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Abstract 

Calcium (Ca2+) is one of the most ubiquitous and versatile second messengers in 

eukaryotes. In the Ca2+ signaling paradigm, cytosolic Ca2+ oscillations, evoked by 

environmental stimuli, are detected by Ca2+-binding proteins, termed Ca2+ sensors, that 

help coordinate physiological responses by binding to and regulating the activities of 

various other proteins. Calmodulin (CaM) is an evolutionarily-conserved eukaryotic Ca2+ 

sensor involved in many signal transduction pathways. Intriguingly, plants also possess 

large families of unique Ca2+sensors related to CaM and known as calmodulin-like 

(CML) proteins. Several CMLs have been implicated in developmental and stress-

response signaling but the roles of most CMLs remain unknown.  Among these CMLs, 

CML39 is of particular interest due to its roles in early seedling establishment. The focus 

of my thesis was to determine whether CML39 played additional roles in plant 

development and to also characterize the mechanism(s) underlying CML39-mediated 

physiological phenomena. Thus, I employed a multi-disciplinary approach to address this 

question.  Detailed analysis of cml39 T-DNA insertional knockout plants under various 

developmental stages identified several abnormalities in these mutants. Relative to wild-

type (WT), cml39 displayed aberrant germination behaviour, reduced hormone sensitivity 

in seeds, altered seed coat characteristics, reduced fertility and de-repression of seed 

maturation genes in seedlings. The pleiotropic phenotype of cml39 mutants confirms that 

CML39 regulates diverse aspects of plant development. RNAseq analysis of cml39 

seedlings revealed broad perturbations in global gene expression and provided some 

insight into CML39-regulated pathways.  In addition, two trihelix transcription factors, 

Arabidopsis 6b-interacting 1-like (ASIL) -1 and -2, were found to interact with CML39 
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in yeast 2-hybrid and in planta split-luciferase protein-protein interaction analysis, 

suggesting that CML39 may regulate gene transcription in some tissues.  Genetic analysis 

of cml39 and asil mutants indicated that CML39-ASIL interaction may be responsible for 

dormancy maintenance in developing seeds and repression of seed maturation program in 

vegetative tissue. Collectively, the findings presented in this thesis suggest that CML39 

plays an integral role in regulation of seed- and fruit development, dormancy induction 

and maintenance, hormone sensitivity of seeds, and transition from seed to seedling 

phase, thus emphasizing the significance of this Ca2+ sensor in plant development.  
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Chapter 1 

General Introduction and Literature Review 

1.1 Overview of signal transduction in plants 

The ancient colonization and adaptation of aquatic plants to land, with its 

changing environments, undoubtedly represented a strong selective pressure on the 

evolution of cellular components in plants as sessile terrestrial organisms. It is reasonable 

to suspect that genetic changes that led to improved information processing would confer 

a selective advantage. Hence, we see diverse and impressive complexity in the ability of 

plants to detect and respond to signals from their environment. Typically, signal 

transduction pathways consist of three nodes: stimulus perception, signal transduction 

and response. Stimulus perception is typically achieved through receptor proteins on cell 

membranes and/or in intracellular compartments.  Stimulation of these receptors results 

in activation of downstream components such as ion channels to release second 

messengers such as calcium (Ca2+), cyclic nucleotides, and other ions and small 

molecules that subsequently amplify and propagate the signal. Changes in the cytosolic 

concentrations of second messengers are detected by sensor proteins that activate 

downstream signaling components to shape appropriate cellular responses. This 

perception-transduction-response model is a recurring theme in signaling pathways of 

eukaryotes. Extensive research efforts have identified myriad signal transduction 

components and helped form our understanding of how information processing 

contributes to the broader context of organismal physiology. Although there is 

considerable diversity among signal transduction pathways and processes, there are also 
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many well-conserved themes and common mechanisms. Among the latter categories, 

Ca2+ is well established as a ubiquitous second messenger in eukaryotic signal 

transduction (Sanders et al. 1999; Marchadier et al. 2016). In plants, Ca2+ has been shown 

to function in a remarkable breadth of processes ranging from biotic and abiotic stress 

response, to various aspects of development (Zhang et al. 2014; Wilkins et al. 2016). As 

such, plants make an excellent model system for understanding cellular mechanisms 

underlying Ca2+-mediated physiological phenomena.  

1.2 Ca2+ as a universal second messenger 

Ca2+ is a universal signaling ion, ubiquitous to both prokaryotes and eukaryotes 

(Verkhratsky and Parpura 2013; Plattner and Verkhratsky 2015). Its roles in mediating 

eukaryotic stress and developmental responses are well studied (reviewed in Berridge et 

al. 2003; Hepler 2005; DeFalco et al. 2010). Ca2+ was likely abundant in the 

environments during the early evolution of cells and, along with its unique biochemical 

properties, may be the reason for the universality of Ca2+as a second messenger.  

It is thought that the very first cells emerged in the primordial ocean enriched in 

Na+, K+, Cl-, Ca2+, and Mg2+ ions (Verkhratsky and Parpura 2013). Although both Ca2+ 

and Mg2+ are divalent cations, the biochemical properties of Ca2+ ion make it an ideal 

candidate to act as a biological messenger (Vogel 1994; Fedrizzi et al. 2008). An 

effective biological messenger must be able to bind a diverse array of biological 

molecules. Indeed, the charge and size of a Ca2+ ion allows it to bind to irregular 

geometries, most characteristically found in complex biological molecules. Mg2+, on the 

other hand, has a smaller coordination sphere (smaller diameter) and tends to fit perfect 

octahedral geometry that is not as common in complex biological molecules. A number 
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of other properties of Ca2+ likely contributed in early evolution to its favourable selection 

as the ‘information ion’ (Vogel 1994; Fedrizzi et al. 2008). Given that Ca2+ can bind to 

proteins significantly faster than Mg2+ allows Ca2+ ions to be maintained at very low 

concentrations. In addition, high Ca2+ levels result in precipitation of orthophosphates, 

and therefore a low cytosolic Ca2+ concentration ([Ca2+]cyt) is highly compatible with 

intracellular energetics that are mainly phosphate-driven. Thus, the [Ca2+]cyt inside the 

cell can be kept at nanomolar levels.  It has been hypothesized that, early in earth’s 

geologic evolution, due to the progressive leaching of Ca2+ ions from earth’s crust into 

the ocean, the sea water became very high in [Ca2+] and thus a steep Ca2+ gradient was 

formed across the cell membrane with sea water containing millimolar levels of [Ca2+] 

and cytosol containing 100-200 nM [Ca2+] (Verkhratsky and Parpura 2013). This might 

have driven the evolution of Ca2+ homeostasis in which [Ca2+]cyt was kept at very low 

intracellular levels and thus became the basis of Ca2+ signal transduction.  Although the 

precise genesis and evolution of Ca2+ signaling cannot be known with great confidence, it 

remains clear that this ion became a key player in information processing early in the 

history of life on this planet and has held this position ever since. 

In the paradigm of Ca2+ signaling, a given stimulus, detected by receptors, results 

in an increase in [Ca2+]cyt. Rapid Ca2+-influxes, as well as Ca2+ removal from the cytosol, 

are achieved mainly through the activities of Ca2+ channels and Ca2+-pumps, respectively. 

By coordinating influx and efflux, complex patterns of Ca2+ movement can be achieved. 

The stimulus-induced Ca2+ fluxes are sensed by Ca2+-binding proteins termed Ca2+ 

sensors, which regulate the activity of various effector proteins that, ultimately, 

coordinate the appropriate cellular response for a given stimulus. When channels 
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regulating influx are inactivated, Ca2+ pumps restore [Ca2+]cyt to basal resting levels and 

therefore terminate Ca2+ signaling by sequestering Ca2+ back into intracellular 

compartments or the extracellular space. Below, I discuss how each of these signaling 

components contributes towards Ca2+ signal transduction.   

1.3 How are Ca2+ signals generated? 

1.3.1 Ca2+ influx mediated by Ca2+ channels 

 Stimulus-induced Ca2+ oscillations can be achieved through Ca2+ influx via Ca2+ 

channels residing in plasma membranes and/or endomembranes (e.g. vacuole and 

endoplasmic reticulum (ER)) (Jammes et al. 2011; Swarbreck et al. 2013). The activities 

of Ca2+ channels are regulated by various effectors including cyclic nucleotides, 

regulatory proteins, amino acids, lipids, or physical events such as changes in membrane 

potential or mechanical stimulation. Plants possess several families of Ca2+ channels, 

namely cyclic nucleotide-gated channels (CNGCs), Glutamate Receptors (GLRs), and 

Two-Pore Channels (TPC).  

CNGCs were originally identified in plants based on their sequence similarity 

with their animal counterparts that serve as non-selective cation-permeable channels 

(Swarbreck et al. 2013; Edel and Kudla 2015). The Arabidopsis and rice genomes harbor 

20 and 16 CNGC family members, respectively (Bridges et al. 2005; Nawaz et al. 2014). 

CNGCs typically have 4 subunits that form a single central pore (Jammes et al. 2011). 

These channel proteins also possess a cyclic nucleotide-binding (CNB) domain, a 

characteristic feature of cation-permeable channels, and an overlapping CaM-binding 

domain (CaMBD). The overlap between CNB and CaMBD domains leads to inhibition 
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of cyclic nucleotide binding, once CaM interacts with CNGC. This was shown in 

Arabidopsis, where CaM-AtCNGC2 binding reduces the affinity of cyclic nucleotides for 

the CNB domain, thus establishing a Ca2+-dependent feedback regulation (Hua et al. 

2003). Apart from animal CNB and plant CNB domains being at the N- or C- terminus, 

respectively, the Ca2+/CaM-dependent regulation of CNGC in plants is hypothesized to 

be similar to that in animals although electrophysiological data for CNGC in vivo activity 

and regulation is absent or lacking for most plant CNGCs.  

The evidence for physiological roles of plant CNGCs as cation-permeable 

channels comes predominantly from functional complementation studies performed in 

yeast and bacterial mutants impaired in cation transport. For example, heterologous 

expression of AtCNGC1 in yeast mutants with defective Ca2+ uptake enabled Ca2+ 

permeability (Ali et al. 2006). Furthermore, AtCNGC11/12 chimeric protein in yeast 

mutants with poor Ca2+ transport allowed Ca2+ and K+ uptake (Urquhart et al. 2007). 

Likewise, CNGC18 expression in E. coli resulted in Ca2+ accumulation (Frietsch et al. 

2007).  

Given that ion homeostasis forms the basis of Ca2+ signaling, it is not surprising 

that disruption of transport proteins causes severe developmental defects as well as 

impaired stress responses. For instance, silencing of AtCNGC10 results in retarded 

growth, starch accumulation and altered salt response (Borsics et al. 2007; Jin et al. 

2014). Furthermore, null mutants of CNGC2 are dwarfed, possibly due to Ca2+ 

hypersensitivity (Chan et al. 2003). These atcngc2 mutants also exhibit high 

accumulation of salicylic acid (SA), increased expression of pathogenesis-related genes 

and impaired hypersensitivity response (Yu et al. 1998). Ali et al. (2006) showed that 
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nitric oxide (NO) supply rescued the impaired hypersensitivity response in the atcngc2 

mutants.  AtCNGC2 was also implicated in JA-mediated responses. JA-mediated 

[cAMP]cyt elevation activated AtCNGC2, thus mobilizing Ca2+ influx and inducing JA-

signaling pathways (Lu et al. 2016). 

In addition to CNGCs, plants also possess another class of Ca2+-permeable 

channels called Glutamate Receptors (GLRs). This family was originally identified in 

animals, where these proteins serve as ligand-gated, non-selective cation channels that 

allow permeability of Ca2+ to mediate cellular responses to various stimuli (Dodd et al. 

2010; Jammes et al. 2011; Forde and Roberts 2014). GLRs in plants were identified 

based on their primary and secondary sequence similarity with animal ionotrophic 

glutamate receptors (iGLuRs). GLRs are a rather expanded family of Ca2+-permeable 

channels in plants with 20 members in Arabidopsis, 13 members in rice and 61 members 

in poplar (Jammes et al. 2011; Ni et al. 2016). Plant GLRs contain 3 transmembrane 

domains, a single pore-forming domain and two putative ligand-binding domains 

(Jammes et al. 2011). Due to their structural similarity to animal iGLuRs, it is thought 

that plant GLRs also act as Ca2+-permeable channels. Ectopic expression of AtGLR3.7 in 

Xenopus oocytes allowed Ba2+, Ca2+ and Na+ transport indicating that this GLR serves as 

a cation channel (Roy et al. 2008). Using pharmacological agents such as antagonists of 

iGLuRs, physiological roles of GLRs were identified (as reviewed by Jammes et al. 

2011). For instance, light-dependent hypocotyl elongation (i.e. photomorphogenic 

growth) was impaired in the presence of an animal iGLuR antagonist, whereas use of 

iGLuR agonist stimulates photomorphogenic growth (Brenner et al. 2000). Furthermore, 

animal iGluR antagonists reduce Ca2+ influx and NO generation suggesting a role for 
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GLRs in mediating plant immunity through Ca2+-induced NO generation (Vatsa et al. 

2011; Manzoor et al. 2013). In addition, a rice GLR3.1 mutant was found to have reduced 

meristematic activity suggesting a role for GLR3.1 in cell division and growth (Li et al. 

2006).  

Another family of Ca2+-permeable channels is encoded by Two-Pore Channel 

(TPC) genes (Jammes et al. 2011). TPC1 encodes a Ca2+-induced Ca2+-release (CICR) 

channel in Arabidopsis. TPCs are voltage-gated ion channels comprised of two 

homologous domains, each consisting of 6 transmembrane domains. The cytosolic loop 

contains two EF-hands suggesting that the regulation of this channel may occur in a Ca2+-

dependent manner. While TPCs serve as slow-vacuolar (SV) channels in Arabidopsis, 

they are found in the plasma membrane in other plant species. TPCs are ubiquitously 

expressed and occur across all terrestrial plant taxa examined to date. They serve as non-

selective cation channels, allowing K+, Ca2+, Ba2+, Mg2+, Na+, Cs+ transport. The activity 

of TPCs is stimulated by increased [Ca2+]cyt and increased membrane potential (Jammes 

et al. 2011). In tobacco, TPC1 has been identified as the channel responsible for Ca2+ 

entry induced by cold shock, sucrose, H202, SA and elicitors (Lin et al. 2005). When the 

impressive diversity and intracellular distribution of predicted Ca2+ channels in a given 

plant cell is considered, it is not surprising that complex signals can be generated in 

response to a broad range of stimuli. The corollary of Ca2+ influx, of course, is the need 

to modulate efflux. 

1.3.2 Ca2+ efflux mediated by Ca2+ pumps 

While Ca2+ channel-mediated Ca2+ influx into the cytosol marks the beginning of 

Ca2+ signaling, plants also possess Ca2+ efflux systems that restore [Ca2+]cyt to resting 
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levels thereby terminating Ca2+ signaling (Dodd et al. 2010; Bonza and De Michelis 

2011; Bose et al. 2011). Ca2+ efflux systems are integral to keeping [Ca2+]cyt at sub-

micromolar levels and replenishing Ca2+ stores post-Ca2+ signaling. Plants actively move 

Ca2+ from the cytosol via Ca2+- ATPases and Ca2+-exchangers (CAX); these efflux 

systems are found on the plasma membrane and endomembranes.  

Ca2+-ATPases are P-type ATPases that are powered by ATP and are ubiquitous 

across all life forms (Bose et al. 2011). Plants have two types of Ca2+-ATPases: P2A-

ATPase/ER-type Ca2+ ATPase (ECAs) and P2B-ATPase/autoinhibited Ca2+-ATPase 

(ACAs). Arabidopsis contains 4 ECA and 10 ACA genes (Sze et al. 2000). While little is 

known about ECA regulation, the mechanisms underlying ACA regulation are well 

established. ACAs have a unique extended N-terminal domain that autoinhibits pump 

activity (Bonza and De Michelis 2011; Bonza et al. 2000). Interestingly, this 

autoinhibitory domain also contains a CaMBD. Stimulus-induced [Ca2+]cyt elevations 

activate CaM which facilitate its binding to the pump. Since the CaMBD overlaps with 

the autoinhibitory domain, CaM binding to ACA relieves pump autoinhibition 

(Baekgaard et al. 2006).  ACAs play an important role in regulating plant stress 

responses. For instance, hypoxia-induced cytosolic Ca2+ accumulation was much higher 

for Arabidopsis plants lacking ACA8 and ACA11 than WT suggesting a function for these 

genes in Ca2+ extrusion from the cytosol (Wang et al. 2016).  Expression of AtACA4 and 

AtACA2 in a mutant yeast strain lacking Ca2+ pumps promotes growth under salt stress 

(Anil et al. 2008). Salt-induced [Ca2+]cyt
  elevations are restored to resting levels by 

expression of AtACA2 in a yeast mutant. Furthermore, loss of Ca2+-ATPase, PCA1, in 
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Physcomitrella patens results in sustained [Ca2+]cyt elevation and failure to restore 

[Ca2+]cyt to resting levels (Faltusz et al. 2011).  

In contrast to Ca2+-ATPases, CAXs are driven by secondary active transport, 

where counter-transport of another cation down an electrochemical gradient, typically H+, 

provides the energy to export Ca2+ from the cytosol (Bose et al., 2011; Dodd et al., 2010). 

The Arabidopsis genome contains 6 CAX genes encoding H+/Ca2+ exchangers (Shigaki 

and Hirschi 2006). CAX transporters may be regulated post-translationally through N-

terminal autoinhibitory domains (Mei et al. 2007), formation of hetero-CAX complexes 

(Zhao et al. 2009), pH homeostasis, or via interaction with CAX-interacting proteins 

(Ning-Hui and Hirschi 2003). CAXs have an important role in regulation of stress and 

developmental responses in plants. For instance, loss of Arabidopsis CAX4 and CAX11 

results in hypoxia-induced cytosolic Ca2+ elevation that is higher than WT (Wang et al. 

2016). Furthermore, prolonged exposure to hypoxia caused severe reduction in shoot 

biomass of cax11 mutants.  Loss of CAX1 results in increased freezing tolerance in 

Egenia dense (Catalá et al. 2003), whereas knocking out CAX3 increased salt-sensitivity 

(Zhao et al. 2008). 

Given that Ca2+ signals are generated in response to a wide array of stimuli, it is 

important to understand how such a ubiquitous second messenger can generate specific 

cellular responses. Indeed, significant research efforts have been directed toward 

understanding the functions of Ca2+ signals and whether specific patterns of flux encode 

response specificity.  
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1.4 Specificity in Ca2+ signals 

 Elevations in [Ca2+]cyt are observed in response to many stimuli including cold, 

drought, salinity, various hormones and detection of microbial symbionts (Knight et al. 

1996; Knight et al. 1997; Evans et al. 2001; Islam et al. 2010; Granqvist et al. 2015). The 

universality of Ca2+ as a second messenger in signal transduction pathways raises the 

fundamental question as to how a single ion species can contribute to so many different 

cell events. Two main hypotheses describe the function of Ca2+ signals in signal-

transduction pathways: the Ca2+ signature hypothesis and the Ca2+ switch hypothesis 

(Scrase-Field and Knight 2003; Plieth 2005, Plieth 2016). The Ca2+ signature hypothesis 

postulates that stimulus-induced cytosolic Ca2+ oscillations have characteristic properties 

like amplitude, frequency, spatial and temporal distributions that encode information, like 

a Morse code, to ultimately direct a specific downstream response. Alternatively, the 

Ca2+ switch hypothesis states that Ca2+ signals are not the source of specificity in Ca2+ 

signaling, rather specificity is derived from downstream Ca2+ signaling components. 

According to this hypothesis, the sole purpose of Ca2+ signal is to act as a ‘switch’ by 

activating the downstream Ca2+ signaling components that then mediate specific 

physiological responses. These hypotheses are not necessarily mutually exclusive and the 

breadth of processes that Ca2+ participates in could, plausibly, accommodate more than 

one underlying mechanism. 

Among the most compelling empirical studies providing support for the Ca2+ 

signature hypothesis comes from studies examining the effects of ABA on guard cells 

(Staxen et al. 1999). Both the pattern of ABA-induced Ca2+ oscillations and the extent of 

stomatal aperture were modulated by concentrations of ABA; the extent of final stomatal 
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aperture also correlated with Ca2+ oscillations. Additionally, oxidative stress failed to 

induce Ca2+ oscillations or cause stomatal closure in det3 mutants (Allen et al. 2000). 

Intriguingly, administration of artificial Ca2+-induced oscillations that closely mimicked 

those observed in wild-type plants restored stomatal closure in these mutants, further 

corroborating the significance of stimulus-specific Ca2+ signatures in stomatal closure. 

Aside from generating specific physiological responses, different Ca2+ signatures are able 

to generate differential gene expression patterns suggesting cells coordinate specific 

transcriptional responses to distinct Ca2+ patterns (Whalley and Knight 2013). As there 

was little overlap between the subset of genes up- or downregulated by three different 

types of Ca2+ signatures used in this study, it is tempting to speculate that different 

promoter elements are sensitive to different kinds of Ca2+ signatures thus resulting in 

differential gene expression. Furthermore, Short et al. (2012) reported that changes in 

global gene expression upon exposure to ozone are Ca2+-regulated, as removal of ozone-

induced Ca2+ signatures results in inhibition of expression of ozone-responsive genes 

(Short et al. 2012). It is also noteworthy that roles for Ca2+ signatures during double 

fertilization in Arabidopsis have been reported (Denninger et al. 2014). Pollen-tube burst 

and sperm delivery is correlated with sharp Ca2+ transients in egg and central cells, 

however, a second, longer Ca2+ transient was only observed in egg cells in cases of 

successful double fertilization, suggesting that Ca2+ signatures do in fact encode 

information that directs cell responses (Denninger et al. 2014).  

The support for the Ca2+ switch hypothesis comes from the observation that Ca2+ 

signatures with very similar characteristics can result in markedly different physiological 

responses (as reviewed by Scrase-Field and Knight 2003, Plieth 2016). For example, salt- 
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or osmotic shock-induced [Ca2+]cyt transients have very similar amplitudes and single 

elevations and it is unclear how a plant cell would be able to distinguish between the two 

stimuli based on patterns of Ca2+ flux alone. The strongest support of this switch 

hypothesis came from genetic screens performed on Arabidopsis mutants to isolate 

seedlings with hypersensitivity to salt. These led to characterization of a suite of proteins 

that were integral in discriminating between salt and osmotic shock. For instance, 

exposure to salt results in activation of SOS3-SOS2-SOS1 complex that then removes 

Na+ from the cell (Ji et al. 2013). Although the Ca2+ signatures of salt and osmotic shock 

are quite similar, the activation of SOS3-SOS2-SOS1 pathway is not observed in 

response to osmotic stress, thus suggesting that a specific Ca2+ signature, at least in this 

case, does not encode specificity of response (Boudsocq and Laurière 2005). Additional 

evidence for the Ca2+ switch hypothesis comes from the observation that similar 

physiological responses could result from drastically different Ca2+ signatures (Scrase-

Field and Knight 2003). For instance, both cold and osmotic stress, despite having 

different Ca2+ signatures, result in induction of Ca2+-regulated genes such as KIN1/2 

indicating that while Ca2+ acts as a switch to induce these genes, it may not encode 

specific information to regulate expression of these genes (Wang et al. 1995). In addition, 

overexpressing downstream components of Ca2+ signaling such as Ca2+ sensors results in 

responses typically observed in response to stress-induced Ca2+ oscillations (Scrase-Field 

and Knight 2003). However, these responses are simply a result of constitutive 

expression of these CBPs and occur in absence of stress stimuli. Moreover, the ability of 

Ca2+ agonists, pharmaceutical agents capable of artificially elevating [Ca2+]cyt, are also 

able to cause physiological responses typical of true Ca2+ signatures, which is at odds 
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with the idea that a Ca2+ signature encodes the information necessary to cause a specific 

and characteristic physiological response (Scrase-Field and Knight 2003). It is important 

to note that whether a given Ca2+ signal functions as a complex signature or simply a 

switch, plants still need a mechanism to detect and transmit a Ca2+ signal to downstream 

cell components. This important task is performed by Ca2+-binding proteins termed Ca2+ 

sensors.  

1.5 Ca2+-sensors 

Ca2+ sensors detect stimulus-induced elevations in [Ca2+]cyt and transmit this 

information to downstream effector proteins. In addition to Ca2+ signals, specificity in 

Ca2+ signaling is likely also a result of the diverse array of Ca2+ sensors found in plants 

(Tuteja and Mahajan 2007; DeFalco et al. 2010). Upon Ca2+ binding, these Ca2+sensors 

undergo a conformational change that allows them to bind to downstream target 

(effector) proteins thus propagating a signaling cascade that ultimately shapes up an 

appropriate response.  Thus, the foremost criterion for a protein to qualify as a Ca2+ 

sensor is Ca2+ binding, facilitated typically by a structural domain called an EF-hand that 

is highly conserved across eukaryotes (Day et al. 2002; Gifford et al. 2007). An EF-hand 

contains 29 amino acid helix-loop-helix structure (Fig. 1.1). The 12 residues in the center 

of this structure form a central loop that coordinates the Ca2+ ion. Ca2+ binding is 

mediated by ligating residues within the coordination loop at positions 1, 3, 5, 7, 9 and 12 

(denoted by X* Y* Z* -Y*-X*-Z*) (Lewit-Bentley and Rety 2000; Gifford et al. 2007). 

Positions X, Y, Z and –Z are occupied by negatively charged residues making the 

coordination loop highly negative. Asp and Glu occupy X and Y positions and mutations 

at this position can cause loss of Ca2+ binding. The pentagonal bipyramid geometry of  
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Fig. 1.1 Structure of the EF-hand. (A) The EF-hand is a 29 residue helix-loop-helix 

structure, in which a 12 residue loop coordinates a single Ca2+ ion (yellow ball). (B) EF-

hands usually occur in pairs to form the Ca2+-binding unit. EF-hands within the pair are 

linked to each other via short β-sheets (purple arrows) at the end of the binding loop. 

Adapted from Gifford et al. 2007. 
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Ca2+ ion is facilitated by oxygen atoms. The flexibility within the loop is derived from 

Gly residues at position 6. These Gly residues allow the loop to tightly wrap around a 

Ca2+ ion and allow high-affinity binding. EF-hands can also bind Mg2+ but Mg2+ binding 

does not cause the loop to bend, thus the EF-hand ends up having lower affinity for Mg2+ 

than Ca2+.  Another typical feature of EF-hands is that they occur in pairs and exhibit 

positive cooperative binding of Ca2+. The rapid ‘on/off’ Ca2+ binding allows Ca2+ sensors 

to quickly respond to Ca2+ oscillations, which is extremely useful in decoding and 

transmitting of Ca2+ signals. It is important to note however that some EF-hand proteins 

function as Ca2+ buffers to help regulate [Ca2+]cyt, therefore this motif is not unique to 

Ca2+ sensors. Furthermore, not all Ca2+-sensors have EF-hand motifs, and there exist 

other Ca2+-binding domains, such as the C2 motif (Day et al. 2002; Nalefski and Falke 

1996; Krebs and Heizmann 2007).  

 In plants, EF-hand containing Ca2+ sensors can be categorized into three main 

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

proteins, and Ca2+-dependent protein kinases (CPK) (DeFalco et al. 2010; Dodd et al. 

2010; Bender et al. 2013). As CaM, CMLs and CBLs do not have any intrinsic catalytic 

activity, they simply regulate downstream effector proteins and in doing so serve as 

‘sensor relays’. CDPKs/CPKs, on the other hand, are catalytic and thus function as 

‘sensor responders’ that are activated upon Ca2+ binding. Remarkably, with the exception 

of a few CDPKs in protists, these three Ca2+ sensor families are all unique to plants, 

highlighting the significance of Ca2+ sensors in plant biology.  

 CaM is the most extensively studied Ca2+ sensor both biochemically and 

physiologically and roles for CaM in plants are well established (Bergey et al. 2014; 
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Virdi et al. 2015; Zeng et al. 2015). CaM has been shown to participate as a key Ca2+ 

sensor in various aspects of development as well as during abiotic and biotic stress 

responses (as reviewed in DeFalco et al. 2010; Bender and Snedden 2013; Zhang et al. 

2014). CaM ranks among the most highly conserved proteins in eukaryotes; a genomic 

comparison of C. elegans, human, and yeast, indicates that only histones, actins, and 

ubiquitin show greater amino-acid sequence conservation than CaM (Copley et al. 1999). 

CaM is a small, acidic protein (~17 KDa, 148 amino acids) that contains two globular 

domains each comprising a pair of EF-hands linked by a flexible α-helical linker (Tuteja 

and Mahajan 2007; DeFalco et al. 2010). CaM is localized in cytosol, nucleus, apoplast 

and ER. Although there are some reports of CaM in plastids and mitochondria, evidence 

remains equivocal (Biro et al. 1984; Dauwalder et al. 1986). There are several, highly 

similar CaM isoforms found in the plant genomes examined to date. For instance, 

Arabidopsis contains seven CaM genes that encode 4 CaM proteins sharing at least 97% 

identity at the primary sequence level. Similarly, Lotus japonicum has 7 CaM genes 

encoding 4 nearly identical CaM isoforms with a difference of 2-19 amino acids (Liao et 

al. 2017).  Interestingly, plants also possess CaM-like (CML) proteins that are a 

comparatively large family of Ca2+ sensors with 50 members in Arabidopsis, 32 in Rice, 

and 19 in Lotus (McCormack and Braam 2003; Boonburapong and Buaboocha 2007; 

Liao et al. 2017). Arabidopsis CMLs range between 83-330 amino acids and share 16-

75% amino acid identity with conserved CaM (e.g. AtCaM2). A phylogenetic tree of 

Arabidopsis CaMs and CMLs is presented to represent this diversity (Fig. 1.2). The 

length of rice CMLs range from 145 to 250 amino acid residues and share 30-84.6% 

amino acid identity with the conserved OsCaM1 (Boonburapong and Buaboocha 2007).  
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Fig. 1.2 Neighbour joining tree of the Arabidopsis CaMs and CMLs. Six CaMs and 50 

CMLs are presented in this phylogenetic tree. Gene locus identifiers of CaMs and CMLs 

are presented. CaM and CMLs were grouped based on amino acid sequence similarities. 

The groups were ranked 1 to 9 based on the degree of divergence from the conserved 

CaM2. CML39 is found within Group 6. CML39 is indicated within the red rectangle, 

while the conserved CaM, AtCaM2 is indicated by the red arrow (Adapted from 

McCormack and Braam 2003).  

 

 

  



 

18 

 

 

The length of Lotus CMLs range from 111 to 199 amino acids and share between 23.91% 

to 42.45% amino acid identity with LjCaM1 (Liao et al. 2017). The Arabidopsis CMLs 

contain variable numbers of EF-hands (1-6) unlike their CaM counterparts and in some 

cases have variable N-terminal extensions. How the sequence variations among CMLs 

may contribute to unique biochemical properties and functions remains an open but 

important question.   

1.6 Structural Properties of CaM and CMLs 

The qualifying features of a Ca2+ sensor include: (i) presence of Ca2+-binding sites 

that are only occupied during periods of high [Ca2+]cyt (although some Ca2+ sensors bind 

Ca2+ with low affinity); (ii) preferential binding to Ca2+; (iii) the ability to undergo 

conformational change upon Ca2+ binding and (iv) fast, transient interaction with Ca2+ to 

facilitate rapid responses to Ca2+ signals (Tuteja and Mahajan 2007; Bender and Snedden 

2013). Indeed, CaM binds Ca2+ in the high nanomolar to low micromolar range that 

correlates with [Ca2+]cyt during stimulation (Vogel 1994; Gilli et al. 1998). Furthermore, 

the four Ca2+ binding sites of CaM also have a much higher affinity for Ca2+ than Mg2+. 

