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ABSTRACT 

 

 In plants, the regulatory networks that have evolved to generate the appropriate 

cellular responses to external and internal stimuli often include a transient increase in 

intracellular calcium (Ca2+). One ten member, plant-specific family of Ca2+ sensing 

elements, the calcineurin B-like (CBL) protein family, is thought to relay the Ca2+ signal 

to downstream targets when plants experience an abiotic stress. The purpose of this study 

was to uncover critical functions of four CBL proteins. CBL10 was chosen for its distinct 

amino acid sequence and unique genomic structure among the CBL proteins. CBL1 and 

CBL9, generated by segmental duplication, were chosen based on their high level of 

amino acid identity. CBL8 was chosen based on its sequence and genomic structure 

similarities to SOS3/CBL4, the founding member of the CBL family.  

 An Arabidopsis CBL10 knock-out insertion, cbl10-1, was isolated and found to have 

reduced stamen elongation, leading to male sterility. The mutant also showed growth 

arrest in aerial portions of the plant and developed chlorosis in response to increasing salt 

concentrations. Alternative pre-mRNA splicing generated five CBL10.2 variants whose 

transcript levels were regulated by cold or salt treatment, suggesting that CBL10 is 

involved in normal development and plant growth during abiotic stress via tight 

regulation of transcript levels. 

 Phylogenetic analysis suggests that CBL1 and CBL9 may compensate for each other 

in the regulation of essential functions in the single mutant backgrounds. To investigate 

the crucial functions of these genes, a cbl1 cbl9 double mutant was generated. When 



 

15

grown under drought conditions, the double mutant was less sensitive to ABA, lost more 

water and produced more shriveled seeds than wild-type plants suggesting that both 

CBL1 and CBL9 play key roles in relaying drought stress signals during vegetative and 

reproductive growth.  

 Because phylogenetic analysis and amino acid sequence comparisons suggest that 

CBL8 may function redundantly with SOS3/CBL4, a cbl4 cbl8 double mutant was 

generated. The cbl4 cbl8 double mutant phenocopied the sos3-1 (cbl4) mutant during salt 

and ABA treatments. CBL8 promoter activity in accessory cells of trichomes and root 

hairs suggests that CBL8 may have a function in development of these specialized 

epidermal cells. 
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CHAPTER 1 

 

CALCIUM SIGNALING IN ANIMALS AND PLANTS 

 

INTRODUCTION 

 

 Animals and plants are challenged by continuous developmental demands and 

numerous environmental changes. In order to grow, develop and survive the often harsh 

environmental conditions in which they find themselves, organisms have developed 

unique response systems that have evolved into diverse and complicated networks 

allowing perception of a specific signal followed by transduction of the information into 

the needed response pathways. Comparative analysis between animals and plants has 

identified many components, pathways and networks in these organisms that perform 

similar functions. For example, the role of calcium ions (Ca2+) as an important second 

messenger is conserved in both animals and plants in response to external and internal 

stimuli. In animals, changes in cytosolic Ca2+ ([Ca2+]cyt) are involved in fertilization, cell 

division, proliferation, development, learning and memory, contraction, secretion and 

apoptosis (Berridge et al., 2000; Boehning et al., 2005). Plants also use Ca2+ as a 

signaling molecule for many processes during development and growth, including 

development of trichomes and root hairs, pollen germination, pollen tube growth and 

guidance, guard cell regulation and during the response of plants to pathogens (Blatt, 

2000; Carol and Dolan, 2002; Sanders et al., 2002; Yang and Poovaiah, 2003; Hepler, 
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2005). However, due to differences in circulatory systems, tissue and cellular 

composition and metabolic pathways, plant and animals have elaborated different aspects 

of the Ca2+ signal transduction machinery. In contrast with animals, which often use 

common components to respond to the various stimuli in different organs or tissues, 

plants have diversified both signal sensing and relaying machineries. In this chapter, the 

generation and regulation of Ca2+ signals in plants, unique plant Ca2+-mediated processes 

and a plant specific Ca2+-mediated regulatory network will be discussed. 

 

COMPONENTS OF Ca2+ SIGNALING 

 

 Cytosolic Ca2+ signatures, induced in response to internal and external stimuli, are 

composed of localized and temporary patterns including waves, oscillations, spikes, 

quarks, blips, bumps, puffs and sparks - each with characteristic durations and amplitudes 

(Malho et al., 1998; Sanders et al., 2002). The earliest evidence for the importance of 

cytosolic Ca2+ levels in plants came from cell biological and electrophysiological studies 

of cell wall and membrane permeability and investigations into action potentials 

generated during cytoplasmic streaming. Subsequently, the identifications of calmodulin 

(CaM) and calcium-dependent protein kinases (CDPK) in plants established Ca2+ as a 

crucial intracellular second messenger and prompted studies into the role of  Ca2+ in 

various physiological and developmental processes including cell division, polarized cell 

growth, secretion, plant hormone signaling and responses to light (Hepler, 2005). In 

plants, resting cytosolic Ca2+ concentrations have been measured to be between 100 and 
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200 nM and increase to between 1.5 and 2.2 µM after perception of stimuli that include 

cold, touch and salt (Knight et al., 1991; Bush, 1995; Knight et al., 1996; Knight et al., 

1997; Sanders et al., 1999). Ca2+ that contributes to this stimulus-induced increase comes 

from stores in the apoplast or in the lumen of intracellular organelles including the 

endoplasmic reticulum and vacuole (Sanders et al., 2002). Once changes in cytosolic 

Ca2+ levels have been perceived, resting levels are restored by transport of Ca2+ back to 

the apoplast or into intracellular stores.   

 

Regulation of cytosolic Ca2+ via influx channels  

 In animals, Ca2+ signaling has been intensively studied through characterization of 

Ca2+ channels that include store-operated channels (SOC), the inositol 1,4,5-trisphosphate 

receptor (InsP3R), the ryanodine receptor (RyR) and polycystin-2 (PC2) (Anyatonwu and 

Ehrlich, 2004; Bezprozvanny, 2005; Li et al., 2005; Liou et al., 2005; Montell, 2005). 

Recently, ORAI1 was identified to be a component of a Ca2+ release-activated Ca2+ 

(CRAC) channel complex, which has four transmembrane domains and is localized at the 

plasma membrane in T cells (Feske et al., 2006). 

 InsP3R-mediated Ca2+ release has been extensively studied in animals. Three types of 

InsP3R in the endoplasmic reticulum have been shown to be important intracellular store 

Ca2+ release channels in numerous processes including digestive enzyme secretion, 

embryogenesis and the development of diabetes (Ryu et al., 2004; Thomas-Virnig et al., 

2004; Futatsugi et al., 2005). The type-1 InsP3R has been extensively studied in terms of 

structural analysis of InsP3, Ca2+, CaM and ATP binding sites and regulation of its 
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activity via control of its transcription, mRNA stability, and protein degradation (Mourey 

et al., 1993; Missiaen et al., 1999; Taylor et al., 1999; Adkins et al., 2000; Maes et al., 

2001; Bootman et al., 2002; Uchiyama et al., 2002; Yang et al., 2002; Parker et al., 2004; 

Taylor et al., 2004; Iwai et al., 2005). Concentrations of InsP3 and Ca2+ binding to the 

InsP3R affect receptor activity and affinity for InsP3 (Bosanac et al., 2002; Bosanac et al., 

2005; Joseph et al., 2005; Lin et al., 2005).  

 In order to activate the InsP3R, the ligand, i.e. InsP3, must be generated in response to 

internal or external stimuli. Phospholipase C (PLC)-mediated cleavage of 

phosphatidylinositol-4,5-bisphosphate (PIP2) generates two signaling molecules, InsP3 

and diacylglycerol (DAG). The regulation of InsP3 concentrations by inositol 1,4,5-

trisphosphate 3-kinases (InsP3-3Ks), whose kinase activity is dependent on Ca2+/CaM 

binding, illustrates the complexity of InsP3-mediated Ca2+ release (Gonzalez et al., 2004; 

Miller and Hurley, 2004). Recently, it has been shown that DAG may enhance PLC 

activity to produce more InsP3, which in turn amplifies the signal magnitude via InsP3R-

mediated Ca2+ release (Hisatsune et al., 2005). 

 In plants, the specific mechanisms controlling increases in [Ca2+]cyt  remain elusive. 

Early on, the presence of Ca2+ channels in plants was demonstrated by the detection of 

rapid Ca2+ influx in the large algal cells of Nitella and Chara (Barry, 1968; Kikuyama 

and Tazawa, 1983). Electrophysiological and biochemical evidence supporting the 

presence of Ca2+ permeable channel-mediated Ca2+ influx from extracellular stores or 

InsP3-mediated Ca2+ release from intracellular stores in plants continues to accumulate 

(Tester, 1990). For example, recent electrophysiological analysis of Arabidopsis pollen 
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indicated the presence of a Ca2+-permeable channel in the plasma membrane (Wang et al., 

2004). In plants, Ca2+-permeable channel activity has been classified into depolarization-

activated Ca2+ channels (DACC) or nonselective cation channels (NSCC). The 

Arabidopsis TPC1 (Two-Pore Channel 1), a DACC, has been characterized as a slow 

vacuolar Ca2+-dependent Ca2+-release channel involved in stomatal regulation and the 

response of the plant to the hormone abscisic acid (ABA) (Peiter et al., 2005). Among 

NSCC in the plasma membrane, two large groups of Cyclic Nucleotide Gated Channels 

(CNGC) and Glutamate Receptor Channel (GLR) families have been found and their 

activities demonstrated in Arabidopsis (Hetherington and Brownlee, 2004). In addition to 

the Ca2+ channels identified in the plasma membrane, microsomal fractions from Vigna 

radiata and Chenopodium rubrum were shown to have InsP3 binding activity (Biswas et 

al., 1995; Scanlon et al., 1996) and, using tonoplast-enriched membrane vesicles, it has 

been shown that InsP3 induces Ca2+ release from vacuoles of oat roots (Schumaker and 

Sze, 1987). Pharmacological studies using inhibitors of InsP3 signaling also point to the 

existence of an InsP3R in plants (Knight et al., 1997; Kashem et al., 2000). Ectopic 

expression of the InsP3 degrading enzyme (At5PTase1) or induced PLC1 antisense and 

AtIP5PII sense expression inhibited ABA signaling in Arabidopsis, supporting a 

physiological role for InsP3 in ABA responses (Sanchez and Chua, 2001; Burnette et al., 

2003). Conversely, antisense expression of inositol polyphosphate kinase (AtIPK2α) 

stimulated pollen tube germination and growth, root growth and root hair development 

(Xu et al., 2005). It has also been reported that both PIP2 and InsP3 are essential for 

generation of [Ca2+]cyt gradients, pollen tube growth, and plant responses to gravity 
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(Monteiro et al., 2005; Perera et al., 2006). In addition to PLC and phospholipase D 

(PLD), phospholipase A (PLA) also produces a variety of phospholipid signaling 

molecules, which mediate numerous processes including cell elongation, gravitropic 

growth, anther dehiscence, and jasmonic acid and defense signaling in plants (Ryu, 2004). 

Arabidopsis has 15 members of a family of inositol polyphosphate 5-phosphatases 

suggesting the importance of tight regulation of InsP3 and the other inositol 

polyphosphates (Zhong and Ye, 2004). Recently, a putative Ca2+-sensing receptor (CAS) 

in Arabidopsis was identified through a functional screening assay using human 

embryonic kidney (HEK293) cells. This protein was localized in the plasma membrane in 

Arabidopsis shoots and was shown to be involved in Ca2+-mediated guard cell regulation 

and the transition from vegetative to reproductive growth (Han et al., 2003). Although the 

Arabidopsis and rice genomes are almost completely sequenced, no homologs of the 

animal InsP3, Ryanodine or cADP receptors have been found at either the nucleotide or 

amino acid sequence level (Nagata et al., 2004; Reddy and Reddy, 2004) suggesting that 

proteins with these functions will look different from the proteins identified in animals. 

 

Regulation of cytosolic Ca2+ via pumps and secondary active transporters 

 In animals, [Ca2+]cyt can be restored to resting levels by active transporters in the 

plasma membrane (the PMCA Ca2+-ATPase), the sarcoplasmic reticulum (the SERCA 

Ca2+-ATPase) and a mitochondrial Ca2+ uniporter (Kirichok et al., 2004; Li and Camacho, 

2004; Toyoshima and Mizutani, 2004). In plants, transport of Ca2+ out of the cytosol into 

the apoplast or lumen of intracellular organelles takes place through Ca2+-ATPases in the 
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plasma membrane and endoplasmic reticulum and Ca2+/H+ exchangers in the vacuolar 

membrane (Liang and Sze, 1998; Geisler et al., 2000a; Sze et al., 2000; Sanders et al., 

2002; Wu et al., 2002; Shigaki and Hirschi, 2006).  

 Arabidopsis has 4 ECA and 10 ACA family members (Axelsen and Palmgren, 2001). 

