bHLH with a MYB. For 

instance, MYB28, MYB29, and MYB76 have been demonstrated to interact with MYC2, MYC3, 

or MYC4 and bind to cis-elements with adjacent G-boxes and MYB binding sites (Schweizer et 

al., 2013). The fact that CML39 MYB sites lack adjacent G-box sequences doesn’t eliminate the 

possibility of MYB-regulation, but MYB-exclusive regulation does not appear to be as 

widespread in JA-signaling as once thought. 

Region B also contains a G-box motif; however this variant lacks the thymidine module 

that enhances MYC-family binding. In vitro binding assays suggest that MYC-family TFs have a 

much lower affinity for this variant; however other bHLH TFs may show affinity for it. For 

instance, MYC5 – a member of the MYC2, MYC3, MYC4 subfamily – can also promote 

transcription via the G-box, but has yet to be otherwise characterized (Figueroa and Browse, 

2012). Interestingly, bioinformatics tools also predict a TGA-binding motif which overlaps with 

this G-box. TGA TFs bridge JA and SA signaling by promoting SA-responsive genes in the 

presence of SA, and promoting JA/ET-responsive necrotroph-specific defense genes in the 
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absence of SA. Previous RT-PCR and microarray analyses indicate that CML39 is neither SA-

responsive nor necrotroph-responsive (Vanderbeld and Snedden, 2007; Winter et al., 2007). 

Indeed, microarray data which indicates that CML39 expression is positively regulated in 

response to P. syringae suggests that CML39 is part of the JA/ABA branch of signaling (Table 

2.1), since the coronatine phytotoxin positively regulates the JA/ABA branch (Yan et al., 2013). 

Thus, it is more likely that this TGA binding site mediates SA-antagonism of JA-signaling – a 

role supported by studies showing that TGA2, TGA5, and TGA6 impeded JA-mediated root 

growth inhibition (Stotz et al., 2013). This TGA site is also notable as it was predicted to be 

conserved between Arabidopsis and A. lyrata (Figure 3.2D). However, in A. lyrata this TGA 

motif does not overlap with its nearby G-box motif. Predicted conservation of this cis-element 

may be significant, but it is difficult to interpret without gene expression data from A. lyrata. 

 It is important to note that while combining 5′ promoter deletion analysis with 

bioinformatics predictions is a powerful investigative strategy, this analysis cannot exclude the 

possibility of novel motifs promoting MeJA-responsiveness. This is a particularly important 

consideration with respect to Region B since it is large and lacks a strong candidate cis-element. 

Indeed, the Promomer program identified several novel motifs that are over-represented within 

the CML39 promoter region. However, these N-mers occur many times throughout the CML39 

promoter and their deletion does not seem to correlate with observed patterns of GUS activity. 

Ultimately, additional study will be required to investigate MYC4 as a candidate TF, and further 

delineate the root-specific MeJA-responsive cis-element within Region B. 

4.4 How Accurate Were Bioinformatic Predictions Of Cis-Elements? 

 With these patterns of CML39 GUS activity defined, it is worth reexamining earlier        

in silico cis-element predictions. First, it is interesting to note that predicted cis-elements tend to 

periodically cluster across the promoter (Figure 3.1). TF accessibility to DNA sequences is 

frequently limited by nucleosomes which loop 147bp of DNA around a histone core (Bai and 
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Morozov, 2010). In this manner substantial stretches of DNA are largely inaccessible to TFs. 

Thus, these in silico predictions are actually consistent with expectations regarding the patterning 

of genuine cis-elements.  

Second, it is remarkable that while a G-box with thymidine module is a strong cis-

element candidate within Region A, the elimination of a virtually identical upstream sequence 

had no discernible impact upon promoter activity. In fact, the vast majority of predicted cis-

elements had no observable effect upon MeJA-induced GUS activity. This isn’t entirely 

surprising. Some predicted elements are likely genuine but effect unrelated processes. For 

instance, some of the predicted MADS-Box cis-elements may have legitimate role in regulating 

floral development. However, my analysis suggests that the majority of predicted cis-elements are 

false positives. This highlights the paramount challenge in cis-element prediction of 

distinguishing signal from noise. It also illustrates difficulties with a common assumption 

bioinformatics: that the overrepresentation of specific motifs in a promoter suggests that they are 

more likely to be legitimate cis-elements. 