Ca2+ binding by CaM  modifies secondary and tertiary structure of the protein (Ikura et 

al. 1990; Vogel 1994; Crivici and Ikura 1995). While the EF-hand adopts a ‘closed’ 

conformation in the absence of Ca2+, Ca2+ binding leads to an ‘open’ conformation. The 

Ca2+-dependent ‘open’ and ‘closed’ conformations of EF-hands are accompanied by an 

overall increase in alpha (α)-helical content of CaM. The Ca2+ binding event exposes 

hydrophobic regions on CaM leading to an overall increase in surface hydrophobicity that 

is crucial for its interaction with effector proteins (Yamniuk and Vogel 2005).  
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 In contrast to the extensive literature on CaM structure and function, to date, only 

a handful of CMLs have been characterized structurally and biochemically. Arabidopsis 

CMLs 37, -38 and -39 are stress-inducible CMLs from subgroup 6 in the CML family 

and share 26-34% amino acid identity with the conserved AtCaM2 (Vanderbeld and 

Snedden 2007). Biochemical analyses indicate that these CMLs display properties in 

vitro characteristic of Ca2+ sensors (Vanderbeld and Snedden, 2007, Bender et al. 2013, 

Sholz et al. 2014). These CMLs, much like CaM, have central-linker regions between the 

second and third EF hand, but they also possess N-terminal extensions that diverge from 

AtCaM2 (Bender et al. 2013). Furthermore, far-UV CD analysis showed that Ca2+- 

binding in CML39, CML38 and CML37 leads to an approximately 10%, 16% and 19% 

increase, respectively, in α-helical content, which is a characteristic feature of CaM 

(Bender et al. 2013; Bender 2013; Scholz et al. 2014). Furthermore, ANS fluorescence 

assays indicated an increase in hydrophobicity in all three of these CMLs upon Ca2+ 

binding. Collectively, these findings suggest that CMLs 37, -38 and -39 likely serve as 

Ca2+ sensors.  

Additional CMLs that have been examined in some detail at the biochemical level 

include CML42 and CML43, from Arabidopsis CML subfamily 7, CML15 and CML16 

from subfamily 4, and CML14 from subfamily 3 (Fig 1.2). With the exception of 

CML14, these CMLs all display properties expected of Ca2+ sensors including reversible 

exposure of hydrophobicity and other structural changes upon Ca2+-binding, Ca2+-binding 

affinities in the physiological range of nM-M, and high selectivity for Ca2+ over Mg2+ 

(Dobney et al. 2009, Bender et al. 2014; Ogunrinde 2016). Although not as well 

characterized, CML24 and CML41 also show Ca2+ binding and the resultant increase in 
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surface hydrophobicity (Delk et al. 2005; Xu et al. 2017). It is interesting that among the 

CMLs studied thus far, CML14, from the two-member subgroup 3, shows the least 

similarity to CaM in terms of biochemical behaviour (Vallone et al. 2016). For instance, 

structural analysis of CML14 indicated only one Ca2+ binding site and no significant 

increase in hydrophobicity or conformational change upon Ca2+ binding. Whether 

CML14, and its close paralog, CML13, are biochemically capable of functioning as Ca2+ 

sensors therefore remains unclear. Their properties appear more reminiscent of Ca2+-

binding proteins such as divergent myosin light chains and it is intriguing that CML13 

has been shown to bind to proteins known to complex with cytoskeletal elements 

(Bürstenbinder et al. 2013). Together, these findings provide evidence that CMLs share 

similar but not identical biochemical and structural characteristics with CaM. While this 

is not surprising, given the sequence variation among CMLs, it does add support to the 

hypothesis that CMLs occupy different Ca2+ sensor roles than CaM and underscores the 

complexity of Ca2+ signaling in plants. Elucidation of the physiological roles of CMLs is 

therefore an important step toward unraveling that complexity.  

1.7 CaM and CML targets 

CaM interacts with a diverse array of downstream effector proteins that function 

as transcription factors (Galon et al. 2008; Galon et al. 2010), kinases (Zhang 2003), 

phosphatases (Kutuzov et al. 2001; Yoo et al. 2004), ion channels (Fischer et al. 2013) 

and ion pumps (Hwang et al. 2000), and many other roles (Defalco et al. 2010). Upon 

Ca2+ binding, CaM undergoes a conformational change exposing its hydrophobic clefts 

that mediate its binding to downstream targets. Most, though not all, CaM-binding 

domains are characterized by an amphipathic α-helix that interacts with CaM with high 
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affinity and specificity (O’Neil and DeGrado 1990). The ability of CaM to interact with 

such a diverse array of proteins comes from three characteristics: (i) a linker region that 

allows CaM structural flexibility; (ii) ability of CaM to bind proteins in a Ca2+-free state; 

(iii) the hydrophobic cleft through which CaM binds its targets is enriched in methionine 

residues and is therefore quite flexible (as reviewed by DeFalco et al. 2010).  

An Arabidopsis protein microarray experiment isolated 173 putative targets for 3 

CaMs (CaM1, CaM6 and CaM7) and 4 CMLs (CML8, CML9, CML10 and CML12) 

(Popescu et al. 2007). The CaM/CML targets identified were implicated in diverse 

physiological phenomena including floral and ovule development, abiotic and biotic 

stress responses and carbohydrate and amine metabolism. While further experimentation 

is required to confirm the interaction of these effector proteins with CMLs, this study 

suggests that CMLs, much like CaM, may regulate a wide variety of physiological 

phenomena through interaction with different protein targets.  

While CML targets remain mostly unknown, there have been some reports of 

interacting partners of CMLs. For example, CML24 interacts with a cysteine protease, 

ATG4B, to regulate autophagy (Tsai et al. 2013). Furthermore, CML9 interacts with a 

pseudo response regulator, PRR2, to control plant immunity (Perochon et al. 2010). 

However, unlike CaM-target interaction domains that tend to be short (16-35 residues) 

(James et al. 1995), successful interaction between CML9 and PRR2 was only observed 

if the full-length form of PRR2 was used, suggesting a distinct mechanism for CML-

target interaction compared to CaM (Perochon et al. 2010).  Both CML9 and CML24 

interact with their respective targets in a Ca2+-independent manner. Another CML, 

CML18 interacts with the C-terminus of AtNHX1 (Yamaguchi et al. 2005). CML18-
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AtNHX1 binding was shown to be both Ca2+- and pH-dependent. CML12 also interacts 

in a Ca2+-dependent manner with a protein kinase, PINOID, that serves as a key player in 

auxin signaling (Benjamins et al. 2003). Since CML12 does not affect the kinase activity 

of PINOID, it is likely that CML12 functions as a Ca2+ sensor upstream of PINOID-

mediated auxin signaling. Moreover, a CaMBD was recently discovered in a leucine-rich 

repeat receptor-like kinase, BRI1 (Oh et al. 2012). Peptide overlay assays indicated BRI1 

interaction with CaM but not CML8. Despite this lack of interaction, however, CML8 

suppressed BRI1 activity. Since the peptide used in this study was designed against the 

CaMBD of BRI1, it is likely that CML8 interacts with BRI1 via a binding domain 

distinct from that of CaM.  

1.8 Physiological roles of CMLs 

1.8.1 CMLs in abiotic stress response 

Given the importance of Ca2+ signaling during exposure to stress (Jiang et al. 

2005; Reddy et al. 2011), it is no surprise that a number of CMLs have been shown to 

participate in abiotic stress responses. For instance, CMLs -37 and -42 exert antagonistic 

effects during drought stress (Scholz et al. 2014). While cml37 loss-of-function plants 

displayed hypersensitivity to drought stress and decreased ABA accumulation, cml42 

mutants had no differential response to drought compared to WT and accumulated high 

levels of ABA throughout the duration of drought stress. These results suggest that 

drought-induced ABA accumulation is promoted by CML37 and inhibited by CML42. 

Additionally, enhanced drought tolerance has also been observed in cml9 plants (Magnan 
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et al. 2008). A rice CML, OsCML16 also regulates drought stress response by binding to 

a drought-inducible transcriptional activator, OsERF48 (Jung et al. 2017).  

Several CMLs have also been implicated in salt stress response. For example, 

cml24 mutant seedlings grew faster or had higher chlorophyll accumulation in response 

to various salts, suggesting that CML24 suppression leads to hyposensitivity to salt stress 

(Delk et al. 2005). Conversely, cml9 seeds displayed higher sensitivity to germination-

inhibiting effects of NaCl and KCl relative to WT (Magnan et al. 2008). These mutants 

showed no differential response to mannitol indicating that salt-induced germination-

inhibition observed in cml9 is due to ionic rather than an osmotic effect. In addition, an 

ABA-biosynthesis inhibitor restored germination suggesting that this salt-responsive 

inhibition of germination was ABA-dependent. These mutant plants also displayed 

differential gene-expression patterns for ABA and salt-stress marker genes. These 

findings suggest a role for CML9 in negative regulation of ABA-dependent abiotic stress 

responses. Interestingly, a CML protein from salt-resistant wild soybean and the closest 

ortholog of AtCML27, GsCML27, is also induced in response to salt treatment (Chen et 

al. 2015). Increased salt sensitivity observed in GsCML27-overexpressing plants 

indicates a role for this Ca2+ sensor in negative regulation of salt tolerance. Furthermore, 

GsCML27 was also upregulated upon exposure to mannitol, indicating involvement in 

osmotic regulation. In rice, OsMSR2, a CML-encoding gene also enhances salt tolerance 

(Xu et al. 2013), as evident from higher survival rates, reduced electrolyte leakage, and 

increased accumulation of compatible solutes in OsMSR2-overexpressing plants exposed 

to salt stress.  
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Additional evidence for CML involvement in abiotic stress response comes from 

studies on ShCML44, a CML gene in tomato that is strongly induced in response to 

various abiotic stresses including cold, drought and salinity as well as phytohormones 

like ABA and MeJA (Munir et al. 2016). Cold stress led to significantly higher increases 

in antioxidant enzyme activity, photosynthetic rate, transpiration rate and stomatal 

conductance of ShCML44 overexpressing plants relative to WT.  Significantly higher 

accumulation of chlorophyll and proline in ShCML44 overexpressing plants upon 

exposure to salt or drought stress indicates a positive role for this CML in salt and 

drought tolerance (Munir et al. 2016).  

In addition to acting during drought stress, CML42 also regulates responses to 

UV stress (Vadassery et al. 2012). Disruption of CML42 results in significantly lower 

survival rate in UV-C stressed mutant seedlings relative to their WT counterparts; this 

hypersensitivity to UV stress could be attributed to significantly lower accumulation of 

flavonols in these mutants.  

Hypoxia is yet another abiotic stress where at least one CML has been found to 

play an important role. A recent study showed that exposure of a cml38 loss-of-function 

mutant to hypoxia resulted in manifestation of various hypoxia-associated symptoms 

including chlorosis in the apical root and an overall decrease in primary root length, 

seedling growth, and survival rate relative to WT (Lokdarshi et al. 2015). Detection of 

CML38 in cytosolic granule structures during hypoxia and disappearance of stress 

granules upon disruption of CML38 expression suggests that CML38 regulates stress 

granules during hypoxia stress. Stress granules are comprised of non-translating mRNAs, 

translation initiation components, and other proteins involved in mRNA stability and thus 
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regulate mRNA activity during stress responses (Buchan and Parker 2009). Thus, it is 

likely that CML38 regulates mRNA function during hypoxia stress.  

1.8.2 CMLs in biotic stress response  

Similar to the studies describing CML function during abiotic stress response, 

evidence supports important roles for CMLs during cell reactions to biotic stress. For 

example, exposure to oral secretions derived from the herbivorous insect, Spodoptera 

littoralis upregulated various CML genes including CML9, -11, -12, -16, -17 and -23 

(Vadassery et al. 2012b). Furthermore, in addition to upregulation of CML42 in response 

to S. littoralis, increased resistance to larval feeding and increased accumulation of 

secondary metabolites in cml42 plants suggested roles  for CML42 in negative regulation 

of defense responses (Vadassery et al. 2012a). cml42 plants also displayed marked 

upregulation of JA-responsive genes and complete inhibition of root growth upon JA 

exposure, suggesting hypersensitivity to JA. A model for CML42-mediated negative 

regulation of defense response was postulated whereby CML42 inhibits accumulation of 

glucosinolate levels and also impairs JA perception by decreasing expression of COI-1, a 

protein in the JA receptor complex. As a result, JA-responsive genes are not expressed, 

resulting in compromised defense responses. Similar to CML42, CML37 also regulates 

JA-dependent defense responses in Arabidopsis (Scholz et al. 2014). CML37 is induced 

by herbivory or mechanical wounding. Reduced resistance to herbivory in cml37 plants 

correlated with enhanced feeding performance of larvae, a reduction in JA accumulation, 

and downregulation of JA-responsive genes, collectively indicating a role for CML37 in 

the positive regulation of defense response. These studies suggest that CML37 may act 

antagonistically with CML42 during defense responses to herbivory.     



 

26 

 

In addition to functions during herbivore attack, several CMLs also regulate 

cellular reactions to bacterial infection.  Orthologous genes, APR134 and CML43, in 

tomato and Arabidopsis, respectively, are highly induced upon exposure to Pseudomonas 

syringae pv. tomato (Chiasson et al. 2005). Genetic suppression of APR134 resulted in 

higher levels of infection in plants. Similarly, CML43 is upregulated in response to 

bacterial inoculation in leaves and overexpression of CML43 leads to an enhanced 

hypersensitive response (HR) (Chiasson et al. 2005). Moreover, increased CML43 

promoter activity in response to the defense compound salicylic acid (SA) is consistent 

with its proposed role in plant immunity (Bender et al. 2014). Two other CMLs, CML8 

and CML9 have also been reported to mediate plant response to P. syringae infections 

(Leba et al. 2012; Zhu et al. 2016; Zhu et al. 2017). Enhanced resistance to P. syringae in 

plants overexpressing CML8 indicated that it serves as a positive regulator of plant 

immunity (Zhu et al. 2016). In addition, cml8 mutants show decreased SA accumulation 

and reduced expression of PR1, a SA-responsive gene, indicating that like CML43, 

CML8 regulates SA-dependent response to bacterial infections. Interestingly, CML9 also 

seems to be involved in SA-regulated plant immunity (Leba et al. 2012). In addition to 

being highly expressed upon exposure to P. syringae, flagellin and SA, plants 

overexpressing CML9 display increased bacterial resistance and enhanced expression of 

PR1. Conversely, cml9 loss-of-function mutants were severely affected by P. syringae 

infections. Collectively, these findings suggest that CML9 is involved in positive 

regulation of SA-dependent plant immunity. Another CML involved in plant immune 

response to bacterial infection is CML41 (Xu et al. 2017). Exposure to flg22, a bacterial 

elicitor, upregulates CML41 expression. Moreover, increased callose deposition in 
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CML41 overexpressing plants leads to plasmodesmatal closure suggesting that CML41 

facilitates plasmodesmatal closure upon bacterial infection and in doing so promotes 

plant immunity. 

 In addition to mediating plant responses to bacterial infections, some CMLs also 

possess antiviral activity. The most well-characterized example of this comes from 

studies done on the tobacco regulator of gene silencing CaM-like protein, rgs-CaM 

(Anandalakshmi et al. 2000; Nakahara et al. 2012; Tadamura et al. 2012; Nakamura et al. 

2014). Anandlakshmi et al. (2000) observed impaired post-transcriptional gene silencing 

(PTGS) in rgs-CaM-overexpressing plants upon exposure to tobacco etch virus (TEV), 

indicating that this CML is most likely involved in negative regulation of PTGS.  

However, more recent studies have refuted this role for rgs-CaM and proposed a different 

mechanism through which it functions in antiviral defense (Nakamura et al. 2014). 

Reduced expression of rgs-CaM leads to increased accumulation of viral RNA silencing 

suppressors (RSS) in plants, thereby compromising immunity, whereas overexpression of 

rgs-CaM enhances viral defense (Nakahara et al. 2012). Importantly, researchers 

demonstrated that rgs-CaM exerts its activity through direct binding to the positively 

charged dsRNA-binding domains (RNABD) of RNA silencing suppressors (RSS) from 

different viruses (Nakahara et al. 2012).  Furthermore, the authors also reported 

recruitment of a rgs-CaM-viral RSS complex into autolysosomes suggesting that this 

complex may be degraded in an autophagy-dependent manner. Based on these findings, 

the authors postulated a mechanism underlying rgs-CaM-mediated antiviral activity 

whereby rgs-CaM promotes host RNAi defense response by binding to viral RSSs and 

facilitating their degradation through autophagy (Nakahara et al. 2012).  It is noteworthy 
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that CML39, the closest orthologue of rgs-CaM in Arabidopsis, is also involved in plant 

antiviral responses (Yong Chung et al. 2014). CML39-overexpressing plants, infected 

with geminivirus, developed infection-related symptoms much faster than WT and 

displayed increased susceptibility to viral infection. Conversely, cml39 mutants displayed 

increased resistance to geminivirus. This study further reported CML39 physical 

interaction with geminivirus protein AL2 (Yong Chung et al. 2014). The increased 

pathogenicity observed in CML39-overexpressing plants during geminivirus infection 

supports a role for CML39 in the negative regulation of plant antiviral activity.  

 Interestingly, a CML from Nicotiana benthamiana, NbCaM also regulates plant 

response to geminivirus infection (Li et al. 2017). Yeast two-hybrid (Y2H) and 

bimolecular fluorescence complementation (BiFC) analyses showed interaction between 

NbCaM and Suppressor of Gene Silencing 3, NbSGS3. Furthermore, Y2H analysis using 

deletion constructs indicated that the first two EF-hands of NbCaM and zinc finger (ZF) 

and coiled-coil (CC) domains of NbSGS3 were crucial for NbCaM-NbSGS3 interaction 

(Li et al. 2017).  The decreased accumulation of NbSGS3 as a result of NbCaM 

overexpression combined with inhibition of NbCaM-mediated NbSGS3 degradation in 

response to autophagy inhibitors suggested that the NbCaM-NbSGS3 complex is targeted 

for degradation via autophagy.  Given that SGS3 promotes PTGS and NbCaM mediates 

inhibition of NbSGS3, it is likely that NbCaM negatively regulates plant antiviral activity 

during geminivirus infection.  

1.9 CMLs in development 

While CMLs have been shown to function during stress responses, their roles in 

development are not as well characterized. Nevertheless, some recent studies have 
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reported roles of CMLs in key developmental processes. A summary of findings from 

these studies are described below. It is worth noting here that stress physiology and 

development should not be viewed as conflicting or opposing aspects of plant biology. 

Indeed, stress physiology can arguably be viewed as but one aspect of development, at 

least when development is considered as encompassing the global processes of ‘seed to 

seed’. If the biological imperative of a plant (like any living organism) is to grow and 

reproduce, then perturbations to those programs during stress are simply states of 

development where the default program is altered, usually temporarily, to accommodate 

(i.e. cope with) given environmental conditions. Viewing stress responses as sub-

programs within a greater, overarching developmental program avoids labeling genes and 

pathways as ‘developmental’ vs ‘stress’ when there is often overlap in the players and 

processes that such hard distinctions are more distracting than informative. So while I 

have chosen to discuss stress response and development in separate sections, it is 

imperative to note that stress and developmental pathways and processes are not mutually 

exclusive. 

One well-studied example of Ca2+ signaling in a specific developmental process is 

that of pollination, where several CMLs have been implicated in regulating pollen tube 

growth (Steinhorst and Kudla 2013). CML25 has been found to function in pollen 

germination and tube elongation, as evident from decreases in pollen germination rates 

and pollen tube length of cml25 plants (Wang et al. 2015). Furthermore, the 

hyposensitivity of cml25 plants to exogenous K+ and Ca2+ (relative to WT) indicated that 

CML25 likely functions in regulation of Ca2+ and K+ during pollen tube growth. 

Furthermore, cml25 also displayed altered [Ca2+]cyt and Ca2+ gradients, suggesting 
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CML25 regulates Ca2+ homeostasis. Interestingly, similar defects in pollen tube growth, 

[Ca2+]cyt and K+ homeostasis have also been observed in cml24 plants (Yang et al. 2014). 

In the case of cml24, abnormalities in actin cytoskeleton were found to be the underlying 

cause of altered pollen tube growth. The similar pollen-associated phenotypes of cml24 

and cml25 suggest that CML24 and CML25 may function redundantly in regulation of 

pollen tube growth.   

In addition to an involvement in pollen tube growth, CML24 also participates in 

other aspects of development (Delk et al. 2005; Tsai et al. 2007). Suppression of CML24 

delays flowering while its overexpression leads to early flowering (Tsai et al. 2007). 

Furthermore, CML24 and CML23 together inhibit expression of genes encoding major 

regulators of floral development, FLOWERING LOCUS C (FLC) and CONSTANS (CO) 

where CML23/CML24-mediated regulation of FLC expression is NO-dependent.  cml24 

mutants also display reduced sensitivity to germination-inhibiting effects of ABA, 

implicating CML24 in positive regulation of ABA-dependent seed dormancy (Delk et al. 

2005). In contrast to cml24, seed germination in cml9 seeds was more severely inhibited 

relative to WT, indicating the function of CML9 role in inhibiting ABA-mediated seed 

dormancy (Magnan et al. 2008). CML24 also regulates root architecture in response to 

mechanostimulation (Wang et al. 2011). Relative to WT, cml24 mutants displayed 

aberrant root growth and altered cortical microtubule orientation when grown on hard-

agar surfaces, suggesting a role in mechanostimulation via microtubule orientation.  

Collectively, the above-mentioned reports confirm that CMLs, much like CaM, 

regulate various aspects of plant growth. However, the mechanisms through which CMLs 

mediate these physiological phenomena remain mostly unknown. To characterize these 
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mechanisms, we must first isolate binding targets of CMLs, as regulatory proteins like 

CMLs control plant growth through interacting with downstream effector proteins. 

Isolating CML targets as well as their mode of interaction will also help us understand 

whether CMLs regulate plant growth in a CaM-like manner. Furthermore, understanding 

functions of plant-specific Ca2+ sensors such as CMLs will broaden our insight into Ca2+ 

signaling in plants.   

1.9.1 Calcium regulates in plant development 

Given the ubiquity of Ca2+ in signal transduction pathways, and the diversity of 

Ca2+ sensors in plants, it is likely that many developmental processes utilize Ca2+ in ways 

that have not yet been discovered. Indeed, unlike its roles in stress- responsive pathways, 

the study of Ca2+ in plant development remains rather fragmented and less extensive with 

one important exception: Ca2+ in pollen tube growth. Regulation of pollen tube growth is 

perhaps the best-characterized developmental role credited to Ca2+.  Ca2+ transients, 

coordinated by complex interplay of Ca2+ channels and pumps, are especially important 

for pollen germination, tube growth and guidance (as reviewed by Steinhorst and Kudla 

2013). Furthermore, expression of 18 CMLs, 17 CDPKs, and 4 CBLs in Arabidopsis 

pollen further signify the importance of Ca2+ signal transduction during pollen growth 

(Pina et al. 2005; Zhou et al. 2009).  Interestingly, increased accumulation of CaM in 

synergid and central cells of Petunia embryo sacs also indicate potential regulation of 

fertilization by Ca2+ signaling (Tirlapur et al. 1993). More recently, cytosolic Ca2+ 

transients in embryo sacs specific to sperm delivery and successful fertilization provided 

further evidence that Ca2+ coordinates male-female communication during fertilization 

(Denninger et al. 2014).  
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With these roles in plant fertility in mind, one might also expect Ca2+ to regulate 

other aspects of early development such as seed maturation and dormancy. Indeed, 

ZAR1, a Receptor like Kinase, interacts with CaM1 during zygotic divisions (Yu et al. 

2016) indicating the involvement of Ca2+ in embryogenesis. Furthermore, GA-induced 

cytosolic Ca2+ transients and CaM accumulation during seed germination imply a role for 

Ca2+ in hormone-mediated dormancy release (Gilroy and Jones 1993; Gilroy 1996).  

Expression of several Ca2+ signaling components including channels, sensors and pumps 

during germination indicates Ca2+ functions in the regulation of dormancy release 

(Schuurink et al. 1996; Chen et al. 1997; Anil et al. 2000; Duval et al. 2002). Studies on 

barley provide further insight into the mechanism underlying Ca2+-regulated seed 

germination where CaM promotes GA-mediated release of α-amylase, a cell wall 

hydrolase in barley aleurone layer to promote endosperm weakening and hence seed 

germination (Schuurink et al. 1996). Ca2+- and CaM-mediated biosynthesis and secretion 

of α-amylase have also been observed in rice seeds (Mitsui et al. 1984). Together, these 

findings highlight the importance of Ca2+ signal transduction in regulation of several key 

developmental processes. However, the mechanisms underlying Ca2+-mediated 

development remain unclear for most of these cellular programs. As Ca2+ sensors serve as 

molecular links between Ca2+ signals and effector proteins, outlining their roles in these 

phenomena is an important step toward explaining Ca2+ signaling in seed development, 

germination, and seedling growth at a more comprehensive level. 

1.9 CML39 

Among the Arabidopsis CMLs that the Snedden Lab has been studying, CML39 

has proven to be particularly interesting (Vanderbeld and Snedden 2007; Bender et al. 
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2013). Work done by previous members of our lab showed that CML39 is highly 

expressed in pollen grains and in response to MeJa and wounding (Vanderbeld and 

Snedden 2007) suggesting that this gene may have roles across a range of Ca2+ signaling 

programs. Furthermore, Ca2+ binding by CML39 combined with Ca2+-induced 

conformational change and its increase in surface hydrophobicity indicates that CML39 

likely functions as a classic Ca2+ sensor (Bender et al. 2013). However, a recent study on 

the biophysics of rgs-CaM, a close CML39 ortholog, called into question whether the in 

vitro Ca2+-binding properties of rgs-CaM would make it suitable to respond to 

physiological levels of Ca2+ in vivo (Makiyama et al. 2016). Nevertheless, the phenotypes 

of a cml39 T-DNA insertional knockout (KO) are intriguing and merit further research. 

cml39 KO mutants undergo developmental arrest and lack starch granules in the absence 

of exogenous sucrose and display altered light-dependent growth (Bender et al. 2013). 

More recently, CML39 has also been shown to function as an endogenous RNA silencing 

suppressor during geminivirus infection (Yong Chung et al. 2014). Collectively, these 

studies suggest that CML39 functions during early seedling development as well as 

during plant-viral interaction. However, it remains unknown whether CML39 participates 

in other developmental programs.   

1.10 Research Objectives 

Ca2+ functions as an important second messenger in a range of plant processes. 

Detailed characterization of plant-specific Ca2+ sensors such as CMLs should provide 

insight into plant Ca2+ signaling. In addition, while the roles of Ca2+ in plant stress 

responses are well established, functions of Ca2+ in plant development remain poorly 

understood. As such, the broad objective of my thesis was to conduct an in-depth analysis 
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of the roles of CML39 in plant development. Below I present the research questions 

addressed by my thesis project:   

Chapter 2: The main question posed in this chapter is: What is the role of CML39 in 

Arabidopsis development? To address this question, I conducted detailed physiological 

assays across various developmental stages using a cml39 T-DNA insertional KO line.  

Chapter 3: My research in Chapter 2 revealed pleiotropic phenotypes for cml39 mutants 

indicating aberrations in early development. Thus, in chapter 3, I explored the following 

question: What is the molecular mechanism behind cml39’s pleiotropic phenotype? 

To address this question, I employed RNA-seq, qRT-PCR and end-point PCR analysis to 

compare gene expression patterns between WT and cml39.  

Chapter 4: If CMLs function as regulatory proteins as hypothesized, then identification 

and characterization of their interacting partners is a prerequisite for understanding their 

function. Therefore, the question explored in this chapter was: What proteins does 

CML39 interact with to regulate development? To address this question, I tested 

physical interaction of two trihelix transcription factors, ASILs -1 and -2 (identified in a 

previous screen as putative CML39 targets) with CML39 using the yeast 2-hybrid system 

as well as an in planta split-luciferase complementation assay.  

Chapter 5: Chapter 4 identified two trihelix transcription factors, ASILs -1 and -2 as 

putative interactors of CML39. In this chapter, the question I asked was: What are the 

physiological roles of ASIL1 and ASIL2? The strategy adopted to address this question 

involved detailed physiological analysis of loss-of-function mutants of ASIL1 and ASIL2 

to determine whether these mutants displayed phenotypic overlap with our cml39 mutant. 

Furthermore, I also conducted in-depth analysis of ASIL promoter activity by generating 
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ASIL-promoter::GUS-reporter transgenic plants in order to shed light on ASIL expression 

patterns relative to that known for CML39.  
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Chapter 2 

The calmodulin-like protein, CML39, is involved in regulating seed 

development, germination, and fruit development in Arabidopsis 

2.1 Abstract  

In addition to the evolutionarily-conserved Ca2+ sensor, calmodulin (CaM), plants 

possess a large family of CaM-related proteins (CMLs). Using a cml39 loss-of-function 

mutant, we investigated the roles of CML39 in Arabidopsis and discovered a range of 

phenotypes across developmental stages and in different tissues.  In mature plants, loss of 

CML39 results in shorter siliques, reduced seed number per silique, and reduced number 

of ovules per pistil. We also observed changes in seed development, germination, and 

seed coat properties in cml39 mutants in comparison to wild-type plants. Using radicle 

emergence as a measure of germination, cml39 mutants showed more rapid germination 

than wild-type plants. In marked contrast to wild-type seeds, the germination of 

developing, immature cml39 seeds was not sensitive to cold-stratification. In addition, 

germination of cml39 seeds was less sensitive than wild-type to inhibition by ABA or by 

treatments that impaired gibberellic acid biosynthesis. Tetrazolium red staining indicated 

that the seed-coat permeability of cml39 seeds is greater than that of wild-type seeds. 

Collectively, our data support a model where CML39 serves as an important Ca2+ sensor 

during ovule and seed development, as well as during germination and seedling 

establishment. 
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2.2 Introduction 

As sessile organisms, plants rely on timely and coordinated transmission of 

information through signalling cascades in order to respond to changes in their 

environment. Important regulatory roles for calcium ions (Ca2+) in plant signal 

transduction are well documented (reviewed in DeFalco et al. 2010; Bender and Snedden 

2013; Edel and Kudla 2015). As a ubiquitous second messenger, Ca2+ is involved in 

mediating cellular responses to a diversity of external and internal stimuli including cold, 

drought, salinity, pathogens, light, hormonal signals as well as other stress and 

developmental cues (Dodd et al. 2010; Zhang et al. 2014).  

In the Ca2+ signaling paradigm, stimulus-induced changes in Ca2+ levels are 

detected by Ca2+-binding proteins, termed Ca2+ sensors, which regulate the activity of 

various effector proteins to coordinate appropriate cellular responses. While there is 

extensive evidence for cytosolic Ca2+ fluxes in plant cells during stimulus response, there 

continues to be debate and speculation as to whether these spatial-temporal Ca2+ 

signatures encode stimuli-specific information, or whether they serve some other indirect 

or unknown function (Scrase-Field and Knight 2003, Ris et al. 2005). Regardless, it is 

clear that the use of Ca2+ in relaying cellular information is evolutionarily conserved 

across eukaryotes and that the primary means of detecting Ca2+ signals involves Ca2+ 

sensor proteins. 