ECA1 was shown to be involved in sequestration of Ca2+ and Mn2+ into the ER (Wu et al., 

2002). The ACA proteins have been found in numerous membranes/organelles, including, 

the ER (ACA2), small vacuoles (ACA4), and the plasma membrane (ACA8) (Harper et 

al., 1998; Liang and Sze, 1998; Bonza et al., 2000; Geisler et al., 2000b). The ACA8 

protein has overlapping autoinhibitory and CaM binding domains in its N-terminus and 

CaM has been shown to relieve autoinhibition and lead to activation of the protein 

(Baekgaard et al., 2006).  

 The activity of the Ca2+/H+ exchanger (CAX proteins) was first detected in vacuolar-

enriched membrane vesicles of oat roots (Schumaker and Sze, 1985; Schumaker and Sze, 

1986). The molecular identity of these CAX proteins was uncovered in a screen for 

restoration of growth of a yeast mutant on media containing Ca2+ (Hirschi et al., 1996). 

Genomic analysis indicates that the CAX family in Arabidopsis is composed of 11 

members. Among them, only 6 CAX proteins (CAX1 to CAX6) are functional cation/H+ 

exchangers (Shigaki and Hirschi, 2006). In contrast to ECA, which has a high affinity 

and low capacity for transport of Ca2+, CAX1 has low affinity and high capacity, 

suggesting diversified roles for these proteins in terms of  Ca2+ compartmentalization 

(Hirschi et al., 1996; Sze et al., 2000). CAX activity has been shown to be regulated 

through an N-terminal regulatory region, which varies in each CAX and suggests that 



 

23

different proteins may interact with this region of the protein (Pittman et al., 2002). The 

CAX proteins have been shown to have diverse expression patterns suggesting that they 

may respond to various stimuli with tissue specificity (Hirschi, 1999; Cheng et al., 2002). 

Working together, these active transporters help to tightly regulate [Ca2+]cyt, restoring 

Ca2+ homeostasis after a stimulated increase.   

  

UNIQUE CALCIUM-MEDIATED PROCESSES IN PLANTS 

 

Guard Cell Regulation 

 Plants use unique structures, the stomata, to coordinate the balance between water loss 

and gas exchange for efficient photosynthesis. ABA plays a key role in the proper 

regulation of stomatal opening and closing. Experimental evidence suggests that ABA 

can regulate InsP3-mediated or Ca2+ influx-induced alterations in [Ca2+]cyt, which 

modulate K+ and Cl- ion channel activity (Blatt, 2000; MacRobbie, 2000). In addition, 

ABA has been shown to activate anion channels prior to the changes of [Ca2+]cyt in guard 

cells (Levchenko et al., 2005). It has been shown that reactive oxygen species (ROS) 

produced by NADPH oxidase mediate ABA signaling during regulation of stomatal 

aperture in guard cells (Pei et al., 2000; Demidchik et al., 2003). In Arabidopsis, the 

activities of the inward rectifying K+ channels, KAT1 and KAT2 and the outward 

rectifying K+ channel, GORK are tightly regulated during stomatal movement and 

transpiration in response to various environmental conditions (Hosy et al., 2003). In 
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addition, the level of CO2 affects stomatal opening and closing via both Ca2+-dependent 

and Ca2+-independent pathways (Young et al., 2006). 

 

Nodulation 

 Another unique Ca2+-mediated process is found in legumes like Phaseolus vulgaris 

and Medicago truncatula which associate symbiotically with specific species of bacteria 

(Rhizobia). The result of this association is the production of nodules in the plant that 

house the Rhizobia and in which the bacteria fix atmospheric nitrogen. During early 

stages of nodule development, Ca2+ is a key messenger in response to plant perception of 

Nod factors (lipochito-oligosaccharides) released from the bacteria. The concentration of 

[Ca2+]cyt has been shown to increase from extracellular and intracellular Ca2+ stores via 

multiple phospholipid signaling pathways (Cardenas et al., 1999; Charron et al., 2004). 

Altered [Ca2+]cyt induced during nodulation is sensed by DMI3 (DOES NOT MAKE 

INFECTIONS), a putative Ca2+ and CaM-dependent protein kinase in M. truncatula 

(Levy et al., 2004). In addition, CaM-like (CaML) proteins in the symbiosome (the 

nitrogen fixing organelle) space may be involved in the development of nodules in M. 

truncatula (Liu et al., 2006). 

 

REGULATORY NETWORKS INVOLVING THE CBL AND CIPK PROTEINS 

 

 When Arabidopsis root cells are exposed to high levels of salt, increases in [Ca2+]cyt 

and apoplastic pH have been shown to be early responses (Gao et al., 2004; Henriksson 
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and Henriksson, 2005). The proteins that respond to the change in [Ca2+]cyt and regulate 

the pH have been identified as components of the Salt-Overly-Sensitive (SOS) pathway 

(Wu et al., 1996; Liu and Zhu, 1997; Liu and Zhu, 1998; Shi et al., 2000). During salt 

stress, the Ca2+-binding protein SOS3/CBL4 responds to increased [Ca2+]cyt and guides 

the serine/threonine protein kinase SOS2/CIPK24 to the plasma membrane. 

SOS2/CIPK24 activates SOS1, a Na+/H+ exchanger in the plasma membrane by 

phosphorylation of the SOS1 C-terminus (Zhu, 2003; Chinnusamy et al., 2005). In 

addition to interacting with SOS1, SOS2/CIPK24 has been shown to interact with ABI2, 

suggesting cross-communication between salt and ABA signal transduction (Ohta et al., 

2003).   

In Arabidopsis, 10 CBL and 25 CIPK proteins have been identified based on empirical 

data and genomic analyses (Luan et al., 2002; Kolukisaoglu et al., 2004). Results from 

the interaction analyses between members of these two families are serving as the basis 

for a model to understand complex regulatory networks in Arabidopsis growth and 

development. Mutagenesis studies using combinations of CBL and CIPK proteins (for 

example, CIPK1 and CBL2 or SOS2/CIPK24 and SOS3/CBL4) have led to the 

identification of a NAF/FISL domain (24 amino acid peptide) in the C-terminal 

regulatory region of the CIPK proteins that is a key motif for interaction with the CBL 

proteins (Albrecht et al., 2001; Guo et al., 2001). From yeast two-hybrid interaction 

screens, the majority of candidates found to interact with CBL1, 4 and 6 were CIPKs 

(Albrecht et al., 2001). This result suggests that, in addition to their interaction with the 
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CIPKs, the CBL proteins likely have additional interaction partners that may increase 

CBL functional specificity.   

 Other members of the CBL family have been characterized using analysis of T-DNA 

insertion knock-out or dsRNAi knock-down mutants (Guo et al., 2002; Albrecht et al., 

2003; Cheong et al., 2003). It has been shown that CBL1/SOS3-Like Ca2+ Binding 

Protein (SCaBP)5 acts as a negative regulator in response to cold, but as a positive 

regulator during salt and drought stress through CBF/DREB (CRT Binding 

Factor/drought-responsive element binding factor)-dependent pathways (Albrecht et al., 

2003; Cheong et al., 2003). CBL1/SCaBP5 can interact with multiple partners, including 

CIPK1, CIPK9, CIPK11, CIPK15/PKS3, and CIPK23, in yeast two-hybrid assays, 

implying that the spatiotemporal expression of CBL1/SCaBP5 and the absence/presence 

of interacting protein kinases may elicit diverse responses in the plant (Albrecht et al., 

2001; Guo et al., 2002; Xu et al., 2006). Although the expression of CBL1/SCaBP5 is 

induced by cold, salt and drought stress, the molecular function of CBL1/SCaBP5 has not 

yet been correlated with the observed gene expression patterns (Kudla et al., 1999; Guo et 

al., 2002; Cheong et al., 2003). 

 CBL9 is expressed ubiquitously in Arabidopsis, is induced by cold, salt and drought 

stress and is involved in ABA signaling and biosynthesis as a Ca2+ sensor (Pandey et al., 

2004). It is currently not known if CBL1/SCaBP5 and CBL9 share downstream 

components such as interacting CIPK proteins during the same stress conditions. 

Recently, it was reported that CIPK23, as a CBL1/CBL9-interacting protein, is directed 
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to the plasma membrane and activates AKT1, a K+ influx transporter in response to 

reduced K+ availability (Xu et al., 2006).  

 Expression and interaction analysis of CBL2 showed that its expression is induced by 

light and sucrose, and that it interacts with AtSR1/CIPK14, CIPK13 and CIPK18 in in 

vitro pull-down or yeast two-hybrid assays (Nozawa et al., 2001; Nozawa et al., 2003). 

These studies suggest that CBL2 may have a function in light and sugar signal 

transduction in plants.  

 Based on rice oligonucleotide microarray and comparative genomics analyses, 10 

members of the CBL family and 30 members of the CIPK family have been identified in 

rice (Kolukisaoglu et al., 2004; Hwang et al., 2005). Among the rice CBL proteins, 

OsCBL2 was characterized to be induced by gibberellin treatment and localized to 

vacuolar membranes (Hwang et al., 2005). A rice homolog of an Arabidopsis CIPK, 

identified by differential screening in response to cold, has kinase activity, a NAF domain 

and interacts with Arabidopsis CBL proteins (Kim et al., 2003). In addition, interactions 

between OsCBL proteins and Arabidopsis CIPK proteins have been detected in yeast 

two-hybrid assays. These results suggest that the OsCBL family may be similar in 

function and regulation to the Arabidopsis CBL family and that investigations of Ca2+ 

signaling via CBL and CIPK proteins in Arabidopsis will reveal common pathways 

during plant growth and development. 
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OBJECTIVES AND RESEARCH APPROACHES 

 

 To understand Ca2+ signaling in response to environmental factors and developmental 

demands in plants, Arabidopsis thaliana was used as a model organism in the present 

study. The goal of this work was to determine the in vivo functions of the CBL Ca2+ 

sensors upon alterations in [Ca2+]cyt in terms of physiological and developmental 

responses in the plant. As a first step in the identification of novel functions for the CBL 

proteins, a phylogenetic analysis was performed to identify both distinct and closely 

related CBL proteins. Based on this result in combination with genomic analysis, CBL10, 

CBL1 and CBL9, and CBL8 were chosen as being the most divergent, the most similar to 

each other and the most closely related to the well-characterized founding member of the 

CBL family, respectively. To demonstrate that the CBL proteins are involved in 

physiological and developmental processes, T-DNA insertion mutants were isolated and 

used to generate double and higher-order mutants which were characterized 

developmentally and in response to abiotic stresses. Expression patterns and subcellular 

localization of CBLs were determined by reverse transcriptase (RT)-polymerase chain 

reaction (PCR) and through the analysis of promoter-β-glucuronidase (GUS) or protein-

green fluorescent protein (GFP) lines. The Ca2+-binding activities of the CBL proteins 

were determined by biochemical analysis. Based on these studies, roles for CBL10 in salt 

stress signaling, CBL1 and CBL9 in seed development and drought stress signaling, and 

CBL8 in trichome and root hair development are proposed. 
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CHAPTER 2 

 

CBL10, A POST-TRANSCRIPTIONALLY REGULATED CALCIUM-BINDING 

PROTEIN, IS A POSITIVE REGULATOR OF SALT TOLERANCE IN 

ARABIDOPSIS 

 

INTRODUCTION 

 

 Two of the major abiotic stresses affecting agricultural crops are too little water and 

too much salt in the soil. Plant water deficit develops as the demand exceeds the supply 

of water. The supply is determined by the amount of water held in the soil to the depth of 

the root system. The demand for water is set by plant transpiration rate or crop 

evapotranspiration. According to the FAO Land and Plant Nutrition Management Service 

(http://www.fao.org/ag/agl/agll/spush/topic2.htm), over 6% of the world's land, 400 

million hectares (ha), is affected by salinity. Of the current 230 million ha of irrigated 

land, 45 million ha (19.5 %) are salt-affected and of the 1,500 million ha under dryland 

agriculture, 32 million ha (2.1 %) are salt-affected to varying degrees. Plant responses to 

salt and water stress have many elements in common. Salinity reduces the ability of 

plants to take up water and this quickly causes a reduction in growth rate, along with a 

suite of metabolic changes identical to those caused by water stress. During the past 
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decade, enormous advances have been achieved in understanding plant responses to these 

stresses.  

 Transcriptional, post-transcriptional and physiological changes have been shown to be 

important for the response of the plant to drought and salt stress. Through differential 

display screening using Arabidopsis as a model plant, abiotic stress-inducible genes have 

been isolated and characterized. Promoter analysis of these genes identified CRT/DRE 

(C-repeat/drought-responsive element) and ABRE (ABA-responsive element) motifs 

which bind transcription factors and result in activation of stress-inducible gene 

expression (Marcotte et al., 1989; Mundy et al., 1990; Baker et al., 1994; Yamaguchi-

Shinozaki and Shinozaki, 1994). From yeast one-hybrid screening, CBFs/DREBs 

(CRT/DRE binding factors/DRE binding proteins) and ABFs/AREBs (ABRE binding 

factors/ABA-responsive element binding proteins) have been identified to be C/DRE- or 

ABRE-binding transcription factors induced by cold, salt or drought conditions 

(Stockinger et al., 1997; Liu et al., 1998; Choi et al., 2000; Uno et al., 2000). The in vivo 

functions of these transcription factors have been characterized by overexpression in 

Arabidopsis and other plants and their complex regulation has been resolved by mutant 

analysis (Nakashima et al., 2006). Recently, it was reported that MYB or NAC factors are 

involved in the early induction of CBFs/DREBs and DRE-containing genes under 

specific conditions (Chinnusamy et al., 2003; Tran et al., 2004).  