While there are legitimate methodological challenges to be resolved, currently cis-

element prediction programs also suffer from needless technical problems. In particular, many 

cis-element databases suffer from inadequate annotation, outdated entries, or problematic 

consensus sequences. Overall, there is a real need for a more organized and centralized approach 

– akin to NCBI resources – in collecting and maintaining up-to-date information of cis-elements 

and TF-affinities.  

4.5 Why Does MeJA Induce CML39 Transcript Expression, But Not CML39 

Protein Accumulation? 

RT-PCR and Western blotting suggests that while a single MeJA-treatment promotes CML39 

transcript accumulation (Figure 3.9), it does not visibly alter CML39 protein accumulation 

(Figure 3.11). This result should not be over-interpreted, but some speculation is justified. Within 
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the context of JA-signaling, the paradigm of “priming” may provide an explanation. Priming is 

the induced competency of a cell to respond to low levels of a stress stimulus in a more rapid and 

robust manner than non-primed cells (Conrath, 2011). Recent studies indicate that priming 

depends upon the induced accumulation of mRNA and protein of signaling molecules. For 

example, MPK3 and MPK6 expression is heavily upregulated following priming and will 

promote enhanced pathogen defense (Beckers et al., 2009). While Ca
2+

-sensors have not been 

directly implicated in defensive priming, guard cell pre-exposure to CO2 or ABA has been 

proposed to modulate stomatal closing by lowering the [Ca
2+

]cyt required for Ca
2+

-sensor 

activation (Hubbard et al., 2010). During herbivore and pathogen attacks, plants release volatiles, 

including GLVs, MeJA, and MeSA, which have been suggested as priming agents in defense 

signaling pathways (Heil and Ton, 2008; Worrall et al., 2012). Thus, MeJA-responsive CML39 

promoter activity may be related to defensive priming. This result should be regarded cautiously 

– confirmed signaling amplifiers, like MPK3, typically show increased protein abundance 72hr 

following priming, but CML39 does not.  

It is also to keep in mind the limitation of examining gene expression with a single 

stimulus. Signaling pathways involve the integration and coordination of myriad simultaneous 

stimuli to eventually generate signal specificity – CML39 accumulation may require additional 

MeJA-independent signaling. Further analyses, with MeJA priming followed by herbivory or 

repeated MeJA treatment will need to be performed to assess if CML39 preferentially 

accumulates following priming. 

4.6 What Role Does CML39 Play In JA-Signaling? 

Given the responsiveness of CML39 to MeJA, herbivory, and P. syringae, it is likely that CML39 

plays a role in the JA/ABA branch of JA-signaling. Consistent with this, I have suggested the 

herbivory-defense specific TF MYC4 as a potential regulator of CML39 expression. While my 
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own data clarifies CML39 regulation by JA, there is good reason to suspect that CML39 is an 

important component of JA-signaling. 

 Several lines of circumstantial evidence suggest that CML39 plays a role in JA-mediated 

inhibition of growth. First, GUS staining of MeJA-treated transgenic CML39Pro::GUS seedlings 

indicates that CML39 promoter activity is greatest in key areas of cell division and expansion – 

namely the root apical meristem, the root elongation zone, the shoot apical meristem, the leaf 

primordia, and young true leaves. Second, recent work has demonstrated that, in a COI1-

dependent manner, repeated MeJA treatment induces a state of developmental arrest in cells of 

the root apical meristem, shoot apical meristem, leaf primordia, and the distal sections of young 

leaves (Noir et al., 2013). In this state, both mitosis and cell expansion are inhibited, but structural 

genes – such as ribosomal genes and histones – are upregulated. This combination appears to put 

cells into a ‘stand-by’ state in which they can rapidly regain competency to divide and expand 

once MeJA is removed (Noir et al., 2013). This phenotype is very reminiscent of a recently 

described cml39 knockout phenotype where light-grown seedlings will enter a reversible state of 

developmental arrest if grown in the absence of exogenous sucrose, but will rapidly resume 

growth if transferred to plates containing sucrose (Bender, 2013). Moreover, dark-grown cml39 

seedlings have shorter hypocotyls compared to wildtype (Bender, 2013), whereas dark-grown 

coi1 seedlings have longer hypocotyls compared to wild-type (Chen et al., 2013). Notably, both 

phenotypes are exaggerated when grown on plates without sucrose. Thus, it seems that JA-

signaling promotes developmental arrest, whereas CML39 relieves developmental arrest.  