There are three main families of Ca2+ sensors in plants: calmodulins (CaMs) and 

CaM-like proteins (CMLs), calcineurin B-like proteins (CBLs), and Ca2+-dependant 

protein kinases (CDPKs) (Bender and Snedden 2013; Edel and Kudla 2015; Zhu et al. 

2015).  These Ca2+ sensors all possess at least one conserved Ca2+-binding structural 
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domain, the EF-hand (Defalco et al. 2010).  EF-hand proteins that function as Ca2+ 

sensors typically undergo a conformational change upon binding Ca2+ that facilitates their 

interaction with downstream targets. CaM, the canonical Ca2+ sensor, is one of the most 

evolutionarily-conserved proteins in eukaryotes and its roles in myriad cellular 

phenomena are well documented (Bender and Snedden 2013; Abbas et al. 2014). An 

intriguing difference between Ca2+-signalling in plants and other eukaryotes is that all 

plant genomes examined to date encode large families of CMLs in addition to conserved 

CaMs. For example, Arabidopsis possesses 7 genes encoding 4 identical CaM isoforms 

and 50 CML-encoding genes (McCormack et al. 2005). Despite this extensive repertoire, 

very little is known about the biochemical properties and physiological roles of most 

plant CMLs.   

Although CMLs remain largely uncharacterized, recent progress has shed light on 

the roles of a few members of the family, mostly from Arabidopsis. For instance, two 

closely related CMLs, CML42 and CML43, both show biochemical properties of Ca2+ 

sensors and play important roles in plant defense against bacterial and insect attack, 

respectively (Chiasson et al. 2005; Scholz et al. 2014; Vadassery et al. 2012). 

Interestingly, CML42 also regulates trichome branching through its interaction with a 

kinesin-interacting Ca2+-binding protein (KIC) (Dobney et al. 2009).  Another CML that 

has been studied in detail is CML24, which is highly expressed in major organs and is 

induced upon exposure to various stimuli including touch, darkness, heat, cold, and ABA 

(Delk et al. 2005). Transgenics with suppressed CML24 expression display 

hypersensitivity to ABA during germination and seedling growth, abnormal long day-

induction of flowering, and increased tolerance to various salts (Delk et al. 2005). 
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Similarly, CML9 has been shown to function in the regulation of the plant immune 

response to microbial pathogens (Magnan et al. 2008; Leba et al. 2012). These examples 

highlight the overlapping roles in stress-response and development that at least some 

members of the CML family occupy. 

In an effort to expand our understanding of the roles of CMLs in plant Ca2+ 

signaling, our lab has focused recently on Arabidopsis CML37, 38, 39, which comprise a 

small subfamily whose expression are strongly induced when plants are exposed to 

various abiotic and biotic stimuli (McCormack et al. 2005; Vanderbeld and Snedden 

2007). A recent report showed that CML37 functions during JA-mediated herbivory 

response whereas CML38 is involved in hypoxic stress tolerance (Scholz et al. 2014; 

Lokdarshi et al. 2015).  CML39 is also a stress-inducible member of this subfamily, 

possesses the biochemical properties of a Ca2+ sensor, and has additional roles during 

early seedling development (Bender et al. 2013). In the absence of exogenous sucrose, 

Arabidopsis mutants lacking CML39 display aberrations in light-mediated seedling 

growth and developmental arrest shortly after germination, indicating that CML39 

functions as a Ca2+ sensor during light-dependant seedling establishment (Bender et al. 

2013). In addition, orthologs of CML39 have been implicated in regulation of gene 

silencing (Anandalakshmi et al. 2000; Nakahara et al. 2012). The importance of CML39 

in early seedling growth led us to expand our phenotypic analysis of cml39 mutants in 

order to better understand the link between Ca2+ signalling and early development. 

Collectively, our results suggest that CML39 plays a significant role in regulation of key 

processes such as seed and fruit development and the induction of hormone-mediated 

seed dormancy.  
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2.3 Materials and Methods 

Plant material and growth conditions 

All experiments were performed using Arabidopsis thaliana, (ecotype, Columbia-

0, referred to hereafter as wild type (WT)). The growth chambers supplied 150 µE/m2/s2 

on a 16 h light/8 h dark cycle at 22°C and 70% relative humidity.  The genotyping of the 

homozygous T-DNA insertion line of the cml39 knockout mutant and generation of 

CML39 transgenic lines was described (Bender et al. 2013).  

Germination assays 

Seed lots to be compared were harvested on the same day from plants grown in 

identical environmental conditions. Unless otherwise specified, seeds for all germination-

based studies were stratified in dark at 4°C for 4-5 days prior to transfer to growth 

chambers as per Plant material and growth conditions.  

For studies comparing the germination rates of WT and cml39, surface-sterilized 

seeds were plated on 0.5X Murashige and Skoog (MS) medium ((Murashige and Skoog 

1962; Caisson Laboratories, Inc.) supplemented with 0.8% agar followed by cold-

stratification as described above. Germination was scored based on radicle protrusion 

from the seed coat and rates were recorded at various time points following transfer to a 

growth chamber. Deviations from these conditions are described in the corresponding 

figure legends. 

For germination assays comparing the sensitivity of WT and cml39 seeds to 

hormones and hormone-biosynthesis inhibitors, seeds were plated in triplicate (50-100 

seeds per 9-cm petri dish) on Whatman filter paper saturated with sterile water (control) 

or increasing concentrations of abscisic acid (ABA) (mixed isomers, Sigma), indole-3-
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acetic acid (IAA) (Sigma), methyl jasmonate (Sigma), paclobutrazol (Sigma) and 

ancymidol (Sigma) as described in figure legends. Seeds were stratified and the 

germination rates were recorded 48 h post-transfer to a growth chamber, as both WT and 

cml39 seeds in control group reach 100% germination at this time point. Germination 

assays were also performed on 0.5X MS media supplemented with intermediate 

concentrations of each of the above-mentioned plant growth regulators (see supplemental 

figures) to corroborate the filter-paper based assays. Seeds were examined and 

photographed using a Zeiss Stereo Discovery V.12 microscope (Carl Zeiss) equipped 

with a Canon Powershot A620 digital camera (Canon).   

Tetrazolium seed-coat permeability assays 

Tetrazolium penetration assays to assess seed coat permeability were done as 

described by Debeaujon et al. (2000). If colourless tetrazolium salts penetrate the seed 

coat, they are chemically reduced by seed tissue into a red formazan precipitate. WT and 

cml39 seeds were incubated in 1% (w/v) 2, 3, 5-triphenyltetrazolium chloride (Sigma) in 

the dark at 30°C for 48 h. The seeds were viewed under the stereoscope and a 

spectrophotometric, quantitative analysis of seed coat permeability was performed as 

described by Molina et al. (2007) with slight modifications. Seeds (50 ± 1 mg) of WT and 

cml39 were incubated in 1% (w/v) 2, 3, 5-triphenyltetrazolium chloride or water 

(negative control) in the dark at 30°C for 48 h. After incubation, the samples were 

washed with distilled water twice and resuspended in 1 ml of 95% ethanol. The seeds 

were homogenized for 10 minutes using a bullet blender (Next Advance). Samples were 

then centrifuged at 15,000 g for 3 min, and the supernatant collected. The absorbance of 
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the formazan extracts was measured at 485 nm using a SpectraMax Plus microplate 

reader (Molecular Devices).   

Embryo growth assays 

Arabidopsis seeds were imbibed on water-soaked Whatman filter paper for 1-3 

hours. The embryos were isolated by applying pressure with jeweller forceps on the seeds 

at the junction between cotyledons and radicle. Excised embryos were carefully plated on 

0.5X MS medium along with intact seeds as positive controls. The plates were either 

moved directly (non-stratified) to a growth chamber (see Plant Material and Growth 

Conditions) or cold-stratified for 4 d prior to transfer to a growth chamber. The growth of 

the embryos was scored based on cotyledon expansion and greening rates.  

Precocious germination assays 

Siliques at 14-16 days after pollination (DAP) were harvested and opened with a 

syringe needle. The seeds, which are brown and fleshy at this stage but show no signs of 

desiccation, were plated on minimal media and subjected to stratification or non-

stratification treatments under growth chamber conditions as described above. The 

germination rates were recorded at 14 days.  

Histochemical analysis of CML39 promoter activity in seeds 

CML39 promoter::GUS (CML39PRO::GUS) transgenic lines and GUS analysis 

were previously described (Vanderbeld and Snedden 2007) with some exceptions. We 

eliminated the use of cyanides in the histochemical stain to maximize the sensitivity of 

GUS assays. Histochemical staining to detect GUS activity in various tissues was 

performed using 5-bromo-4-chloro-3-indolyly-β-D-glucoronide (X-GLUC, BioShop) as 

substrate. For ovule staining, CML39PRO::GUS pistils from floral stages 10-12 were 
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dissected to ensure ovule exposure to histochemical staining. For staining of immature 

seeds, seeds from siliques at 10-12 DAP were harvested. For mature seed staining, cold-

stratified seeds were harvested 24-48 h after transfer to light. The tissues were 

immediately fixed in ice-cold acetone for 30 min. The seeds were rinsed with water 

followed by incubation in GUS stain solution (100 mM Na2HPO4-NaH2PO4 buffer, pH 

7.0, 0.5 mM EDTA, 0.1% (v/v) Triton X-100, 2 mM X-GLUC) for 24 h at 37°C. After 

incubation, tissues were washed with 70% ethanol several times over 24 h period and 

then viewed under the microscope to qualitatively assess CML39 promoter activity.  

Silique measurements 

For all studies examining fertilization, 6-week-old plants were used. The length of 

mature siliques was determined using a standard metric ruler. Siliques were cleared as 

described by Howden et al. (1998) with slight modification to the procedure. Intact 

mature green siliques were frozen at -20°C for 1 h, thawed in water for 30 min at room 

temperature and then incubated in lactoglycerol (2 water:2 glycerol:1 lactic acid, v/v) at 

70°C for 4 h. The siliques were left in lactoglycerol at room temperature overnight. After 

clearing, siliques were examined under the microscope to visualize seed set. For 

assessing the number of ovules, pistils from flowers at stages 9 -12 (Schneitz et al. 1995) 

were dissected using a 31G Insulin Syringe (BD-Ultra-Fine II ™) and ovules were 

counted under the microscope. 

2.4 Results 

cml39 mutants have altered fruit and seed development 

While performing growth-stage assays to determine whether cml39 mutants 

displayed any additional phenotypes, we observed that cml39 plants had significantly (p 
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< 0.05) shorter siliques than WT (Fig. 2.1). Upon clearing of the siliques, we also noted 

that fewer seeds were produced per silique in cml39 plants compared to WT (Fig. 2.1). 

This reduced seed yield could be the result of an increased proportion of aborted seeds 

and/or unfertilized ovules. While we did not observe any differences in the proportion of 

aborted seeds or the proportion of unfertilized ovules per silique, the number of ovules 

per pistil was significantly reduced in cml39 relative to WT (Fig. 2.1, Table A1). 

Furthermore, CML39PRO::CML39/cml39 complementation lines were found to have a 

significantly higher proportion of longer siliques relative to cml39 indicating partial 

rescue of the short silique phenotype (Fig. A1). These data are consistent with CML39 

playing an important role in developing seeds. 

cml39 mutants display reduced seed dormancy  

Previous research on CML39 indicated roles in stress response and seedling 

establishment (Vanderbeld and Snedden 2007; Bender et al. 2013). We sought to further 

investigate the physiological roles of CML39 and thus conducted phenotypic analyses on 

a cml39 mutant at various developmental stages and under a range of growth conditions. 

Interestingly, under standard growth conditions, mature cml39 seeds displayed very high 

germination rates compared to WT seeds within 24 h of transfer to light, suggesting 

reduced seed dormancy in the cml39 mutants (Fig. 2.2). Loss of either CML37 or 

CML38, the closest paralogs of CML39, did not show any effect on germination rate  



 

57 

 

 

Fig. 2.1 Altered silique length and seed production in cml39 plants. (a) cml39 had 

significantly shorter siliques at 10-12 days after pollination and (b) fewer seeds than WT 

(n=3, *p<0.0001, where n represents number of individual plants per genotype per 

experimental trial, minimum three independent trials). The error bars represent SEM. (c) 

A significant reduction in the number of ovules per pistil was observed in cml39 plants 

(*p<0.0001). A total of 65-80 pistils from stage 9 -12 flowers were analyzed for each 

genotype across two independent trials. (d) Representative image of cml39 and WT 

mature siliques, scale bar = 1 cm.  
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Fig. 2.2 Seeds from cml39 mutants germinate faster than WT Arabidopsis. (a) cml39 

seeds had significantly higher germination ratios (percent of total seeds sown showing 

radicle emergence)  than WT, cml38, or cml37 at 24 hours post-transfer to light (n=3, 

p<0.0001, where n refers to number of technical replicates each of which consists of 50-

100 seeds, minimum five independent trials).  The error bars represent SEM. (b) 

Representative images of WT and cml39 germinating seeds from experiment (a). 

Arrowheads denote radicle protrusion. Scale bar = 1 mm.  
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suggesting a specific role for CML39 in this process. The temporal window of reduced 

dormancy in cml39 seeds was brief and by 48 h after transfer to light, seeds of all 

genotypes showed nearly identical levels of radicle emergence. Germination assays were 

also performed on seeds subjected to cold-stratification or non-stratification treatments 

(Fig. A2). Both stratified and non-stratified cml39 seeds displayed reduced dormancy 

relative to their WT counterparts although the release from dormancy was delayed under 

the non-stratification treatment. Similar results were observed with WT and cml39 seeds 

plated on minimal media (0.8% agar) suggesting that the germination difference between 

WT and cml39 is not due to a regulatory effect of a reagent within MS media (Fig. A2). 

The reduced seed dormancy phenotype of cml39 was observed even when germination 

assays were performed on MS media supplemented with 1% sucrose or on soil. Our data 

suggest CML39 promotes dormancy in seeds and loss of CML39 leads to a more rapid 

germination compared to WT plants.  

Reduced sensitivity of cml39 seeds to inhibitors of germination  

 Given that the reduced seed dormancy of cml39 mutants could be due to changes 

in levels of, or sensitivity to, growth regulators (e.g. ABA, GA), we examined the effects 

of exogenous GA biosynthesis inhibitors, paclobutrazol and ancymidol, as well as ABA 

on the germination of cml39 and WT seeds.  Both paclobutrazol and ancymidol inhibit 

GA biosynthesis by preventing the oxidation of ent-kaurene to ent-kaurenoic acid. 

Relative to WT, cml39 seeds displayed significantly reduced sensitivity to the 

germination-inhibiting effects of these reagents (Fig. 2.3 & A3). Although both auxin and  
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Fig. 2.3 cml39 seeds show differential sensitivity to exogenous GA biosynthesis 

inhibitors or ABA. Relative to WT, 48 hours after transfer to light, cml39 seeds were 

significantly more resistant to germination-inhibiting effects of ABA (a) or GA 

biosynthesis inhibitors paclobutrazol (b) and ancymidol (c), (n=3, *p<0.05, where n 

represents number of technical replicates, each with a minimum of 50 seeds, minimum 

three independent trials). The error bars represent SEM. Representative images of cml39 

and WT seeds exposed to ABA, paclobutrazol (PAC) and ancymidol are presented in the 

right panels. Scale bar = 1 mm. 
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jasmonic acid have been suggested to play roles in promoting seed dormancy (Linkies 

and Leubner-Metzger 2012), cml39 seeds did not respond differently from WT controls 

to exogenous treatment with either of these hormones (Fig. A4). These data indicate a 

role for CML39 in ABA- and/or GA-mediated regulation of seed dormancy. 

cml39 mutants display increased seed coat permeability  

Given that cml39 seeds had reduced seed dormancy and decreased sensitivity to 

GA biosynthesis inhibitors and ABA, we examined whether the effect was a result of 

abnormalities in the seed coat integrity such as seed permeability and/or embryo growth 

potential. The concerted regulation of GA and ABA levels during seed germination leads 

to a decrease in the mechanical restraint imposed by the surrounding layers on the 

embryo and an increase in the embryo growth potential that, in turn, facilitate radicle 

protrusion (Linkies and Leubner-Metzger 2012). Tetrazolium staining is used to assess 

seed coat permeability and for exploring the physical mechanisms underlying reduced-

dormancy mutants (Debeaujon et al. 2000). Tetrazolium red is a colourless, cationic dye 

that gets reduced to the red-coloured product formazan upon contact with enzymes from 

live tissue. The testa of WT seeds is largely impermeable to tetrazolium red. However, 

when seed coat integrity is compromised, tetrazolium stain can diffuse through the testa 

and come in to contact with live tissue resulting in formazan production. Indeed, we 

observed higher seed coat permeability, as indicated by higher formazan accumulation, in 

cml39 relative to WT seeds (Fig. 2.4). Note that the staining process is lethal to seeds and 

prevents germination; the non-seed material observed on plates (Fig. 2.4b) is debris from 

silique tissue, not radicles from germinating seeds.  Seed-coat removal assays, using coat-

less embryos, showed no significant differences between the cotyledon greening and  
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Fig. 2.4 cml39 seeds display greater seed-coat permeability than WT. (a) As a measure of 

seed coat permeability, cml39 or WT seeds were exposed to tetrazolium salts and 

formazan levels were measured spectrophotometrically. WT seeds had significantly 

lower formazan accumulation relative to cml39 in presence of tetrazolium dye (n=3, 

*p<0.001, where n represent number of technical replicates and each replicate had a 

minimum of 5000 seeds). Errors bars represent SEM. (b) Representative images of 

tetrazolium red staining patterns in seeds of WT and cml39 after 48 hour incubation. 

Scale bar = 1 mm. 
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cotyledon expansion rates of WT and cml39 embryos (Figure A5). These results 

collectively suggest that the reduced seed dormancy in cml39 mutants is due, at least in 

part, to aberrations in the seed coat integrity and thus CML39 may be involved in 

mediating seed-coat imposed dormancy.  

cml39 immature seeds have higher germination potential than WT 

In addition to preventing germination of mature seeds under unfavourable 

conditions, plants also employ mechanisms to avoid premature germination of 

developing seeds. While our germination studies with mature, dry seeds of cml39 mutants 

suggested a role for CML39 in mediating seed dormancy (see Fig. 2.2), we were curious 

to see if this protein may also be involved in seed dormancy induction during seed 

maturation in developing siliques. Germination assays were performed on developing 

seeds harvested from immature siliques at 14-16 DAP (Fig. 2.5). The siliques and seeds 

at this stage appeared yellow to brown in colour but showed no signs of desiccation. 

Germination of seedlings was scored at 14 days after transfer of seeds to light.  

Interestingly, in the absence of cold-stratification, WT seeds had markedly lower 

germination rates relative to seeds from cml39 mutants. By comparison, cml39 mutants 

appear to have lost sensitivity to stratification throughout seed development (Fig. 2.5). 

Collectively, these findings suggest that CML39 functions in stratification-dependant 

seed dormancy release.    

CML39 promoter is active during ovule and seed development 

Using CML39-promoter GUS-reporter transgenic plants, we previously reported 

CML39 expression in mature pollen grains and during early seedling development 

(Vanderbeld and Snedden 2007; Bender et al. 2013). Here, we examined CML39  
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Fig. 2.5 Immature seeds of cml39 are insensitive to cold stratification relative to WT. 

Developing immature seeds were removed from siliques (14-16 DAP), plated on MS 

media, either cold-stratified for 4 d in the dark or not, transferred to light and then 

germination was scored after 14 d. Developing WT seeds displayed significantly lower 

germination ratios relative to cml39 in absence of cold-stratification treatment (n=2, 

*p<0.001, where n represents number of technical replicates, each replicate included a 

minimum of 25 seeds, minimum three independent trials). The error bars represent SEM.  
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promoter activity in tissues associated with the novel phenotypes uncovered in female 

fertility and seed development. Pistils from stage 10-12 flowers were dissected and 

histochemical GUS analysis revealed strong CML39 promoter activity in mature ovules 

(Fig. 2.6). Interestingly, unfertilized ovules from siliques at 8-12 DAP also showed very 

high CML39 promoter activity. Given the reduced dormancy phenotype of cml39 (Fig. 

2.2), we examined CML39 expression during seed development and germination. CML39 

promoter activity was readily detected in developing seeds containing globular stage 

embryos (Fig. 2.6). These results corroborate the findings of seed eFP browser 

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), which suggests CML39 expression in the 

general seed coat at this stage. Collectively, our GUS assays indicate CML39 promoter 

activity in tissues and at developmental stages is consistent with our observations of 

mutant phenotypes.  

2.5 Discussion  

Our previous study on the Ca2+ sensor-encoding gene, CML39, indicated that this 

stress-inducible gene also plays a key role in early seedling establishment when plants are 

transitioning from heterotrophy to photoautotrophy (Bender et al. 2013).  In the present 

study, we expanded upon this work by identifying and characterizing phenotypes in 

cml39 mutants that, collectively, also implicate CML39 in the regulation of fruit and seed 

development, seed dormancy release, and seed germination. These findings are consistent 

with the growing list of developmental processes where Ca2+ acts as an important second 

messenger, (Dodd et al. 2010; Kudla et al. 2010). Our data underscore the versatility of 

Ca2+ as a messenger in processes ranging from stress response to seed development and 

germination.  

http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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Fig. 2.6 Representative images of histochemical GUS reporter analysis of CML39 

promoter activity in (a) a mature ovule from stage 12-13 flowers (scale bar = 0.1 mm), 

(b) unfertilized ovules, (c) seeds at globular stage from siliques 3-6 dap (scale bar = 0.2 

mm) and (d) germinating seeds (scale bars = 1 mm). Tissues were harvested and stained 

for GUS activity as described in the Materials and Methods. 
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CML39 involvement in fruit development is reminiscent of that observed for other 

Ca2+ signalling proteins 

A reduced average silique size, as observed in cml39 plants (Fig 2.1), can result 

from lower seed yield, decreased seed size, or a more dense arrangement of seeds within 

the silique. Inspection of dissected siliques revealed that those of cml39 were shorter due 

to decreased seed yield (Fig. 2.1b). Interestingly, mutants of several other Ca2+-signalling 

proteins also display shorter siliques, often as a consequence of abnormalities in pollen 

(Zhou et al. 2015; Chaiwongsar et al. 2009; Schiott et al. 2004). Disruption of a cyclic-

nucleotide gated channel, CNGC2, results in shorter stamens and reduced number of long 

pollen tubes in pistils (Chaiwongsar et al. 2009). Similarly, loss of CIPK19 causes severe 

defects in pollen tube growth (Zhou et al. 2015) and plants lacking the Ca2+-pump ACA9 

display retarded pollen tube growth that causes a high frequency of aborted fertilization 

and reduced seed set (Schiott et al. 2004).  

Given the strong CML39 promoter activity in pollen (Vanderbeld and Snedden 

2007) and unfertilized ovules (Fig. 2.6), we suspected that loss of CML39 might cause 

aberrant pollen development and hence a higher proportion of unfertilized ovules and/or 

seed abortion, much like the above-mentioned mutants. Surprisingly, such an effect was 

not observed in cml39 plants but inspection of pistils revealed a significantly reduced 

number of ovules (Fig. 2.1c). This cml39 phenotype is reminiscent of transcription factor 

aberrant testa shape (ats) mutants that also display shorter siliques, abnormal ovule 

development, and increased tetrazolium uptake (Léon-Kloosterziel et al. 1994). Our data 

lend support to a role for Ca2+ signalling in ovule development and suggest that the 
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silique and ovule phenotypes of cml39, as well as the altered seed coat permeability, may 

have common mechanisms. 

CML39 functions during seed dormancy and germination 

The rapid germination of cml39 seeds, and their insensitivity to stratification 

compared to WT (Fig. 2.2 & 2.5), support a role for CML39 in the emergence of seeds 

from dormancy. Moreover, exogenous sucrose did not rescue this phenotype suggesting 

that the role of CML39 in reduced dormancy may be sucrose-independent unlike its role 

in seedling establishment (Bender et al. 2013). Mutants lacking expression of either 

CML37 or CML38, close paralogs of CML39, did not display an altered germination 

profile, indicating a specific role for CML39 in seed dormancy (Fig. 2.2). The transition 

from seed dormancy to germination is among the most important events in the life cycle 

of a plant and is highly regulated through complex signalling networks. A loss or 

reduction in seed dormancy is characteristic of several hormonal mutants. For example, 

both ABA-insensitive (abi) and ABA-deficient (aba) mutants of Arabidopsis exhibit 

severely reduced seed dormancy (Koornneef et al. 1982; Koornneef et al. 1984; 

Finkelstein et al. 2008). Additionally, light- and GA-independent germination was 

observed in mutants lacking all four DELLAs, which serve as master regulators of GA-

signaling, underscoring how seed dormancy and germination are regulated by a complex 

interplay of signaling pathways (Piskurewicz et al. 2009). Thus, the rapid seed 

germination of cml39 mutants could be a result of alteration in light- and/or hormonally-

regulated pathways. Other regulatory components have also been implicated in seed 

dormancy regulation such as HUB1, an E3 ubiquitin ligase responsible for chromatin 

remodelling and DOG1, a quantitative trait locus for seed dormancy (Léon-Kloosterziel 
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et al. 1996; Graeber et al. 2010; Graeber et al. 2014). Our results add support to previous 

reports on the involvement of Ca2+ sensors, kinases, and channels in Arabidopsis seed 

germination (Kong et al. 2015). Similar findings using other species indicate that roles 

for Ca2+ in seed development and germination are conserved across plant taxa (Duval et 

al. 2002; Anil et al. 2000). Our data suggest that CML39 functions in the negative 

regulation of seed germination and provide additional support for a role for Ca2+ in this 

important developmental process.    

Loss of CML39 impairs hormone-based dormancy regulation 

The antagonistic interaction between ABA and GAs is a major factor in 

determining whether a seed maintains dormancy or germinates (Finkelstein et al. 2008; 

Seo et al. 2009). Reduced dormancy in cml39 could be a result of changes in endogenous 

levels and/or sensitivity to these hormones. Interestingly, cml39 seeds were more 

resistant than WT to the inhibitory effects of ABA on germination (Fig. 2.3) and this 

phenotype is reminiscent of aba mutants with reduced ABA levels and abi mutants with 

reduced ABA sensitivity. However, cml39 seeds are much less resistant to ABA relative 

to aba or abi seeds (Koornneef et al. 1982; Koornneef et al. 1984). While these results 

indicate that reduced dormancy of cml39 seeds may be due to ABA hyposensitivity, we 

cannot exclude the possibility of modified ABA content.  However, cml39 plants appear 

healthy whereas aba mutants are wilty with yellow-brown leaves and withered siliques 

(Koornneef et al. 1982), suggesting that ABA sensitivity rather than endogenous ABA 

content is more likely affected in cml39 plants. It is noteworthy that disruption of Ca2+ 

signalling can impair ABA sensitivity (Guo et al. 2002; Delk et al. 2005; Magnan et al. 

2008; Pandey et al. 2008). For instance, cml24 mutants display hyposensitivity to ABA-
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mediated inhibition of germination much like cml39 plants, whereas cml9 and cbl9 

mutants exhibit reduced germination in response to ABA (Delk et al. 2005, Magnan et al. 

2008, Pandey et al. 2008). Consistent with our data, mutations in other Ca2+ sensors, 

protein kinases and channels have also been shown to alter ABA sensitivity in 

Arabidopsis (Guo et al. 2002; Kong et al. 2015).  

In addition to reduced sensitivity to ABA, cml39 seeds also displayed higher 

resistance to germination-inhibiting effects of two GA-biosynthesis inhibitors, 

paclobutrazol and ancymidol (Fig. 2.3). Increased resistance to paclobutrazol has been 

reported in ABA biosynthesis mutants, Atnced6 and Atnced9 (Lefebvre et al. 2006). 

Similarly, disruption of RGL2, a major DELLA protein that suppresses seed germination 

via negative regulation of GA signaling, results in mutants highly resistant to 

paclobutrazol (Tyler et al. 2004). Although other hormones may contribute to the altered 

germination profile of cml39 mutants, we did not observe any effect on germination 

behaviour of cml39 plants in response to exogenous auxin or methyl jasmonate (Fig. A4).  

Connections between Ca2+ signalling and GA-mediated seed germination have been 

reported (Gilroy 1996; Ritchie et al. 2000) and our data suggest that CML39 likely 

promotes seed dormancy via positive regulation of ABA responses, negative regulation 

of GA responses, or both.   

CML39 may function in seed coat-imposed dormancy 

The process of seed germination and dormancy is controlled by opposing forces 

of embryo growth potential and the mechanical restraint of surrounding layers (Graeber 

et al. 2010). This model posits that embryo growth potential must exceed the mechanical 

restraint imposed by surrounding layers in order to complete germination. ABA and GA 
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signaling are thought to regulate seed germination by altering these forces. GA promotes 

seed germination by increasing the embryo growth potential and upregulating the 

expression of cell wall hydrolases that break down the seed coat thus resulting in 

decreased mechanical restraint (Leubner-Metzger 2003). Conversely, ABA prevents seed 

germination by decreasing the embryo growth potential and inhibiting the expression of 

cell wall hydrolases, thus resulting in increased mechanical restraint. While the embryo 

growth rates of cm39 were not different from WT (Fig. A5), significantly increased 

tetrazolium uptake by cml39 indicated changes in seed coat properties (Fig. 2.4). 

Increased tetrazolium uptake in testa mutants is often characterized by defects in seed 

flavonoid composition or seed coat structure (Debeaujon et al. 2000). Similar to cml39, 

many testa mutants display reduced seed dormancy, the severity of which varies 

depending upon the nature of the defect. However, unlike testa mutants with altered 

pigment composition, cml39 seeds were brown in colour and did not have differential 

vanillin staining relative to WT (data not shown). Thus, increased testa permeability to 

tetrazolium in cml39 may be the result of changes in seed coat structure unrelated to 

flavonoid composition. A compromised seed coat in cml39 seeds could result in reduced 

mechanical restraint imposed on the embryo thus resulting in reduced dormancy. We 

speculate that changes in cml39 testa may be the underlying cause of its reduced ABA 

sensitivity given that the aleurone layer is highly sensitive to ABA (Bethke et al. 2007).  

Taken together, our findings suggest that CML39 functions in hormone-mediated seed-

coat imposed dormancy. However, it remains unclear whether CML39 functions in the 

ABI3 and DELLA-mediated pathway identified by Lee et al. (2010) or a novel signalling 

pathway.  
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CML39 functions in dormancy induction during seed development 

In addition to maintaining dormancy in mature dry seeds, plants also promote 

dormancy during seed development to prevent precocious germination. As expected, 

germination assays using WT developing seeds at 14-16 DAP showed high levels of 

germination only after cold stratification. That immature cml39 seeds displayed 100% 

germination rates independent of stratification provide strong support for a role for 

CML39 in dormancy induction and/or maintenance in developing seeds. Abnormalities in 

seed dormancy induction are common in mutants of ABI3, FUS3, and LEC1, genes that 

serve as major regulators of seed development and maturation (Santos-Mendoza et al. 

2008). For instance, immature seeds of abi3 mutants are completely non-dormant but 

develop normally (Nambara et al. 1992). However, unlike cml39, where seeds undergo 

normal browning and desiccation, abi3 seeds remain green throughout development, are 

desiccation intolerant, and have severely reduced accumulation of seed storage proteins. 