 In the presence of excess soil salinity, plants have adapted several strategies for 

survival in addition to the induction of expression of CBF/DREB-mediated stress-

responsive genes. One adaptation involves compartmentalization of the excess salt into 
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intracellular stores, like the vacuole, or into specialized structures like salt glands or 

bladders (Apse et al., 1999; Trinchant et al., 2004). A second adaptation is to transport 

the excess salt from the cytoplasm out of the cell into the apoplast; a signaling pathway 

regulating this transport has been identified in Arabidopsis. In this pathway, SOS3/CBL4 

was identified from an EMS mutagenized Arabidopsis Col gl1 population using a root 

bending assay in the presence of salt (Liu and Zhu, 1998). A single allele of the sos3-1 

mutant was isolated and characterized and was found to have a 6 bp deletion in the 

SOS3/CBL4 locus. SOS3/CBL4 has Ca2+-binding activity and an N-terminal 

myristoylation motif that directs the protein to the plasma membrane (Ishitani et al., 

2000). SOS3/CBL4 was shown to strongly interact with the serine/threonine protein 

kinase SOS2/CIPK24. SOS3/CBL4 binds and activates SOS2/CIPK24 kinase activity by 

relieving a self-inhibitory folding within the regulatory and kinase domains of the 

SOS2/CIPK24 protein (Halfter et al., 2000; Guo et al., 2001). Subsequent experiments 

showed that SOS3/CBL4 senses changes in cytosolic Ca2+ in response to salt, interacts 

with and guides SOS2/CIPK24 to the plasma membrane to activate SOS1, a Na+/H+ 

exchanger. SOS1 transports Na+ accumulated in the cytosol into the apoplast to prevent 

the toxic build up of Na+ within the cell and to regulate cellular ion homeostasis (Shi et 

al., 2000; Qiu et al., 2002; Qiu et al., 2003; Zhu, 2003; Qi and Spalding, 2004; 

Chinnusamy et al., 2005). 

 During drought, ABA acts as a key plant hormone to coordinate various responses 

including seed germination, dormancy, maturation, root elongation, and regulation of 

stomatal aperture. From extensive investigations into the role of ABA in plant growth and 
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development, components of ABA signaling are emerging. For example, genes that 

regulate ABA biosynthesis have been identified (Lee et al., 2006b; Lefebvre et al., 2006; 

Okamoto et al., 2006; Porch et al., 2006; Suzuki et al., 2006), an ABA receptor was 

recently found (Razem et al., 2006), and ABFs/AREBs (Choi et al., 2000; Uno et al., 

2000), ABIs (Bensmihen et al., 2005; Penfield et al., 2006; Yoshida et al., 2006) and 

heterotrimeric guanine nucleotide-binding (G) proteins have been implicated in ABA 

signaling  (Assmann, 2005b; Assmann, 2005a; Chen et al., 2006a; Chen et al., 2006b; 

Pandey et al., 2006). It has also been shown that ABA works with other plant hormones 

like gibberellic acid (GA), ethylene and brassinosteroids to regulate growth and 

development during abiotic stress (Achard et al., 2006; Christmann et al., 2006). At the 

whole cell level, changes in [Ca2+]cyt signaled by NADPH oxidase-induced ROS 

production (Kwak et al., 2003), involvement of cADPR (Wu et al., 2003), and a critical 

role for PLC in ABA-mediated responses (Kashem et al., 2000; Sanchez and Chua, 2001) 

have provided evidence that Ca2+ plays a role as a second messenger in ABA signal 

transduction. At the molecular level, recent reports have shown transcriptional regulation, 

mRNA processing and post-translational regulation of genes during ABA-mediated 

signal transduction (Zhang et al., 2005a; Kuhn et al., 2006). For example, transcriptional 

activity of ABF2 is modulated by interaction with arm repeat protein (ARIA) during seed 

germination and root elongation (Kim et al., 2004). ABI3 is post-translationally regulated 

by an ABI3-interacting protein (AIP2, (Zhang et al., 2005a), and poly(A)ribonuclease 

(AtPARN) is involved in the mRNA-degradation of ABA-responsive genes in response 

to ABA (Nishimura et al., 2005).  
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 As described above, stress-responsive genes are induced by transcriptional activation 

and their activities are often regulated by post-translational modifications like 

phosphorylation or de-phosphorylation. In addition, the level of protein may be affected 

by the stability of its mRNA as a form of post-transcriptional regulation. Another method 

of post-transcriptional regulation involves the production of alternative pre-mRNA 

spliced forms. In both animals and plants, genome wide surveys suggest that an 

unexpectedly high proportion of genes have alternatively spliced forms (Lorkovic et al., 

2000; Modrek and Lee, 2002; Haas et al., 2003; Kazan, 2003; Iida et al., 2004; Wang and 

Brendel, 2006b). In plants, production of alternative spliced forms and changes in the 

ratios between spliced forms under given conditions have been demonstrated for genes 

involved in developmental processes and environmental stress responses (Gassmann et 

al., 1999; Yoshimura et al., 1999; Isshiki et al., 2001; Macknight et al., 2002; Shi et al., 

2002; Spellman et al., 2005). This alternative pre-mRNA splicing is regulated by 

spliceosomes that include serine/arginine (SR) proteins and heterogeneous nuclear 

ribonucleoprotein (hnRNP) complexes (Lazar and Goodman, 2000; Smith and Valcarcel, 

2000; Reddy, 2004; Lee et al., 2006a; Wang and Brendel, 2006a). The function of each 

alternative spliced form relies on the presence/absence of pre-mature stop codons. It is 

known that SR proteins themselves have a variety of spliced forms whose ratio is 

changed under specific conditions (Lazar and Goodman, 2000). It remains to be 

determined whether each spliced form acts independently or if they compete for the 

target pre-mRNA. When alternative spliced forms have pre-mature stop codons, they are 

subject to an RNA surveillance system, nonsense-mediated decay (NMD), before 
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degradation (Maquat, 2004; Hori and Watanabe, 2005). In contrast to what has been 

shown for alternative splicing, it has not determined whether NMD is involved in stress 

responsive or developmental processes in plants. Even with genome wide analysis, it is 

difficult to detect the alternative spliced forms in rarely expressed genes with restricted 

expression patterns. In addition, functional analysis of each spliced form is implicated 

with the ratio and stability of its translated product. 

 Through phylogenetic and gene structure analyses within the CBL family of proteins 

in Arabidopsis, CBL10 was chosen for the present study based on its low similarity and 

identity ratios and unique genomic structure. In the TIGR and TAIR public databases, 

CBL10 is reported to have two transcripts, CBL10.1 (At4g33000.1) and CBL10.2 

(At4g33000.2), which differ in the position of their first exons and translation starting 

sites, and in their N-terminal amino acid sequences; however, both share four conserved 

EF-hand motifs. From RT-PCR using oligo (dT) primed first strand complementary DNA 

(cDNA), only the CBL10.2 transcript was identified in this study. As a result, we focused 

on the characterization of CBL10.2 as a functional CBL10 in plants. The biochemical 

properties of CBL10 were examined and its in vivo function was characterized using a T-

DNA insertion knock-out mutant, cbl10-1. As a Ca2+-binding protein, CBL10 acts as a 

positive regulator during salt stress; however, it acts as a negative regulator during ABA 

signaling. Expression in aerial portions of the plant and localization to the plasma 

membrane suggest that CBL10 functions a Ca2+ sensor in salt stress signal transduction 

as a counterpart to SOS3/CBL4 in roots. CBL10 expression is not induced by any stress 

treatment; however, alternatively spliced forms of CBL10 are produced under control 



 

35

conditions and the ratio of these variants is altered during cold and salt stress treatments 

suggesting the presence of mechanisms for tight regulation of CBL10 activity. 

  

MATERIALS AND METHODS 

 

Plant growth and mutant isolation 

 Arabidopsis thaliana (L.) Heynh. Col-0 was used as the wild type in this study. Seeds 

were stratified for three days at 4ºC in the dark after planting in soil or on media, and 

transferred to a growth chamber with a 16h/8h light/dark cycle at 22ºC. SALK_056042 

was obtained from the Arabidopsis Biological Resource Center (ABRC) to isolate a T-

DNA insertion line in the CBL10 locus. In order to verify the presence of a T-DNA 

insertion in this locus, a pair of Lba1 (5’-TGGTTCACGTAGTGGGCCATC-3’) and 

gene-specific 056042_L (5’-TCTGCTATTCTCTTGGAATCTGA-3’) primers were used 

for PCR using genomic DNA prepared from T4 plants of SALK_056042 as a template. 

To identify plants without a T-DNA insertion in the CBL10 locus, 056042_L and 

N056042_R (5’-CTGCCATAGACGCAAGATGA-3’) primers were used for PCR. The 

cbl10-1 mutant was backcrossed three-times to wild type, and a homozygous cbl10-1 

mutant was isolated in the BC3F2 generation. 

 

Recombinant CBL10 protein isolation 

 The cDNA of CBL10.2 was amplified using total RNA prepared from wild-type plants 

by RT-PCR (see section on ‘RT-PCR and RNA gel blot analysis’). CBL10.2 cDNA was 
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subcloned into pGEX-2TK and the recombinant glutathione S-transferase (GST)-

CBL10.2 construct was introduced into E. coli BL21 codon+ cells. After incubation as a 

pre-culture overnight at 37ºC with shaking in 2 ml of 2X YTA (tryptone, 16g/l; yeast 

extract, 10 g/l; NaCl, 5g/l; pH 7.0), 0.1 ml of pre-culture was used to seed 50 ml of 2X 

YTA which was incubated at 37ºC with shaking. When absorbance at 600 nm reached 

0.6 to 0.8, isopropyl-beta-D-thiogalactopyranoside (IPTG) was added to a final 

concentration of 0.01 mM, and expression of recombinant protein was induced at room 

temperature overnight with shaking. Cells were harvested by centrifugation at 3,000 rpm 

for 15 min, resuspended in 2.5 ml of cold 1X phosphate buffered saline (PBS; 137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4), and sonicated six to eight 

times for 10 sec at 20 sec intervals. After sonication, Triton X-100 was added to a final 

concentration of 0.1% and lysates were incubated on ice for 30 min with shaking. 

Supernatants as soluble fractions were recovered by centrifugation at 11,500 rpm for 15 

min at 4ºC, glutathione agarose (25 µl) was added and the mixture nutated at room 

temperature for 30 min. After centrifugation at 1,900 rpm for 5 min, the supernatant was 

discarded and the glutathione agarose was washed three times with 250 µl of 1X PBS. 

GST-CBL10.2 recombinant protein was eluted with glutathione elution buffer (10 mM 

reduced glutathione in 50 mM Tris-HCl, pH 8.0). The concentration of purified protein 

was estimated by comparison with known amounts of bovine serum albumin in SDS-

PAGE analysis. 
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Calcium-binding assay 

 To determine if CBL10.2 is a Ca2+-binding protein, a Ca2+-ligand blot was used 

(Randall, 1992). One µg of purified protein was loaded onto a 12% SDS-PAGE gel and 

run with pre-stained molecular weight markers. GST only and GST-CaM1/4 were used as 

negative and positive control proteins, respectively. After electrophoresis, proteins were 

transferred to a nitrocellulose membrane in transfer buffer (20% methanol, 15.6 mM Tris, 

120 mM glycine, pH 8.1 to 8.4) at 50 V for 2 hr. The membrane was washed briefly with 

5 mM EDTA, pH 7.0, and then three times with washing buffer (60 mM KCl, 2.5 mM 

MgCl2, 5 mM imidazole, pH 7.0) for 30 min, and incubated with 30 ml of washing buffer 

containing 30 µCi of 45Ca2+ for 15 min. The membrane was washed twice with 50% 

ethanol for 2 min, dried briefly, and exposed to Kodak BIOMAX MS X-ray film for 24 

hr. After the X-ray film was developed, the membrane was stained with 0.2% Ponceau S. 