These complimentary phenotypes make it tempting to speculate that CML39 antagonizes 

JA-mediated growth repression, however direct connections between CML39 activity and JA-

signaling pathways remain to be elucidated. 
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4.7 Conclusions and Future Directions 

Collectively, the data presented in this thesis supports tissue-specific MeJA-regulation of CML39 

through at least two cis-elements. The precise relevance of this tissue-specific regulation is 

unclear and requires further study. Along these lines, while a cml39 knockout phenotype has 

recently been described, rescue of CML39 in roots by transformation with 39Pro-301::CML39 

may clarify root and shoot specific roles of CML39. 

Additionally, experiments are underway to further investigate Region A (Appendix B). 

Comparison of the promoter activity of Region A and a mutated Region A will clarify if the G-

box is the relevant JA-responsive cis-element. If the G-box is the relevant cis-element, additional 

experiments with myc4 knockout plants, Y1H assays, or ChIP-seq will be required to investigate 

if MYC4 as a candidate TF regulating CML39 expression.  

5′ promoter deletion analysis has indicated that the -301bp region of CML39 is sufficient 

to promote MeJA-responsive GUS activity in roots. However, this analysis could provide no clear 

TF candidates governing root-specific MeJA-responsiveness. In the future, additional 5′ promoter 

deletions could be generated to narrow the location of the relevant cis-element. Alternatively, 

candidate TFs could be identified by dividing the -301bp region into more manageable segments 

of ~60bp and used as bait in Y1H assays with a TF-specific library. 

In conclusion, Ca
2+

-signaling and Ca
2+

-sensors are vital components of plant defense 

pathways. Nevertheless, the specific role of CMLs in mediating these pathways remains obscure.  

Collectively, these data reveal a complex tissue-specific pattern of CML39 regulation by JA and 

provide a foundation for the future identification of relevant transcription factors. Future 

identification of relevant TFs and downstream targets will allow the integration of CML39 into 

JA-signaling pathways. 
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Supplementary Figure 4.1 Tissue expression patterns of MYC3 and MYC4. Histochemical 

GUS activity of 6d old Arabidopsis transgenic seedlings (A to C, E to G), or 4-week old 

Arabidopsis plants (D, H) expressing the GUS reporter gene under the control of the promoter of 

MYC3 or MYC4. GUS activity was detected between 3h and 12h after staining. Adapted from 

Fernández-Calvo et al. (2011).  
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Appendix A 

Primers and transgenic lines used in this study 

Table A.1. Oligonucleotide sequences of primers used in this study. 

Primer Name 5′- Sequence -3′ Vectors 

CML39 Pro R GGATCTTTGAGAAAGAAAGATTGTATTTG  

CML39 Pro941 AAGCTTGTCAATCTACTAAATATATAGTCC pCR8, pGWB203 

CML39 Pro822 TTTAGTATAAGATCTTCACATAACG pCR8, pGWB203 

CML39 Pro729 TTATATATTGTTAGAGTCCTAACAC pCR8, pGWB203 

CML39 Pro599 CACCCCTCATCTTTCGGTTGTAGG pCR8, pGWB203 

CML37 Pro356 ATCCTTCTTCCTATATTTAAGAC pCR8, pGWB203 

CML37 Pro301 CACCATGGGGATGAGATATGTACG pCR8, pGWB203 

   

CML39 5′UTR ACCATTTCTCATTCAAATCC  

CML39 3′UTR CAAAGCCTTATTTACACAGC  

 

Table A.2. Inventory of transgenic lines used in this thesis. Lines confirmed by hygromycin-

resistance segregation analysis are indicated in parentheses. 

Line Name Col-0 myc2 

CML39 Pro941 5 lines (3 homozygous) 23 lines (0 homozygous) 

CML39 Pro822 3 lines (0 homozygous)  

CML39 Pro729 5 lines (0 homozygous)  

CML39 Pro599 7 lines (4 homozygous)  

CML37 Pro356 5 lines (3 homozygous) 17 lines (0 homozygous) 

CML37 Pro301 7 lines (3 homozygous) 9 lines (0 homozygous) 
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Appendix B 

Status of Jasmonate-Response Element Concatemers 

Background Information 

Analysis of transgenic CML39Pro::GUS plants has revealed a putative JA response cis-element 