Stratification sensitivity and dormancy during seed development are under hormonal 

control, particularly ABA and GA signalling (Corbineau et al. 2002; Penfield et al. 2005). 

Thus, the loss of stratification sensitivity in cml39 seeds is consistent with our 

observations of aberrant ABA and/or GA signaling (Fig. 2.3) although the underlying 

mechanisms of action remain unclear.  

The pleiotropic phenotype observed in cml39 suggests broad roles for CML39 in 

plant development. However, the underlying mechanisms for CML39-mediated 

development remain unclear. Given that CML39 is a regulatory protein with no intrinsic 

catalytic activity, it regulates development most likely through interaction with various 

proteins. Thus, isolation of CML39 binding targets will provide more insight into these 
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mechanisms. Furthermore, in-depth analysis of global gene expression patterns in cml39 

mutants may provide helpful clues regarding CML39-regulated pathways. Both the gene 

expression analysis of cml39 and binding partners of CML39 will be discussed in the 

subsequent chapters.  
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Chapter 3 

Global gene expression analysis of cml39 loss-of-function mutant reveals 

possible mechanisms underlying CML39-regulated development in 

Arabidopsis 

3.1 Abstract 

Ca2+ regulates cellular responses to a diverse array of stress and developmental 

cues. Ca2+ sensors detect stimuli-induced cytosolic Ca2+ transients and relay this 

information to downstream effector proteins that help direct an appropriate response. In 

addition to CaM, the Arabidopsis genome also encodes a unique Ca2+ sensor family 

called CaM-like (CML) proteins with 50 members, the functions of which remain largely 

unknown. Recently, Arabidopsis CML39 has been implicated in early seed and seedling 

development. cml39 loss-of-function mutant displays pleiotropic phenotypes across 

development including aberrant germination behavior, altered hormone sensitivity and 

defects in seedling establishment and fruit and seed development. Here, I performed 

RNA-seq analysis of WT and cml39 seedlings to determine whether comparative gene 

expression analysis would provide insight into the mechanisms underlying CML39-

mediated development. RNA-seq analysis of cml39 seedlings suggests that changes in 

chromatin modification may underlie some of the phenotypes associated with cml39 

mutants, consistent with previous reports that orthologs of CML39 participate in gene 

silencing. Aberrant ectopic expression of transcripts for seed storage proteins in 7-day old 

cml39 seedlings was observed, suggesting mis-regulation of early developmental 

programs. Collectively, my data support a model where CML39 serves as an important 
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Ca2+ sensor during ovule and seed development, as well as during germination and 

seedling establishment. 

3.2 Introduction 

Roles of Ca2+ in myriad physiological phenomena are a testament to the 

versatility of this ion as a second messenger in eukaryotes. The Ca2+ signaling paradigm 

involves detection of stimuli-induced [Ca2+]cyt transients by Ca2+ sensors that, in turn, 

relay this information to effector proteins initiating a signaling cascade that coordinates 

an appropriate physiological response. In addition to possessing several isoforms of CaM, 

plants also possess a unique family of Ca2+ sensors termed Calmodulin-like (CML) 

proteins that have remained less studied than the conservative CaM isoforms. 

Nevertheless, recent studies have connected CMLs to a variety of abiotic and biotic stress 

responses as well as development (Leba et al. 2012; Bender and Snedden 2013; Zhu et al. 

2015). I investigated the physiological roles of a stress-inducible gene, CML39 in 

Arabidopsis early development. The loss-of-function cml39 mutant, in addition to 

undergoing developmental arrest in absence the of sucrose (Bender et al. 2013), also 

displays pleiotropic phenotypes, including reduced seed dormancy, altered hormone 

responses, and aberrant seed and fruit development (Chapter 2). These findings suggest a 

role for CML39 in regulation across a range of physiological processes.  

Given that most of the phenotypes for cml39 mutants are observed during early 

seedling development, I examined gene expression patterns of WT and cml39 seedlings 

using end-point RT-PCR, qPCR and RNA-seq analysis. These transcriptomic studies 

revealed significant differential expression of genes associated with stimulus and stress 

response, and development. The differential gene expression patterns of cml39, obtained 



 

80 

 

from these RNA analyses, provided a basis for speculation about CML39 function and 

should serve to generate hypotheses for testing in future studies. To our knowledge, this 

is the first instance where RNA-seq analysis of a loss-of-function cml mutant has been 

performed.   

3.3 Material and Methods 

Plant material and growth conditions 

All experiments were conducted using Arabidopsis thaliana, (ecotype, Columbia-

0, referred to hereafter as wild type (WT)). The growth chambers supplied 150 μE.m-2.s-2 

on a 16 h light/8 h dark cycle at 22°C and 70% relative humidity. The genotyping of the 

homozygous T-DNA insertion line of the cml39 knockout mutant and generation of 

CML39 transgenic lines was described (Bender et al. 2013). 

RNA extraction, cDNA synthesis and RT-PCR 

Total RNA extraction, DNaseI treatment of RNA, and reverse transcription of 

cDNA was performed as described (Bender et al. 2013) with slight modifications. About 

2 µg of RNA was used to prepare first-strand cDNA by reverse transcription from 

seedling tissue. Approximately 250 ng of RNA was used to prepare silique and seed 

cDNA. RT-PCR reactions were performed using gene-specific primers as described (Gao 

et al. 2009) for seed maturation markers genes CRC (AT4g28520), 2S3 (AT4g27160), 

OLEO2 (AT5g40420). Additionally, ACTIN2 (AT3g18780) (Bender et al. 2013) and 

UBQ primers (Table B1), spanning an intron, were used as controls for equal template 

and to test for genomic contamination. RT-PCR reactions were done in triplicate with a 

minimum of three independent trials. 
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Quantitative PCR (qPCR) 

First strand cDNA was prepared using DNaseI-treated RNA from 7-day old 

seedling tissue as described above. Real-time PCR analyses were performed using the 

GoTaq® qPCR Master Mix kit (Promega) on the ABI® 7500 Real-Time PCR system 

(Applied Biosystems), following the manufacturer’s guidelines. Gene-specific primers 

for qPCR experiments were the same as those used for RT-PCR experiments (Table B1). 

Primer pairs for each gene were subjected to gel electrophoresis and melting curve 

analysis to ensure that only a single PCR amplicon of expected length and melting 

temperature was generated. qPCR experiments were performed using samples from two 

to three biological replicates where each sample was analyzed in duplicate or triplicate 

and data was examined using the SDS software (Applied Biosystems). The level of each 

mRNA was quantified using the mean threshold cycle (Ct) value and normalized to that 

of the reference gene ACTIN2. All graphs represent results averaged across three 

independent trials with respective standard error (SE) of means. 

RNA-seq analysis 

About 100 mg of tissue was harvested from 7-day old WT and cml39 seedlings. 

Total RNA was prepared as described above. Genomic DNA was removed using the 

Ambion DNA-free DNA removal kit (ThermoFisher Scientific). These samples were 

then sent to Donnelly Sequencing Centre (University of Toronto, Canada) for subsequent 

mRNA library preparation and sequencing. Briefly, the purity and concentration of 

DNase-treated RNA was determined using Agilent 2100 Bioanalyzer. Strand-specific 

mRNA libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit 

(Illumina, http://support.illumina.com/content/dam/illumina).  These libraries were 
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sequenced using the Illumina HiSeq™2500. Illumina’s CASAVA pipeline was used to 

produce FASTQ files. About 20 million reads were obtained per sample. Quality control 

was done using FASTQC to ensure only clean, high-quality reads were used for 

subsequent analysis (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Reads 

were mapped to the TAIR10 genome (www.arabidopsis.org) using STAR aligner v2.5.2b 

(Dobin et al. 2013). Bam and bed files were generated using SAMtools v0.1.18 (Li et al. 

2009) and bedtools v2.20.1 (Quinlan and Hall 2010). Alignment quality was assessed 

using Qualimap v2.2.1 (Okonechnikov et al. 2016). The number of mapped reads to each 

gene was quantified in STAR aligner using the annotated Arabidopsis gene file (release-

33) from ensemble (http://ensemblgenomes.org/). Differential gene expression analysis 

was performed using DESeq2 v1.14.1 (Love et al. 2014). Genes were considered as 

significantly differentially expressed with a p-value < 0.05 and relative log2 fold change 

threshold of 1.0-fold or greater. GO terms and functional clusters were analyzed with 

agriGO (Du et al. 2010) using the Single Enrichment Analysis tool with TAIR10 GO 

annotations. Complete GO analysis was used separately for upregulated and 

downregulated genes. As there were too many GO terms to be presented graphically in 

Complete GO analysis, a subset of GO terms deemed to be associated with cml39 

phenotypes are presented in the results section. The hypergeometric test was used with 

Benjamini-Hochberg FDR correction and a p < 0.05. The graphs generated from GO 

analyses show % genes mapped by the GO term and represents the abundance of the GO 

term. RNA-seq was performed on two biological replicates each for WT and cml39 

samples. The RNA-seq data was deposited in GeneBank (Accession number: to be 

submitted upon manuscript acceptance). 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.arabidopsis.org/
http://ensemblgenomes.org/
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3.4 Results 

Arrested cml39 seedlings display broad transcriptional changes relative to WT 

plants 

I conducted a global gene-expression analysis using an RNA-seq approach in WT 

and cml39 seedlings in an effort to gain insight into the underlying causes of the aberrant 

phenotypes of cml39 mutants.  As source material, I chose 7-day seedlings grown on 

sterile MS media lacking exogenous sucrose. Under these conditions, cml39 mutants 

show a partial penetrance phenotype where about 80% of cml39 mutants developmentally 

arrest soon after germination without producing true leaves while 20% cml39 seedlings 

do not arrest and grow normally like WT and are therefore termed ‘escapees’ (Bender et 

al. 2013). RNA-seq of 7-d old seedlings of WT and cml39 generated about 20 million 

reads per sample. Around 95% of reads per sample were uniquely mapped to a single 

location in the Arabidopsis genome. The  high linear correlation (R2> 0.95 for WT and 

arrested seedlings of cml39; R2 > 85% for escapee seedlings of cml39 ) observed in the 

gene expression among the replicates suggests that gene expression between the 

biological replicates was not significantly different (Fig. B1).   

Differential gene expression pattern in arrested cml39 seedlings relative to WT:  

DeSEQ2 analysis revealed that a total of 2375 genes were differentially regulated 

(adj. p<0.05; fold-change of ≥ 2) in arrested seedlings of cml39 relative to WT. Among 

these differentially expressed (DE) genes, 849 were upregulated and 1526 genes were 

downregulated in the mutant (Table B2). I performed gene ontology (GO) enrichment 

analysis to obtain functional profiles of genes differentially expressed (DE) in arrested 

seedlings of cml39. GO analysis categorizes genes based on their roles in Biological 
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Processes (BP), Molecular Function (MF), and location in cells (Cellular Component 

(CC)). Downregulated genes (Fig. 3.1A) in cml39 showed significant enrichment for 262 

GO terms (215 BP, 23 MF, 24 CC; p<0.05; FDR<0.05). The GO term enrichment for 

many downregulated genes was related to response to nutrients, carbohydrate and 

phosphorus metabolism, as well as lipid transport. Interestingly, there was also significant 

enrichment of GO terms associated with cell cycle regulation and modification of 

chromatin and histones associated with gene silencing. Additional GO term enrichment 

among downregulated genes was associated with organ development and hemicellulose-

based cell wall synthesis. Upregulated genes were associated with about 240 GO terms 

(198 BP, 35 MF, 7 CC; p<0.05; FDR<0.05) (Fig. 3.1B). Many GO terms overrepresented 

in upregulated genes were related to abiotic and biotic stress response. Interestingly, I 

also found high representation for response to hormones category including ABA, 

ethylene, and JA as well as genes categorized as hormone-mediated signalling pathways.  

Differential gene expression pattern in escapee seedlings of cml39 relative to WT: 

 DeSEQ2 analysis of escapee seedlings of cml39 revealed differential expression 

of a total of 471 genes relative to WT (adj. p<0.05; fold-change of ≥ 2). Among these 

differentially regulated genes, 308 were upregulated while 163 were downregulated 

(Table B3). Similar to arrested cml39, upregulated genes in cml39 escapees were 

enriched in GO terms related to response to various stimuli and hormones including 

ethylene, salicylic acid, abscisic acid, and jasmonic acid (Fig. 3.2A). GO analysis of 

downregulated genes in escapees revealed significant enrichment for terms associated 

with response to nutrients including nitrate and iron and response to auxin (Fig. 3.2B).  
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Fig. 3.1 RNA sequencing reveals broad changes in transcription in cml39 

developmentally-arrested seedlings. WT and cml39 seedlings were germinated on MS 

media in the absence of sucrose and subjected to RNA sequencing 7 days after 

germination. Gene Ontology (GO) term enrichment analysis for biological processes 

(BP) of downregulated (A) and upregulated (B) genes in cml39 are presented. The y-axis 

represents GO annotations while the the x-axis shows the % of genes mapped by the GO 

term and represents the abundance of the GO term. For each GO term, the % of genes 

observed in cml39 (black bars) and Arabidopsis Reference Genome (grey bars) are 

presented. 
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Interestingly, downregulated genes in escapees were also enriched in response to 

monosaccharides (e.g. fructose) and disaccharides (e.g. sucrose).  

Differential gene expression pattern in arrested versus escapee seedlings of cml39: 

Relative to escapee cml39 samples, arrested seedlings revealed significant 

misregulation of a total of 1744 genes (adj. p<0.05; fold-change of ≥ 2) (Table. B4). 

Among these differentially expressed genes, 1094 were downregulated and associated 

with cell cycle regulation, post-embryonic development and epigenetic regulation of gene 

expression (Fig. 3.3A). The 648 genes upregulated in arrested cml39 were 

overrepresented by GO terms associated with response to stimuli including abiotic and 

biotic stress and carbohydrate metabolic process (Fig. 3.3B).  

The number of differentially expressed genes in all pairwise comparisons of WT 

and arrested and escapee seedlings of cml39 are presented in Figure 3.4. Lists of top 20 

up- and down-regulated genes and misregulated Calcium-Binding Proteins (CBP) in all 

pairwise comparisons are presented (Tables. 3.1-3.6). Comparison of arrested cml39 to 

WT or escapees showed enrichment of similar GO terms (Fig. 3.1 & Fig. 3.3) suggesting 

that cml39 escapee seedlings are more similar to WT than arrested cml39, which is 

consistent with the fact that arrested and escapee seedlings belong to two different 

developmental stages.  

To increase my confidence in the RNA-seq data, I performed RT-qPCR analysis 

(Fig. 3.5) on the expression of a small subset of genes that RNA-seq analysis identifed as 

differentially expressed. For RT-qPCR, I selected genes that I speculate may have a role 

in cml39 phenotypes. These candidates included xyloglucan endotransglucosylase/ 

hydrolase XTH18, vicilin-like seed storage protein PAP85, an APETALA2-like ANT that 
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Fig. 3.2 RNA sequencing reveals differential gene expression in cml39 escapee seedlings 

relative to WT. WT and cml39 seedlings were grown on MS media in the absence of 

sucrose and subjected to RNA sequencing 7 days after germination. Escapee seedlings 

represent plants that  are genotypically cml39 but do not show the cml39 arrested 

phenotype. Gene Ontology (GO) term enrichment analysis for biological processes (BP) 

of upregulated (A) and downregulated (B) genes in cml39 escapee seedlings are 

presented. The y-axis represents GO annotations while the x-axis shows the % of genes 

mapped by the GO term and represents the abundance of the GO term. For each GO term, 

the % of genes observed in cml39 (black bars) and Arabidopsis Reference Genome (grey 

bars) are presented. 
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Fig. 3.3 RNA sequencing reveals differential gene expression in developmentally-

arrested cml39 seedlings relative to their escapee counterparts. cml39 escapee and cml39 

developmentally-arrested seedlings were grown on MS media in the absence of sucrose 

and subjected to RNA sequencing 7d after germination. Escapee seedlings represent 

plants that  are genotypically cml39 but do not show the cml39 arrested phenotype. Gene 

Ontology (GO) term enrichment analysis for biological processes (BP) of upregulated 

(A) and downregulated (B) genes in cml39 are presented. The y-axis represents GO 

annotations while the x-axis shows the % of genes mapped by the GO term and 

represents the abundance of the GO term. For each GO term, the % of genes observed in 

cml39 (black bars) and Arabidopsis Reference Genome (grey bars) are presented. 
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Fig. 3.4 Venn diagrams of (A) upregulated and (B) downregulated genes, as revealed by 

RNAseq analysis, in pairwise comparisons of WT and developmentally-arrested and 

escapee seedlings of cml39. 
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serves as the master regulator of ovule primordia formation, and a histone deacetylase 

HD2A gene. RNA-seq analysis revealed significant upregulation of XTH18 and PAP85 

and downregulation of HD2A and ANT (Table. B2). Similar trends were observed in my 

RT-qPCR assays (Fig. 3.5a) thus corroborating RNA-seq data. While the RNA-seq-

derived RPKM values for expression of HD2A and ANT in escapee seedlings were  

inconclusive, RT-qPCR analysis indicated significant downregulation of both ANT and 

HD2A in escapee seedlings of cml39 (Fig. 3.5b). 

CML39 negatively regulates seed maturation genes in seedlings 

Given that disruption of CML39 results in defects in seed maturation (Chapter 2), 

I decided to examine the expression in WT and cml39 plants of three marker genes that 

are normally expressed during seed maturation but not after germination (Parcy et al. 

1994); 12S globulin CRC gene, 2S albumin 2S3 gene, and the major oil-body protein 

Oleo2 gene. As expected, in WT plants, at 7d after germination, these seed maturation 

transcripts were undetectable (Fig. 3.6A). In contrast, 7-day old cml39 seedlings showed 

strong expression of these markers suggesting that CML39 may be involved in negative 

regulation of seed maturation genes in vegetative tissue. The expression pattern of two of 

these seed genes was further confirmed by RT-qPCR analysis (Fig. 3.6B). It is also 

possible that the de-repression of seed maturation genes in cml39 mutants is a 

heterochronic phenotype where the timing of seed maturation gene expression is simply 

delayed. Thus, I assessed the expression of the CRC gene in developing seeds from 10 

DAP siliques, a developmental stage marking the onset of seed maturation and seed 

storage protein (SSP) accumulation (Parcy et al. 1994; Jia et al. 2013). I also examined 

CRC gene expression in imbibed seeds and in 3-day old seedlings, both developmental  
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Fig. 3.5 qRT-PCR corroborates differential gene expression in cml39 seedlings. (A) qRT-

PCR analysis was used to examine expression of four representative RNA-seq identified 

differentially-expressed genes in 7d old WT and cml39 seedlings grown in absence of 

sucrose. (B) Expression of ANT and HD2A was examined in escapee seedlings of cml39 

using qRT-PCR. The mean and SEM were determined using three technical replicates per 

independent trial, minimum of two to three biological replicates (*p<0.05). The levels of 

amplicons were analyzed using ACT2 mRNA as an endogenous control. 
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Fig. 3.6 Effect of CML39 on expression of seed maturation genes in Arabidopsis seeds 

and seedlings. (A) End-point RT-PCR was used to examine the de-repression of seed 

maturation genes in cml39 plants Expression of seed maturation genes was analyzed 

using RNA isolated from green siliques aged 10 dap, seeds imbibed for 26.5 hours, 3d 

old and 7d old seedlings. The levels of gene transcripts in silique and seed tissue were 

analyzed using UBQ as endogenous control; transcript levels in seedling tissue were 

analyzed using ACTIN2 primers as endogenous control. (B) Expression of representative 

seed maturation genes in WT and cml39 seedlings was also analyzed using qRT-PCR. 

The mean and SEM were determined using three technical replicates per independent 

trial, minimum of two to three biological replicates (*p<0.05, **p<0.01). The levels of 

amplicons were analyzed using ACT2 mRNA as an endogenous control. 
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Table 3.1. List of differentially-expressed genes encoding Calcium-Binding Proteins 

(CBPs) in developmentally-arrested seedlings of cml39 relative to WT. Log2 fold change 

levels and p-adjusted (p-adj) values for these genes are presented. 

 
CBPs upregulated in cml39 

Locus Symbol Gene Name Log2 
Fold 

Change 

p-adj 

AT1G21550 AT1G21550 Calcium-binding EF-hand family protein 1.40 2.86E-02 

AT1G66400 CML23 calmodulin like 23 1.24 3.14E-02 

AT1G70810 AT1G70810 Calcium-dependent lipid-binding (CaLB 
domain) family protein 

1.07 4.42E-02 

AT1G76640 AT1G76640 Calcium-binding EF-hand family protein 2.78 1.12E-04 

AT1G76650 CML38 Calmodulin-like 38 4.38 1.24E-30 

AT2G41010 CAMBP25 Calmodulin (CAM)-binding protein of 25 kDa 1.67 6.92E-08 

AT2G41100 TCH3 Calcium-binding EF hand family protein 1.61 5.24E-04 

AT2G41410 AT2G41410 Calcium-binding EF-hand family protein 1.27 1.60E-08 

AT2G46600 AT2G46600 Calcium-binding EF-hand family protein 1.61 8.76E-06 

AT3G01830 AT3G01830 Calcium-binding EF-hand family protein 1.97 1.19E-02 

AT3G10300 AT3G10300 Calcium-binding EF-hand family protein 1.19 3.64E-03 

AT3G16510 AT3G16510 Calcium-dependent lipid-binding (CaLB 
domain) family protein 

1.11 7.98E-03 

AT3G25600 AT3G25600 Calcium-binding EF-hand family protein 1.33 1.32E-03 

AT3G29000 AT3G29000 Calcium-binding EF-hand family protein 2.24 3.07E-03 

AT3G50770 CML41 Calmodulin-like 41 1.80 5.24E-03 

AT3G57530 CPK32 Calcium-dependent protein kinase 32 1.04 1.28E-03 

AT3G57880 AT3G57880 Calcium-dependent lipid-binding (CaLB 
domain) plant phosphoribosyltransferase 

family protein 

1.06 2.47E-05 

AT4G09570 CPK4 Calcium-dependent protein kinase 4 1.03 1.29E-02 

AT4G27280 AT4G27280 Calcium-binding EF-hand family protein 3.00 1.40E-10 

AT4G31000 AT4G31000 Calmodulin-binding protein 1.54 1.42E-03 

AT4G33050 EDA39 Calmodulin-binding family protein 1.82 3.00E-06 

AT4G34150 AT4G34150 Calcium-dependent lipid-binding (CaLB 
domain) family protein 

1.86 4.45E-05 

AT5G17860 CAX7 Calcium exchanger 7 2.52 6.14E-08 

AT5G28830 AT5G28830 Calcium-binding EF hand family protein 1.51 3.91E-04 

AT5G37770 TCH2 EF hand calcium-binding protein family 1.56 5.90E-07 

AT5G62570 AT5G62570 Calmodulin binding protein-like protein 1.29 6.60E-05 

CBPs downregulated in cml39 
Locus Symbol Gene Name Log2 

Fold 
Change 

p-adj 

AT1G12080 AT1G12080 Vacuolar calcium-binding protein-like protein -2.16 8.68E-07 
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AT1G29025 AT1G29025 Calcium-binding EF-hand family protein -2.53 4.80E-04 

AT1G54450 AT1G54450 Calcium-binding EF-hand family protein -1.64 1.27E-02 

AT2G24300 AT2G24300 Calmodulin-binding protein -1.09 4.74E-02 

AT2G34020 AT2G34020 Calcium-binding EF-hand family protein -1.23 3.18E-02 

AT2G47010 AT2G47010 calcium/calcium/calmodulin-dependent 
Serine/Threonine-kinase 

-1.30 1.27E-02 

AT3G24110 AT3G24110 Calcium-binding EF-hand family protein -1.80 1.23E-02 

AT3G57010 AT3G57010 Calcium-dependent phosphotriesterase 
superfamily protein 

-2.09 1.58E-03 

AT3G59370 AT3G59370 Vacuolar calcium-binding protein-like protein -2.71 6.55E-05 

AT3G61300 AT3G61300 C2 calcium/lipid-binding plant 
phosphoribosyltransferase family protein 

-1.90 1.60E-02 

AT4G13440 AT4G13440 Calcium-binding EF-hand family protein -2.27 2.80E-03 

AT4G20780 CML42 Calmodulin like 42 -1.22 1.41E-02 

AT4G21820 AT4G21820 binding / calmodulin binding protein -1.72 1.61E-02 

AT4G26470 AT4G26470 Calcium-binding EF-hand family protein -1.05 2.12E-02 

AT5G44460 CML43 Calmodulin like 43 -1.41 3.03E-02 

AT5G12970 AT5G12970 Calcium-dependent lipid-binding (CaLB 
domain) plant phosphoribosyltransferase 

family protein 

-1.99 5.41E-03 

AT5G63970 RGLG3 Copine (Calcium-dependent phospholipid-
binding protein) family 

-1.25 1.44E-03 

 

Table 3.2. List of differentially-expressed genes encoding Calcium-Binding Proteins 

(CBPs) in escapee seedlings of cml39 relative to WT. Log2 fold change levels and p-

adjusted (p-adj) values for these genes are presented. 

CBPs upregulated in cml39 escapee seedlings 
 

Locus Symbol Gene Name Log2 Fold 
Change 

p-adj 

AT1G66400 CML23 calmodulin like 23 1.71 4.77E-03 

AT1G76640 AT1G76640 Calcium-binding EF-hand family protein 2.36 5.20E-03 

AT1G76650 CML38 calmodulin-like 38 3.21 1.89E-15 

AT2G38170 CAX1 cation exchanger 1 1.23 3.02E-05 

AT2G46600 AT2G46600 Calcium-binding EF-hand family protein 1.08 1.95E-02 

AT4G27280 AT4G27280 Calcium-binding EF-hand family protein 2.42 1.84E-06 

AT5G37770 TCH2 EF hand calcium-binding protein family 1.26 3.75E-04 

AT5G49480 CP1 Ca2 -binding protein 1 1.54 8.36E-05 

CBPs downregulated in cml39 'escapee' seedlings 

Locus Symbol Gene Name Log2 Fold 
Change 

p-adj 

AT5G25110 CIPK25 CBL-interacting protein kinase 25 -1.35 5.55E-03 
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Table 3.3. List of differentially-expressed genes encoding Calcium-Binding Proteins 

(CBPs) in developmentally-arrested cml39 relative to escapee cml39. Log2  fold change 

and p-adjusted values for these genes are presented. 

CBPs upregulated in arrested vs. escapee seedlings of cml39 

Locus Gene Name Log2 Fold 
Change 

p-
adjusted 

AT1G07310 Calcium-dependent lipid-binding (CaLB domain) family 
protein 

1.23 9.96E-05 

AT1G27770 Autoinhibited Ca2+-ATPase 1 1.36 6.86E-03 

AT1G35670 Calcium-dependent protein kinase 2 1.14 2.89E-05 

AT1G76650 Calmodulin-like 38 1.17 1.10E-02 

AT2G25090 CBL-interacting protein kinase 16 1.42 2.38E-03 

AT2G29120 Glutamate receptor 2.7 1.27 7.01E-03 

AT2G41100 Calcium-binding EF hand family protein 2.05 6.71E-06 

AT3G10300 Calcium-binding EF-hand family protein 1.78 4.07E-06 

AT3G50770 Calmodulin-like 41 1.49 3.09E-02 

AT4G00900 ER-type Ca2+-ATPase 2 -1.12 1.02E-03 

AT4G09570 Calcium-dependent protein kinase 4 1.01 1.81E-02 

AT4G34150 Calcium-dependent lipid-binding (CaLB domain) family 
protein 

1.55 1.37E-03 

AT5G04220 Calcium-dependent lipid-binding (CaLB domain) family 
protein 

1.28 8.15E-05 

AT5G17860 Calcium exchanger 7 1.40 7.92E-03 

AT5G25110 CBL-interacting protein kinase 25 1.42 1.11E-03 

AT5G57630 CBL-interacting protein kinase 21 1.32 1.19E-04 

CBPs downregulated in arrested vs. escapee seedlings of cml39 
Locus Gene Name  Log2 Fold 

Change 
p-

adjusted 

AT1G12080 Vacuolar calcium-binding protein-related -1.91 3.04E-05 

AT1G29025 Calcium-binding EF-hand family protein -2.01 1.04E-02 

AT1G54450 Calcium-binding EF-hand family protein -1.57 2.24E-02 

AT2G38750 Annexin 4 -2.03 1.73E-04 

AT3G24110 Calcium-binding EF-hand family protein -1.54 4.52E-02 

AT3G57010 Calcium-dependent phosphotriesterase superfamily 
protein 

-2.71 2.82E-05 

AT3G59370 Vacuolar calcium-binding protein-related -2.29 1.49E-03 

AT5G12970 Calcium-dependent lipid-binding (CaLB domain) plant 
phosphoribosyltransferase family protein 

-1.74 2.23E-02 
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Table 3.4. List of top 20 up- and downregulated genes in developmentally-arrested 

seedlings of cml39 relative to WT. Log2  fold change and p-adjusted values for these 

genes are presented. 

Top 20 upregulated genes in developmentally-arrested seedlings of cml39 relative 
to WT 

Gene ID Log2 Fold 
Change 

p-
adjusted 

Gene Name 

AT1G76650 4.38 1.24E-30 Calmodulin-like 38 (CML38) 

AT1G77640 4.03 1.55E-34 Integrase-type DNA-binding superfamily protein  

AT3G22640 3.96 1.02E-22 Vicillin-like SSP gene (PAP85) 

AT5G24820 3.88 3.79E-09 Eukaryotic aspartyl protease family protein  

AT2G36750 3.66 3.05E-10 UDP-glucosyl transferase 73C1 (UGT73C1) 

AT4G12480 3.5 6.68E-29 Seed storage 2S albumin superfamily protein (EARLI1) 

AT5G20240 3.4 1.77E-08 PISTILLATA (PI) 

AT4G26260 3.38 2.77E-16 myo-inositol oxygenase 4 (MIOX4) 

AT1G72900 3.37 9.19E-22 Toll-Interleukin-Resistance (TIR) domain-containing protein 

AT4G12290 3.34 1.65E-32 Copper amine oxidase family protein 

AT2G37770 3.34 3.81E-10 Aldo-keto reductase family 4 member C9 (ChlAKR) 

AT1G51820 3.33 9.39E-32 Leucine-rich repeat protein kinase family protein 

AT4G22470 3.33 5.07E-24 Seed storage/lipid transfer protein (LTP) family protein 

AT1G27730 3.26 4E-10 Salt tolerance zinc finger(STZ) 

AT2G36800 3.24 3E-11 Don-glucosyltransferase 1(DOGT1) 

AT3G46090 3.23 2.97E-06 C2H2 and C2HC zinc fingers superfamily protein(ZAT7) 

AT4G30280 3.23 2.32E-09 Xyloglucan endotransglucosylase/hydrolase 18(XTH18) 

AT4G25810 3.22 3.45E-49 Xyloglucan endotransglycosylase 6(XTR6) 

AT4G26200 3.2 1.38E-25 1-amino-cyclopropane-1-carboxylate synthase 7(ACS7) 

AT1G35140 3.18 3.41E-30 Phosphate-responsive 1 family protein(PHI-1) 

Top 20 downregulated genes in developmentally-arrested seedlings of cml39 
relative to WT 

Gene ID Log2 Fold 
Change 

p-
adjusted 

Gene Name  

AT2G43050 -4.23 3.84E-24 Plant invertase/pectin methylesterase inhibitor superfamily 
(ATPMEPCRD) 

AT1G70830 -4.11 2.24E-33 MLP-like protein 28(MLP28) 

AT1G32450 -4.01 1.56E-21 Nitrate transporter 1.5(NRT1.5) 

AT4G35160 -4 3.15E-10 O-methyltransferase family protein 

AT3G16670 -3.84 9.36E-11 Pollen Ole e 1 allergen and extensin family protein 

AT5G38970 -3.8 6.54E-11 Brassinosteroid-6-oxidase 1(BR6OX1) 

AT1G51470 -3.72 2.24E-10 Beta glucosidase 35(BGLU35) 

AT5G15180 -3.49 2.16E-10 Peroxidase superfamily protein 

AT1G22880 -3.48 2.51E-07 Cellulase 5(CEL5) 

AT1G06360 -3.47 5.25E-10 Fatty acid desaturase family protein 
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AT3G48970 -3.41 2.32E-09 Heavy metal transport/detoxification superfamily protein 

AT1G17700 -3.4 3.4E-09 Prenylated RAB acceptor 1.F1(PRA1.F1) 

AT3G01190 -3.39 8.94E-11 Peroxidase superfamily protein 

AT5G02890 -3.38 3.58E-08 HXXXD-type acyl-transferase family protein 

AT2G01520 -3.37 5.42E-08 MLP-like protein 328 (MLP328) 

AT4G08300 -3.31 1.59E-09 Nodulin MtN21  

AT5G60530 -3.28 1.52E-10 late embryogenesis abundant protein-related / LEA protein-
like protein 

AT1G05650 -3.27 3.18E-08 Pectin lyase-like superfamily protein 

AT5G53250 -3.27 1.07E-06 arabinogalactan protein 22(AGP22) 

AT1G23720 -3.24 5.29E-09 Proline-rich extensin-like family protein 

AT4G11320 -3.2 6.14E-08 Papain family cysteine protease 

AT5G47450 -3.18 9.32E-07 tonoplast intrinsic protein 2;3(TIP2;3) 

AT5G46890 -3.18 9.95E-07 Lipid-transfer protein/seed storage 2S albumin superfamily 
protein 

 

Table 3.5. List of top 20 up- and downregulated genes in escapee seedlings of cml39 

relative to WT. Log2 fold change and p-adjusted values for these genes are presented. 