 

Phenotypic analysis and complementation of cbl10-1  

 For salt sensitivity assays, eight or 10-day-old wild-type, sos3-1 (cbl4-1) and cbl10-1 

seedlings grown vertically on Murashige and Skoog (MS) media containing 1.2% agar 

(MS 1.2% agar media) were transferred to MS 1.2% agar media with 0, 75, 100, 125 or 

150 mM NaCl and inverted for root bending assays. Growth of roots or aerial portions of 

the plant were analyzed and pictures taken 8 days after transfer. Because sos3-1 is in the 

Columbia (Col)-gl1 background, sos3-1 was crossed to Col-0 and trichome-bearing sos3-

1 (cbl4-1) was identified by dCAPS marker-assisted genotyping and used in the present 

study. 
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 For germination assays in the presence of ABA, both wild type and cbl10-1 were 

planted on MS media containing 0.6% agar (MS 0.6% agar media) with 0, 0.5, 1, 2 or 5 

µM (±) ABA and germination was measured every day after a 3 day stratification. For 

root growth in the presence of ABA, 10-day-old seedlings of both wild type and cbl10-1 

grown on MS 1.2% agar media were transferred to the same media containing 0, 0.1, 0.2, 

0.5, 1, 2 or 5 µM (±) ABA and primary root growth was measured daily to 7 days after 

transfer. 

 For complementation of the cbl10-1 mutant, a genomic DNA fragment covering the 5’ 

upstream and coding regions (including exons and introns of the CBL10 locus) was 

isolated by genomic PCR using PM5-CBL10 (5’-CAGCGACGATAAAATGGTT-3’) 

and PM3-AtCBL10-3XhoI (5’-CATCTCGAGGTCTTCAACCTCAGTGTTG-3’) 

primers and ligated into pBN-GFP as a translational fusion to the N-terminus of GFP. 

The resulting ProCBL10:CBL10:GFP construct was introduced into both wild type and the 

cbl10-1 mutant by Agrobacterium tumefaciens (Agrobacterium) infiltration (Clough and 

Bent, 1998) and transgenic lines were screened for kanamycin (50 µg/ml) resistance. 

 

RT-PCR and RNA gel blot analysis 

 To clone the CBL10 cDNA, RT-PCR was performed with total RNA prepared from 

wild-type plants. Total RNA was isolated from 17-day-old seedlings using Trizol 

(Invitrogen, Carlsbad, CA). Five µg of total RNA was mixed with 1 µl of 10 mM dNTP 

and 1 µl of 100 µM oligo (dT) in a total volume of 13 µl. After incubation at 65ºC for 5 

min and subsequent quenching on ice for 2 min, a mixture containing 4 µl of 5X first 
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strand synthesis buffer, 1 µl of 0.1M DTT, 1 µl of RNase inhibitor (10 u/µl) and 1 µl of 

reverse transcriptase III (Invitrogen) was added and incubated first at 50ºC for 60 min 

and then at 70ºC for 15 min. After incubation, 1 µl of 2 u/µl RNase H was added and the 

mixture was incubated at 37ºC for 20 min. Two µl out of 20 µl of the first strand cDNA 

was used as a template for subsequent PCR using CBL10 specific primer sets, 5CBL10B 

(5’-GGCGGATCCATGACAACTGGCCGACCAAAT-3’) and 3CBL10B (5’-

GGCGGATCCTCAGTCTTCAACCTCAGTGTTG-3’) for CBL10.1 or N5CBL10B (5’- 

GGCGGATCCATGGAACAAGTTTCCTCTAGAT-3’) and 3CBL10B for CBL10.2. 

 To determine the expression pattern of CBL10 during development and in response to 

stress treatment, total RNA prepared from wild-type flowers, siliques or plants treated 

with cold (4ºC), 300 mM NaCl or 100 µM (±) ABA was used as template for RT-PCR 

with N5CBL10B and 3CBL10B primers. As a control, Tubulin was amplified with β-

tubulin-5’ (5’-CGTGGATCACAGCAATACAGAGCC-3’) and β-tubulin-3’ (5’- 

CCTCCTGCACTTCCACTTCGTCTTC-3’) primers.  

 In order to determine the effect of CBL10 on the expression patterns of stress-

inducible genes, 14-day-old seedlings of wild type and the cbl10-1 mutant grown on MS 

media were treated with cold (4ºC for 3, 6, 9, 12, 24 or 48 h), NaCl (300 mM for 0.5, 1, 2, 

3, 4 or 5 h), or (±) ABA (100 µM for 0.5, 1, 2 or 3 h). Untreated seedlings were used as 

controls. Total RNA was prepared using aurintricarboxylic acid (Sigma-Aldrich, St. 

Louis, MO). Twenty µg of total RNA was loaded in each lane of a 1% formaldehyde 

agarose gel. After electrophoresis, RNA was transferred and cross-linked to a nylon 

membrane. The membrane was incubated in pre-hybridization buffer containing 50% 
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formamide, 4X SSC (20X, 3.0 M NaCl, 0.3 M sodium acetate, pH 7.0), 5X Denhardt’s 

solution (50X, 1% (w/v) Ficoll 400, 1% (w/v) polyvinylpyrrolidone, 1% (w/v) bovine 

serum albumin (Sigma-Aldrich, Fraction V)) and 1% SDS at 42ºC. After addition of the 

32P-dCTP labeled probe, the membrane was further incubated overnight at 42ºC. After 

hybridization, the membrane was briefly washed with 0.5X SSC, 0.1% SDS and washed 

with same buffer at 42ºC for 30 min. Two additional washes were performed at 42ºC for 

30 min using 0.1X SSC and 0.1% SDS. The membrane was exposed to Kodak BIOMAX 

MS X-ray film. Ethidium bromide-stained rRNA was used as a loading control and 

RD29A and COR15a were used as stress-inducible gene probes (Lin and Thomashow, 

1992; Yamaguchi-Shinozaki and Shinozaki, 1993). 

 

Histochemical analysis 

 To determine the temporal and spatial expression pattern of CBL10 promoter activity, 

the 5’ upstream region of CBL10 was transcriptionally fused to GUS as a reporter gene in 

pCAMBIA1381. Based on two CBL10 entries in the TAIR (The Arabidopsis Information 

Resource) and TIGR (The Institute of Genomic Research) databases, short or long 

lengths of the 5’ upstream region (1,725 bp or 2,214 bp) were amplified by PCR using 

genomic DNA from wild type as a template with a pair of AtCBL10p5 (5’-

GGCGAATTCCAGCGACGATAAAATGGTT-3’) and AtCBL10p3 (5’-

GCGAAGCTTCGATGACGATCATGTCTTATCAA-3’) primers for CBL10.1 or PM5-

AtCBL10-3PstI (5’-CGCCTGCAGCGGCCAGCGACGATAAAATGGTT-3’) and PM3-

AtCBL10-5XhoI (5’-CGCCTCGAGGAGTTCATTCAAAATCACAATCACAG) for 
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CBL10.2. Recombinant plant binary vectors, ProCBL10L::GUS or ProCBL10S::GUS were 

introduced into Arabidopsis Col-0 wild type by the floral dip method with Agrobacterium 

GV3101 and T2 or T3 transgenic lines were isolated based on hygromycin resistance. For 

GUS staining, seedlings grown on MS media containing hygromycin (25 µg/ml) or 

specific organs such as stems, flowers or siliques were immersed into low strength (100 

mM NaPO4 buffer, 10 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium 

ferrocyanide, 1.0 mM X-glucuronide, 0.1% Triton X-100) or high strength (50 mM 

NaPO4 buffer, 10 mM EDTA, 2.0 mM potassium ferricyanide, 2.0 mM potassium 

ferrocyanide, 2.0 mM X-glucuronide, 0.2% Triton X-100) staining solution and vacuum-

infiltrated for 15 min (Schoof et al., 2000). After 3 or 24 h incubations at 37ºC, stained 

specimens were cleared and observed using bright field microscopy. 

 

Confocal laser scanning microscopy 

 To determine the subcellular localization of CBL10.2, CBL10.2 cDNA was modified 

at both the 5’ and 3’ ends by PCR with 5CBL10XhoI (5’- 

GCGCTCGAGATGGAACAAGTTTCCTCTAGAT-3’) and N3CBL10BamHI (5’- 

GGCGGATCCCGGTCTTCAACCTCAGTGTTGAA-3’) primers and ligated into the 

pEZT-NL vector to make a translational fusion to enhanced GFP (EGFP). The 

recombinant plant binary vector was introduced into Arabidopsis Col-0 wild type by 

Agrobacterium infiltration, and transgenic lines were identified based on BASTA 

(glufosinate ammonium, 30 µg/ml) resistance. To determine the subcellular localization 

of CBL10.2-EGFP, seedlings containing CBL10.2-EGFP grown vertically on MS 1.2% 
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agar media were observed by confocal microscopy using a MRC 1024MP (Bio-Rad, 

Hercules, CA) confocal scanner attached to an Olympus BX-50 upright microscope, 

equipped with UPlanF1 4X/0.30, and UPlanApo 20X/0.70 objective lenses. 

LaserSharp2000 (Bio-Rad) was used for image acquisition. The SOS3/CBL4-EGFP line 

was used as a positive control for plasma membrane localization. 

 

RESULTS 

 

The amino acid sequence and genomic structure of CBL10 suggest that CBL10 is 

most divergent within the CBL family 

 A phylogenetic analysis of the amino acid sequences of the CBL proteins was 

performed using PAUP version 4.0 (Sinauer Associates, Sunderland, MA, USA) for 

maximum parsimony, and showed that CBL10 resides in a branch of the phylogenetic 

tree that is distinct from the other CBL proteins (Figure 2.1A). Pair-wise comparison of 

CBL amino acid sequences using MatGAT2.1 showed that, relative to other CBL family 

members, CBL10 has low similarity and identity scores ranging from 56 to 70% and 

from 36 to 55%, respectively (Figure 2.1B). Comparisons of genomic structures of CBL 

family genes suggest that CBL10 has a unique genomic structure that includes a different  
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Figure 2.1. Low similarity and identity of Arabidopsis CBL10 within the CBL family. 

(A) A phylogenetic tree generated by PAUP version 4.0 based on the amino acid 

sequences of the Arabidopsis CBL family. Arabidopsis calmodulin1 (CaM1) and human 

neuronal calcium binding protein 1 (h-CaBP1) were used as out-groups. (B) Similarity 

and identity comparisons between CBL family members were analyzed by MatGAT2.1. 

Values in the upper right side represent levels of identity and values in the lower left side 

levels of similarity. (C) CBL genes were grouped by genomic structures, such as number 

of exons and introns and position of first exon. Box, exon; line, intron. (D) Alignment of 

CBL proteins showed four conserved EF-hand domains (indicated by lines) in all 

members. Dark shade, conserved amino acid residue; gray shade, semi-conserved amino 

acid residue. 
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CBL2       1                                MSQCVDGIKHLCTSVLGCFDLDLYKQSGG 
CBL3       1                                MSQCIDGFKHVCSSFFRCFDIDIYKQSGG 
CBL6       1                               MMMQCLDGLKHLALILLTCCDADPPKVRQ- 
CBL7       1                                    MDSTRNSASSNSTGCFTDQKKRKA- 
CBL4       1                                          MGCSVSKKKKK-NAMRPPG 
CBL8       1                                          MLAFVKCFSLK-RAKHPRG 
CBL9       1                                              MGCFHST-AAREFPD 
CBL1       1                                              MGCFHSK-AAKEFRG 
CBL10      1 MTTGRPNNILALKISTRSSSLTVGEQFCAVFIPFFAIIDVLVSSVGQCFDCRSTSPRTCQ 
CBL5       1                                              MGCVCSKQLEGRRQ- 
CaM1       1   
h-CaBP1    1                                MGNCVKYPLRNLSRKMCQEEQTSYMVVQT 
 
 
CBL2      30 LGDPELLARDTVFSVSEIEALYELFKKISSAVIDDGLINKEEFQLALFKTNKKESLFADR 
CBL3      30 LGDPELLARETVFSVSEIEALYELFKKISSAVIDDGLINKEEFQLALFKTNKKESLFADR 
CBL6      30 --NPKDVARGTVFTVNEIEALYELFKSIS----KNGLIDKEQFQLVLFKMNTTRSLFADR 
CBL7      25 -------LYEVFKKLSGVDCQRNEGNVVEGVTCYYGEMNKEQFHVAIFQTDKNESLFSER 
CBL4      19 YEDPELLASVTPFTVEEVEALYELFKKLSSSIIDDGLIHKEEFQLALFRNRNRRNLFADR 
CBL8      19 YEDPHVLASETPFTVNEIEALHDLFKKLSTSIINDGLIHKEEFLLALFRNGSMQNLFADR 
CBL9      15 HENPVKLASETAFSVSEVEALYELFKSISSSVVDDGLINKEEFQLALFKNRKKENLFANR 
CBL1      15 HEDPVKLASETAFSVSEVEALFELFKSISSSVVDDGLINKEEFQLALFKSRKRENIFANR 
CBL10     61 HADLERLARESQFSVNEVEALYELFKKLSCSIIDDGLIHKEELRLALFQAPYGENLFLDR 
CBL5      15 -EDISLLASQTFFSEAEVEVLHGLFIKLTSCLSNDNLLTKEKFQFILIKNTKKRSLSAER 
CaM1       1      MADQLTDEQISEFKEAFSLFDKDG-----DGCITTKELGTVMRSLGQNPTEAELQ 
h-CaBP1   30 SEEGLAADAELPGPLLMLAQNCAVMHNLLGPACIFLRKGFAENRQPDRSLRP-EEIEELR 
 