(JRE) necessary for shoot MeJA-responsiveness in the CML39 promoter (Chapter 3). Notably, 

this 55bp segment is predicted contain a MYC-family binding motif (Figure C.1). In order to 

corroborate this segment as a bona fide JRE, a JRE concatemer was fused with a CaMV 35S 

minimal promoter and subcloned into pGWB203 to drive GUS transcription (39ProJRE-WT, 

Figure C.2). In order to investigate the role of the G-box in CML39 promoter activity, a variant of 

the 39ProJRE-WT construct was created (39ProJRE-MUT, Figure C.2), which has nucleotide 

substitutions demonstrated to inhibit the binding of MYC-family TFs (Figure C.3, Fernández-

Calvo et al., 2011). These constructs have been transformed into Arabidopsis and will further 

delineate the means of MeJA-responsiveness in the CML39 promoter. 

Methods 

A region containing a putative Jasmonate-response element (JRE), between -356 to -299bp 

upstream of the of the CML39 ATG open-reading translational start site, was duplicated four 

times and fused with the TATA-box sequence (-46 to +8) of the CaMV minimal promoter to 

produce the 39ProJRE-WT construct sequence. As a negative control, a modified version of the 

39ProJRE-WT sequence, 39ProJRE-MUT, was altered at residues previously demonstrated to 

inhibit the binding of MYC family TFs (Fernández-Calvo et al. 2011). Designed JRE construct 

sequences were analyzed with promoter analysis programs to ensure that the fusion of these 

sequences did not introduce new cis-elements. Oligonucleotides were synthesized by GeneArt 

(Invitrogen), subcloned into the pGWB203 vector, and subsequently transformed into Col-0 

Arabidopsis plants as described (Clough and Bent, 1998) 
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Results to Date 

JRE concatemer sequences have been subcloned into the pGWB203 vector and transformed into 

Arabidopsis. To date, a small number of primary transformants have been identified for each JRE 

concatemer construct (Table C.1). 

 If this putative JRE provides shoot-specific MeJA-responsiveness, transgenic 39ProJRE-

WT plants should show significant GUS activity within shoots when treated with MeJA. If 

39ProJRE-WT plants show no significant GUS activity in response to MeJA, it will imply that 

this region depends upon additional downstream cis-elements within the CML39 promoter region 

to promote MeJA-responsiveness. 

 If the G-box motif helps promote MeJA-responsiveness within the CML39 promoter, 

then 39ProJRE-MUT transgenic plants should display no significant shoot GUS activity. This 

would also suggest a MYC-family TF as responsible for positively regulating the CML39 

promoter. If 39Pro-MUT plants retain shoot GUS activity, then it would suggest that a novel JA-

responsive cis-element is present this 55bp segment of the CML39 promoter region. 
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Figure B.1 Histochemical GUS staining indicates that a 55bp segment of the CML39 

promoter is required for MeJA-responsiveness in shoot tissues. The deleted 55bp segment 

contains a G-box motif with an associated thymidine module. 
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Figure B.2 Schematic representation of JRE-concatemter constructs. Four copies of Region 

A of the CML39 promoter were fused to a CaMV 35S minimal promoter and cloned into 

pGWB203 to drive the expression of GUS. A variant construct, which has been mutated at G-box 

residues in order to inhibit the binding of MYC-family TFs, was also cloned into pGWB203. 
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(A) 39ProJRE-WT 

ATCCTTCTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACGTGTTTTAAACAT

CCTTCTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACGTGTTTTAAACATCC

TTCTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACGTGTTTTAAACATCCTT

CTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACGTGTTTTAAACgcaagacccttcc

tctatataaggaagttcatttcatttggagaggacacgctg 

 

(B) 39ProJRE-MUT 

ATCCTTCTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACATAGGTTAAACAT

CCTTCTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACATAGGTTAAACATCC

TTCTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACATAGGTTAAACATCCTT

CTTCCTATATTTAAGACAGAGAGGTAGAAGAAGAAAACATAGGTTAAACgcaagacccttc

ctctatataaggaagttcatttcatttggagaggacacgctg 

Figure B.3 Full sequences cloned into pGWB203 for (A) wild-type JRE and (B) mutant JRE 

concatemers. Concatemers are composed of four tandem repeats of the CML39 jasmonate 

responsive region (upper case) fused to a CaMV 35S minimal promoter sequence (lower case). 