Top 20 upregulated genes in escapee seedlings of cml39 relative to WT 
Gene ID Log2 Fold 

Change 
p-

adjusted 
Gene Name 

AT4G14690 4.21 1.19E-17 Chlorophyll A-B binding family protein (ELIP2) 

AT1G75945 3.80 8.94E-12 AT1G75945 

AT2G37770 3.58 5.07E-11 ChlAKR__NAD(P)-linked oxidoreductase superfamily protein 
(AKR4C9) 

AT4G13395 3.28 5.77E-08 ROTUNDIFOLIA like 12 (RTFL12) 

AT5G17350 3.28 1.70E-08 AT5G17350 

AT4G14400 3.26 2.63E-08 Ankyrin repeat family protein (ACD6) 

AT1G76650 3.21 1.89E-15 Calmodulin-like 38 (CML38) 

AT3G17609 2.91 1.02E-07 HY5-homolog (HYH) 

AT5G51190 2.91 3.76E-08 Integrase-type DNA-binding superfamily protein (ERF105) 

AT5G15950 2.90 1.50E-07 Adenosylmethionine decarboxylase family protein 

AT5G12020 2.87 1.46E-04 17.6 kDa class II heat shock protein (HSP17.6II) 

AT3G22840 2.85 1.74E-04 Chlorophyll A-B binding family protein (ELIP1) 

AT2G36750 2.82 1.23E-05 UDP-glucosyl transferase 73C1 (UGT73C1) 

AT3G44260 2.79 8.65E-17 Polynucleotidyl transferase, ribonuclease H-like superfamily 
protein (AtCAF1a) 

AT1G27730 2.77 6.74E-07 salt tolerance zinc finger (STZ) 

AT4G27657 2.76 3.75E-04 AT4G27657 

AT3G12580 2.73 2.97E-09 heat shock protein 70 (HSP70) 

AT2G26150 2.70 6.86E-04 heat shock transcription factor A2 (HSFA2) 

AT3G10930 2.70 5.49E-07 AT3G10930 

AT2G36800 2.67 3.06E-07 Don-glucosyltransferase 1 (DOGT1) 
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Top 20 downregulated genes in escapee seedlings of cml39 relative to WT 
Gene ID Log2 Fold 

Change 
p-

adjusted 
Gene Name 

AT4G32280 -2.96 3.06E-11 IAA29__indole-3-acetic acid inducible 29 

AT2G15042 -2.56 6.68E-04 Leucine-rich repeat (LRR) family protein 

AT3G42800 -2.34 1.39E-07 
 

AT4G23700 -2.27 1.19E-08 ATCHX17_CHX17__cation/H+ exchanger 17 

AT3G55970 -2.19 5.93E-04 ATJRG21_JRG21__jasmonate-regulated gene 21 

AT4G36850 -2.18 2.58E-27 PQ-loop repeat family protein / transmembrane family protein 

AT1G11260 -2.16 2.89E-10 ATSTP1_STP1__sugar transporter 1 

AT1G02620 -2.15 4.34E-08 Ras-related small GTP-binding family protein 

AT1G75030 -2.06 1.27E-03 ATLP-3_TLP-3__thaumatin-like protein 3 

AT4G13300 -2.04 3.65E-03 ATTPS13_TPS13__terpenoid synthase 13 

AT3G62550 -1.98 3.44E-13 Adenine nucleotide alpha hydrolases-like superfamily protein 

AT3G29370 -1.97 2.05E-02 P1R3__ 

AT5G54190 -1.94 1.29E-02 PORA__protochlorophyllide oxidoreductase A 

AT4G15300 -1.91 4.58E-02 CYP702A2__cytochrome P450, family 702, subfamily A, 
polypeptide 2 

AT2G17880 -1.84 2.19E-08 DJC24__Chaperone DnaJ-domain superfamily protein 

AT5G12050 -1.83 1.61E-05 
 

AT1G33770 -1.80 5.45E-03 Protein kinase superfamily protein 

AT5G02540 -1.80 1.92E-10 NAD(P)-binding Rossmann-fold superfamily protein 

AT1G22570 -1.77 6.95E-11 Major facilitator superfamily protein 

AT5G56870 -1.75 5.80E-10 BGAL4__beta-galactosidase 4 

AT5G65690 -1.75 1.79E-09 PCK2_PEPCK__phosphoenolpyruvate carboxykinase 2 

 

 

Table 3.6. List of top 20 up- and downregulated genes in developmentally-arrested cml39 

relative to escapee cml39. Log2 fold change levels and p-adjusted values these genes are 

presented. 

Top 20 upregulated genes in arrested vs. escapee seedlings of cml39 
Gene ID Log2 Fold 

Change 
p-adjusted Gene Name 

AT1G77640 3.65 8.00E-29 Integrase-type DNA-binding superfamily protein 

AT4G25810 3.32 3.48E-52 xyloglucan endotransglycosylase 6 

AT3G22640 3.24 1.15E-15 cupin family protein 

AT3G45970 3.23 1.49E-27 expansin-like A1 

AT4G30280 2.98 7.60E-08 xyloglucan endotransglucosylase/hydrolase 18 

AT4G26260 2.91 7.06E-12 myo-inositol oxygenase 4 

AT5G24820 2.91 3.15E-05 Eukaryotic aspartyl protease family protein 

AT3G47340 2.81 4.94E-07 glutamine-dependent asparagine synthase 1 

AT1G22490 2.80 3.67E-10 basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein 
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AT1G11260 2.73 2.75E-17 sugar transporter 1 

AT1G04133 2.64 3.63E-05 
 

AT4G16563 2.62 4.86E-08 Eukaryotic aspartyl protease family protein 

AT1G35140 2.62 3.02E-20 Phosphate-responsive 1 family protein 

AT1G76230 2.58 2.21E-04 
 

AT1G56300 2.54 6.84E-21 Chaperone DnaJ-domain superfamily protein 

AT4G36850 2.53 5.33E-38 PQ-loop repeat family protein / transmembrane family 
protein 

AT4G30270 2.52 1.66E-07 xyloglucan endotransglucosylase/hydrolase 24 

AT2G32190 2.51 4.01E-07 
 

AT4G31800 2.48 7.71E-07 WRKY DNA-binding protein 18 

AT1G22570 2.48 2.34E-22 Major facilitator superfamily protein 

Top 20 downregulated genes in arrested vs. escapee seedlings of cml39 
Gene ID Log2 Fold 

Change 
p-adjusted Gene Name 

AT1G06360 -3.78 1.35E-11 Fatty acid desaturase family protein 

AT4G35160 -3.70 1.35E-08 O-methyltransferase family protein 

AT5G02890 -3.64 3.49E-09 HXXXD-type acyl-transferase family protein 

AT2G47460 -3.53 1.36E-08 myb domain protein 12 

AT1G02205 -3.35 6.91E-08 Fatty acid hydroxylase superfamily 

AT2G32990 -3.29 1.92E-06 glycosyl hydrolase 9B8 

AT5G15950 -3.27 1.16E-09 Adenosylmethionine decarboxylase family protein 

AT4G08300 -3.26 5.04E-09 nodulin MtN21 /EamA-like transporter family protein 

AT2G23910 -3.25 5.29E-07 NAD(P)-binding Rossmann-fold superfamily protein 

AT2G38390 -3.23 3.04E-06 Peroxidase superfamily protein 

AT4G20240 -3.02 1.25E-07 cytochrome P450, family 71, subfamily A, polypeptide 27 

AT3G22840 -3.02 2.09E-05 Chlorophyll A-B binding family protein 

AT1G70830 -3.00 1.60E-17 MLP-like protein 28 

AT1G24020 -2.97 1.90E-05 MLP-like protein 423 

AT3G14210 -2.96 1.27E-09 epithiospecifier modifier 1 

AT5G08640 -2.95 1.90E-05 flavonol synthase 1 

AT5G38970 -2.92 2.30E-06 brassinosteroid-6-oxidase 1 

AT2G43050 -2.91 6.99E-11 Plant invertase/pectin methylesterase inhibitor 
superfamily 

AT3G16670 -2.85 6.33E-06 Pollen Ole e 1 allergen and extensin family protein 

AT4G11210 -2.82 7.44E-05 Disease resistance-responsive (dirigent-like protein) 
family protein 

AT1G65060 -2.81 6.90E-05 4-coumarate:CoA ligase 3 
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stages where the seed maturation program is expected to be repressed (as reviewed by 

Gao et al. 2009). I observed comparable CRC accumulation in WT and cml39 10 DAP 

developing seeds suggesting that the timing of seed maturation gene expression was not 

delayed in cml39 (Fig. 3.6A). In addition, I observed decreased expression of 2S3 and no 

detectable transcript for Oleo2 in 3-day old WT seedlings. In contrast, cml39 had 

increased expression of 2S3 and Oleo2 at this stage. These results suggest that cml39 

activates seed maturation genes at the same developmental stage in seeds as WT but fails 

to inactivate these genes upon germination. Furthermore, increased expression of Oleo2 

in escapee seedlings of cml39 relative to WT (Fig. B2) indicated that a seed maturation-

repressive program is impaired in escapee seedlings. Together, these findings indicate 

that CML39 acts as a repressor of seed maturation genes in vegetative tissue. 

3.5 Discussion 

Partial penetrance of ‘sucrose-dependent seedling establishment’ phenotype in 

cml39 seedlings 

About 20% of cml39 seedlings do not undergo developmental arrest in absence of 

sucrose (Bender 2013); this incomplete penetrance was not observed in any other 

phenotype of cml39.  The incomplete penetrance of the sucrose-dependent seedling 

establishment phenotype might be due to random (stochastic) fluctuations in gene 

expression. This phenomenon has been reported in skn-1 mutants of Caenorhabditis 

elegans that display defects in the intestinal cell-fate pathway (Raj et al. 2010). While 

intestinal cell development in skn1 mutants was impaired, some mutant individuals were 
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able to produce intestinal precursors and therefore ‘escaped’ the mutant phenotype. The 

authors found that disruption of SKN1 led to extreme variability in expression of a 

redundant gene, END-1, whose transcript levels at a certain threshold ‘switched on’ the 

expression of ELT-2, a master regulator of intestinal differentiation. Suppression of ELT-

2 was necessary for expression of skn-1 mutant phenotype; however, due to variability in 

expression of END-1, ELT-1 was not suppressed all the time in mutants thus resulting in 

‘escapee’ individuals. Thus, the incomplete penetrance of the skn-1 mutant phenotype 

could be attributed to functional redundancy and stochastic fluctuations in gene 

expression. It is possible that a similar mechanism underlies incomplete penetrance of the 

cml39 sucrose-dependent phenotype. Misregulation of epigenetic factors such as 

chromatin remodelers, histone deacetylases, etc. can also lead to stochasticity in gene 

expression (Kaern et al. 2005; Raj et al. 2010). Thus, downregulation of HD2A in the 

mutant could result in extreme variability in gene expression thus resulting in variable 

expression of mutant phenotype.  Interestingly, while RNA-seq analysis revealed 

significant misexpression of various CBPs including several CMLs in arrested seedlings 

(25 upregulated, 16 downregulated), the escapee seedlings of cml39 showed 

misexpression of a very small number of CBPs (1 downregulated and 6 upregulated). It is 

possible that the normal expression of these CMLs or CBPs in escapees may be the 

reason for their ‘escape’ from seedling arrest in the absence of sucrose. However, the 

pathway or mechanisms underlying the ability of some cml39 plants to escape the sucrose 

dependency, and how important other CBPs are in this process, remains unknown at this 

time.  

Upregulation of CML38 sense and CML39 antisense transcripts in mutant seedlings 
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RNA-seq analysis indicated upregulation of CML38 sense and CML39 antisense 

transcripts in arrested and escapee seedlings of cml39 relative to WT (Table. B2-B3). 

Furthermore, PCR analysis using pairwise combinations of primers flanking CML39 5’- 

or 3’- end and T-DNA left border indicates two adjacent T-DNA insertions in opposite 

orientations in the CML39 coding sequence in our mutant (Fig. B3). The upregulation of 

CML39 antisense transcripts and CML38 sense transcripts is most likely due to presence 

of a 1’2’-bidirectional promoter in the pAC161 vector that was originally used to 

generate cml39 T-DNA insertional knock-out (KO) line for GABI-KAT (Ülker et al. 

2008). Interestingly, 1’2’- bidirectional promoter-driven upregulation of antisense 

transcripts was also observed in the pp2c loss of function mutant; the T-DNA insertion in 

these lines, much like cml39, was closer to the 3’ end. Since CML39 antisense lines did 

not reveal phenotypes similar to those observed in cml39 T-DNA insertional KO lines 

(Vanderbeld and Snedden 2007), it is likely that cml39 phenotypes are not caused by 

increased accumulation of CML39 antisense transcripts. However, we have not assessed 

the levels of CML39 antisense transcripts in the CML39 antisense lines to rule out this 

possibility. Furthermore, the upregulation of CML38 in cml39 mutants could be an 

attempt to functionally compensate for loss of CML39; however, this is unlikely given 

that we observed marked upregulation of CML38 even in escapee seedlings. 

Additionally, overexpression of neighboring genes have also been reported in T-DNA 

insertional KOs due to weak terminating sequences in T-DNA constructs that in turn 

leads to transcript read-throughs (Ülker et al. 2008).  It is likely that CML38 

overexpression in our cml39 KO line is T-DNA-driven, since CML38 is located 

immediately downstream of CML39. It is therefore important to note that it is possible 
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that T-DNA driven overexpression of CML38 rather than suppression of CML39 is 

responsible for pleiotropic phenotypes of cml39 plants. However, my analysis to date of 

CML38 overexpression lines does not indicate reduced dormancy, shorter siliques or 

sucrose-dependent seedling establishment (data not shown), nor were any cml39-related 

phenotypes reported for plants overexpressing CML38 (Lokdarshi et al. 2015), strongly 

suggesting that the phenotypes observed in cml39 were due to loss of CML39. 

CML39 represses seed maturation genes in vegetative tissue 

Defects in various seed maturation-specific phenomena including dormancy 

induction, chlorophyll degradation, and desiccation tolerance have been observed in 

mutants of the LAFL master regulatory network (LEC2, ABI3, FUS3, and LEC1) (To et 

al. 2006). lafl mutants also show reduced accumulation of SSPs as these genes promote 

SSP accumulation during seed maturation. Thus, I examined the expression of several 

seed maturation genes in cml39. The timing of the SSP expression did not seem to be 

affected in cml39 seeds, as similar levels of CRC transcript were detected in developing 

siliques of both the mutant and WT (Fig. 3.6A). In marked contrast, 7-d old cml39 

seedlings showed very high expression of several seed maturation genes (Fig. 3.6) that 

are normally repressed at this developmental stage to facilitate seed to seedling transition 

(Jia et al. 2014). These results strongly suggest that CML39 acts as a repressor of seed 

maturation genes in vegetative tissue. Given the complexity of the seed maturation-

repressive pathway, it is difficult to pinpoint the mechanism by which CML39 inhibits 

seed-gene expression in seedlings. However, my examination of global transcriptomic 

patterns using RNA-seq analysis revealed interesting correlations between gene 

expression and aberrant seedling development in arrested cml39 seedlings. The range of 



 

105 

 

GO categories (Fig. 3.1), and the many specific transcriptomic changes (Table B2) 

associated with aberrant expression in arrested cml39 seedlings indicate that loss of 

CML39 has a wide impact on global expression patterns, consistent with the pleiotropic 

effects on phenotype we observed. Although precise molecular mechanisms of CML39 

activity cannot be assigned from such a complex dataset, interesting patterns emerged 

that provide insight into CML function and will serve to generate testable hypotheses in 

future studies.  

CML39 may regulate carbon metabolism during seedling establishment 

GO analysis of downregulated genes in arrested seedlings showed significant 

enrichment of terms associated with carbohydrate metabolism, when compared to WT or 

cml39 escapee seedlings (Fig. 3.1A and Fig. 3.3B). Given the developmental arrest and 

lack of starch granules in sucrose-starved cml39 (Bender et al. 2013), it is likely that 

CML39 is involved in the regulation of carbon metabolism during seedling 

establishment. However, due to the complexity of carbon metabolism, it is difficult to 

identify the exact mechanism underlying CML39-mediated seedling establishment based 

simply upon gene expression analysis. Future metabolomic analyses may shed light on 

the specific enzymes and pathways that are mis-regulated in cml39 mutants. 

CML39 may promote dormancy through downregulation of germination-promoting 

and upregulation of dormancy-promoting genes 

Among upregulated genes in cml39 seedlings, GO categories for ‘stress-

response’, ‘hormone’ and ‘stimulus-response’ were overrepresented (Fig. 3.1B). It is 

interesting to note that a number of genes encoding Ca2+ signaling proteins were altered 

in cml39 arrested seedlings including CMLs, kinases, and CaM-binding proteins (Table 
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3.1). The induction of several CMLs, including CML38, a close paralog of CML39, may 

suggest that a compensatory mechanism has been evoked in cml39 plants although this 

remains speculative. From the perspective of relating gene expression changes that may 

help resolve the cml39 phenotypes, it is noteworthy that significant upregulation was 

observed for RLK7 (AT1g09970), a Receptor-Like Kinase that coordinates proper 

germination speed (Log2 FC = 1.03; p<0.05) (Table B2) (Pitorre et al. 2010). The 

suppression or overexpression of RLK7 results in delayed or accelerated germination 

rates, respectively (Pitorre et al. 2010). The faster germination phenotype of RLK7 

overexpressing plants is very similar to that observed for cml39 plants, raising the 

possibility that CML39 may regulate germination speed via suppression of RLK7. I also 

observed significant upregulation in arrested cml39 seedlings of GID1A (AT3g05120), a 

GA receptor (Log2 FC = 1.22; p<0.05) (Table B2). GID1A represses DELLA-mediated 

stimulation of dormancy-promoting factor, XERICO, leading to subsequent dormancy 

release (Ariizumi et al. 2013).  Moreover, GID1A promotes endosperm weakening by 

upregulation of cell-wall loosening enzymes, XTH18 and XTH19 (Voegele et al. 2011). 

Interestingly, XTH18 (AT4g30280) was amongst the most significantly upregulated 

genes in arrested cml39 seedlings (Log2 FC = 3.23; p<0.05) (Tables. 3.4 & B2) (Fig. 3.5). 

The faster germination rates of cml39 seeds could be due to heightened endosperm 

weakening owing to the increase in GID1A-mediated suppression of DELLAs and 

upregulation of XTH18 expression. Given this, I speculate that CML39 promotes 

dormancy at least in part by directly or indirectly downregulating GID1-mediated 

suppression of dormancy. Additional candidates downregulated in cml39 mutants include 

a DNA demethylating enzyme ROS1 (AT2g36490), a positive regulator of seed 
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dormancy in Cvi and Bur ecotypes (Footitt et al. 2015), and a plant-specific histone 

deacetylase HD2A (AT3g44750) given that hd2a mutants also display faster germination 

rates and decreased ABA sensitivity (Colville et al. 2011). Thus, CML39 may promote 

dormancy through stimulating epigenetic factors that serve as positive regulators of 

dormancy. 

CML39 may be involved in brassinosteroid-regulated ovule and seed number 

determination 

Downregulated genes also showed significant enrichment for GO terms related to 

brassinosteroid biosynthetic and metabolic pathways (Fig. 3.1A). AINTEGUMENTA 

(ANT) (AT4g37750), a brassinosteroid-responsive master regulator of ovule primordia 

formation was significantly downregulated in arrested cml39 seedlings (Log2 FC = -1.00; 

p<0.05) (Table B2) (Fig. 3.5). Like cml39, ant mutants display reduced ovule number, 

although this reduction is less severe in cml39 mutants (Galbiati et al. 2013; Cucinotta et 

al. 2014). I detected marked downregulation of a brassinosteroid biosynthetic gene, 

CYP85A1 (AT5g38970), which is thought to be essential for initiation of 

megagametogenesis (Log2 FC = -3.8; p<0.05) (Table B2) (Pérez-España et al. 2011). 

Also downregulated was PIZZA, an acyltransferase that can modify endogenous levels of 

brassinosteroids (Log2 FC = -2.1; p<0.05) (Table. B2) (Schneider et al. 2012). 

Interestingly, brassinosteroids promotes ovule and seed number through BZR1-mediated 

expression of three transcription factors associated with ovule number determination 

(ANT, HUELLENLOS (HLL) and APETALA 2 (AP2)) (Huang et al. 2013; Jiang and 

Lin 2013). Of these transcription factors, I observed differential regulation of only ANT 

in cml39, suggesting that reduced ovule number in cml39 mutants may be a consequence 
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of impaired ANT activity. It is noteworthy that, due to abnormalities in ovule 

development, ant mutants also display loss of integuments that are precursors of seed 

coat (Losa et al. 2010). Therefore, defects in ovule integuments can impair seed coat-

imposed dormancy (Debeaujon et al. 2000). Similarly, the lack of integumental layers in 

ats mutants leads to reduced seed dormancy and increased tetrazolium uptake, 

reminiscent to the phenotype of cml39 (Leon-Kloosterziel et al. 1994; Gomez et al. 

2016). The repression of ANT along with the ‘ats-like’ phenotypes of cml39 suggests that 

seed coat defects in cml39 may be due to defects in ovule integuments.  

Downregulated genes in cml39 arrested seedlings suggest possible role for CML39 in 

RNA-dependent DNA methylation (RdDM)-mediated gene silencing 

The enrichment for GO terms associated with gene silencing revealed by RNA-

seq analysis is intriguing given that regulator-of-gene-silencing CaM (rgs-CaM), the 

closest ortholog of CML39 in tobacco, has been connected to gene silencing in response 

to viral infection. rgs-CaM may participate in virus-mediated post-transcriptional gene 

silencing (PTGS) (Anandalakshmi et al. 2000) or inhibit viral RNA-silencing suppressors 

(RSS) in tobacco  (Nakahara et al. 2012). Similarly, CML39 is induced in response to 

geminivirus infection and may be involved in suppressing plant antiviral activity via 

gene-silencing mechanisms (Yong Chung et al. 2014). Given the function of tobacco 

rgsCaM in gene silencing, it is reasonable to suggest that CML39 may play similar roles 

in Arabidopsis. In support of this hypothesis, downregulated genes in cml39 were 

enriched for GO terms associated with ‘chromatin silencing’ via ‘histone modification’ 

such as ‘histone H3-K9 methylation’ (H3K9me) and ‘histone phosphorylation’ (Fig. 

3.1A). H3K9me methylation is a repressive epigenetic mark characteristic of condensed, 
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transcriptionally inactive heterochromatin (Tariq and Paszkowski 2004). Interestingly, 

GO analysis also revealed significant overrepresentation for ‘chromatin silencing via 

small RNA’. Small RNAs guide enzyme complexes responsible for deposition of 

repressive epigenetic marks like H3K9me in a pathway termed RNA-directed DNA 

methylation (RdDM) (Volpe 2002; Baulcombe 2004; Matzke and Mosher 2014). 

Considered alongside evidence for rgsCaM in gene silencing (Anandalakshmi et al. 2000; 

Nakahara et al. 2012), these aberrant expression patterns of gene-silencing components in 

cml39 seedlings, where the suppression of both RNAi-associated genes along with 

histone modification components are observed, indicate that future studies into gene-

silencing roles for CML39 are merited. 

The pleiotropic phenotype of cml39 provides strong support for a role of CML39 

in seed maturation, germination, early seedling development, and fruit formation. I 

speculate that CML39 serves as a Ca2+ sensor that participates across a range of 

developmental pathways. In order to understand the mechanisms underlying CML39 

action in these developmental events, it will be important in future studies to identify 

downstream targets of CML39 to assess whether it functions, like most Ca2+ sensors, by 

modulating the activity of other proteins. In the case of CML39, such targets are likely to 

be key developmental regulators. Interestingly, a plant-specific histone deacetylase, 

HD2A, was downregulated in our mutant (Log2 FC = -1.19; p<0.05) (Table B2) (Fig. 

3.5). Suppression of HD2A results in reduced seed dormancy, ABA hyposensitivity 

(Colville et al. 2011), shorter siliques (Wu et al. 2000) and its overexpression leads to 

suppression of seed maturation genes in leaf tissue (Zhou et al. 2004). These phenotypes 

are remarkably similar to those observed for cml39 and it is possible that CML39 exerts 
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its pleiotropic effects on development through indirect or direct regulation of HD2A. 

Furthermore, HD2A is involved in H3K9me (Lawrence et al. 2004) and has been shown 

to interact with HDA6, a histone deacetylase critical in RdDM (To et al. 2011; Luo et al. 

2012). Based on the hd2a-like phenotypes and suppression of RdDM-associated factors 

in cml39, it is tempting to speculate that CML39 is associated with a histone deacetylase 

complex that regulates transcriptional repression through RdDM. Empirical assessment 

of such a model in the future should help unravel the complexity of developmental 

processes that CML39 is involved in. 
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Chapter 4 

 Identification of a putative protein interaction between CML39 and 

two trihelix transcription factors, Arabidopsis 6B-INTERACTING 

PROTEIN 1-LIKE-1 and -2, ASIL1 and ASIL2 

4.1 Abstract 

Upon detection of stimulus-induced cytosolic Ca2+ transients, Ca2+ sensors relay 

this information to effector proteins and, in doing so, serve as the ‘hubs’ for many key 

developmental and stress pathways. Regulatory Ca2+ sensors like CaM and CMLs have 

no intrinsic catalytic activity, rather they mediate their effects by interacting with effector 

proteins. Unlike CaM, targets of CMLs or the pathways they function in are not well-

known. Thus, it is important to identify interacting partners of CMLs to gain an in-depth 

understanding of their physiological roles. Here, yeast two-hybrid assays identified two 

closely related trihelix transcription factors, Arabidopsis 6b-interacting 1-like (ASIL) -1 

and -2, as putative interactors of CML39. Control experiments testing for self-activation 

of ASILs or their interaction with other proteins suggested that these ASILs interact 

specifically with CML39 in the yeast two-hybrid system. A region corresponding to 64 

residues in the C-terminal region of ASIL was delineated as the CML39-interaction 

domain. This putative interaction domain is highly conserved in (6b INTERACTING 

PROTEIN 1) SIP1-related proteins across various species and overlaps with a predicted 

coiled-coil region that may mediate protein-protein interaction. These findings were 

further corroborated using in planta split-luciferase complementation assay that showed 
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specific CML39-ASIL interaction. I discuss these findings in the context of a proposed 

role for CML39 in mediating transcription in response to Ca2+ signals.  

4.2 Introduction  

Reverse genetics approaches, transcriptomic studies and biochemical analyses all 

contribute toward understanding physiological functions of a protein. However, 

understanding roles of regulatory proteins harboring no intrinsic catalytic activity, such as 

the Ca2+ sensors, calmodulin (CaM) and calmodulin-like (CML) proteins, requires 

isolating their interacting partners. This is because regulatory proteins typically exert 

their effects via interacting with, and modifying, activities of downstream targets. CaM 

mediates many aspects of plant growth by regulating the activities of a diverse array of 

proteins that serve as phosphatases, kinases, metabolic enzymes, transcription factors, 

transporters, and other classes of targets (Yamakawa et al. 2004; Finkler et al. 2007; 

DeFalco et al. 2010; Yang et al. 2010; Fischer et al. 2013). Conversely, only a few 

interacting partners of CMLs have been identified. Nevertheless, based on their similarity 

to CaM, it is thought that CMLs also regulate effector proteins and that, given the 

divergence of CMLs from CaM, it is likely that the targets of CMLs are different from 

those of CaM. The phylogenetic diversity of CMLs in plants is remarkable, with the 

model plant Arabidopsis possessing 50 CMLs in addition to several conserved isoforms 

of CaM.  Given the importance of Ca2+ signaling across a range of physiological 

phenomena, unraveling the roles of CMLs remains a formidable but important challenge. 

Thus, identifying binding partners of CMLs will be helpful in understanding CML 

function and Ca2+ signaling in general. 
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To date, binding partners of only a handful of CMLs have been identified and 

almost all of this work has been performed using Arabidopsis. A recent study showed 

that CML24 regulates autophagy through interaction with ATG4b, a cysteine protease 

(Tsai et al. 2013). CML9, which functions during stress response and various 

developmental processes, may regulate gene expression by interacting with a putative 

transcription factor, PRR2 (Perochon et al. 2010). In another study, CML42 was shown 

to regulate trichome morphology, likely through its interaction with KIC, a kinesin-

interacting Ca2+-binding protein (Dobney et al. 2009).  

Recently, Bender et al. (2013) showed the involvement of CML39 in carbon-

dependent seedling establishment, as loss of CML39 impairs seedling establishment and 

light-mediated development under sucrose starvation. Reduced dormancy and fertility as 

well as modifications in hormone sensitivity of seeds, and seed coat permeability were 

also observed in cml39 (Chapter 2). Moreover, evidence for strong CML39 promoter 

activity observed during various stresses and developmental stages (e.g. in pollen grains, 

ovules, developing seeds and seedlings) suggest the possibility of multiple roles of this 

gene (Vanderbeld and Snedden 2007, Chapter 2). Although the pleiotropic phenotypes of 

cml39 provide helpful clues regarding roles of CML39, the mechanism underlying 

CML39-mediated development remains uncharacterized. Thus, we must identify binding 

partners of CML39 to better understand how CML39 regulates various aspects of 

development.  