                                                                         
CBL2      90 -VFDLFDTKHNGILGFEEFARALSVFHPNAPIDDKIHFSFQLYDLKQQGFIERQEVKQMV 
CBL3      90 -VFDLFDTKHNGILGFEEFARALSVFHPNAPIEDKIDFSFQLYDLKQQGFIERQEVKQMV 
CBL6      84 -VFDLFDTKNTGILDFEAFARSLSVFHPNAKFEDKIEFSFKLYDLNQQGYIKRQEVKQMV 
CBL7      78 -VFDLFDTNHDGLLGFEEFARALSVFHPSAPIDDKIDLSFQLYDLKQQGFIERQGVKQLV 
CBL4      79 -IFDVFDVKRNGVIEFGEFVRSLGVFHPSAPVHEKVKFAFKLYDLRQTGFIEREELKEMV 
CBL8      79 -VFYMFDRKRNGVIEFGEFVRSLSIFHPYTPEHEKSAFMFKLFDLHGTGFIEPHELKKMV 
CBL9      75 -IFDLFDVKRKGVIDFGDFVRSLNVFHPNASLEEKTDFTFRLYDMDCTGFIERQEVKQML 
CBL1      75 -IFDMFDVKRKGVIDFGDFVRSLNVFHPNASLEDKIDFTFRLYDMDCTGYIERQEVKQML 
CBL10    121 -VFDLFDEKKNGVIEFEEFIHALSVFHPYASIQEKTDFAFRLYDLRQTGFIEREEVQQMV 
CBL5      74 -IFGLFDMRNDGAIDFGEFVHTLNIFHPNSSPRDKAIFAFRLYDTRETGFIEPEEVKEMI 
CaM1      51 DMINEVDADGNGTIDFPEFLNLMAKKMKDTDSEEELKEAFRVFDKDQNGFISAAELRHVM 
h-CaBP1   89 EAFREFDKDKDGYINCRDLGNCMRTMG-YMPTEMELIELSQQINMNLGGHVDFDDFVELM 
 
 
CBL2     149 VATLAESGMNLKDTVIEDIIDKTFEEADTKHDGKIDKEEWRSLVLRHP--SLLKNMTLQY 
CBL3     149 VATLAESGMNLSDEIIESIIDKTFEEADTKHDGRIDKEEWRTLVLRHP--SLLKNMTLQY 
CBL6     143 VRTLAESGMNLSDHVIESIIDKTFEEADTKLDGKIDKEEWRSLVLRHP--SLLQNMSLQH 
CBL7     137 VATLAASGMSQSDEIVESIIDKTFVQADTKHEGMIDEEEWMDLVFRHP--LLLKNMTLQY 
CBL4     138 VALLHESELVLSEDMIEVMVDKAFVQADRKNDGKIDIDEWKDFVSLNP--SLIKNMTLPY 
CBL8     138 GALLGETDLELSEESIEAIVEQTMLEVDTNKDGKIDEEEWKELVAKNP--SILKNMTLPY 
CBL9     134 IALLCESEMKLADDTIEMILDQTFEDADVDRDGKIDKTEWSNFVIKNP--SLLKIMTLPY 
CBL1     134 IALLCESEMKLADETIEIILDKTFEDADVNQDGKIDKLEWSDFVNKNP--SLLKIMTLPY 
CBL10    180 SAILLESDMMLSDELLTMIIDKTFADADSDKDGKISKDEWNVYVHKHP--SLLKNMTLPY 
CBL5     133 IDVLEESELMLSESIIDSIVSKTFEEADWKKDGIIDLEEWENFVATYP--LTLKNMTIPF 
CaM1     111 TNLG--------EKLTDEEVEEMIREADVDGDGQINYEEFVKIMMAK------------- 
h-CaBP1  148 GPKLLAET---ADMIGVKELRDAFREFDTNGDGEISTSELREAMRKLLGHQVGHRDIEEI 
 
 
CBL2     207 LKDITTTFPSFVFHSQVEDT------- 
CBL3     207 LKDITTTFPSFVFHSQVEDT------- 
CBL6     201 LKDVTKTFPNFVFHTIVTDTPSELDG- 
CBL7     195 LKDITTTFPSFVLHSQVEDT------- 
CBL4     196 LKDINRTFPSFVSSCEEEEMELQNVSS 
CBL8     196 LKEVTLAFPSFVLDSEVED-------- 
CBL9     192 LRDITTTFPSFVFNSEVDEIAT----- 
CBL1     192 LRDITTTFPSFVFHSEVDEIAT----- 
CBL10    238 LKDVTTAFPSFIFNTEVED-------- 
CBL5     191 LKDIPRIFPTFLR-------------- 
CaM1         --------------------------- 
h-CaBP1  205 IRDVDLNGDGRVDFEEFVRMMSR---- 
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number of exons and introns (Figure 2.1C). Taken together, these results suggest that 

CBL10 may have a unique function relative to the other CBL members.  

 

CBL10.2 is a calcium-binding protein 

 Multiple alignments of CBL family members suggested that CBL10 shares the 

conserved four EF-hand motifs found in the other CBL proteins (Figure 2.1D). To 

demonstrate that CBL10 is a Ca2+-binding protein, cDNA of CBL10.2 was obtained by 

RT-PCR and cloned into the pGEX-2TK vector. The resulting recombinant fusion protein, 

GST-CBL10.2, was expressed in and purified from E. coli. In an in vitro Ca2+-binding 

assay using 45Ca2+, CBL10.2 showed Ca2+-binding activity with an affinity similar to that 

of Calmodulin4 (CaM4), suggesting that CBL10.2 may function as a Ca2+-binding 

protein in vivo (Figure 2.2A). Crystallographic analysis showed that SOS3/CBL4 binds to 

both Ca2+ and Mn2+ (Sanchez-Barrena et al., 2005); it is therefore possible that CBL10.2 

may also have Mn2+-binding activity. To test this, Mn2+ was added to the incubation 

buffer along with 45Ca2+. In the presence of Mn2+, the affinity of CBL10.2 for Ca2+ 

appeared to be reduced more when compared to the affinity of CaM4 for Ca2+ under the 

same conditions (Figure 2.2B). SOS2/CIPK24 has been shown to have a higher affinity 

for Mn2+ relative to Mg2+ as a cofactor for its kinase activity (Gong et al., 2002). Based 

on these interactions with Mn2+, CBL and CIPK proteins may use similar cofactors for 

efficient signal transduction. These results demonstrate that CBL10.2 is a Ca2+-binding 

protein with functionally active EF-hand motifs and with an affinity for Mn2+ similar to 

what has been found for SOS3/CBL4. 
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Figure 2.2. Calcium-binding activity of Arabidopsis CBL10.2. (A) A Ca2+-binding assay 

with 45Ca2+ (see Materials and Methods). (B) A nitrocellulose membrane was incubated 

with 45Ca2+ without or with Mn2+. The lower band in the GST-CBL10.2 lane represents 

GST, which was partially cleaved from the recombinant protein during purification. Left 

panels, Ponceau S staining of the nitrocellulose membranes; right panels, autoradiograms 

of  45Ca2+ binding; PM, pre-stained molecular weight standards; GST only, a negative 

control; GST-CaM4, a positive control. 
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CBL10.2 expressed in leaves is localized to the plasma membrane 

 To determine the precise expression pattern of CBL10, two 5’ upstream regions of 

CBL10 were amplified from genomic DNA based on the genomic structures of CBL10.1 

or CBL10.2 (ProCBL10S or ProCBL10L, respectively). After confirmation by nucleotide 

sequencing, each fragment was transcriptionally fused to GUS as a reporter gene in the 

pCAMBIA1381 vector to produce ProCBL10S::GUS or ProCBL10L::GUS (Figure 2.3A). 

These recombinant plant binary vectors were introduced into Arabidopsis Col-0 wild type 

by Agrobacterium infiltration. Transformed lines were screened for hygromycin 

resistance in MS media and at least 10 independent T1 or T2 plants were used for 

histochemical analysis. Due to the low transcriptional activity of these genes, relatively 

high concentrations of X-glucuronide solution (2 mM) were used. ProCBL10S::GUS lines 

showed GUS staining only in the region of the shoot apical meristem at the seedling stage 

(Figure 2.3B). This result suggests that the expression level of CBL10.1 is very low and 

restricted to specific regions of the plant. In contrast, ProCBL10L::GUS lines showed high 

levels of expression of CBL10.2 in leaves and floral organs. While cotyledons showed 

GUS activity only at the tips, rosette leaves showed GUS staining in vascular tissues, 

trichomes and numerous amorphous spots (Figure 2.3C-a to 3C-d); these amorphous 

spots appear to position trichomes prior to their development. Another feature of the 

CBL10.2 expression pattern is that older buds showed more GUS staining than younger 

buds and that sepals and petals showed clear GUS activity in their vascular tissues 

(Figure 2.3C-e, -f). The pistil had intense GUS staining in the style and receptacle regions  
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Figure 2.3. Expression patterns of ProCBL10::GUS in wild-type Arabidopsis. (A) 

Schematic diagram of recombinant binary vectors. The 5’ upstream region of CBL10 

(ProCBL10S or ProCBL10L) was transcriptionally fused to GUS in pCAMBIA1381 resulting 

in ProCBL10S::GUS or ProCBL10L::GUS. (B) Histochemical analysis of ProCBL10S::GUS lines. 

a, transgenic line containing a promoterless GUS construct; b-c, T2 lines containing 

ProCBL10S::GUS (C) Histochemical analysis of ProCBL10L::GUS lines. Specimens were 

incubated in GUS staining solution at 37ºC for 3 hr (a-d) or 36 hr (e-k). a, cotyledon; b, 

1st true leaf; c, 2nd true leaf; d, 3rd true leaf; e, inflorescence; f, open flower; g, upper 

portion of the pistil; h, lower portion of the pistil; i, stamen; j, enlarged image of the 

filament in (i); k, silique. 
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(Figure 2.3C-g, -h). In stamens, GUS activity was observed only in xylem tissues, not in 

pollen (Figure 2.3C-i, -j). After fertilization, some GUS activity was maintained during 

seed maturation in the silique (Figure 2.3C-k). These data are supported by RT-PCR 

analysis showing the presence of CBL10.2 in various tissues including flowers and 

siliques (Figure 2.11A). Taken together, these results suggest that CBL10.2 expression 

may be driven by the longer 5’ upstream region of CBL10, ProCBL10L and not by the 

shorter region of ProCBL10S.  

 It has been shown that some CBL members including SOS3/CBL4, CBL1, CBL9 and 

CBL5 contain the N-terminus myristoylation motif; MGXXXS/T, which can serve as a 

signal for membrane localization (Ishitani et al., 2000; Albrecht et al., 2003; Cheong et 

al., 2003; Pandey et al., 2004; Xu et al., 2006). When the 2nd glycine residue in 

SOS3/CBL4 was mutated to alanine, SOS3/CBL4(G2A) plasma membrane localization 

was not altered, but the mutated protein could not complement the salt sensitivity of the 

sos3-1 mutant (Ishitani et al., 2000). Although neither CBL10.1 nor CBL10.2 contains 

this specific myristoylation motif at the N-terminus, it was important relative to 

understanding CBL10 function to determine its subcellular localization. For this purpose, 

cDNA of CBL10.2 was translationally fused to EGFP in pEZT-NL and introduced into 

Arabidopsis Col-0 wild type by Agrobacterium infiltration (Figure 2.4A). In addition, a 

SOS3/CBL4-EGFP fusion construct was made as a positive control and to verify the 

previously described subcellular localization of SOS3/CBL4 which was determined by 

Western blot analysis (Ishitani et al., 2000). Transgenic lines containing the CBL10.2-

EGFP construct were checked for a single locus insertion by monitoring the segregation  
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Figure 2.4. Subcellular localization of CBL10.2. (A) Schematic diagram of plant binary 

vector used to produce CBL10.2-EGFP fusion proteins. cDNA of CBL10.2 was 

translationally fused to EGFP in pEZT-NL. (B) CLSM image of SOS3/CBL4-EGFP as a 

positive control for plasma membrane localization in roots. (C) Plasma membrane 

localization of CBL10.2-EGFP in roots by CLSM imaging. (D) Confirmation of plasma 

membrane localization of CBL10.2-EGFP in plasmolyzed root cells.  
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ratio for BASTA resistance in the T3 generation (data not shown). Analysis of subcellular 

localization in primary roots by Confocal Laser Scanning Microscopy (CLSM) revealed 

that CBL10.2 is targeted to the plasma membrane like SOS3-EGFP (Figure 2.4B, 2.4C). 

In order to confirm the plasma membrane localization, roots were embedded in 10% 

glycerol to induce plasmolysis. Under these conditions, the CBL10.2-EGFP signal was 

visualized in the plasmolyzed plasma membrane (Figure 2.4D). Based on these results, 

CBL10 is mainly expressed in aerial portions of the plant, especially in vascular tissues 

and trichomes and is targeted to the plasma membrane as a counterpart to SOS3/CBL4 in 

the root. 