The G-box sequence (underlined) has been mutated at key residues (red) in the mutant JRE 

construct. 
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Table B.1 Inventory of CML39ProJRE::GUS lines isolated to date. 

Construct Vector Lines (Homozygous) 

39ProJRE-WT::GUS pCR8, pGWB203 1 (0 confirmed homozygous) 

39ProJRE-MUT::GUS pCR8, pGWB203 6 (0 confirmed homozygous) 
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Appendix C 

Design of fine-scale CML37Pro::GUS constructs and preliminary testing 

in transient expression systems 

 

Background Information 

Previous work has establish that the Ca
2+

-sensor CML37 is responsive to a number of abiotic 

stimuli (Vanderbeld and Snedden, 2007). In particular, transgenic plants expressing the GUS 

enzyme under the control of a CML37 promoter region display significant promoter activity in 

cells immediately surrounding a mechanical wound. Additionally, CML37 promoter activity is 

qualitatively stronger and broader following repeated wounds compared with single wounds 

(Seneviratne, 2008). Moreover, this induction appears to be specific to mechanical wounding as 

herbivory by P. rapae does not significantly induce CML37 GUS activity (Seneviratne, 2008). 

 Subsequent delineation via 5′ deletion of the CML37 promoter region revealed a number 

of regions significant to CML37 wound-induction (Figure C.1, Koziol, 2009). The deletion of the 

segments from -1919bp to -656bp, -656bp to -571bp, and -321bp to -270bp displays moderate 

drops in relative wound-induced GUS activity. Additionally, deletion of -370bp to -321bp 

segment causes a decrease in absolute, but not relative, GUS activity. Of these regions, the 

~1250bp segment from -1919bp to -656bp was deemed too large to manageably dissect further. 

The other three segments (i.e. -656bp to -571bp, -370bp to -321bp, and -321 to -270bp) were 

selected for further analysis. 

In order to identify the locations and identities of relevant wound-responsive cis-

elements, I established an additional eleven constructs encoding different 5′ deletions of the 

CML37 putative promoter driving the expression of the GUS reporter enzyme (Figure C.2). These 

constructs were cloned into the binary vector pGWB203 with the intention of stably transforming 

Arabidopsis plants. 
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 However, this strategy was abandoned before stable transgenic lines were established. 

Survey of promoter analysis literature indicated that most fine-scale cis-element mapping is more 

typically carried out via transient expression in cell culture (Zhang et al., 2008), or leaf infiltration 

(Hong and Hwang, 2006), or alternatively through determining the binding site of a putative TF 

via EMSA (Weng et al., 2012), or DNase footprinting (Yi et al., 2010). 

 Stable transgenic lines generated by floral dip have a number of limitations. First, due to 

variation introduced by multiple insertions, or positional insertion effects a large number of lines 

need to by isolated and maintained in order to determine representative levels of expression 

(Ruijter et al., 2003) – typically between 5 and 10 lines are assayed per construct. For eleven new 

CML37Pro::GUS constructs, over 50 individual lines would need to be maintained, and 

propogated to homozygosity for quantitative GUS analysis. 

Transient expression assays are typically performed by transforming plants via 

Agrobacterium infiltration of leaf tissue, or by incubating plant seedlings in an Agrobacterium 

solution. By these methods, transgenes are inserted into the plant’s genome, but this modification 

is not heritable since floral tissue is not transformed. 

However, transient expression assays offer a number of benefits over stable transgenic 

lines. First, transient transformations mitigate the effect of insertional position upon 

measurements of gene expression. Cells are independently transformed – meaning that each cell 

is an individual biological replicate. When examining the plant as a whole, variation caused by 

insertional position averages will average out. This effectively means that there is no need to 

maintain independent lines to account for insertional variation. Second, transformed materials can 

be quickly generated. Stable transformations require selecting transformed seeds on anti-biotic 

selection, growing up T1 plants, and harvesting seed, before suitable transgenic plants are 

available. By comparison, transient expression plants can be created from both seedlings and 

adult leaves and do not require multi-generational screening for transformants. 
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To assess the viability of transient gene expression analysis for investigating CML 

promoter activity, I have conducted preliminary testing using two different transient 

transformation methods: FAST and Agrobacterium leaf infiltration. 