A yeast two-hybrid screen was performed previously in the Snedden lab in which 

two closely-related transcription factors, namely ASIL (Arabidopsis 6b-INTERACTING 

PROTEIN 1-LIKE) -1 and -2, were isolated as putative CML39 targets. However, this 
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interaction was not characterized at any level nor corroborated through any additional 

approaches. Thus, further work assessing this interaction is needed. Trihelix transcription 

factors have been implicated in mediating light-regulated development as well as many 

stress and developmental pathways (Kaplan-Levy et al. 2012). Given the diverse 

phenotypes of cml39 mutants in early development, a tenable hypothesis is that CML39 

interacts with these trihelix transcription factors to mediate various physiological 

phenomena via regulation of gene expression. In this chapter, my objective was to 

investigate the interaction of CML39 with ASIL1 and ASIL2 and assess whether there is 

evidence to support the possibility that these proteins function together in Arabidopsis.  

4.3 Material and Methods 

Yeast-two-hybrid cloning and assays 

Details of the yeast two-hybrid screens were described previously (Bender 2013). 

For yeast two-hybrid pair-wise interactions, CML39 open reading frame (ORF) cloned 

into pBI770 vector was used as ‘bait’ (Kohalmi et al. 1998). CML39 was cloned in-frame 

and downstream of the GAL4-DNA binding domain (Bender 2013) (Table C1). Gene-

specific primers containing SalI and NotI restriction sites were used to clone open 

reading frames of ASIL1 and ASIL2 into the pBI771 ‘prey’ vector (Table C1), 

downstream of, and in-frame with, the coding sequence for the GAL4 transcriptional 

activation (TA)-domain. In addition to full-length ASIL1 and ASIL2 ‘prey’ constructs, 

deletion constructs including ASIL2306-337aa (K11a), ASIL2354-409aa (K11b), ASIL1286-352aa   
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(M2 (352)), ASIL1286-383aa (M2 (383)) were also cloned into the pBI771 prey vector by 

ligating the SalI-NotI digested amplicons into SalI and NotI-cut pBI771 vector.  The 

integrity and accuracy of all plasmids was confirmed through DNA sequencing (TCAG 

DNA sequencing facility, Sick Kids, Toronto). These prey constructs were transformed 

into the yeast strain PJ69-4A with CML39, CML43 (as a control to test specificity of 

interaction) or an empty bait vector as negative control to test for activation of the two-

hybrid reporter genes (HIS2, ADE3, LACZ). Yeast transformations were performed as 

described (Kohlami et al. 1997). Transformed yeast were plated on standard dropout (SD) 

media lacking leucine and tryptophan  (-LW) and incubated at 28-30°C for two days to 

allow sufficient growth before restreaking colonies onto plates containing media lacking 

Leucine (L), Tryptophan (W), Adenine (A), Histidine (H) (SD -LWAH). After 5 days of 

incubation at 28-30°C, the plates were photographed using a Canon flatbed scanner.  

To assess the strength of interaction between CML39 and ASILs, serial dilutions 

were performed. Ten-fold serial dilutions of 1.26 x 107 yeast cells/ml (OD660=0.8) 

containing different combinations of bait and prey plasmids were grown on selective 

media (SD-LWAH) and (SD-LW). The plates were examined for growth and imaged at 

several time points over the course of 7 days.  

To determine which of the bait/prey combinations also activated the third reporter 

gene, LACZ for this system, x-gal agarose overlay assays were performed. A solution 

containing 0.3M K2HPO4, 0.2M KH2PO4, 6% dimethyl formamide, 0.1% SDS, 0.5% 

agarose, 1 mg/ml X-galactosidase (X-Gal) and 0.5µl/ml β-mercaptoethanol was poured 

on the SD-LWAH plates containing putative positive colonies and plates were incubated 
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at 28-30°C in the dark. Plates were examined for the blue colorimetric reaction and were 

imaged at several time points over the course of 24 hours.  

Y2H growth assays on dropout media, X-gal agarose overlay assays, and serial 

dilution analysis of Y2H bait and prey combinations were performed using at least three 

independent trials. 

Split-Luciferase complementation assay 

Plant Material 

Six to seven-week old Nicotiana benthamiana plants, grown at 20-22°C with 16h 

light/8h dark, 70% humidity and 100 µE.m-2.s-2 were used for Agrobacterium-mediated 

transient expression of bait and prey proteins to be tested for interaction.  

NLuc and CLuc plasmid Constructs 

The open reading frame for CML39 using gene-specific primers containing KpnI 

and SalI restriction sites (Table C1) were PCR-amplified, digested and ligated into KpnI 

and SalI-digested pCAMBIA1300::CLuc vector (Chen et al. 2008), in-frame and 

downstream of C-terminal domain of Luciferase (CLuc) (Table C1). The open reading 

frames for ASIL1 and ASIL2 and their respective deletions (ASIL2247-443aa (E8) and 

ASIL1286-352aa (M2)) were cloned into pCAMBIA1300::NLuc vector (Chen et al. 2008), 

in-frame and upstream of N-terminal domain of Luciferase (NLuc), using gene specific 

primers containing KpnI and SalI restriction sites, as described above (Table C1). 

Agrobacterium-Mediated Transient Expression 

Agrobacterium tumefaciens (strain GV3101) bacterial cultures containing above-

mentioned constructs were grown in Luria-Bertani (LB) medium supplemented with 50 

µg/ml each of gentamycin, kanamycin and rifampicin at 28°C overnight. The cultures 
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were centrifuged at 3000 rcf for 15 mins, resuspended in 20 ml induction buffer 

(containing 10 mM MES pH 6.3, 10 mM MgCl2) and incubated at room temperature 

(RT) for 2-3 hours while shaking. The cultures were resuspended, using induction 

medium, to an OD600 of 0.2-0.3. Different combinations of CLuc- and NLuc fusion 

constructs were mixed in a 1:1 ratio with the p19 viral suppressor (Park et al. 2004). 

Bacterial suspensions were then infiltrated into fully expanded leaves of N. benthamiana 

using a 1 ml needleless syringe. Following infiltrations, plants were placed back into the 

growth chambers for three days before testing for luciferase (LUC) activity.  

Luciferase (LUC) Activity Measurement:  

The split-luciferase complementation assay was performed on the third day post-

infiltration as described by (Chen et al. 2008) with slight modifications. About 3-6 

sample leaf discs were obtained per combination using a biopsy punch (4 mm diameter). 

Leaf discs were incubated in a white 96-well multiplate containing 1 mM luciferin in the 

dark for 10-15 mins to quench fluorescence. Luminescence was measured using a 

Paradigm Spectrophotometer Multi-mode microplate reader.  Relative luciferase (LUC) 

activity is measured as luminescence intensity/12.6 mm2 leaf area and the unit of 

measurement was relative luminescence units (RLU). Each data point consisted of at 

least 3-6 biological replicates; these assays were repeated independently a minimum of 

three times. Unpaired t-tests were performed to assess statistical significance at p<0.05. 

4.4 Results 

CML39 interacts with SILs-1 and -2 in yeast 

The yeast two-hybrid system uses three reporter genes: HIS2, ADE3, and LACZ, 

whose products permit growth on auxotrophic SD-LWAH media and hydrolysis of X-  
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Fig. 4.1 CML39 interacts with Arabidopsis trihelix transcription factors, ASIL1 and 

ASIL2 in the yeast 2-hybrid system. Yeast containing different combinations of bait (BD) 

vectors encoding CML39, or CML43, or empty bait, were cotransformed with prey 

vectors encoding various ASIL1 and ASIL2 full-length or partial proteins. (A) Schematic 

representation of ASIL1 or ASIL2 prey constructs used in the yeast 2-hybrid system. All 

bait and prey vectors incorporated the GAL4 DNA binding domain or GAL4 activation 

domain (AD), respectively, for expression of bait and prey as fusion proteins. The red 

circular arrow-head represent AD fused to N-terminus of respective ASIL1/2 prey 

proteins. (B) Interaction between CML39 and ASILs was determined by growth of 

transformants on media lacking leucine, tryptophan, adenine and histidine (-LWAH).  
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Fig. 4.2 Interaction of CML39 with ASILs -1 and -2 in the yeast 2-hybrid system. (A) 

Ten-fold serial dilutions of 1.26 x 107 yeast cells/ml containing different combinations of 

bait and prey plasmids, as described in legend 4.1, were grown on selective media (SD –

LWAH) and (SD -LW). (B) Interaction of CML39 and ASILs in the yeast 2-hybrid 

system was verified by activation of the -galactosidase reporter gene, leading to a blue 

colorimetric reaction upon exposure to substrate, X-GAL.   
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Gal to form a blue precipitate, respectively. A screen previously performed in the 

Snedden Lab (unpublished) identified as putative CML39-interactors ASIL1 

(At1g54060) and ASIL2 (At3g14180), named as Arabidopsis 6b-interacting protein 1-

like.  These proteins were represented independently by several clones: ASIL2247-443aa 

(E8), ASIL2290-443aa (D1), ASIL2306-443aa (K11) and ASIL1286-352aa (M2) (Snedden, 

unpublished). These ASIL clones grew on auxotrophic and lacZ-based selection (Fig. 

4.1). It is noteworthy that the size difference between these ASIL clones was due to 

deletions at the N-terminus, as the C-terminus region is fully intact for all of them except 

M2 (Fig. 4.1-4.2). Furthermore, reporter genes did not activate upon transformation of 

these ASIL clones with empty bait, giving confidence that the activation of reporter genes 

was indeed due to CML39 interaction with ASIL1 and -2 proteins. In addition, 

cotransformation of yeast cells containing ASIL clones and a CML43 bait plasmid did 

not activate reporter genes suggesting that ASIL1 and ASIL2 interact specifically with 

CML39 (Fig 4.1B).  

With this confirmation of interaction between ASILs and CML39, I then sought 

to delineate the ASIL-CML39 interaction domain. To accomplish this, I tested interaction 

of ASIL2 full-length protein (ASIL21-443) with CML39. I observed interaction between 

CML39 and ASIL21-443, however, this interaction was weaker relative to the other ASIL 

clones tested, as represented by slower growth under auxotrophic conditions (Fig. 4.2). 

Furthermore, K11a, a deletion construct missing 106 amino acids of the ASIL2 C-

terminus, showed no interaction with CML39. Collectively, this data suggests that the 

ASIL2-CML39 interaction domain most likely resides in the last 106 residues of ASIL2 

C-terminus. Similarly, ASIL1286-352 (M2) was isolated in the yeast two-hybrid screen as a 
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putative positive interactor of CML39, but this clone was fused to an unrelated 

CATALASE 3 (ATCAT3; AT1G20620) protein, likely due to an artefact during cDNA 

library construction (data not shown). Thus, two prey deletion-constructs were cloned: 

ASIL1286-352 (M2 (352)) was identical to the original M2 clone but did not include the 

region of ATCAT3 fused to ASIL1 isolated in the original screen. This plasmid construct 

was designed to truncate ASIL1 roughly 30 residues from the C-terminus. Conversely, 

ASIL1286-383 (M2 (383)) included the entire C-terminal region. While M2 (352) interacted 

strongly and specifically with CML39, neither M2(383) nor the ASIL1 full-length protein 

interacted with CML39. Reasons for this are unknown but may have been due to protein 

misfolding or low expression of fusion proteins although this remains speculative. To 

confirm that the lack of interaction between CML39 and these ASIL1 prey constructs is 

not due to failure of protein expression, I performed western blots on yeast extracts using 

anti-FLAG antibody (data not shown). However, the results were inconclusive, as even 

the positive controls were not detected in western blots. Nevertheless, this data tentatively 

suggests that ASIL2, and possibly ASIL1, may function as binding partners of CML39.  

CML39-ASIL interaction domain is within the ASIL C-terminus region  

ASILs -1 and -2 belong to the plant-specific trihelix transcription factor family that 

regulate various aspects of plant growth (Kaplan-Levy et al. 2012; Qin et al. 2014). These 

transcription factors contain at least one trihelix DNA-binding motif and in most cases a 

conserved C-terminal CCD (CCD) (see schematic diagram, Fig. C1). ASILs -1 and -2 

belong to the a subfamily that contains an N-terminal trihelix domain (Fig. 4.3, residues 

94-153 for ASIL1; residues 84-144 for ASIL2), a conserved C-terminal CCD (residues 

304-364 for ASIL1; residues 360-414 for ASIL2), a bipartite nuclear-localization signal 
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(resides 228-241 for ASIL1, residues 290-303 for ASIL2) and a glycine (Gly)-rich 

domain (resides 67-89 for ASIL1; residues 239-248 for ASIL2). ASIL1 and ASIL2 genes 

encode polypeptides with 383 and 443 amino acids, respectively. The SIP1-related 

proteins, NtSIP1, AtSIP1, VFP3 and VFP5 share 53%, 47%, 47% and 55% amino acid 

identity, respectively, with ASIL1 (Fig. 4.3).  Additionally, NtSIP1, AtSIP1, VFP3 and 

VFP5 share 39%, 45%, 58% and 54% amino acid identity, respectively, with ASIL2. 

Furthermore, the C-terminus region spanning about 50-60 residues in these SIP1-related 

proteins is highly conserved.  It is likely that this region contains the CML39-ASIL 

interaction domain, as it was left intact in all the ASIL1 and ASIL2 fusion proteins shown 

to interact with CML39 in yeast (Figure C2). Furthermore, M2(352) and K11b deletion 

constructs of ASIL1 and ASIL2, respectively, shared 64.9% amino acid overall identity 

and high homology between the ASIL1 and ASIL2 C-terminal region.  Interestingly, this 

putative interaction domain overlaps with the predicted CCD (http://www.uniprot.org/) 

known to function in dimerization.   

The properties of CML-target interaction are largely unstudied, unlike the well-

characterized CaM-binding domains of many proteins (O’Neil and DeGrado 1990). As 

such, I used an online CaM-binding domain (CaMBD) prediction algorithm 

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/analysis.html) to determine if the C-terminal 

region of ASILs resembled any known CaMBD. This algorithm examines if a given 

region submitted for analysis matches a known CaMBD or has a propensity to form an 

amphipathic -helix (AAH), a common secondary structure of CaMBDs (O’Neil and 

DeGrado 1990). The algorithm did not predict any likely AAHs in the C-terminal region 

  

http://www.uniprot.org/
http://calcium.uhnres.utoronto.ca/ctdb/ctdb/analysis.html
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NtSIP1    1 MSDDD-LVASPSSNNNSSSLPP-SPSPPP-PSTNTELAI-PPPP-----PTIQP------ 

AtSIP1    1 MDTVN-DSFSP------------------------------------------------- 

VFP3      1 METTP-ETQSK------------------------------------------------- 

VFP5      1 METTTPQSKSS-----V------------------------------------------- 

ASIL1     1 MEDDD-EIQSIPSPGDSSLSPQAPPSPPILPTNDVTVAVVKKPQ-----PGLSSQSPSMN 

ASIL2     1 MEDDE-DIRSQG---SDSPDP--SSSPPA-GRITVTVASAGPPSYSLTPPGNSSQK-DPD 

 

NtSIP1   46 -------------------ASTRPA------AFPAREDCWSEAATHTLVEAWGSHYLELK 

AtSIP1   11 -------------------GSSRPS-----PATLSREDCWSEEATFTLIQAWGNRYVDLS 

VFP3     11 --------------------THR--------LPAGREDWWSEDATATLIEAWGDRYVNLN 

VFP5     13 --------------------SHR--------PPLGREDWWSEEATATLVEAWGNRYVKLN 

ASIL1    55 ALALVVHTPSVTGGGGSGNRNGRGGGGGSGGGGGGRDDCWSEEATKVLIEAWGDRFSEPG 

ASIL2    53 ALALALLPIQASGGG--NNSSGRPT------GGGGREDCWSEAATAVLIDAWGERYLELS 

 

NtSIP1   81 RGNLRQKYWQEVANAVNALHGHTK--------KQYRTDIQCKNRIDTLKKKYKIEKARVS 

AtSIP1   47 RGNLRQKHWQEVANAVNDRHYNTGRNVSAAKSQPYRTDVQCKNRIDTLKKKYKVEKARVS 

VFP3     43 RGNLRQNDWKEVADAVNSSHGN-G---------RPKTDVQCKNRIDTLKKKYKTEKAKP- 

VFP5     45 HGNLRQNDWKDVADAVNSRHGDNS---------RKKTDLQCKNRVDTLKKKYKTEKAKLS 

ASIL1   115 KGTLKQQHWKEVAEIVNKSRQC-K---------YPKTDIQCKNRIDTVKKKYKQEKAKIA 

ASIL2   105 RGNLKQKHWKEVAEIVSSREDYGK---------IPKTDIQCKNRIDTVKKKYKQEKVRIA 

 

NtSIP1  133 QSH-GRYVSPWPFFNGLDDLIGDNFKSSPAPVT-VAPRRKTPP-MLLPLP---SAVPV-G 

AtSIP1  107 ESNPGAYISPWPFFSALDDLLRESFPTSSNPDS-TDNI---PH-QRLSLPMSINPVPV-A 

VFP3     92 -------LSNWCFFDRLDFLIGPVMKKSSGAVV-KS----ALM-----NP---NLNPT-G 

VFP5     96 -------PSTWRFYNRLDVLIGPVVKKSAGGVV-KS----APF-----KN---HLNPT-G 

ASIL1   165 SGD---GPSKWVFFKKLESLIGGTTTFIASSKASEK----APM-----------GGALGN 

ASIL2   156 NGG---GRSRWVFFDKLDRLIGSTAKIPTATSG-VS----GPVGGLHKIP---MGIPM-G 

 

NtSIP1  186 PRSK---RPAA------------------------------------------------- 

AtSIP1  161 PRSAIPRRPAT------------------------------------------------- 

VFP3    131 SKST-------------------------------------------------------- 

VFP5    135 SNST-------------------------------------------------------- 

ASIL1   207 SRSSMFKRQTK------------------------------------------------- 

ASIL2   204 SRSNLYHQQAKAATPPFNNLDRLIGATARVSAASFGGSGGGGGGGSVNVPMGIPMSSRSA 

 

NtSIP1  194 ------------SM-------------------EDTVS-RRNFSAMAAAAAAAASEESDE 

AtSIP1  172 ------------SPAIIPH----AG--------DDLLGFRGNLNAFAAAAAAAACPASED 

VFP3    135 ------------GSSLD-------------------------D------------DDDDD 

VFP5    139 ------------GSSLE----------------------------------------DDD 

ASIL1   218 ------------GNQIVQQ----QQEKRGSDSMRWHFR-KRSASETE--------SESDP 

ASIL2   264 PFGQQGRTLPQQGRTLPQQQQQGMMVKRCSESKRWRFR-KRNASDS------------DS 

 

NtSIP1  222 EEESETSSPAAI-------------TLA-GAR-KEES-GALAEGCSRLAEAIGRFAEIYE 

AtSIP1  208 DSEGSRSRSSGR-------------SGS-NKK-RERK-IEKKQGYKEVADAIERLGQIYE 

VFP3    146 DDDEEDDDDAGDW----------GFVVRKHRK-VEDVDSSEGSAFRELARSILKLGEAFE 

VFP5    147 E----DDDEVGDW----------EFVARKHPR-VEEVDLSEGSTCRELATAILKFGEVYE 

ASIL1   253 EPEAS-PEESAESLPPLQPIQPLSFHMPKRLK-VDKS-GGGGSGVGDVARAILGFTEAYE 

ASIL2   311 ESEAAMSDDSGDSLPP----PPLSKRMKTEEKKKQDG-DGVGNKWRELTRAIMRFGEAYE 

 

NtSIP1  266 RVEDAKQRQMVELEKQRMQFAKDLEIQRMKLIMESQVQLEKLKRAKSNSQ--AGE----- 

AtSIP1  252 RVEEKKRKEMVELEKQRMRFAKELECHRMQLFTEMQVRLHKLRRTSGSKG--PTSSA--- 

VFP3    195 RIEGKKQQMMIELEKQRMEVAKELELQRMNMLMEMQLELEKSKLGKRRAA--SGKK---- 

VFP5    192 RIEGKKQQMMIELEKQRMEVTKEVELKRMNMLMEMQLEIEKSKHRKRASA--SGKKN--- 

ASIL1   310 KAETAKLKLMAELEKERMKFAKEMELQRMQFL-KTQLEITQNNQEEEERSRQRGERR--- 

ASIL2   366 QTENAKLQQVVEMEKERMKFLKELELQRMQFFVKTQLEISQLKQQHGRRMGNTSNDHHHS 

 

NtSIP1      --------------------------- 

AtSIP1  307 ---------SAALDY-GMM--DFPSYF 

VFP3    249 -------------------------L- 

VFP5    247 ------------------------SH- 

ASIL1   366 -------IVDDDDDRNGKNNGNVSS-- 

ASIL2   426 RKNNINAIVNNNNDL-GNN-------- 
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Fig. 4.3 Clustal-Omega multiple full-length alignment of ASIL1 and ASIL2 amino acid 

sequences with other SIP1-like proteins from Arabidopsis and Nicotiana tabacum. VFP3 

and VFP5 are proteins predicted to be in SIP1 clade from Arabidopsis. Black shading 

indicates identical amino acids, while grey shading indicates conserved amino acids. 

Genbank accession numbers are: AtSIP1, At3g58630; NTSIP1, B1B5X5; VFP3, 

At3g11100; VFP5, At5g05550; ASIL1, At1g54060; ASIL2, At3g14180. 
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of either ASIL, suggesting that that CML39 binding to ASIL proteins may be distinct 

from typical CaM/target interactions.  

CML39 interacts with SILs-1 and -2 in vivo 

 In order to further assess CML39-ASIL binding, I performed split-luciferase 

(LUC) complementation assays, an in planta protein-protein interaction method that uses 

N. benthamiana as a heterologous expression system. CLuc-CML39 was coexpressed 

with ASIL11-383-, ASIL21-443-, ASIL2247-443 (E8) - or ASIL1286-352 (M2)- NLuc fusion 

constructs. As positive controls, I coexpressed CPK28-NLuc with CLuc-BIK1 or CLuc-

PUB25 in tobacco. These plasmids were chosen as positive controls, because CPK28 has 

been shown to interact with BIK1, a plasma membrane associated kinase and PUB25, an 

E3 ligase (Monaghan et al. 2014, Monaghan et al. unpublished). Strong luciferase activity 

observed upon coexpression of these positive controls verified that my assay conditions 

were optimal (Fig. 4.4). As negative controls, I coexpressed CLuc-CML39 with empty 

NLuc vector, and SIL2-NLuc with CLuc-PUB25. These negative controls generated very 

low levels of luciferase activity, suggesting no protein interaction. Conversely, full-length 

and deletion NLuc fusions of ASIL1 and ASIL2 proteins produced strong luciferase 

activity when coexpressed with CML39. The luciferase activity observed upon 

coexpression of these CML39-ASIL combinations was significantly higher than my 

negative controls confirming CML39 interaction with ASIL proteins (Multiple t-tests, 

p<0.05) in the tobacco system. In general however, the interactions between my positive 

controls were much stronger than the interactions observed between CML39 and ASIL 

proteins with the exception of ASIL-M2 and CML39 which displayed luciferase activity 

levels comparable to positive controls. Together, this data provides further support for a 
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physical and specific interaction between ASIL trihelix transcription factors and CML39. 

These analyses also corroborate the yeast 2-hybrid data in delineating the interaction 

domain to the C-terminal ASIL region.  

4.5 Discussion 

Identifying interactors of regulatory proteins, like CaM and CMLs, is imperative 

in outlining their physiological functions. CaM interaction with a diverse array of 

proteins has been studied extensively (Bouché et al. 2005; Virdi et al. 2015); however, 

targets of only a few CMLs have been identified to date (Bender and Snedden 2013).  

Arabidopsis lacking CML39 show pleiotropic phenotypes at various stages of plant 

growth (Bender et al. 2013; Chapters 2-3). Nevertheless, the mechanisms underlying 

CML39-mediated development remain unknown. Therefore, I sought to identify binding 

partners of CML39.   

 A yeast two-hybrid screen done by previous members of Snedden lab identified 

several putative targets of CML39 including CSN5a, ASIL1 and ASIL2 (unpublished). 

While Bender (2013) examined CML39-CSN5a interaction, the possibility of ASIL1 and 

ASIL2 as bona fide targets of CML39 had not been assessed. Here, using additional yeast 

two-hybrid analyses as well as in planta split-luciferase assays, I investigated the ability 

of CML39 to interact with ASIL1 and ASIL2. 

 The absence of N-terminal domains in ASIL1 and ASIL2 clones, isolated from 

the yeast two-hybrid screen, suggested that a CML39-ASIL binding domain lies within 

the C-terminal region (Fig 4.1-4.2). Furthermore, given that M2(352) (i.e. ASIL1286-352) 

and the ASIL2 C-terminus region were highly homologous, it is likely that CML39  
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Fig. 4.4 Interaction of CML39 with ASIL1 and ASIL2 proteins, using the split-luciferase 

(Luc) complementation assay with C-terminal Luc (CLuc) and N-terminal (NLuc) fusion 

proteins. Tobacco leaves were infiltrated with various CLuc and NLuc constructs and 

tested for in planta interaction by measuring fluorescence as described in the Materials 

and Methods. Interactions between CLuc fusions of BIK1 or PUB25 and CPK28-NLuc 

represents ‘very strong’ and ‘strong’ positive controls. Interactions of CLuc-CML39 with 

ASIL1, ASIL2, ASIL1247-443aa (E8) and ASIL1286-352aa (M2) NLuc fusions were co-

expressed and tested. As negative controls, CML39-CLuc and PUB25-CLuc were 

coexpressed and tested with empty NLuc vector or ASIL2-NLuc plasmid, respectively. 

Significantly lower luciferase (LUC) activity levels were observed in negative controls 

compared to ASIL-CML39 and positive controls (Multiple t-tests, p<0.01). Bars 

representing different letters were statistically significantly different while bars 

representing same letters were not significantly different.  
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interacts with these two transcription factors via binding to this 64 residue C-terminal 

region. Split-luciferase complementation assays provided in vivo corroboration for the 

CML39-ASIL interaction and the presence of an interaction domain within the C-

terminus, as evidenced by strong interaction between M2-NLuc and CLuc-CML39. It is 

unclear why this region (M2) of ASIL1 produced such a strong interaction in the split-

luciferase system with CML39, much more so than the full-length ASIL1 (or ASIL2) 

construct. It may be that the full-length ASILs do not express as well in tobacco as the 

M2 fragment but western blots were not performed to test this hypothesis. Alternatively, 

there may be a region in the C-terminal part of ASILs that reduces interaction with 

CML39 and this inhibition is removed in the M2 partial protein.  

Interestingly, three glycine (Gly) residues at positions 291, 293 and 295 in ASIL1 

(indicated by red arrows) are also conserved in ASIL2 (Fig. C1). These three Gly 

residues may be important for CML39-ASIL interaction, as K11b, ASIL2 deletion 

equivalent of M2(352), was missing these three residues and failed to interact with 

CML39. Due to their flexibility, Gly residues can serve as linkers that are short amino 

acids sequences with 2-30 residues that connect several functional domains of a single 

protein (Reddy Chichili et al. 2013). Interestingly, addition of Gly residues in artificial 

linkers stabilizes interactions between proteins that will otherwise dissociate due to low 

affinity or crystallization conditions. In addition, naturally-occurring Gly-rich linkers 

have been shown to create grooves that may facilitate DNA binding. Therefore, it is 

plausible that these highly conserved Gly residues in ASIL1 and ASIL2 stabilize ASIL-

CML39 interaction. Site-directed mutagenesis could be employed in future studies to 

verify the function of these Gly residues in CML39-ASIL interaction.  
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 Based on the similarity of CML39 with CaM (26% identity to AtCaM2), it is 

possible that CML39 binds ASIL proteins in a CaM-like fashion. However, an online 

CaMBD-prediction algorithm did not detect either a conserved CaMBD or a probable 

CaM-binding AAH in this region of the ASIL proteins. This suggests that CML39 

binding to ASIL proteins may be through domains different from those typically seen in 

CaM targets. Additionally, the CML39-ASIL putative binding domain (residues 343-409 

in ASIL2) overlaps with the highly conserved C-terminal region suspected to function in 

protein dimerization. Given that CCDs use AAHs for interaction, it is unclear why the 

predicted CCD of these ASIL proteins does not fulfill prediction criteria of a CaM-

binding AAH. Ultimately, detailed structural biochemical analysis and molecular 

modeling will be required to understand the mechanism underlying CML39-ASIL 

physical interaction. It is interesting that, rgs-CaM, a close orthologue of CML39, 

interacts with viral RNA-silencing suppressor proteins by binding to a short arginine-rich 

positively-charged region through its negatively-charged cleft (Nakahara et al. 2012; 

Makiyama et al. 2016). The authors of this study postulated that other Ca2+ sensors 

including CaM and additional CMLs may also inhibit the viral RNA-silencing machinery 

by binding to these viral proteins in a similar fashion. Indeed, a recent biophysical 

analysis of rgsCaM revealed that Ca2+ binding to rgsCaM exposes a large negatively-

charged region that is likely important in target interaction (Makiyama et al. 2016). Thus, 

it would be interesting to determine whether CML39 interacts with ASIL proteins in a 

predominantly electrostatic fashion like rgs-CaM or whether it interacts through a 

hydrophobic cleft and thus behaves more like CaM.  
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ASIL1 and ASIL2 proteins belong to the GT-element binding transcription factor 

family called GTLs (reviewed by Kaplan-Levy et al. 2012; Qin et al. 2014). These 

trihelix transcription factors regulate plant responses to various stresses and also mediate 

development (Brewer et al. 2004; Breuer et al. 2009; Xie et al. 2009; Qin et al. 2014). 

The Arabidopsis genome contains 33 genes encoding trihelix transcription factors that are 

categorized into 5 subfamilies: GT-1, GT-2, SH4, GT-γ and SIP1. CML39 interaction 

with these trihelix transcription factors is reminiscent of the observation that that some 

GTLs bind CaM to regulate various abiotic and biotic stress responses (Galon et al. 

2010). The first example of this came from Arabidopsis GT2L (AtGT2L) that activates 

expression of cold- and salt-stress marker genes, RD29 and ERD10 through its interaction 

with CaM (Xi et al. 2012). Furthermore, the CaMBD of AtGT2L is located in C-terminal 

region that is highly conserved across various members of GT-2 subfamily of trihelix 

transcription factors (Xi et al. 2012). Since the CaMBD and DNA-binding domains 

overlap, it was hypothesized that CaM may stabilize AtGT2L binding to DNA or may 

promote its dimerization with another transcription factor to mediate cold- and salt-stress 

related gene expression. Likewise, a poplar GTL1 (PtaGTL1) protein interacts with CaM 

to regulate plant responses to drought stress by mediating stomatal development and 

water-use efficiency (Weng et al. 2012); the PtaGTL1-CaMBD was also predicted to be 

in the C-terminal region.  Similar to these GTL proteins, the delineated ASIL1/2-CML39 

binding domain also lies within the C-terminal region of ASIL1 and ASIL2 proteins. The 

fact that the CaMBD lies within the C-terminal trihelix domain of the GTL transcription 

factors may not simply be a coincidence since these C-terminal domains are highly 

conserved within the clades but not across the clades (Kaplan-Levy et al. 2012). It is 



 

135 

 

tempting to speculate that CML39 aids in ASIL1 and ASIL2-regulated gene expression 

by interacting with these proteins and promoting their binding to DNA or other 

transcription factors.  Alternatively, CML39 might inhibit dimerization of ASILs or 

negatively regulate their activity in some other manner. Further research will be required 

to demonstrate physical interaction of these CML39/ASILs in Arabidopsis cells and to 

establish an unequivocal role for CML39 in ASIL function.  