 

cbl10-1 is a CBL10.2 null mutant 

 To uncover the in vivo function of CBL10, a T-DNA insertion mutant line was 

obtained (SALK_056042). A putative mutant was identified by PCR genotyping and 

backcrossed to wild type three times to segregate the mutation. A single T-DNA insertion 

mutant was isolated in BC3F2 (cbl10-1; Figure 2.5A). In the TAIR and TIGR public 

databases, CBL10 is known to be expressed as two alternative spliced forms, CBL10.1 

(At4g33000.1) and CBL10.2 (At4g33000.2, Figure 2.5A). For both forms, the cbl10-1 

mutant has a T-DNA insertion in the 7th intron. To determine if cbl10-1 is a null mutation, 

RT-PCR analysis was performed with a primer set distinguishing CBL10.1 and CBL10.2 

using oligo (dT) primed first strand cDNA as a template. Using total RNA prepared from 

whole seedlings of both wild type and the cbl10-1 mutant, CBL10.1 was not detected. 

However, CBL10.2 was successfully amplified in wild type, but not in the cbl10-1 mutant.  
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Figure 2.5. Identification and characterization of the cbl10-1 mutant. (A) Schematic 

diagrams of genomic structures of CBL10.1 (upper diagram, At4g33000.1) and CBL10.2 

(lower diagram, At4g33000.2) and the position of the T-DNA insertions in the cbl10-1 

mutant. Positions of the translation start (ATG) and stop (TGA) codons are denoted in the 

transcripts. Position of the first exon differs between CBL10.1 and CBL10.2. Boxes 

represent exons and lines introns; dotted line in front of the first exon in CBL10.2 is part 

of the 5’ upstream region; red lines indicate the position of the EF hand motifs; P1, 

position of the 5CBL10B primer; P2, 3CBL10B; P3, N5CBL10B. (B) RT-PCR analysis 

of CBL10.1 and CBL10.2 expression in wild type and the cbl10-1 mutant. Total RNA 

was prepared from both wild-type and cbl10-1 seedlings without stress treatment. Tubulin 

is used as a control for RT-PCR.  
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This result demonstrates that cbl10-1 is a null mutant in CBL10.2 expression (Figure 

2.5B). An additional band was observed above the expected size of the CBL10.2 RT-PCR 

product in wild type, suggesting that CBL10 may have an alternative spliced form. 

 

The cbl10-1 mutant displays male sterility due to a defect in stamen elongation 

 Throughout the process of backcrossing to wild type to segregate the cbl10-1 mutation, 

no segregation distortion was observed in self-pollinated populations, including BC1F2, 

BC2F2 or BC3F2 (data not shown). However, when the homozygous cbl10-1 mutant was 

identified, older flowers did not produce mature siliques. In contrast, younger flowers 

produced mature siliques with normal seed set. Ultimately, the cbl10-1 mutant produced 

less seeds than wild type. To identify the cause of the reduced number of seeds and 

immature silique formation, flowers from wild type and the cbl10-1 mutant were 

compared. Six stamens develop in each flower of Arabidopsis. Among them, four 

stamens elongate and reach the top of the carpels, the stigma of the pistil, early during 

flower development. The stamens in the cbl10-1 mutant do not elongate relative to wild 

type (Figure 2.6A). When flowers were dissected, wild-type stamens were well elongated 

and produced pollen that covered the stigma of the pistil, but the cbl10-1 mutants had 

short stamens due to a lack of filament elongation and also had indehiscent anthers that 

did not release pollen (Figure 2.6B).  
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Figure 2.6. Male sterility in the cbl10-1 mutant. Stamens of wild type elongate 

sufficiently to reach the top of stigma; however, those of the cbl10 mutant do not. (A) 

Comparison between wild-type and cbl10-1 mutant flowers. (B) Anatomy of dissected 

wild-type and cbl10-1 mutant flowers. Bars represent 1 mm. 
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The cbl10-1 mutant shows salt sensitivity in aerial portions of the plant 

In previous reports, several CBL family members were shown to be involved in signal 

transduction in response to environmental stresses. For example, SOS3/CBL4 has been 

well-characterized as a Ca2+-binding protein as well as a Ca2+ sensor during salt stress 

signaling (Liu and Zhu, 1998; Ishitani et al., 2000). To determine if CBL10 is also 

important for the response of the plant to salt stress, the cbl10-1 mutant was characterized 

in the presence and absence of NaCl. Ten-day-old seedlings of both wild type and the 

cbl10-1 mutant grown on MS 1.2% agar media without NaCl were transferred onto MS 

1.2% agar media containing various concentrations of NaCl and plates were inverted to 

check primary root growth inhibition in response to increasing concentrations of NaCl. 

The cbl10-1 mutant did not develop primary root growth arrest in response to NaCl. 

Instead, the mutant showed growth arrest in aerial portions of the plant along with 

chlorosis at concentrations as low as 75 mM NaCl; the severity of the growth arrest and 

chlorosis increased with higher concentrations of NaCl (Figure 2.7A). To verify that 

disruption of CBL10 expression caused the salt sensitivity, the cbl10-1 mutant was 

transformed with the construct containing its native promoter and whole genomic 

fragments translationally fused to GFP, ProCBL10:CBL10:GFP, and transgenic lines were 

screened for kanamycin resistance. Eight-day-old seedlings of wild type, cbl10-1 and T2 

generations of transformed cbl10-1 (cbl10-1/CBL10) grown on MS 1.2% agar media 

without NaCl were transferred onto MS 1.2% agar media containing various 

concentrations of NaCl. Compared to cbl10-1, cbl10-1/CBL10 showed recovery of salt 

sensitivity to the wild-type level in aerial portions of the plant in terms of growth arrest  
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Figure 2.7. Salt sensitivity of the cbl10-1 mutant in aerial portions of the plant in the 

presence of NaCl. (A) Root bending assay of the cbl10-1 mutant in the presence of NaCl. 

Ten-day-old seedlings of wild type (WT) and the cbl10-1 mutant grown on MS media 

were transferred to MS media containing the indicated concentrations of NaCl. 

Photographs were taken 8 days after transfer. (B) Complementation of cbl10-1 with the 

ProCBL10:CBL10:GFP construct. Eight-day-old seedlings of wild type (WT), cbl10-1 and 

T2 generations of the complemented line (cbl10-1/CBL10) grown on MS 1.2% agar 

media without NaCl were transferred onto MS 1.2% agar media containing the indicated 

concentrations of NaCl. Photographs were taken 9 days after transfer. (C) Phenotypic 

comparison between sos3-1/cbl4 and cbl10-1 during NaCl treatment. Eight-day-old 

seedlings of wild type (WT), sos3-1/cbl4 or cbl10-1 grown on MS 1.2% agar media 

without NaCl were transferred onto MS 1.2% agar media containing the indicated 

concentrations of NaCl. Photographs were taken 7 days after transfer. 
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and development of chlorosis. These results indicate that disruption of full length CBL10 

expression is responsible for the development of the salt sensitivity phenotype in the 

cbl10-1 mutant.    

The sos3-1 mutant develops primary root growth inhibition in the presence of NaCl 

when compared to wild type. The fact that the salt sensitivity of the cbl10-1 mutant is 

manifest in aerial portions of the plant, but not in the primary root suggests tissue 

specificity of CBL proteins during the same abiotic stress. To more directly compare the 

salt sensitivity phenotypes of sos3-1/cbl4 and cbl10-1, both mutants and wild-type 

seedlings grown on MS media without NaCl were transferred to MS 1.2% agar media 

containing increasing concentrations of NaCl. Even at low concentrations of NaCl (50 

mM), the cbl10-1 mutant showed reduced growth of cotyledons and leaves, while the 

sos3-1/cbl4 mutant and wild type grew normally (Figure 2.7C). At NaCl concentrations 

100 mM and higher, the cbl10-1 mutant developed chlorosis in aerial portions of the 

plant, while both sos3-1/cbl4 and wild type did not exhibit chlorosis until 200 mM NaCl 

(Figure 2.7C). These results clearly demonstrate that CBL10 is a key Ca2+-binding 

protein in response to NaCl in aerial portions of the plant.  

 

The cbl10-1 mutant shows reduced sensitivity to ABA during seed germination 

 It has been reported that CBL proteins are involved in transduction of various 

abiotic stress signals mediated by ABA (Albrecht et al., 2003; Cheong et al., 2003; 

Pandey et al., 2004). For example, CBL9 is known to be a positive regulator of ABA 

biosynthesis and signal transduction in response to drought stress (Pandey et al., 2004). 
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To determine if CBL10 is also involved in ABA-mediated signal transduction, the 

response of the cbl10-1 mutant was characterized in the presence of ABA. Along with 

wild-type seeds, cbl10-1 mutant seeds were planted on MS media containing ABA 

ranging in concentration from 0 to 5 µM and germination was monitored. While there 

was no difference in germination ratio between wild type and the cbl10-1 mutant up to 1 

µM ABA, the cbl10-1 mutant showed delayed seed germination at 2 and 5 µM ABA 

(Figure 2.8A). In contrast, there was no difference in primary root growth between wild 

type and the cbl10-1 mutant at any of the ABA concentrations tested (Figure 2.8B). 

Relative to wild type, the sos3-1 mutant showed a salt-sensitive phenotype as primary 

root growth inhibition.  The cbl10-1 mutant, however, developed salt sensitivity in aerial 

portions of the plant and sensitivity to ABA during seed germination. These results 

suggest that CBL10 is a positive regulator during salt stress and a negative regulator 

during ABA signaling in aerial portions of the plant as a counterpart to SOS3/CBL4 in 

roots. 

 It has been reported that overexpression or lack of expression of CBL1 or CBL9 in 

wild-type or mutant backgrounds changes stress tolerance or sensitivity along with up-

regulation or down-regulation of stress-inducible genes (Albrecht et al., 2003; Cheong et 

al., 2003; Pandey et al., 2004). As the cbl10-1 mutant shows salt sensitivity in aerial 

portions of the plant and ABA sensitivity during seed germination, we determined 

whether the cbl10-1 mutant has altered expression patterns for stress-responsive genes 

such as RD29A and COR15a. Both RD29a and COR15a contain C/DRE (Cold/Drought 

responsive element) and ABRE (ABA responsive element) motifs in their promoters and  
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Figure 2.8. Responses of the cbl10-1 mutant during seed germination and root growth in 

the presence of ABA. (A) Germination assay of the cbl10-1 mutant in the presence of 

ABA. Wild type (open bar or circle) and the cbl10-1 mutant (gray bar or square) were 

planted on MS media containing the indicated ABA concentrations. Upper graph, 

germination was scored 10 days after stratification; lower graph, germination ratio was 

determined as a function of time. Radicle emergence was scored as germination. (B) 

Primary root growth of the cbl10-1 mutant in the presence of ABA. Ten-day-old 

seedlings of wild type (WT) and the cbl10-1 mutant grown on MS media were transferred 

to MS media containing the indicated concentrations of ABA. Primary root growth was 

measured 2 days after the transfer. Values represent means ± standard error. 
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their expression is induced through CBFs/DREBs (CRT/DRE-binding factors/Drought-

responsive element binding factors) or ABFs/AREBs (ABRE binding factors/ABA-

responsive element binding factors) during cold, drought or salt stress treatments 

(Stockinger et al., 1997; Liu et al., 1998; Choi et al., 2000). RNA gel blot analysis with 

cold, salt or ABA treatment did not show any difference in expression patterns or levels 

of RD29A or COR15a between wild type and the cbl10-1 mutant (Figure 2.9). These 

results suggest that the mutation in CBL10 does not alter the expression of stress-

responsive downstream genes in the CBF/DREB or ABF-mediated pathways, but leaves 

the possibility that the mutation may affect stress signaling pathways that are independent 

of these factors.   

 

CBL10.2 interacts weakly with SOS2/CIPK24 

 Previous studies have shown that SOS3/CBL4 interacts primarily with SOS2/CIPK24, 

a serine/threonine protein kinase to activate SOS1, a Na+/H+ exchanger in the plasma 

membrane by phosphorylation (Guo et al., 2001; Zhu, 2003; Chinnusamy et al., 2005). 

To begin to identify kinase partners for CBL10.2, we investigated whether CBL10.2 

relays the salt stress signal through SOS2/CIPK24 as SOS3/CBL4 does. To determine if 

CBL10.2 and SOS2/CIPK24 can interact in vitro, reciprocal yeast two-hybrid assays 

were performed (AD-CBL10.2 with BD-SOS2/CIPK24 or BD-CBL10.2 with AD-

SOS2/CIPK24). As previously reported, SOS3/CBL4 interacts strongly with 

SOS2/CIPK24 and enables transformed yeast cells to grow under high stringency 

conditions (Figure 2.10). However, yeast cells co-transformed with CBL10.2 and  



 

70

Figure 2.9. Expression patterns of stress-inducible genes in the cbl10-1 mutant. Two-

week-old seedlings of wild type (WT) and cbl10-1 grown on MS 0.6% agar media were 

treated for the indicated times with cold, 4ºC (A), 300 mM NaCl in 1X MS liquid (B), or 

100 µM ABA (C). Twenty µg of total RNA was analyzed by RNA gel blot hybridization 

with RD29A and COR15a as probes. Ethidium bromide-stained rRNA was used as a 

loading control. 
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Figure 2.10. CBL10.2 partially relays the salt stress signal by interaction with 

SOS2/CIPK24. Yeast two-hybrid assays between CBL10.2 and SOS2/CIPK24. 