Methods and Materials 

Design and clonging of fine-scale CML37Pro::GUS constructs 

The 656bp genomic region upstream of the CML37 (AT5G42380) translation start site was 

amplified by PCR and subcloned into pGWB203 by L.Koziol (Koziol, 2009). This construct was 

used as the template for the PCR-mediated amplification of 5′ deletion fragments of the CML37 

promoter region. Primers used in these amplifications may be found in Table C.1. PCR products 

were cloned into the PCR-TOPO entry vector (Invitrogen) and subsequently subcloned into the 

binary vector pGWB203 (Nakagawa et al., 2007) with the LR Gateway cloning system 

(Invitrogen). Constructs were confirmed by DNA sequencing. Each construct was transformed 

into Agrobacterium tumefaciens strain GV3101. Transformed Agro strains were then used in one 

of several methods to transform Arabidopsis plants. 

Floral dip 

Floral dip was performed as described (Clough and Bent, 1998). Briefly, Agro strains were grown 

in 500 mL LB media under selection at 28
o
C with vigorous shaking until reaching an OD600 of 

~0.6. Cells were harvested by centrifugation and resuspended in 5% sucrose, 0.05% Silwet-77 to 

an OD600 of 0.8. Arabidopsis plants of stages 5.1 to 6.5 (Boyes et al., 2001) were submerged in 

Agro suspension and swirled gently for 5s. Subsequently, plants were laid flat on paper towel and 

incubated at room temperature in the dark for 24h before being transferred to growth chambers. 

Transformants were selected by growth upon 0.5x MS media supplemented with 25 µg/mL 

hygromycin. 
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Fast Agro-mediated Seedling Transformation (FAST) 

FAST was essentially performed as described (Li et al., 2009). Briefly, wild-type Arabidopsis 

seeds were liquid sterilized (30% bleach, 0.1% Triton X-100) for 10min and sown in petri dishes 

upon sterile 0.5x MS media containing 0.8% (w/v) agar. After sowing, seeds were stratified in the 

dark at 4
o
C for 3 days prior to transfer to growth chambers. Growth chambers delivered a 16hr 

light (50 µmol/m
2
/sec)/ 8hr dark photoperiod at 22

o
C with 70% relative humidity. Agrobacterium 

strains were grown in 10 mL LB media under selection with vigorous shaking at 28
o
C until OD600 

~0.6. Cells were harvested by centrifugation, rinsed with Washing Solution (10 mM MgCl2), and 

resuspended in Co-cultivation media (0.25x MS salts, 1% (w/v) sucrose, 100 µM acetosyringone 

(optional), 0.005% Silwet-77) to OD600 0.5. 20 mL of Agro suspension was added to plates of 5 

day (stage 0.7 to 1.0, Boyes et al., 2001) Arabidopsis seedlings and incubated 24hr in the dark at 

28
o
C with gentle shaking. Following Agrobacterium incubation, seedlings were surface sterilized 

with 1% bleach for 10min, then rinsed three times with sterile ddH2O, and transferred to 0.5x MS 

media containing 0.8% (w/v) agar. Plates of seedlings recovered in low-light growth room for 

24hr before being transferred back to normal growth conditions. 

Agrobacterium infiltration 

Agrobacterium infiltration of adult Arabidopsis leaves was performed as described (Wroblewski 

et al., 2005). Briefly, Agrobacterium strains were grown in 500 mL LB media under selection at 

28
o
C with vigorous shaking until reaching an OD600 of ~0.6. Cells were harvested by 

centrifugation and resuspended in sterile ddH2O OD600 of 0.5. Leaves of the leaves of adult 

Arabidopsis plants (stages 3.20 to 370, Boyes et al., 2001) were infused with Agro suspension by 

applying mild, firm pressure to the lower side of leaf lamina with a needless syringe. 

Stress treatment 

Wounding treatment was performed as previously described (Vanderbeld and Snedden, 2007). 

Forceps were used to pinch cotelydons or leaves of Arabidopsis seedlings (stages 1.0 to 1.04 
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Boyes et al., 2001), or the leaves of adult plants (stages 3.20 to 370, Boyes et al., 2001). FAST 

and Agrobacterium-infiltrated plants were permitted to recover from transformation for a 

minimum of 48hr before being wounded. Seedlings were harvested for histochemical GUS 

staining 4hr after wounding. 