ASIL1 and ASIL2 proteins most likely regulate timing of embryo maturation, as 

asil1 and asil2 loss-of-function mutants display precocious embryo maturation 

(Willmann et al. 2011; Barr et al. 2012). Furthermore, ectopic expression of seed genes in 

asil1 seedlings suggested that ASIL1 represses the seed maturation program in vegetative 

tissues (Gao et al. 2009). ASIL1 binds to GT-elements in promoters of seed storage 

protein-encoding 2S albumin genes, which suggests that ASIL1 may repress seed 

maturation program by inhibiting the expression of seed-specific genes. Likewise, seed 

genes were also upregulated in cml39 seedlings implicating CML39 in seed maturation-

repressive program (Chapter 3). The overlapping roles of CML39 and ASIL1 in 

repression of seed maturation, and the physical interaction of CML39 with ASILs by two 

independent methods, lend support to my speculation that these proteins are in vivo 

interactors. However, more evidence is needed to draw conclusions on the physiological 

relevance of CML39 and ASILs. Co-immunoprecipitation studies might add support 

although given the low expression levels of CML39 (Vanderbeld and Snedden 2007), 

such an approach would be very challenging. Additional strategies including bi-

molecular fluorescence complementation (BiFC) or related in vivo binding studies might 
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also shed light on CML39-ASIL interaction.  Whether CML39-ASIL interaction is also 

responsible for additional roles of CML39 will be discussed in the next chapter. 
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Chapter 5 

Assessing overlap between physiological roles of CML39 and ASILs -1 

and -2 using transgenic approaches 

5.1 Abstract  

Regulatory Ca2+ sensors like CaM mediate plant growth through interaction with 

a diverse array of downstream targets that function in protein 

phosphorylation/dephosphorylation, ion transport, DNA binding, and other processes. In 

addition, Ca2+ sensors can exert profound effects on global gene expression through their 

interaction with various transcription factors. My analysis using yeast two-hybrid and 

split-luciferase complementation assays indicated physical interaction between the Ca2+ 

sensor CML39 and two closely related trihelix transcription factors, ASIL1 and ASIL2 

(Chapter 4). To determine genetic interaction between CML39 and ASILs -1 and -2, 

detailed physiological assays were performed using loss-of-function asil1 and asil2 

mutants.  Increased germination potential in developing seeds as well as de-repression of 

seed maturation genes in seedlings of asil1 and asil2 mutants was reminiscent of cml39. 

An analysis of asil1asil2 double mutants did not reveal additional phenotypic overlap 

with cml39. Histochemical GUS staining of ASIL::GUS transgenic lines indicated ASIL1 

promoter activity in vegetative and reproductive tissues, while ASIL2 promoter activity 

was detected specifically within floral tissue. These findings suggest a role for ASIL1 and 

ASIL2 in various aspects of plant development and also implicate CML39-ASIL 

interaction in the regulation of at least a subset of these physiological phenomena.  
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5.2 Introduction 

Transcription factors regulate gene expression through binding to cis-acting 

elements within gene promoters or interacting with other transcription factors. Disruption 

of transcription factor activity can cause dramatic changes to global gene expression 

further underscoring their importance in cellular processes. The Arabidopsis genome is 

predicted to contain about 2000 genes encoding transcription factors (Qu and Zhu 2006). 

Approximately 60 transcription factor families have been identified in plants, whose roles 

are being studied progressively. Interestingly, a plant-specific transcription factor family, 

characterized by the presence of at least one trihelix (helix-loop-helix-loop-helix) motif 

and a C-terminal CCD, was amongst the first transcription factor families to be identified 

(Green et al. 1987; Kaplan-Levy et al. 2012; Qin et al. 2014). Although most trihelix 

genes remain unstudied, some progress has been made in understanding their functions in 

response to various phytohormones as well as abiotic and biotic stimuli (Wang et al. 

2016). For example, TaGT2L1, a trihelix transcription factor in wheat, promotes stomatal 

development through its repression of SDD1, STOMATAL DENSITY AND 

DISTRIBUTION and therefore acts as a negative regulator of drought stress (Zheng et al. 

2016). SDD1 thus serves as a good example of a protein playing overlapping roles in 

stress and development. Another trihelix transcription factor, AtGT-4 interacts with an 

ERF factor, TEM2, to stimulate expression of an abiotic stress marker gene, Cor15A thus 

resulting in enhanced salt tolerance (Wang et al. 2014). Moreover, these transcription 

factors also regulate plant-pathogen interactions, as seen in the case of two closely-

related trihelix transcription factors, VFP3 and VFP5 that interact with agrobacterium 

effector protein, VirF (Garcia-Cano et al. 2015). Downregulation of VFP3 resulted in 
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misregulation of genes associated with Ca2+ signaling, lipid metabolism, protein 

degradation and other processes, suggesting a broad role for VFP3 in plant growth. Given 

that cytosolic Ca2+ transients are induced in response to various abiotic and biotic stimuli 

and Ca2+ sensors often regulate stress responses, it is not surprising to find roles for 

Ca2+/CaM in trihelix transcription factor-mediated stress responses. Indeed, AtGT2L, a 

nuclear trihelix transcription factor, interacts with CaM to regulate expression of marker 

genes RD29 and ERD10 during cold and salt stress (Xi et al. 2012). Likewise, poplar 

GTL1 binds CaM to promote stomatal density through repression of SDD1, leading to 

increases in transpiration and reduced water use efficiency and, in doing so, serves as a 

negative regulator of drought stress (Weng et al. 2012). Given the similarity between 

CMLs and CaM, it is reasonable to suspect that CMLs may also regulate gene expression 

through interaction with trihelix transcription factors.  

Recently, two Arabidopsis trihelix transcription factors, ASIL1 and ASIL2 were 

identified as putative targets of CML39 (Chapter 4). Unlike most other trihelix 

transcription factors examined to date, ASIL1 and ASIL2 have specific roles in seed 

development and repression of seed maturation (Gao et al. 2009; Willmann et al. 2011; 

Gao et al. 2012). In the present study, I examined whether CML39-ASIL interaction is 

responsible for the pleiotropic roles of CML39. To address this objective, I assessed ASIL 

expression patterns and the level of phenocopy between asil and cml39 loss-of-function 

mutants. Given the paucity of studies on ASIL1 and ASIL2, this analysis yielded insight 

into their general functions as well as providing support for the possibility that they serve 

as interactors of CML39 in planta. 
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5.3 Methods 

Plant material and growth conditions 

All experiments were performed using Arabidopsis thaliana, (ecotype, Columbia-

0, referred to hereafter as wild type (WT)). The growth chambers supplied 150 µE on a 

16 h light/8 h dark cycle at 22°C and 70% relative humidity. T-DNA insertional knockout 

lines for ASIL1 (asil1-1 (SALK_124095C), asil1-2 (SALK_074897C)) and ASIL2 (asil2 

(SALK_081983)) were obtained from Arabidopsis Biological Resource Centre (ABRC).   

Plants homozygous for T-DNA insertions in ASIL1 and ASIL2 were isolated by 

PCR-based screening of genomic DNA from leaf tissue using combinations of gene-

specific- and SALK LBb1.3 T-DNA-specific primers (Table D1). asil1asil2 double 

mutants were generated by cross-pollinating asil1-1 pistils with asil2 pollen and vice 

versa (as outlined by Weigel and Glazebrook 2006; Weigel and Glazebrook 2008). 

Homozygous lines were isolated by performing PCR analysis on genomic DNA isolated 

from leaves of F2 generation plants using a combination of gene-specific- and SALK 

LBb1.3 T-DNA-specific primers. Loss of ASIL1 and/or ASIL2 transcripts was confirmed 

via RT-PCR or qPCR using gene-specific primers. RT-PCR and qPCRs were performed 

as previously described (See materials & method section, Chapter 3). The primers used in 

this study are listed in Table D1.  
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Histochemical analysis of ASIL promoter activity in seeds 

For each of the respective ASILs, a genomic region upstream of the ASIL coding 

sequence to the nearest neighbouring gene was cloned into respective vectors to drive  

expression of a bacterial reporter gene (uidA) encoding β-glucoronidase (GUS) enzyme. 

For the ASIL1::GUS construct, an approximately 690 bp genomic region upstream of 

ASIL1 CDS was PCR-amplified, digested with SalI and BamHI restriction enzymes and 

cloned into pBI101. For ASIL2, a 650 bp genomic region predicted to be ASIL2 promoter 

was PCR-amplified, digested with BamHI and HindIII restriction enzymes and cloned 

into pBI121. Integrity and accuracy of plasmid construction was confirmed by DNA 

sequencing (TCAG sequencing, Sick Kids, Toronto). These plasmid constructs were 

transformed into Agrobacterium tumefaciens strain (GV3101) and infiltrated into 

Arabidopsis via floral dipping as described (Clough and Bent 1998). Transformants were 

selected by growth on MS plates supplemented with 25 µg/ml kanamycin. Kanamycin-

resistant seedlings were selected and transferred to soil for self-pollination and 

propagation. Homozygous plants from the T2 generation were used for subsequent GUS 

assays.  

Histochemical GUS analysis was performed as previously described (Vanderbeld 

and Snedden 2007) with some exceptions. I eliminated the use of cyanides in the 

histochemical stain to maximize sensitivity of detection. Histochemical staining to detect 

GUS activity in various tissues was performed using 5-bromo-4-chloro-3-indolyly-β-D-

glucoronide (X-GLUC, BioShop) as substrate. For pistil staining, ASILPRO::GUS 

flowers from stages 9-12 were dissected and pistils were harvested. For staining of all 

other tissues, plant material was harvested at respective developmental stages and 
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immediately fixed in ice-cold acetone for 30 min. The tissues were rinsed with water 

followed by incubation in GUS stain solution (100 mM Na2HPO4-NaH2PO4 buffer, pH 

7.0, 0.5 mM EDTA, 0.1% (v/v), Triton X-100, 2 mM X-GLUC) for 24 h at 37°C. After 

incubation, tissues were washed with 70% ethanol several times over a 24 h period and 

then viewed under the microscope to qualitatively assess ASIL promoter activity.  

Precocious germination assays 

Siliques at 10 and 14-16 days after pollination (DAP) were harvested and opened 

with a syringe needle. Arabidopsis seeds at 14-16 DAP are brown and fleshy at this stage 

but show no signs of desiccation, while seeds at 10 DAP are typically bright green in 

colour. Seeds were plated on minimal media and subjected to stratification or non-

stratification treatments under growth chamber conditions as described above. The 

germination rates were recorded at 7 and 14 days. 

5.4 Results 

ASIL pro::GUS reporter analysis  

Histochemical ASILpro::GUS analysis was performed to determine spatial and 

temporal patterns of ASIL1 and ASIL2 promoter activity across various developmental 

stages ranging from dried seeds to floral tissues. In addition to providing novel 

information on ASIL expression, this analysis allowed a comparison to previous work on 

CML39 expression and thus helps address the hypothesis that these proteins may interact 

in plants. GUS analysis indicated strong ASIL1 promoter activity in emerging true leaves, 

apical meristems, trichomes, and primary roots of 7-10d old seedlings (Fig. 5.1A-C). 

Similar patterns of ASIL1 promoter activity were observed in 14d old seedlings (Fig. 

5.1D-E). Pervasive ASIL1 promoter activity was also detected in the primary 



 

145 

 

  

 

Fig. 5.1 Representative patterns of histochemical ASIL1pro::GUS activity in vegetative 

tissue of Arabidopsis thaliana. (A-C) Arabidopsis 7-10d old seedlings grown on MS 

plates. (B) and (C) represent magnified images of aerial and root tissue, respectively 

(arrow indicates trichomes). (D-E) represent 14d old Arabidopsis seedlings grown on 

soil. (F-G) represent 24d old rosettes from Arabidopsis plants grown on soil.  Scale bar = 

1 mm.  



 

146 

 

 
Fig. 5.2 Representative patterns of histochemical ASIL1pro::GUS activity in reproductive 

tissue of Arabidopsis thaliana. (A) Arabidopsis floral cluster, (B) stage 13 flower, (C) 

stage 6-13 flowers (D) mature siliques aged between 14-16 d after pollination (DAP). 

Bars = 1 mm.    
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inflorescence stem in ~3 week old plants (Fig. 5.1F-G). Moreover, ASIL1 promoter was 

strongly active in flowers and developing siliques but not in mature siliques (Fig. 5.2). 

These findings are consistent with microarray data from Bio-Analytic Resource (BAR) 

website (http://bar.utoronto.ca/, Winter et al. 2007) that shows constitutive expression of 

ASIL1 across many developmental tissues (Fig. D1 A). Conversely, no ASIL2 promoter 

activity was observed in vegetative tissues (Fig. 5.3A-C), rather, the ASIL2 promoter 

seemed to be active only in floral tissues including anthers, stigma and pistils (Fig. 5.3D-

E). Dissection of pistils from flowers between stages 9 - 11 showed strong 

ASIL2pro::GUS activity in ovules (Fig. 5.3F). In contrast to BAR data suggesting ASIL1 

and ASIL2 promoter activity in seeds (Fig. D1), in my analysis, ASIL1- and ASIL2 

promoter activity was not detected in developing or dry seeds.  Interestingly, while both 

ASIL1 and ASIL2 promoters were active in floral tissue, ASIL1 promoter activity seemed 

to be specifically in petals and stigma but not stamens of younger floral buds (Fig. 5.2C). 

ASIL1 promoter activity in stamens was only detected in mature, pollinated flowers 

(stages 13-14). On the other hand, ASIL2 promoter activity was detected in anthers and 

stigma of all flowers regardless of floral stages (Fig. 5.3D) 

ASIL1 and ASIL2 may play a role in dormancy induction during seed development  

Given the possible physical interaction between CML39 and ASILs -1 and -2, I 

conducted detailed physiological assays using asil1, asil2 and asil1asil2 mutants to 

determine the extent of genetic interaction between CML39 and ASIL1 and/or ASIL2. 

Genomic PCR analysis confirmed the genotype of mutants while loss of asil transcripts 

was verified using RT-PCR or qPCR (Fig. D2-D3). In contrast to cml39 mutants, neither 

single nor double asil mutants displayed reduced dormancy, developmental arrest in  
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Fig. 5.3 Representative patterns of histochemical ASIL2pro::GUS activity in Arabidopsis 

tissue: (A) mature dry seeds, (B) 3d old seedlings, (C) 18d old rosette, (D) floral cluster 

with flowers ranging from stage 6-13, (E) pistils from stage 9-13 flowers and silique at 1-

3 dap, (F) magnified image of dissected pistil harvested from stage 10 flower. Bars = 1 

mm.    
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absence of sucrose, altered hormone sensitivity, or shorter siliques unlike cml39 (Table. 

D2). These data indicate minimal phenotypic overlap among asil vs cml39 mutants.  

However, immature seeds of asil1 and asil2 (10 dap) germinated faster than WT, as 

evidenced by higher germination ratios of asil mutants relative to their WT counterparts 

at 7d after plating (Two-way ANOVA, p<0.05) (Fig. 5.4). These results suggest a 

potential role for ASILs -1 and -2 in dormancy induction during seed development.  

5.5 Discussion 

Differential expression of ASIL1 and ASIL2 during development 

 In order to assess the spatio-temporal expression patterns of ASIL1 and ASIL2, I 

developed transgenic lines where putative native promoter sequences of ASIL1 or ASIL2 

were used to drive expression of a GUS reporter gene. My ASIL::GUS analysis and the 

publicly available microarray data both indicated nearly ubiquitous promoter activity for 

ASIL1 across reproductive and vegetative tissues (Fig. 5.1-5.2), while ASIL2 promoter 

activity was observed only in reproductive tissue (i.e. the pistils and anthers) (Fig. 5.3). In 

contrast to the microarray data presented at BAR, I did not observe ASIL2 promoter 

activity in dry seeds. I suspect this was due to poor penetration of the histochemical stain 

through the hard seed coat or differences in other methodologies. For instance, while RT-

PCR and microarray experiments assess transcript levels, GUS analysis measures enzyme 

activity and therefore direct comparisons should be made with caution. Moreover, an 

additional caveat in gene promoter-reporter analysis is that there is always the possibility 

that some regulatory sequences, either proximal or distal, are missing from the plasmid 

construct. Nevertheless, collectively, my findings provide additional support for roles of 

ASIL1 in seed and seedling development and functions of ASIL2 in ovule and floral  
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Fig. 5.4 Immature seeds of asil1 and asil2 germinate faster relative to WT. Developing 

immature seeds were removed from siliques (10 and 14-16 dap), plated on 0.8% agar 

media, transferred to light and then germination was scored after (A) 7d and (B) 14 d. At 

7d, WT seeds (10 dap) had significantly lower germination rates relative to asil1-2 and 

asil2 mutants (n=2, p<0.05, where n represents number of technical replicates, each 

replicate included a minimum of 25 seeds, minimum three independent trials). cml39 

seeds at 14-16 dap displayed significantly higher germination ratios relative to WT and 

asil mutants (n=2, p<.001, where n represents number of technical replicates, each 

replicate included a minimum of 25 seeds, minimum three independent trials). Statistical 

comparisons are within a given time frame, either 10 dap or 14-16 dap. The error bars 

represent SEM.  
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development. For example, strong ASIL1 promoter activity in seedlings is consistent with 

its roles in repression of seed maturation program in vegetative tissue (Gao et al. 2009). I 

also observed strong ASIL1 promoter activity in trichomes suggesting a role for ASIL1 in 

trichome development or function (Fig. 5.1). A trihelix transcription factor, AtGTL1 

regulates trichome size through altering cell-cycle gene expression (Breuer et al. 2009).  

GO analysis of up- and down-regulated genes in asil1 mutants (Gao et al. 2009) did not 

indicate enrichment of cell-cycle associated genes, so it is possible that ASIL1 regulates 

trichome development through a different mechanism. Interestingly, microarray analysis 

of asil seedlings (Gao et al. 2009) revealed approximately 2.8-fold upregulation of 

CML42, a Ca2+ sensor that regulates trichome branching through its interaction with KIC 

(Dobney et al. 2009). This suggests that ASIL1 may direct trichome development through 

regulation of CML42, however this hypothesis needs to be tested empirically. Shorter 

siliques and reduced seed weight reported for asil1 mutants (Gao et al. 2009) is also 

consistent with the strong promoter activity of ASIL1 I observed in developing siliques 

and floral tissues. ASIL1 and -2 promoter activity in flowers suggests a role for both these 

ASILs in floral development, however there were interesting differences in their 

predicted expression patterns. While ASIL1 promoter activity seemed to be strong in 

petals and stamens of mature flowers, ASIL2 promoter activity was observed mainly in 

anthers and pistils of both immature and mature flowers.  ASIL2 promoter activity was 

also high in ovules. These observations are reminiscent of PETALLOSS, a trihelix 

transcription factor that represses growth to allow boundary formation between sepals, 

possibly through regulating expression of CUP-SHAPED COTYLEDON (CUC) genes 

(Lampugnani et al. 2012). PTL likely regulates various other aspects of growth as well, 
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as evidenced by defects in auxin homeostasis, male fertility, reduced plant height and 

curly leaves in gain-of-function mutants of PTL (Li et al. 2008). Given that ASIL1 is an 

auxin-responsive transcription factor (Gao et al. 2009), it is quite likely that roles for 

ASIL1 in development are also auxin-dependent. While transcriptomic and promoter 

activity studies are useful in guiding initial hypotheses regarding gene function, 

experimental validation in future will be necessary as gene expression does not 

necessarily indicate translation or activity of the respective protein.  

 ASIL promoter activity in flowers and ovules (in case of ASIL2) is reminiscent of 

CML39 expression (Vanderbeld and Snedden 2007; Chapter 2, Midhat 2017). These 

comparable patterns of promoter activity for CML39 and ASILs-1 and -2 indicate that 

CML39 and ASILs are likely expressed during similar development stages, further 

supporting the possibility that ASIL roles in floral and/or seed development may be 

mediated through an interaction with CML39.  

ASIL1 functions in dormancy induction during seed development 

Given that CML39 is capable of specifically interacting with ASIL1 and ASIL2 

proteins in split-luciferase assays (Chapter 4), I performed detailed physiological assays 

using asil mutants to determine whether asil mutants phenocopy cml39. While asil 

mutants did not display reduced dormancy, altered hormone sensitivity, or sucrose-

dependent seedling establishment (Table. D2), |I did observe increased germination 

potential in developing seeds of these mutants. While cml39 seeds (around 14-16 dap) 

displayed loss of cold-stratification-dependent dormancy release, asil1 and asil2 seeds (at 

10 dap) showed increased germination rates (relative to WT and cml39) (Fig. 5.4). This 

suggests that ASIL1 and ASIL2 regulate dormancy during seed development but most 
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likely at a stage earlier than CML39 acts. This increased germination potential could be 

due to significant downregulation of ABI3 and FUS3 at 10-12 dpa in asil1 (Gao et al. 

2011).  ABI3 and FUS3 are master regulators of dormancy induction during seed 

development and their downregulation causes ‘precocious’ germination (Finkelstein et al. 

2008; Holdsworth et al. 2008). While there are no studies to date that suggest a similar 

mechanism underlying ASIL2-mediated dormancy induction, based on high homology 

between ASIL1 and ASIL2, it is likely that ASIL2 mediates dormancy in an ASIL1-like 

manner. Interestingly, precocious embryo maturation in asil1 and asil2 mutants 

(Willmann et al. 2011) imply a role for ASIL1 and ASIL2 in embryogenesis. My findings 

thus provide additional support for their roles during seed development.  

In addition to ectopic expression of seed genes in seedlings, and increased 

germination potential of developing seeds, shorter siliques in asil1 mutants had also been 

previously reported (Gao et al. 2009). However, I did not observe shorter siliques in asil1 

mutants despite using homozygous asil1 knockout lines.  This discrepancy between our 

findings and those in the literature is unclear but could be due to differences in plant 

growth conditions. Another possibility is that Gao et al. (2009) did not quantify silique 

size, but simply presented an image of a handful of mutant and WT siliques. The size of 

siliques vary depending upon their location on a given branch, so it is possible that 

siliques presented in Gao et al. (2009) were from side branches.  

Overall, the phenotypic overlap between cml39 and asil mutants seems to be 

limited: asil1 mutants fail to repress seed-genes in seedlings and also display increased 

germination potential of developing seeds. This suggests that CML39-ASIL interaction is 

most likely only responsible for repression of seed maturation program in seedlings and 
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the regulation of germination potential of developing seeds. The overlap between 

CML39- and ASIL- promoter activities further supports the possibility of interaction 

between CML39 and these ASIL transcription factors to regulate flower and seed 

development.  Additional roles for CML39 in development are therefore most likely 

caused by interactions with proteins other than ASILs. Alternatively, the reduced 

phenotypic overlap could be due to functional redundancy within the ASIL family. This 

phenomenon has been observed previously where significant precocious embryo 

maturation was observed only upon simultaneous loss of ASIL1, ASIL2 and HDA6/SIL1 

(Willmann et al. 2011). Thus, I generated asil1asil2 double mutants and subjected them 

to various physiological assays. Nevertheless, asil1asil2 double mutants did not show 

additional phenotypic overlap with cml39. This suggests that ASIL1 and ASIL2 

interaction with CML39, if physiologically relevant, plays roles specifically in the 

repression of seed maturation programs in seedlings and in dormancy induction during 

seed development.    

Collectively, the analysis of ASIL1 and ASIL2 promoter activity revealed their 

roles in floral-, seed- and seedling development. Although phenocopy of asil mutants 

with cml39 was very limited, it did corroborate CML39-ASIL involvement in seed 

dormancy and repression of the seed maturation program.  Genetic approaches might be 

limited by functional overlap among the large CML and trihelix families. Future studies 

aimed at assessing the interaction of CML39 and ASILs should focus on in vivo 

microscopy-based methods or co-immunoprecipitation. Alternatively, given that a cis-

element sequence to which ASIL1 binds has been identified (Gao et al. 2009), it may be 

possible to investigate the impact of CML39 on ASIL/DNA binding or activity. 
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Chapter 6 

General Discussion 

 

6.1 Ca2+ signaling and Ca2+ sensors  

Given the importance of Ca2+ as a second messenger in cell biology, establishing 

the roles of the myriad components of Ca2+ signaling is a necessary step toward a 

complete understanding of information processing in plants. Ca2+ sensors serve an 

integral role in Ca2+ signal transduction and thus I was interested in understanding how 

these sensors regulate plant responses to internal and external stimuli. The conservation 

of multiple CaM genes in plants and the plethora of CMLs underscores the importance of 

Ca2+ signal detection and response (McCormack and Braam 2003; Boonburapong and 

Buaboocha 2007). CMLs are slowly revealing themselves as key players across a range 

of physiological processes in plants (Bender and Snedden 2013) but much remains 

unknown. In this study, I investigated the roles of CML39 and have demonstrated that it 

is involved in several important developmental pathways.  Below I speculate on the 

possible mechanisms underlying CML39 function in Arabidopsis development. 

6.2 CML39 has pleiotropic roles in plant development 

In contrast to the variety of roles for Ca2+ sensors in plant stress response (as 

reviewed by Zhang et al. 2014; Ranty et al. 2016), their involvement in development and 

growth remain poorly understood. That said, some Ca2+ sensors have indeed been 

implicated in key developmental phenomena. For instance, studies examining the 

mechanisms underlying germination discovered CaM induction in aleurone layer in 
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response to GA (Gilroy and Jones 1993; Gilroy 1996), suggesting a role for Ca2+ sensors 

in seed germination. Moreover, CML24 and CML25 regulate pollen tube growth (Yang 

et al. 2014; Wang et al. 2015) with additional roles for CML24 in transitioning to 

flowering and root growth (Tsai et al. 2007; Wang et al. 2011). Loss of Ca2+ sensors can 

also results in altered ABA sensitivity in seeds (Delk et al. 2005; Magnan et al. 2008; 

Pandey et al. 2008). 

 More recently, CML39, a highly stress-inducive gene, was implicated in carbon-

dependent seedling establishment (Bender et al. 2013). My work expands on this current 

knowledge, providing a detailed account of roles of CML39 in fundamental 

developmental processes. Reduced dormancy, increased germination potential in 

developing seeds and insensitivity to cold-stratification in cml39 mutants suggest that 

CML39 regulates dormancy induction during seed development and possibly has roles in 

cold-stratification-dependent dormancy release (Figs. 2.2 & 2.5). Moreover, increased 

seed coat permeability of cml39 and reduced sensitivity to ABA and paclobutrazol (PAC) 

implicates CML39 in promotion of seed-coat imposed dormancy via regulation of ABA 

and/or GA pathway (Figs. 2.3-2.4). CML39 also functions in ovule and fruit 

development, as evidenced by shorter siliques, reduced seed yield and fewer ovules in 

cml39 mutants. Interestingly, RNA-seq analysis (Figs 3.1-3.3) of cml39 indicated 

significant downregulation of major BR biosynthetic and metabolic genes as well as 

AINTEGUMENTA, a master regulator of ovule primordia formation (Cucinotta et al. 

2014). Given that BR upregulates ANT-mediated ovule primordia formation, it is 

tempting to speculate that CML39 mediates ANT-based regulation of ovule development 

in a BR-dependent manner. Furthermore, downregulation of various dormancy-
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promoting genes in cml39 mutants, such as RLK7, a receptor-like kinase that determines 

germination speed (Pitorre et al. 2010) and HD2A, a histone deacetylase complex 

(Colville et al. 2011), combined with upregulation of germination-stimulating factors like 

XTH18, a cell wall hydrolase promoting seed germination (Voegele et al. 2011), and 

GID1A, a GA receptor, are collectively consistent with CML39 having a role in reduced 

dormancy. However, the mechanism underlying CML39-mediated dormancy remains 

unclear although control of transcriptional activity may be involved (discussed below). 

As there has been little in the way of Ca2+ imaging research during these developmental 

stages, correlations between Ca2+ signatures and the activity of a given sensor are 

difficult to establish and remain an area where more attention is needed. However, given 

that many different Ca2+ sensors are expressed in a variety of tissues and at different 

stages, it seems likely distinct Ca2+ signals underlie important developmental events.   

I also observed de-repression of seed maturation genes in cml39 seedlings (Fig. 

3.6) demonstrating CML39 roles in repression of the seed maturation program. Whether 

this de-repression phenomenon in cml39 mutants shares mechanisms with the dormancy 

phenotypes I observed remains unclear. Given that CMLs are regulatory proteins with no 

intrinsic catalytic activity, identifying CML interacting partners is a key step toward 

unravelling the pathways through which CMLs act. Toward this end, I set out to evaluate 

two paralogous transcription factors, ASIL1 and ASIL2, as putative CML39 interactors.  

6.3 CML39 interaction with trihelix transcription factors, ASIL1 and ASIL2 

mediates dormancy in developing seeds and represses seed maturation in seedlings 

Ca2+ sensors serve as central regulators of plant growth by interacting with a 

diverse array of target proteins that function in various cellular processes (DeFalco et al. 
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2010). Ca2+ sensors also regulate global gene expression through interaction with various 

transcription factors. The best support of this comes from CaM interaction with CaM-

binding transcriptional activators (CaMTA) (Finkler et al. 2007), whose functions include 

mediating plant tolerance to drought (Davuluri et al. 2003), cold (Zeng et al. 2015) and 

pathogen infection (Galon et al. 2008). In addition to CaMTAs, CaM also regulates 

various other families of transcription factors including WRKYs, MYBs, CaM-binding 

NAC (CBNAC) proteins and several others (Galon et al. 2010). Trihelix transcription 

factors have also been identified as CaM binding, however their roles remain mostly 

unclear. By showing CML39 interaction with two closely-related trihelix transcription 

factors, ASIL1 and ASIL2, my work provided further support for Ca2+/CML-regulated 

transcription. In addition, the CML39-ASIL interaction domain was delineated to about 

60 residues that overlapped with a highly conserved CCD in the C-terminus of ASIL 

proteins. Although CCD domains consist of α-amphipathic helices that are also 

characteristic of CaM-binding domains, a CaM-target prediction algorithm 

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html) did not indicate a CaMBD in 

this region. It is possible that CML39 interacts with ASIL proteins in a manner distinct 

from CaM-target binding and thus the algorithm was unable to predict a typical CaMBD 

in this region. However, this needs to be tested empirically and additional biochemical 

studies on CML39-ASIL interaction, using synthetic peptides perhaps and corroborating 

in vitro methods should shed light on the structural properties of this phenomenon. In 

addition, although I observed specific in planta interaction of CML39 with ASILs using 

the split-LUC system and transient expression in tobacco (Fig. 4.4), further in planta 

support would help assess whether the ASIL/CML39 interaction is of genuine 



 

162 

 

physiological significance. Approaches such as co-IP might be feasible but the very low 

levels of endogenous CML39 (Vanderbeld and Snedden 2007) suggest overexpression of 

CML39 would be needed, a strategy that itself raises caveats. Similar challenges are 

likely to arise through microscopy-based methods (e.g. BiFC), again due to the need to 

artificially increase CML39 expression. Nevertheless, collectively, my data imply that at 

least some functions of CML39 may be due to a physical interaction with ASILs and thus 

modulation of gene expression in different tissues and stages of development. The de-

repression of seed genes in seedlings and increased germination potential of developing 

seeds was observed in cml39 and asil loss-of-function mutants suggesting that CML39-

ASIL interaction is responsible for repression of seed maturation genes and promotes 

dormancy during seed development. However, additional phenotypes observed in cml39 

were not phenocopied by asil mutants, indicating that CML39 most likely interacts with 

other proteins to mediate its pleiotropic roles in development. Alternatively, functional 

redundancy among CMLs and/or ASILs may have hidden some of phenotypic overlap 

expected in cml39 and asil1/2.  