Transformed yeast strain AH109 (104 cells) with the indicated recombinant vectors were 

spotted on selective media. Calmodulin4 (CaM4) was used as a negative control and 

CBL4/SOS3 as a positive control for interaction with SOS2/CIPK24. AD, activation 

domain fusion; BD, DNA binding domain fusion. 
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SOS2/CIPK24 (in both directions) could only grow under low stringency conditions, 

without HIS/LEU/TRP suggesting that CBL10.2 interacts very weakly with 

SOS2/CIPK24 (Figure 2.10). As there are 25 members of the CIPK family in Arabidopsis 

(Albrecht et al., 2001), other CIPKs may be interacting with CBL10.2 to relay the salt 

stress signal in aerial portions of the plants. 

 

Alternative pre-mRNA splicing of CBL10 is regulated by abiotic stress 

 RT-PCR analysis of CBL10.2 in wild type showed that extra bands appeared above the 

expected size of the CBL10.2 cDNA during agarose gel electrophoresis (Figure 2.11A). 

Using a high percentage agarose gel, at least two larger bands were visible (data not 

shown). RT-PCR mixtures were cloned and grouped based on restriction enzyme 

digestion profiles and nucleotide sequencing. Five variants of CBL10.2 mRNA were 

found in wild type under normal growth conditions (Figure 2.11B). These five variants 

were analyzed based on their cDNA size and the resulting deduced amino acid sequences. 

These analyses indicated that, with the exception of the full-length CBL10.2 cDNA, the 

other cDNAs including CBL10LA, CBL10LB, CBL10SA and CBL10SB contain premature 

termination codons in the second-to-last exon and that they may produce truncated 

proteins containing one or three EF-hand motifs, which may not be functional (Figure 

2.11B). Although four variants of CBL10.2 were detected, only two variants, CBL10LA 

and CBL10LB could be detected using RT-PCR suggesting that transcript levels of 

CBL10SA and CBL10SB are very low. 
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Figure 2.11. CBL10.2 is regulated post-transcriptionally by alternative pre-mRNA 

splicing. (A) RT-PCR analysis of the expression pattern of CBL10.2. (B) Genomic 

structures of alternative pre-mRNA spliced forms of CBL10.2 with the size of each 

cDNA. Exons affected by alternative splicing are gray. Red lines, position of EF hand 

motifs; boxes, exons; lines, introns; flags, position of pre-mature stop codons; red star, 

intron retention; yellow star, alternative acceptor site; blue star, alternative donor site. (C) 

RT-PCR analysis of transcript levels of CBL10.2 variants in response to abiotic stresses. 

Total RNA was prepared from 13-day-old wild-type seedlings treated with cold, NaCl or 

ABA for the indicated times and used for RT-PCR. (D) RT-PCR analysis of transcript 

levels of CBL10.2 variants in sta1 during stress. Ct, control; C, cold, 4ºC for 24 hr; N, 

300 mM NaCl for 5 hr; A, 100 µM ABA for 3 hr; F, flowers; S, siliques. Tubulin was 

used as a positive control for RT-PCR. 
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The expression profile of the CBL10.2 variants (CBL10.2v) changed in response to 

cold and NaCl treatment, but not ABA (Figure 2.11A). In addition, expression patterns of 

CBL10.2v were maintained in tissues such as flowers and siliques (Figure 2.11A). 

Although the transcript level of CBL10.2 was not changed by cold and salt stress, levels 

of CBL10LA and CBL10LB were greatly reduced by these conditions (Figure 2.11A). The 

timing of the changes in CBL10.2 expression was determined in response to cold and salt. 

In response to these treatments, transcript levels of CBL10.2v were reduced significantly 

by 6 hr of cold treatment and 1 hr of exposure to NaCl (Figure 2.11C). ABA did not 

affect the transcript levels of either CBL10.2v or CBL10.2 (Figure 2.11C) at any of the 

time points tested. The reduction of CBL10.2v with NaCl treatment is in agreement with 

the salt sensitivity phenotype of the cbl10-1 mutant in response to NaCl where only 

CBL10.2 is detectable by RT-PCR.  

These results give rise to several questions. First, how does CBL10.2 produce multiple 

alternative pre-mRNA spliced forms under normal conditions? Second, what is the 

regulatory mechanism that eliminates or down-regulates the premature termination 

codon-containing transcripts under specific conditions like cold or salt stress? One 

possible answer for the first question might involve differential regulation of pre-mRNA 

splicing factors. In both animals and plants, there are two categories of splicing factors; 

small nuclear ribonucleoprotein particles (snRNPs) and serine/arginine-rich proteins (SR 

proteins) (Lazar and Goodman, 2000; Lorkovic et al., 2000; Smith and Valcarcel, 2000; 

van der Houven van Oordt et al., 2000; Reddy, 2004; Wang and Brendel, 2006a). In 

Arabidopsis, several components of snRNPs have been characterized using mutant 
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analysis. One of them is a U5-like gene, STA1, which is known to be involved in correct 

splicing of COR15a, a cold-inducible gene (Lee et al., 2006a). The expression profile of 

CBL10.2v in the sta1 mutant was monitored by RT-PCR analysis during various stress 

treatments. Transcript levels of CBL10.2v were increased under normal conditions and 

reduction of transcript levels of CBL10.2v was not affected by cold or NaCl treatment 

(Figure 2.11D). This result implies that STA1 may be involved in splicing of CBL10.2 to 

produce mature CBL10.2 but that it is not likely to be involved in the regulation of 

transcript levels of CBL10.2v under stress conditions. In addition to U5 snRNP, many 

other components are involved in splicing of pre-mRNAs (Lorkovic et al., 2000; Reddy, 

2004; Wang and Brendel, 2006a). For example, the ato1 mutant was isolated as an 

Arabidopsis ortholog of maize mto38 (Chung et al., unpublished data). In Arabidopsis, 

there are at least 19 genes in the SR family, which produce many functional SR protein 

variants through alternative splicing (Lazar and Goodman, 2000; Lorkovic et al., 2000; 

Reddy, 2004); one example is atsrp30-1, an SR mutant. Analysis of CBL10.2 expression 

in both the ato1 and atsrp30-1 mutants will provide the opportunity to understand the 

regulation of alternative splicing in CBL10.2.  

It is known that mRNA containing premature termination codons is subject to 

transcription surveillance systems and can be degraded by nonsense-mediated decay 

(NMD) programs (Isshiki et al., 2001; Kazan, 2003; Maquat, 2004; Weischenfeldt et al., 

2005). To begin to address the second question, (what is the regulatory mechanism that 

eliminates or down-regulates the premature termination codon containing transcripts 

under specific conditions like cold or salt stress?), expression of CBL10.2v in Arabidopsis 
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homologues of upf3 and nmd could be analyzed. If NMD is involved in the regulation of 

the transcript levels of CBL10.2v under stress conditions, the upf3 or nmd3 homozygous 

mutants may maintain transcript levels of CBL10.2v even under cold or salt stress 

conditions. It will be very informative to determine whether NMD activity can be 

activated by specific stress conditions or can act on specific sets of genes which can be 

produced in alternative spliced forms. 

 

DISCUSSION 

 

 Using a T-DNA insertion knock-out mutant, our studies showed that CBL10.2 is 

involved in salt stress signaling in aerial portions of the plant as a positive regulator and 

ABA-mediated signaling as a negative regulator. In addition, CBL10.2 plays a role in 

stamen development. The biochemical properties of CBL10.2 indicate that, like 

SOS3/CBL4, CBL10.2 can bind Mn2+ as well as Ca2+. A plasma membrane localization 

and expression in vascular tissues in aerial portions of the plant indicate that CBL10.2 

functions as a counterpart to SOS3/CBL4, the Ca2+ sensor in roots. Production and post-

transcriptional regulation of various alternative pre-mRNA spliced forms of CBL10.2 

suggest a mechanism for tight regulation of CBL10.2 activity during plant growth and 

development and in response to abiotic stress. 
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CBL10.2 has an affinity for both Ca2+ and Mn2+ 

 Ca2+-binding proteins can also bind to other cations, like Mg2+ or Mn2+, and these 

cations may be the preferential cofactor or compete for binding to the EF-hand motif, 

leading to conformational changes in and altered stability of the protein (Grabarek, 2006). 

In animals, it has been shown that the human neuronal Ca2+-binding protein1 (hCaBP1), 

DREAM, a Ca2+- and integrin-binding protein (CIB) and tescalcin have affinities for 

Mg2+ as well as Ca2+ (Gutierrez-Ford et al., 2003; Yamniuk et al., 2004; Osawa et al., 

2005; Wingard et al., 2005). In jellyfish aequorin, Mg2+-binding prevents aggregation of 

the photoprotein (Ohashi et al., 2005). In plants, structural analysis of the Arabidopsis 

SOS3/CBL4 protein revealed that it binds to Ca2+ as well as Mn2+ and that Ca2+-binding 

is required for its dimerization (Sanchez-Barrena et al., 2005). Coincidentally, the 

SOS3/CBL4-interacting protein kinase SOS2/CIPK24 preferentially uses Mn2+ as a 

cofactor over Mg2+ for its kinase activity and requires 2.5 mM Mn2+ to achieve optimal 

kinase activity in in vitro assays (Gong et al., 2002). Because concentrations of Mn2+ are 

orders of magnitude lower that those of Mg2+ in most cells in both animals and plants 

(Schinkmann and Blenis, 1997), the physiological relevance of a specificity for Mn2+ 

binding has been questioned. However, this unusual preference for Mn2+ over Mg2+ as a 

cofactor is found with various protein kinases, for example, the mammalian STE20-like 

kinase 3 (mst-3), the bovine cAMP-dependent protein kinase, and the Arabidopsis CaM-

binding receptor-like kinase (AtCaMRLK) (Armstrong et al., 1979; Schinkmann and 

Blenis, 1997; Charpenteau et al., 2004). Since Mn2+ binding to the fourth EF hand motif 

of SOS3/CBL4 did not affect the conformational change induced by Ca2+ binding, it has 
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been suggested that SOS3/CBL4 might carry Mn2+ to SOS2/CIPK24 or act as a Mn2+ 

buffer. Additional studies will be required to determine the physiological role of Mn2+-

binding to the CBL proteins during Ca2+ signal transduction.  

 

Tissue specific expression and plasma membrane localization enable CBL10 to 

mediate developmental and environmental responses 

 One significant difference between SOS3/CBL4 and CBL10 is that CBL10 is targeted 

to the plasma membrane and mediates salt stress signaling without an N-terminal 

myristoylation motif. In a previous report, disruption of the myristoylation motif in 

SOS3/CBL4 significantly altered the biological activity of the protein (Ishitani et al., 

2000). The plasma membrane localization of CBL10 suggests that the CBL10 protein 

might be subject to another lipid-based protein modification, for example, palmitoylation 

or prenylation (Bijlmakers and Marsh, 2003). Protein modification analysis of CBL10 

produced many possible sites for lipid modification. Identification of the actual site will 

require empirical analysis using point mutagenesis of the candidate motifs in the CBL10 

protein. The predominant subcellular location of CBL10 is at the plasma membrane even 

without salt stress; however, this localization may be due to the CaMV35s-driven ectopic 

expression. The current model is that, in sequential events, CBL proteins in the cytosol 

sense the elevated Ca2+, interact with CIPKs and redirect the CIPKs to the targeted 

location where CIPK target proteins are located. The plasma membrane localization of 

both SOS3/CBL4 and CBL10 without stimuli suggests that CBL proteins may already be 

localized to the membrane and that the affinity of the CBL for the interacting CIPK could 
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be enhanced by conformation changes in the CBL protein due to Ca2+ binding (Ishitani et 

al., 2000).  