Histochemical GUS Staining 

Histochemical GUS staining was essentially performed as described (Vanderbeld and Snedden, 

2007). In brief, seedlings were harvested and immediately soaked in ice-cold 90% acetone for 1h 

with gentle shaking. Subsequently, samples were thoroughly rinsed with water before being 

placed in GUS staining solution (100 mM Na2HPO–NaH2PO4 buffer pH 7.0, 10 mM 

ethylenediamine-tetraacetic acid (EDTA), 0.1% Triton X-100 and 0.1 mg/mL X-Gluc). Seedlings 

were incubated at 37
o
C overnight, and then cleared with repeated washes of 70% ethanol. Control 

and experimental plants were treated concurrently to allow direct comparisons. Seedlings were 

examined with a Zeiss SteREO Discovery.V12 stereomicroscope and digitally photographed.  

Results and Discussion 

FAST transformation provides a methodologically simple approach for studying gene expression 

in seedlings. However, the FAST method proved ineffective when transforming CML37::GUS 

constructs. Following recovery, transformed seedlings rapidly photo-bleached (data not shown), 

possible due to damage caused by aggressive Agrobacterium. Adjusting the FAST protocol to 

reduce incubation time, reduce Agrobacterium concentration, and allow recovery in low-light 

condition reduced the percentage of seedling death, however, the majority of seedlings died 

within three days of transformation. In seedlings which did survive, transformational efficiency 

was too low to be of use studying CML37 promoter activity (Figure C.3). Most seedlings did not 

show GUS activity, and those that did had a very low percentage of transformed cells. 

 Compared to the relatively novel FAST protocol, Agrobacterium infiltration of leaf tissue 

is a relatively common method for both gene expression and protein interaction assays. Since leaf 
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infiltration is carried out with syringes, only adult leaves are suitable for transformation with this 

method. As CML37 expression has been mainly characterized in seedlings, I first assessed 

whether CML37Pro::GUS was wound-inducible in the leaves of adult CML37Pro-1919::GUS 

stable transgenic lines (Figure C.4). Background GUS activity is localized to the vasculature of 

leaves, and this background activity seems to increase with leaf age. Wounding induces GUS 

activity in cells immediately surrounding wounds, and wound-induced GUS activity also appears 

to increase with leaf age. 

 To assess the transformation efficiency of Agrobacterium leaf infiltration, adult leaves 

were infiltrated with Agrobacterium carrying GUS overexpression constructs (Figure C.5A). 

Infiltrated leaves showed strong, but highly variable expression. Transformation appeared to be 

more effective in younger leaves than in older leaves, and transformational efficiency was highly 

dependent upon the extent of infiltration achieved. Finally, Agrobacterium infiltration was used to 

transform adult leaves with CML37Pro-656::GUS (Figure C.5B). Wounding induced virtually no 

GUS activity in leaves, although it was not possible to independently evaluate the efficiency of 

transformation. 

 Overall, neither Agrobacterium infiltration nor the FAST method has proven effective in 

examining CML37 wound-induced promoter activity. Of the two, Agrobacterium leaf infiltration 

had the greater transformational efficiency and is the more promising approach. The primary 

challenge in adapting infiltration for examining CML37::GUS activity is the difficulty of 

assessing transformational efficiency. While transformational efficiency can be visually 

estimated, decreases in wound-induced CML37 promoter activity are not visually obvious and 

must be evaluated through fluorometric assays (Koziol, 2009). Thus, if random variation of 

transformational efficiency is greater than biologically significant variation of promoter activity, 

it will prove extremely difficult to accurately estimate the promoter activity produced by different 

constructs. Overcoming this challenge will require the use of a second, independently expressed, 
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reporter that can be used as an estimate of transformational efficiency. Recloning CML37 

promoter fragments into a new vector, which constitutively expresses a second reporter at a low 

level, would be an effective means of estimating transformational efficiency. However, caution 

must be used in this approach as transcription of a reference gene may fluctuate if positioned near 

a weak promoter (Bhullar et al., 2009; Koziol, 2009). Alternatively, transformational efficiency 

could be estimated by co-infiltration with a second Agrobacterium strain expressing a suitable 

reporter. Co-infiltration assays have been successfully used to demonstrate candidate TF 

regulation of promoters in planta (Zhai et al., 2013), and may prove consistent enough to estimate 

transformational efficiency. Importantly, any second reporter must be quantifiable and must not 

interfere with GUS activity. Chloramphenicol acetyltransferase (CAT) may be a suitable second 

reporter as its activity varies directly with promoter activity and it can be quantitatively measured 

from cell extracts (Gorman et al., 1982; Kim and An, 1992). 