6.4 CML39 mediates gene silencing during plant growth 

Several studies have shown that CMLs mediate plant defense response to viral 

infections via gene silencing. For example, tobacco rgs-CaM stimulates plant antiviral 

response by promoting autophagy-dependent degradation of viral silencing suppressors 

(Nakahara et al. 2012). Likewise, CML39, the close Arabidopsis ortholog of rgs-CaM, 

also plays roles in gene silencing during plant defense, however unlike rgs-CaM, CML39 

represses plant antiviral responses (Yong Chung et al. 2014). My research provides 

further evidence for CML39 functioning in plant development via gene silencing. GO 
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analysis of downregulated genes in cml39 indicated significant enrichment of terms 

associated with small RNA-mediated chromatin silencing and repressive epigenetic 

modifications suggesting that CML39 mediates gene silencing through RNA-directed 

DNA methylation (RdDM). In RdDM, small RNAs regulate gene silencing by promoting 

repressive epigenetic modifications such as DNA cytosine methylation or histone 

methylation to homologous regions of the genome (Matzke and Mosher 2014). Several 

key players of RdDM pathway were significantly downregulated in cml39 mutants (Table 

B2). These include CLASSY1, a canonical member of RdDM pathway that works with 

RNA-dependent RNA polymerases to provide double-stranded (ds) RNA substrates for 

DICER-LIKE (DCL) enzymes (Smith et al. 2007); ROS1, a DNA glycosylase that 

regulates DNA methylation and whose downregulation in several RdDM mutants has 

been reported (Lei et al. 2015). Interestingly, cml39 mutants also displayed significant 

downregulation of AGO7, a gene that mediates silencing specifically through miR390 

(Endo et al. 2013). Downregulation of such key players of gene silencing in cml39 

indicates roles for CML39 in gene silencing, however transcriptomic data such as this 

should be approached with caution and these correlations should be used to establish 

hypothesis that can be tested empirically in future work.   

One hypothetical explanation for the observed pleiotropic roles of CML39 in 

development is that it might associate with a protein that functions as a hub for regulation 

of various plant development and stress responses. An intriguing candidate would be one 

(or more) of the histone deacetylases that modify chromatin structure via histone 

deacetylation thereby altering global gene expression and controlling myriad cellular 

processes. Indeed, I found significant downregulation of a plant-specific histone 
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deacetylase gene, HD2A whose misexpression results in phenotypes that were 

remarkably reminiscent of cml39. For example, mutants of hd2a display reduced seed 

dormancy (Colville et al. 2011), reduced sensitivity to ABA, shorter siliques and 

abnormalities in seed development (Wu et al. 2000). Moreover, overexpression of HD2A 

leads to significant repression of seed maturation genes (Zhou et al. 2004). These studies 

suggest a role for HD2A in hormonal regulation of seed dormancy, fruit and seed 

development as well as repression of seed maturation genes, thus displaying marked 

functional overlap with my analyses of CML39. It is interesting to note that while 

CML39 functions in sucrose-dependent seedling establishment (Bender et al. 2013), 

HD2A may similarly regulate carbon-dependent seedling growth, as evidenced by 

glucose hypersensitivity of hd2a seedlings (Colville et al. 2011).  It is therefore plausible 

that CML39 associates with HD2A to regulate these pleiotropic developmental roles (Fig. 

6.1). Thus, I propose a model whereby CML39 associates with HD2A to stimulate 

endogenous levels of BR resulting in an increase in AINTEGUMENTA expression that 

regulates ovule number, seed yield and therefore silique size. Furthermore, CML39-

HD2A may also influence AINTEGUMENTA-mediated seed coat development. 

CML39-HD2A may also regulate ABA-dependent seed dormancy and repression of seed 

maturation program. However, it remains unclear whether HD2A represses seed 

maturation program through ASIL1/2 pathway or some additional novel pathway.   

6.4 Conclusions 

 My findings provide evidence for roles of the Ca2+ sensor, CML39, in key 

developmental phenomena, thus further supporting Ca2+ as an important regulator of 

plant development. These findings are important given that Ca2+ signaling components 
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Fig. 6.1 Proposed model for CML39-mediated development in Arabidopsis. (A) CML39 

may associate (directly or indirectly) with HD2A to upregulate Brassinosteroid (BR) 

biosynthetic (BR6OX2) and metabolic (PIZZA) genes that may upregulate 

AINTEGUMENTA (ANT), a master regulator of ovule primordia formation. ANT 

promotes ovule number per pistil and ovule integument formation. Increased ovule 

number increases the seed yield and thus silique size. ANT also regulates ovule 

integument development that serves as precursor to seed coat. CML39-HD2A association 

may also promote ABA-dependent seed dormancy through regulating unknown proteins. 

CML39-HD2A association also promotes repression of seed maturation program. (B) 

CML39 interacts with ASIL1 to promote transcriptional repression of seed maturation 

genes. ASIL1/2 mediate repression of seed maturation program by repressing 2S albumin 

genes directly or by repressing LEC1, ABI3, FUS3, LEC2 (LAFL)-mediated activation 

of seed storage genes. Green circles represent genes, pink boxes represent physiological 

roles.  
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are most typically associated with stress responses and as the majority of the Ca2+ sensors 

in plants are of unknown function. It is also worth reiterating that developmental and 

stress responses are often considered as exclusive pathways or processes. I would argue 

that having separate regulatory mechanisms for stress and development is not 

energetically favourable for a plant and that information processing in response to stimuli 

needs to accommodate and coordinate a wide breadth of physiological events. Thus, it is 

reasonable to suspect that many genes in plants have multiple roles and that cross-talk 

and overlap among ‘stress’ and ‘developmental’ pathways is common if not universal. I 

propose that CML39, whose induction under various stress treatments (Vanderbeld and 

Snedden 2007), roles in seedling establishment (Bender et al. 2013), and importance 

during seed maturation and germination, represents just such a gene.   

6.4 Future directions 

The use of reverse genetics and transcriptomic approaches along with protein-

interaction studies in this thesis provides insight into the physiological roles of CML39, 

however further research efforts should be made to more thoroughly dissect mechanisms 

underlying CML39-mediated plant development and address a number of ambiguities 

and limitations in my analyses.  

ABA- and PAC-based germination assays suggested CML39 roles in ABA and/or 

GA mediated regulation of dormancy. To determine which hormonal pathway is 

regulated by CML39, hormone profiling of cml39 and WT seeds should be performed 

using High Performance Liquid Chromatography (HPLC). Additionally, while RNAseq 

analysis corroborated roles of CML39 in carbon metabolism, it did not provide any 

insights regarding the pathways through which CML39 mediates carbon metabolism 
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during seedling establishment. Metabolic profiling of cml39 seedlings may illuminate the 

mechanism underlying CML39-mediated seedling establishment.  

Genetic and expression analysis also indicated a role for CML39 in seed coat-

imposed dormancy. While the seed coat permeability of the mutant was compromised, 

the underlying cause for this remains unclear. Detailed microscopic analysis using 

Scanning Electron Microscopy (SEM) of cml39 seed coats might provide clues into the 

nature of seed coat defects in cml39 and may shed some light on the role of CML39 in 

seed-coat imposed dormancy. In addition, chemical analysis of seed-coat composition 

might help identify the structural differences in cml39 seeds. 

 Given the fact that cml39 had reduced ovule numbers, I postulated a role for 

CML39 in ovule development, however this needs to be tested at greater depth. This can 

be accomplished by microscopic analysis of mutant and WT pistils at each of the four 

stages of ovule development (as outlined by Schneitz et al. 1995). Comparison of WT 

and cml39 ovules at each of these stages might clarify not only the stage(s) of ovule 

development where CML39 is involved but also the nature of defects in ovule 

development of cml39 plants.  

 Based on GO analysis of differentially expressed genes in cml39, I proposed a 

role for CML39 in epigenetic modification through DNA methylation. To validate this 

hypothesis experimentally, methylation profiling of the genome in cml39 mutants could 

be performed. This can be accomplished by using commercially available ELISA-based 

kits for methylation profiling, Liquid Chromatography completed with tandem mass 

spectrometry (LC-MS/MS) (Kurdyukov and Bullock 2016) or methylation sequencing 
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with Illumina Next Generation Sequencing platform 

(https://www.illumina.com/techniques/microarrays/methylation-arrays.html).  

 In addition, I also suggested function of CML39 in gene silencing. Thus, small 

RNA sequencing of cml39 should be performed to provide more information regarding 

the abundance of small non-coding RNA species in our mutant.  

Moreover, better phenotypic complementation of mutant phenotypes is needed to 

be fully confident that all observed phenotypes in cml39 are due to loss of CML39. 

Originally, I attempted to rescue the mutant phenotypes by restoring CML39 expression 

driven by native CML39 promoter in cml39 loss-of-function mutants. However, I was 

only able to get partial complementation of some phenotypes, which could be due to 

overexpression of CML39 antisense transcripts in cml39 (Table. B2-B3) or due to lack of 

CML39 3’UTR in these complementation lines. Recent studies have reported that UBQ10 

promoter may be a better choice to achieve stable overexpression of genes compared to 

the viral 35S-CaMV promoter (Yan et al. 2016). Thus, in collaboration with Dr. David 

Chiasson, previous member of Snedden lab, I generated UBQ10::CML39/cml39 

complementation lines for future phenotypic complementation analyses. While this 

approach is certainly worth trying, it remains a possibility that the antisense CML39 

expression, a likely consequence of T-DNA insertion orientation (Chapter 3), impairs or 

prevents stable expression of CML39 in the cml39 GABI-KAT line used in this study. 

An alternative to CML39 complementation lines would be isolating additional 

cml39 mutant alleles, perhaps using CRISPR/Cas9 gene editing. Our collaborator, Dr. 

David Chiasson (University Munich, Germany) generated CML39/Cas9 plasmids that I 

transformed into WT Arabidopsis. These putative cml39 mutant lines will need to be 
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assessed for loss of CML39 expression using PCR-based methods. Phenotypic overlap 

with cml39 T-DNA insertional knockout lines will also need to be tested. If successful, 

this method would prove a valuable tool for assessing CML39 function. 

CML39 belongs to a closely related subfamily of CMLs comprising of CML38 

and CML37. While genetic analysis of single loss-of-function mutants of these CMLs has 

been performed, I have not assessed functional redundancy between these CMLs. This is 

because I was unable to successfully generate cml38cml39 double mutants through cross-

pollinating due to CML38 being adjacent to CML39 on chromosome 1 (i.e. genetically 

linked). My attempt to generate a cml38cml39 double mutant, by transforming the cml39 

T-DNA insertional KO with a CML38 CRISPR plasmid, similarly proved unsuccessful. 

This may have been because the cml39 T-DNA mutant line is very sensitive to 

agrobacterial infection, as evidenced by extremely low seed yields after agroinfiltrations. 

Perhaps a better approach to create cml38cml39 double mutants would be through RNA-

guided Cas9-mediated multiplex mutagenesis that allows deletions in multiple genes 

simultaneously. Although fairly recent, this technique has been shown to work 

successfully in Arabidopsis (Yan et al. 2016). 

The two trihelix transcription factors, ASIL1 and ASIL2 were isolated as putative 

CML39 targets and a CML39-ASIL interaction domain was delineated to a region in the 

highly conserved CCD near the C-terminus. Future work should focus on characterizing 

this interaction domain and determining whether CML39-ASIL interaction happens in a 

classic ‘hydrophobic’ manner using the approaches of structural biochemistry (e.g. NMR, 

X-ray crystallography, etc.). Furthermore, we also need to assess whether CML39-ASIL 

interaction is Ca2+-dependent using in vitro techniques where conditions can be easily 
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manipulated. It would, of course, be prudent to further corroborate the in vivo 

physiological relevance of ASIL/CML39 interaction by approaches noted above before 

tackling extensive biochemical analyses. 

It is worth noting that the yeast two-hybrid screen where ASILs were previously 

isolated was done using a cDNA library derived from 1-4 week old seedling tissues. 

Given that most of the pleiotropic roles for CML39 emerged during fruit or seed 

development, perhaps use of floral- or seed-based libraries for screening may isolate 

additional CML39-targets and provide more insight into CML39 function. Additional 

methods of target isolation such as CML39 tandem-affinity purification (TAP tagging) or 

CML39-affinity chromatography, in association with protein identification via mass 

spectroscopy, might be fruitful strategies to consider in the future.  

Lastly, while my research provides evidence for roles of CML39 in various 

aspects of plant physiology, the details of the mechanism underlying its roles in seed or 

seedling development, and the involvement in light- and hormonally-regulated pathways, 

remain largely speculative and clouded by the complexities of plant signal transduction. 

Nevertheless, my work has generated many intriguing avenues for future work on this 

interesting Ca2+ sensor and made substantial contributions linking Ca2+ signaling to a 

range of processes that have hitherto been largely left out of the Ca2+ spotlight. I predict 

that the realms of ‘stress biology’ and ‘developmental biology’ will continue to merge, 

their distinctions blur, and that roles for more CMLs will come to the fore as research on 

the intricacy of information processing in plants steadily advances. Certainly, there are no 

shortage of questions and quandaries in this fascinating area of study; something to look 

forward to indeed. 
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Chapter 2 Supplementary data 

 
 

Fig. A1 Phenotype complementation in cml39 mutants by expression of CML39. (a) 

Relative to cml39 mutants, seeds from complementation plants (39C 18-4) and 

overexpression plants (39OE-17) had germination rates comparable to WT plants at 24 

hours post-transfer to light (n=3, p<0.0001,n represents number of independent trials of 3 

technical replicates each comprising of 50-100 seeds). The error bars represent SEM. (b) 

The proportion of siliques 11 mm or longer was significantly lower in cml39 mutants 

compared to CML39PRO::CML39/cml39 complementation and CML39 overexpressor 

plants. Bars with different letters represent values that are statistically significant (n=3, 

p<0.0001, where n represents the number of individual plants per genotype per 

experimental trial, minimum three independent trials). The data represents values 

averaged across three independent trials with two to three plants per genotype. Error bars 
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represent SEM. (c) Images of representative siliques for each genotype are presented, 

scale bar = 1 cm. 

 

 
Fig. A2 Germination rates of WT and cml39 seeds under various growth conditions. 

Germination rates of non-stratified (a) and stratified (b) seeds of WT and cml39 sown on 

soil. Germination rates of stratified seeds of WT and cml39 seeds plated on 0.8% agar (c) 

and 0.5x MS media supplemented with 1% (w/v) sucrose (d). For all experiments error 

bars show SEM and n=3, p<0.001, where n represents number of technical replicates per 

experimental trial with each technical replicate comprising of 50-100 seeds, minimum 

three independent trials.  
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Fig. A3 Germination rates of WT and cml39 seeds plated on 0.5x MS media 

supplemented with different plant growth regulators at 72 hours post-transfer to light. (a) 

cml39 seeds have significantly higher germination rates relative to WT when exposed to 

paclobutrazol. DMSO, an organic solvent used to make hormone solutions, was tested for 

any inhibitory effects on seed germination. (b) Germination of WT and cml39 seeds on 

0.5X MS media containing either ABA (5 μM) or (c) ancymidol (50 μM) was examined. 

For all experiments error bars show SEM and n=3, p<0.001, where n represents number 

of technical replicates per experimental trial with each technical replicate comprising of 

50-100 seeds, minimum three independent trials.  
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Fig. A4 Germination rates of cml39 and WT seeds in response to (a) indole-3-acetic acid 

(IAA) or (b) and methyl jasmonate (MeJA). Germination rates were recorded at 72 or 48 

hours post-transfer to light for treatments in (a) and (b), respectively. Data represents 

germination rates averaged across a minimum of two independent trials each comprising 

three technical replicates. Error bars represent SEM. 

 
Fig. A5 Analysis of WT and cml39 embryo growth potential in the absence of seed coat 

and endosperm. Seed coats including endosperm were physically removed from seeds 

and the resulting naked embryos were plated on 0.5X MS media to measure cotyledon 

greening (A) and expansion rate (B) at 72 hours post-transfer to light. The data represents 

mean values averaged across at least three independent trials each consisting of two 

technical replicates. Approximately 20-25 embryos were plated per technical replicate. 

Error bars represent SEM and are too small to be presented in panel a. 
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Table A1. Comprehensive list of phenotyping experiments performed 
Phenotyping Experiment Purpose of phenotyping  Results/Impression 

Germination rates of 
developing seeds from 8dap-
16dap under stratification and 
non-stratification conditions 

To determine if CML39 was 
involved in dormancy 
induction  

Increased germination 
potential and loss of cold 
stratification-dependent 
dormancy release in 14-
16 dap seeds of cml39 
(see Chapter 2) 

Germination rates of mature, 
dry seeds 

To determine if CML39 was 
involved in primary seed 
dormancy 

Increased germination 
ratio at 24h post transfer 
to light, hence reduced 
seed dormancy in cml39 
(see Chapter 2) 

Germination rates of mature, 
dry seeds in dark 

To assess if CML39 was 
involved in light-dependent 
seed dormancy regulation 

No light-independent 
seed germination was 
observed in WT or cml39  

Germination rates of mature 
dry seeds in presence of GA 
biosynthesis inhibitors and 
ABA 

To assess if CML39 was 
involved in hormonal 
regulation of seed dormancy 

Increased resistance in 
cml39 to germination-
inhibiting effects of ABA 
and GA biosynthesis 
inhibitors (see Chapter 2) 

Tetrazolium staining of 
mature, freshly harvested 
seeds  

To assess if seed coat 
permeability was altered in 
cml39 

Increased seed coat 
permeability observed in 
cml39 (see Chapter 2) 

Vanillin staining of mature, 
freshly harvest seeds 

To assess if increased seed 
coat permeability in mutant 
was due to altered 
proanthocyanidin content 

No differential staining in 
WT vs. cml39 

Assessing growth rates of 
coat-less embryos  

To determine if CML39 was 
involved in embryo-imposed 
dormancy 

No significant differences 
observed between 
embryo growth rates of 
WT and cml39 

Length, width and volume of 
WT and cml39 seeds 

To determine if CML39 was 
involved in regulating seed 
size 

No significant differences 
observed between WT 
and cml39 seed sizes 

Assessing transcript levels of 
seed genes in seedling tissue 

To determine if CML39 was 
involved in repression of seed 
maturation program 

Derepression of seed 
genes in seedling tissue of 
cml39 (see Chapter 2) 

Length of siliques at 12 dap 
(when silique tips turned pale 
green and siliques had 
completed the elongation 
process) 

To determine if CML39 
regulates fruit development 

Significantly shorter 
siliques in cml39. cml39 
siliques also appeared 
wider but this was never 
quantified (see Chapter 2) 
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Number of seeds per silique To determine if shorter 
siliques in cml39 were due to 
lower seed yield or more 
dense arrangement of seeds 
within the silique 

Significantly fewer seeds 
per silique in cml39 (see 
Chapter 2) 

Proportion of aborted seeds 
and unfertilized ovules per 
silique  

To determine if low seed yield 
in cml39 was due to increased 
seed abortion or 
abnormalities in fertilization 
process  

No significant differences 
observed in proportion of 
aborted seeds or 
unfertilized ovules 
between WT and cml39 

No. of ovules per pistil 
harvested from floral stage 
10-12 

To determine if low seed yield 
in cml39 was due to reduced 
ovule count  

cml39 had significantly 
reduced number of 
ovules than WT (see 
Chapter 2) 

Pollen viability using 
Alexander staining  

To determine if reduced seed 
yield in cml39 could be 
attributed to pollen defects  

Both WT and cml39 
pollen was viable 

Pollen germination and tube 
growth analysis 

Inconclusive results 
because I got very low 
pollen germination rates 
even with WT (problem 
with humidity conditions) 

Measured total number of 
siliques In 5 week old plant  

To determine if cml39 
attempts to compensate for 
the shorter siliques by 
producing more siliques 

No significant differences 
observed between the 
silique numbers in WT 
and KO suggesting that 
the overall seed yield is 
reduced in these mutants 
and there is no attempt 
made to compensate for 
the shorter silique 
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Fig. B1 Scatter plots showing correlation of mapped gene sequence reads between two 

biological replicates of (a) WT (b) cml39 arrested and (c) cml39 escapee seedling RNA-

seq libraries. Genes with zero counts across all samples were filtered out and the log10-

transformed (RPKM+1) values of biological replicates from each genotype were plotted 

and R2 values generated using Pearson correlation. The correlation plots indicate a high 

degree of similarity between the two biological replicates of each genotype with R2 

values of 0.98 (p<0.05), 0.96 (p<0.05) and 0.87(p<0.05) for WT and arrested and escapee 

cml39 samples, respectively. 



 

181 

 

 

 

 

Fig. B2 cml39 escapee seedlings display derepression of representative seed maturation 

gene, Oleo2 relative to WT. End-point RT-PCR was used to examine the de-repression of 

seed maturation genes in WT and cml39 seedlings. Expression of Oleo2 was analyzed 

using RNA isolated from seedlings of WT, cml39 (arrested and escapees), cml39 arrested 

and cml39 escapees. The transcript levels in seedling tissue were analyzed using ACTIN2 

primers as endogenous control.  
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Fig. B3 Two adjacent T-DNA insertions are present in CML39 exon in GABI-KAT T-

DNA knockout (KO) line for CML39. Schematic diagram showing location of T-DNA 

insertion in CML39 exon (A). The location of T-DNA was determined using 

confirmation sequences from gabi-kat website (https://www.gabi-kat.de/). PCR analysis, 

using pairwise combinations of primers flanking T-DNA left border (LB) and CML39 

gene-specific forward (39F) or reverse (39R) primers, were performed to determine 

presence of T-DNA (B). PCR was performed using genomic DNA isolated from rosette 

leaves of WT and cml39 plants.  
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Table B1. Primers used in PCR reactions. 

 

 

 

Primer Name Primer Sequence 

CRC F 5'- TTGACGTTCAGTTGGCTCAGCAG - 3' 

CRC R 5'- TGCAGATAGTCTCCTCAAGGCCG - 3' 

2S3 F 5'- AGCAAAACATGGCTAACAAGCTCT - 3' 

2S3 R 5'- CTGGCATCTCTGTCTTGGACCT - 3' 

Oleo2 F 5'- GTTACGGTGGTGGCGGTTACAA - 3' 

Oleo2 R 5'- CAACCATTAAGCCGATCACCGA - 3' 

HD2A F 5′- ATGGAGTTCTGGGGAATTGAAG - 3′ 

HD2A R 5′- ACATGAGACTTGACTGGCCGAC - 3′ 

ANT F 5’- AAGGAAGAGCAGTGGTTTCTC - 3’ 

ANT R 5’- ACTCTACCAATCCGTGCTTG - 3’ 

XTH18 F 5'- AATGAGGCTTTACGCGAGTC - 3’ 

XTH18 R 5'- AGGAGCCTTTGACCAATCTG - 3’ 

UBQ F 5’- CTTAACTGCGACTCAGGGAATC - 3’ 

UBQ R 5’- ATCCTTTCTTAGGCATAGCGGC - 3’ 

Actin2 F 5’- GACAGAGAAGAACAAGGAAGAAGAC - 3’ 

Actin2 R 5’- AGAAAGAGCGGAAGAAGATGAGA - 3’ 
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Table. B2 List of differentially expressed genes in developmentally arrested cml39 

relative to WT (excel sheet provided electronically) 

 

Table. B3 List of differentially expressed genes in cml39 escapee seedlings relative to 

WT (excel sheet provided electronically) 

 

Table. B4 List of differentially expressed genes in cml39 developmentally arrested 

seedling relative to cml39 escapee seedlings (excel sheet provided electronically) 
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Chapter 4 Supplementary data 

Table C1 List of primers used in yeast two-hybrid and split luciferase plasmid 

construction.   

Yeast two-hybrid primers 

Primer  Sequence  

CML39 Sal1 F 5'- ccggtcgacggatgaagaacactcaacgttcag - 3' 

CML39 Not1 R 5'- ttgcggccgcttagcgcatcatgcgggcg - 3' 

ASIL1 Sal1 F 5’- aaagtcgacgaatggaggacgacgacgagat - 3’ 

ASIL1 Not1 R 5’- tttgcggccgctcagctacttacattgcc - 3’ 

ASIL1 M2 Sal1 F 5’- aaagtcgacgaatgaagagtggaggtggaggg - 3 ’ 

ASIL1 M2 Not1 R 5’- tttgcggccgctcaaagcttagcagtttccgcctt - 3’ 

ASIL2 Sal1 F 5’-aaagtcgacgaatggaggacgatgaagac - 3’ 

ASIL2 Not1 R  5’- tttgcggccgcctagttattacccaaatcg - 3’ 

ASIL2 K11 Sal1 F 5' - aaagtcgacgaatgtctgattcagactcggaatct-3' 

ASIL2 337aa Not1 R 5’- tttgcggccgctcactcctccgtcttcatcctcttcga - 3’ 

ASIL2 K11b Sal1 F 5'- aaagtcgacgaactcgggcaatcatgagattc - 3' 

ASIL2 K11b Not1 R 5'- tttgcggccgctcactgcttaagttgtgatatctccaa - 3' 

Split Luciferase primers 

Primer  Primer Sequence 

SIL2 FL Kpn1 F(nLUC) 5'- aaaggtaccatggaggacgatgaagacatc - 3' 

SIL2 FL Sal1 R(nLUC) 5'- gccgtcgacgttattacccaaatcgttgtt - 3' 

E8 Kpn1 F (nLUC) 5'- aaaggtaccatgggaggatctgtcaatgtacct - 3' 

39 Kpn1 F (cLUC) 5'- aaaggtaccatgaagaacactcaacgtcag - 3' 

39 Sal1 R (cLUC) 5'- tttgtcgacttagcgcatcatgagggcgaa - 3' 

SIL1 FL nLUC Kpn1 F 5'- aaaggtaccatggaggacgacgacgagattc - 3' 

SIL1 FL nLUC Sal1 R 5'- gccgtcgacgctacttacattgccgttat - 3' 

M2(352) Kpn1 F(nLUC) 5'- aaaggtaccatgaagagtggaggtggagggagt - 3' 

M2(352) Sal1 R(nLUC) 5'- gccgtcgacttgattgttctgtgttatctc - 3'  
 

 

Fig. C1 Schematic representation of conserved motifs in ASIL1-related subfamily of 

trihelix protein family. The ASIL1-related trihelix transcription factors contain a 

conserved N-terminal trihelix domain (represented by yellow rectangle) and a conserved 

coiled-coil (α-helical) domain (represented by green rectangle).  
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Fig. C2 Clustal-Omega multiple alignment of ASIL1 and ASIL2 full-length and deletion 

constructs. Black shading indicates identical amino acids, while grey shading indicates 

conserved amino acids. Red arrows indicate conserved glycine (Gly) residues. Black 

dotted line represents predicted N-terminal trihelix domain; black line shows the 

predicted coiled-coiled domain and red line represents the CML39-ASIL putative 

interaction domain.  Genbank accession numbers are: ASIL1, AT1G54060; ASIL2, 

AT3G14180.  
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Fig. D1 Developmental expression profile of (A) ASIL1 (At1g54060) and (B) ASIL2 

(AT3g14180) as predicted by microarray data from Bio-Analytic Resource (BAR) for 

Plant Biology (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Winter et al. 2007).  

 

Fig. D2 PCR-based genotyping of asil T-DNA mutant plants. Confirmation of T-DNA 

insertion and absence or reduction of transcript in asil1-1, asil1-2, and asil2 knockout 

plants. (A) Schematic representation of the T-DNA insertion sites (shown by red 

triangles) in ASIL1 and ASIL2 coding sequence. (B-C) PCR confirmation of T-DNA 

insertion in the ASIL1 coding sequence. PCR primers flanking ASIL1 open reading frame 

(ASIL1 LP+RP) amplified a product in WT but not in asil1-1 or asil1-2 genomic DNA 

samples. PCR-amplification with the SALK T-DNA LB and ASIL1 RP indicated 

presence of T-DNA. (D) PCR confirmation of T-DNA insertion in the ASIL2 coding 

sequence. PCR primers flanking ASIL2 open reading frame (ASIL2 LP+RP) amplified a 

product in WT but not in asil2 genomic DNA samples. Amplification with the SALK T-

DNA LB and ASIL2 RP indicated presence of T-DNA. (E) RT-PCR analysis showed 

loss or reduction of ASIL1 and ASIL2 transcripts from asil1 and asil2 mutants, 

respectively. Actin2 was used as an endogenous loading control.  
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Fig. D3 PCR-based genotype analysis by confirmation of T-DNA insertion and absence 

of transcript in asil1asil2 double knockout plants. (A) PCR-amplification with SALK T-

DNA ‘LB’ and ASIL1 or ASIL2 RP indicated presence of T-DNA in ASIL1 and ASIL2 

coding sequences. (B) PCR primers flanking ASIL1 or ASIL2 open reading frame (SIL1 

LP+RP; SIL2 LP+RP) amplified a product in WT but not in asil1asil2 genomic DNA 

samples. (C) qPCR analysis showed downregulation of ASIL1 and ASIL2 transcripts in 

asil1asil2 double knockout mutants. Actin2 was used as an endogenous loading control. 

The data represents mean values averaged across at least two independent trials each 

consisting of three technical replicates. Error bars represent SEM 

 

Table D1 List of primers used to generate ASILpro::GUS and asil insertional knockout 

transgenic lines   

ASILpro::GUS primers 

Primer  Sequence  

SIL1 GUS Sal1 F 5' - aaagtcgacaaggtttgaaattttcactccattg - 3' 

SIL1 GUS BamHI R 5' - aaaggatccgaaaaatcgatcgattcggag - 3' 

SIL2 GUS HINDIII F 5'- ccggccaagcttcatagtatttctggaatgtttaaagt - 3' 

SIL2 GUS BamHI R 5' - ccggccggatccggaattcgatatcgccg - 3' 

ASIL genotyping 

Primer  Sequence  

asil1 LP  5' - accattcgaatactgtcacgg - 3' 

asil1 RP 5' - attcctcaggagaagcctcag - 3' 

asil2 LP 5' - cacctctttccagtgcttctg - 3' 

asil2 RP 5' - attgtgctaaacgcattggac - 3' 

SALK LBb1.3 T-DNA 5' - attttgccgatttcggaac - 3' 
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RT-PCR 

Primer  Sequence  

ASIL2-959 F 5’ - ccggtgacagtttaccacct - 3’ 

ASIL2-1121 R 5’ - tgttgcagtttcgcattctc - 3’ 

ASIL1 rt sense 5' - agagatggagttgcagagaatgcag - 3' 

ASIL1 rt antisense 5' - tgccgttattcttgccattgcg - 3' 

Table D2. List of phenotypes observed in cml39 and asil knockout mutants 

Phenotype cml39 asil1 asil2 asil1asil2 

developmental arrest in 
absence of sucrose 

Yes No No No 

Reduced seed dormancy Yes No No No 

Reduced sensitivity of 
seeds to ABA or 
Paclobutrazol 

Yes No No No 

Reduced seed coat 
permeability 

Yes Not tested Not 
tested 

Not tested 

Shorter siliques Yes No(but published) No No 
 

Ectopic expression of seed 
genes in seedlings 

Yes Yes No Yes (needs to 
be further 
corroborated) 

 

 
 

 

 