Transient gene expression assays are not a panacea for difficulties in expression assays. 

Indeed, it has recently been demonstrated that factors including choice of vector, DNA quality, 

and epigenetic history of cells can have a profound impact upon expression of reporter genes 

(Karimi et al., 2009). An important limitation of both transformation methods is the limited tissue 

types that can be transformed. FAST transformation is limited to aerial tissues, whereas Agro 

infiltration is limited to leaf tissue. Moreover, FAST transformed seedlings are unable to maintain 

transgene expression longer than two weeks, limiting the stages of plant development that can be 

analyzed with the technique (Li et al., 2009). 

Nevertheless, given that CML37 expresses strongly in leaf tissue, it should be possible to adapt 

and optimize a transient expression protocol to accurately measure CML37 wound-induced 

promoter activity. Of the methods investigated here, Agrobacterium infiltration showed the 

highest transformational efficiency, and has been successfully used by other researchers to 

investigate promoter activity. 
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Figure C.1 Graphical representations of GUS activity in transgenic CML37Pro::GUS 

plants. Transgenic Arabidopsis seedlings of stage 1.0-1.04 containing the full-length (-1919), or 

one of nine 5′ deletion GUS constructs were either unwounded (white) or wounded (grey) and 

assayed for GUS activity following 4hr. For clarity, (B) also shows the four shortest deletion 

constructs on an expanded scale. Asterisks indicates that wounded samples had significantly more 

GUS activity than unwounded controls (one-tailed t-test, p < 0.05). Error bars represent SEM. 

Adapted from Koziol (2008). 
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Figure C.2 Diagram of CML37 5′ deletion constructs within 656bp of the CML37 translation 

start site. Lines indicate 5′ start of a construct’s promoter fragment. Colour indicates whether a 

construct is old (top, black) or new (bottom, grey).  
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Table C.1 Sequences of oligonucleotides used in cloning CML37 5′ deletion constructs. 

Primer Name 5′- Sequence -3′ Vectors Agro? 

CML37 Pro R TTCTTGATTTGAATATGAATCTAGAA   

CML37 Pro645 TGAAGTTGGCATTTGAGATGCAA pCR8, pGWB203 Yes 

CML37 Pro630 AGATGCAAAAAGATAAAAATAAAACT pCR8, pGWB203 Yes 

CML37 Pro615 AAAATAAAACTCTCTTTTGGTCCAT pCR8, pGWB203 Yes 

CML37 Pro600 TTTGGTCCATATAGAAATATATTTTC pCR8, pGWB203 Yes 

CML37 Pro585 AATATATTTTCTTATGGAAAGGGAAT pCR8, pGWB203 Yes 

CML37 Pro350 CGTCGATATGACATCACATTTCA pCR8, pGWB203 Yes 

CML37 Pro330 GCTACTTTTCTTAATCTAGTCGTC pCR8, pGWB203 Yes 

CML37 Pro310 TCACACAATACGTGAGAAAAACTT pCR8, pGWB203 Yes 

CML37 Pro300 CGTGAGAAAAACTTACCATCACA pCR8, pGWB203 Yes 

CML37 Pro290 ACTTACCATCACATTATTACGAAAA pCR8, pGWB203 Yes 

CML37 Pro280 ACATTATTACGAAAACACCCCTAG pCR8, pGWB203 Yes 
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Figure C.3 Representative patterns of GUS expression in FAST seedlings expressing 

CML37Pro-1919::GUS. Following three days recovery, FAST seedlings were wounded and 

assayed for GUS activity 4hr after treatment. 
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Figure C.4 Representative patterns of GUS expression in stable CML37Pro-1919::GUS 

plants.  Transgenic Arabidopsis leaves of (A) stage 3.70 or (B) stage 3.20 were transformed via 

Agrobacterium infiltration. Leaves were wounded (right) or unwounded (left) and assayed for 

GUS activity 4hr after treatment. 

  



 

 

 

117 

 

Figure C.5 Representative patterns of GUS expression in Agrobacterium infiltrated plants. 

Wild-type Arabidopsis leaves were infiltrated with Agrobacterium carrying (A) a GUS 

overexpression vector or (B) CML37Pro-656::GUS. Following one week of recovery, leaves 

were (A) harvested and immediately assayed for GUS activity, or (B) wounded and assayed for 

GUS activity 4hr after treatment. 

 