 Expression of CBL10 in floral organs and defective filament elongation of stamens in 

the cbl10-1 mutant suggest that CBL10 might also play a role in development. It is 

possible that Ca2+ signaling through CBL10 is linked to the jasmonic acid signaling 

pathway during stamen elongation (Park et al., 2002; Scott et al., 2004; Mandaokar et al., 

2006). One way to determine the relationship between CBL10 and this hormone 

signaling pathway would be to try to complement the cbl10-1 male sterility phenotype by 

spraying methyl jasmonate onto the cbl10-1 mutant. If CBL10 is a downstream 

component in this pathway, then molecular characterization of jasmonic acid-inducible 

genes could be performed in the cbl10-1 mutant. It is also possible that incomplete 

filament elongation and anther indehiscence may be due to defects in cell elongation 

caused by altered Ca2+ distribution in the cbl10-1 mutant. The expression of CBL10 in 

trichomes, accessory cells and amorphous spots in leaves suggests that CBL10 may be 

involved in the determination of trichome position and development. However, there is 

no obvious phenotype in trichome patterning and development in the cbl10-1 mutant. The 

lack of a phenotype could be due to the redundant function of other CBL members in 

trichome specification and development. Generation of double or triple mutants within 

the CBL family may uncover unique functions of CBL10 in epidermal cell fate 

specification in Arabidopsis.  
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CBL10.2 is a calcium sensor in aerial portions of the plant 

 Based on comparative analysis between humans and plants, both rice and Arabidopsis 

have more calmodulins and Ca2+-binding proteins than what is found in humans. This 

diversification of Ca2+ sensing and regulatory machinery might reflect the lack of 

circulatory systems in plants and the need for plants to respond to numerous 

environmental challenges as sessile organisms. Within the Ca2+ sensors identified in 

plants, there are 10 members of the CBL family of proteins identified from whole 

genome sequencing in Arabidopsis and rice (Kolukisaoglu et al., 2004; Hwang et al., 

2005). Another difference in Ca2+ sensors in plants and animals is that, in contrast to 

calcineurin B subunit interaction with protein phosphatases in animals, CBL proteins 

interact with serine/threonine protein kinases in plants. In Arabidopsis, there are 25 

members of the CIPK family (Albrecht et al., 2001; Guo et al., 2001; Kolukisaoglu et al., 

2004). Simple comparisons of the numbers of CBL and CIPK family members suggest 

that each CBL could be interacting with more than one CIPK. These dynamic interacting 

networks could also be modulated by different expression patterns in terms of tissue and 

developmental specificity and induction stimuli. It is well known that SOS3/CBL4 is an 

important Ca2+ sensor protein acting in roots in response to NaCl; the sos3-1 mutant 

develops salt sensitivity as primary root growth inhibition and lack of lateral root 

development in the presence of high concentrations of NaCl. However, even at high 

concentrations of salt, sos3-1 does not show a phenotype in aerial portions of the plant. In 

contrast, the cbl10-1 mutant shows salt sensitivity in aerial portions of the plants by 

displaying growth arrest and chlorosis in response to NaCl. In support of a role for 
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CBL10 as the shoot Ca2+ sensor during salt stress, expression pattern analysis of 

ProCBL10L::GUS lines demonstrated that CBL10 is mainly expressed in aerial portions of 

the plant and specifically in vascular tissues. Taken together, these results demonstrate 

that CBL10 is a Ca2+-binding and sensor protein in aerial portions of the plant and that it 

acts as a counterpart to SOS3/CBL4 in the roots during salt stress signal transduction.  

 

Salt stress signaling is transduced differently in shoots and roots 

 Using root bending assays, a series of sos mutants were isolated and characterized 

(Wu et al., 1996; Zhu et al., 1998; Ishitani et al., 2000). Studies on interactions among the 

three gene products revealed that SOS3/CBL4 interacts with SOS2/CIPK24 through a 

FISL/NAF domain in the C-terminal regulatory region of SOS2/CIPK24, and that 

SOS2/CIPK24 is able to interact with the cytosolic C-terminal region of SOS1 and 

activate its Na+/H+ exchange (NHX) activity by phosphorylation on a serine or threonine 

residue (Guo et al., 2001; Zhu, 2003; Chinnusamy et al., 2005). Due to the nature of the 

screening method used, all of these mutants developed a salt-sensitive phenotype as 

primary root growth inhibition. Although this sequential pathway clearly functions in 

response to NaCl treatment, it only accounts for the response of the plant to salt stress in 

roots. In Arabidopsis, these SOS genes are members of the CBL, CIPK and NHX 

families (Albrecht et al., 2001; Guo et al., 2001; Maser et al., 2001). Due to the functional 

redundancy and diverse expression patterns of members of each family, it is likely that 

different combinations of genes from each family perform the same function in different 

tissues and/or conditions. With advances in omics, significant information about gene 
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duplication, identification of new genes, and expression analysis by microarrays are 

available. However, detailed functional characterization of each gene in each family will 

still be required. In the case of CBL10, phylogenetic analysis, pair-wise protein sequence 

comparison, and genomic structure comparisons predicted unique functions for CBL10 

relative to other CBL family members. In fact, characterization of the cbl10-1 mutant 

demonstrated that CBL10 functions as the counterpart to SOS3/CBL4 in aerial portions 

of the plant. However, the weak interaction between CBL10 and SOS2/CIPK24 in yeast 

two-hybrid assays indicates that CBL10 likely interacts with other CIPKs. Since DNA 

sequences for all CBL and CIPK family members are available in databases, it should be 

possible to identify the true CBL10 interacting CIPK partners. Phylogenetic analysis of 

the CIPK families in Arabidopsis and rice indicated that the clade containing 

SOS2/CIPK24 has four additional CIPKs, CIPK3, CIPK8, CIPK9 and CIPK23 

(Kolukisaoglu et al., 2004). Interestingly, CIPK3 and CIPK9 are also produced in 4 or 3 

alternatively spliced forms. Currently, these candidate genes have been cloned, constructs 

confirmed by nucleotide sequencing, and interactions with CBL10 are being assessed in 

yeast two-hybrid assays. Functional diversification within the CIPK family is also likely. 

In terms of salt sensitivity, the phenotype of sos1 is stronger than sos2, which is stronger 

than sos3 (Zhu et al., 1998). This may reflect functional redundancy in each family and 

interaction networks between families. With these assumptions and in combination with 

the overlapping pattern of expression of CBL10 and SOS1 in vascular tissues, especially 

in the xylem, it is likely that CBL10 interacts with other CIPKs to relay the signal to the 

plasma membrane localized Na+/H+ exchanger in aerial portions of the plants in response 
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to salt stress. Measurement of SOS1 activity in the cbl10-1 mutant and identification of 

CBL10 interacting CIPKs will begin to clarify this function for CBL10. 

 

Alternative pre-mRNA splicing and non-sense mRNA-mediated decay regulate 

CBL10 activity in response to environmental and developmental stimuli 

 Because transcript levels of CBL10 are very low even under stress conditions, no 

information is available in the public database about alternative spliced forms of CBL10 

(Haas et al., 2003; Iida et al., 2004; Wang and Brendel, 2006b). Also, the presence of 

CBL10.1 and CBL10.2 have led to confusion about different transcription events and 

alternative pre-mRNA splicing for this gene (Wang and Brendel, 2006b). At least two 

detectable CBL10.2 variants, CBL10LA and CBL10LB are expressed under non-stress 

conditions throughout the plant. Assuming that CBL10.2 variants are not functional in 

terms of Ca2+ binding activity and interaction with CIPK proteins, the presence of these 

variant transcripts would affect the translational efficiency of the functional CBL10.2 via 

competition. 

 The salt sensitive phenotype of the cbl10-1 mutant and reduction of transcript levels of 

CBL10.2 variants during salt stress suggest two possible models for the regulation of 

CBL10 activity. First, specific spliceosome factors are involved in alternative pre-mRNA 

splicing of CBL10. It is well known that hnRNP and SR proteins themselves are 

expressed in various spliced forms, whose functions could be affected by various 

environmental conditions as well as developmental stages (Lazar and Goodman, 2000; 

Lorkovic et al., 2000; van der Houven van Oordt et al., 2000; Iida et al., 2004; Reddy, 
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2004; Spellman et al., 2005). In plants, alternative spliced forms have been identified in 

genes involved in biotic and abiotic stress responses including the Arabidopsis SOS4 and 

rice OsIM1 genes during salt stress, Vitis dehydrin genes (DHN1) under drought 

conditions, and Arabidopsis RPS4 and rice OsMAPK5 during biotic stress (Kazan, 2003; 

Xiao and Nassuth, 2006). It is possible that spliceosome factors may be functional under 

normal conditions to produce CBL10.2 variants, but may not be functional or may be 

down-regulated under cold or salt stress conditions. As another factor in pre-mRNA 

splicing, the cap-binding complex interacts with U1 or U2 snRNPs to determine the 

correct 5’ splicing donor site in yeast (Fortes et al., 1999). Unfortunately, an in vitro 

alternative splicing system has not yet been developed for plants. Because many 

spliceosome factors have been identified in Arabidopsis, novel approaches like global 

gene expression analysis using alternative splicing-specific microarray experiments and 

development of in vitro alternative splicing systems will be required to identify specific 

spliceosome factors involved in alternative splicing of CBL10 (Modrek and Lee, 2002). 

 A second hypothesis is that NMD regulates the CBL10.2 variants under cold and salt 

stress conditions. Under control conditions, CBL10.2 variants may escape the 

surveillance of NMD by recoding or shuttling into nucleus like selenoprotein (de Jesus et 

al., 2006). Based on nucleotide sequencing of all CBL10.2 variants, neither altered 

codons nor nuclear localization signals (NLS) were found. Instead, some NMD factors 

may have low or no activity under normal conditions, but specific stress conditions like 

cold or salt may induce the expression or activity of key NMD factors that regulate 

specific CBL10.2 variants. In rice waxy mutants, fully spliced waxy RNA containing a 
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premature stop codon was rapidly degraded by NMD compared to wild-type waxy RNA, 

suggesting plants have NMD machinery similar to what has been found in mammals to 

remove aberrant transcripts (Isshiki et al., 2001). In contrast to the intensive studies of 

NMD factors in animals (Maquat, 2004; Rehwinkel et al., 2005; Weischenfeldt et al., 

2005), only a few homologues such as UPF3 and NMD3, have been identified and 

characterized in plants (Hori and Watanabe, 2005). In Arabidopsis, exon-junction 

complex (EJC) components were identified in a nucleolus proteomic analysis supporting 

the presence of NMD processing in the plant nucleus (Pendle et al., 2005). Recently, 

analysis of an Arabidopsis upf3 mutant showed that the ratio of aberrant mRNAs 

containing premature termination codons (PTC) over mRNAs without PTCs was higher 

in the upf3 mutant than in wild type (Hori and Watanabe, 2005). However, this study did 

not assess the effects of environmental stress on the function of NMD. Currently, 

heterozygous lines of Arabidopsis upf3 and nmd3 T-DNA insertion mutants have been 

identified. Further study of the function of UPF3 or NMD3 in the generation of CBL10.2 

variants as well as global NMD function in Arabidopsis will shed light on this uncharted 

area of complex gene networks regulated by post-transcriptional manners. 
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CHAPTER 3 

 

CALCIUM-BINDING PROTEINS CBL1 AND CBL9 ARE INVOLVED IN SEED 

DEVELOPMENT 

 

INTRODUCTION 

 

 ABA regulates many important aspects of plant development, including the synthesis 

of seed storage proteins and lipids, the promotion of seed desiccation tolerance and 

dormancy, and the inhibition of the transition from embryonic to seedling growth and 

from vegetative to reproductive growth (reviewed by Leung and Giraudat, 1998; Rock, 

2000; Rohde et al., 2000). Seed maturation begins when cell division stops in developing 

embryos, and they start growing by cell enlargement as they begin to accumulate storage 

reserves. This transition is correlated with an increase in seed ABA content. During seed 

maturation in many species, there are two peaks of ABA accumulation (Finkelstein et al., 

2002). Genetic studies in Arabidopsis demonstrated that the first ABA peak is maternally 

derived and immediately precedes the maturation phase (Karssen et al., 1983). This 

accumulation of ABA contributes to the inhibition of premature germination at the end of 

the cell division phase of embryogenesis (Raz et al., 2001). The second peak of ABA 

accumulation in wild-type Arabidopsis seed depends on synthesis in the embryo itself 

(Karssen et al., 1983). Embryonic ABA is essential for the induction of dormancy, which 

is maintained despite a substantial (approximately six fold) decrease in ABA by seed 
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maturity. Our understanding of ABA-mediated signal transduction comes mainly from 

investigations of ABA-regulated guard cell signaling. Early signaling components 

include G proteins, InsP3, changes in intracellular Ca2+ levels, production of ROS and 

activities of phosphorylation cascades (Finkelstein et al., 2002). In spite of tremendous 

advances in the area of ABA-mediated guard cell regulation, our understanding of how 

ABA signaling is relayed to downstream pathways during seed development is still 

rudimentary. 

Evidence for the involvement of Ca2+ in ABA signal transduction comes, in part, from 

studies of CBL9. This CBL family member is expressed ubiquitously in Arabidopsis and 

its expression is also induced by cold, salt and drought stress. Recently, it was shown that 

the cbl9 mutant is impaired in seed germination in response to ABA and accumulates 

more ABA than wild type under drought conditions, suggesting CBL9 is involved in 

ABA signaling and biosynthesis as a Ca2+ sensor (Pandey et al., 2004). However, it 

remains to be elucidated how CBL9 functions as a regulator in both ABA biosynthesis 

(upstream component) and ABA signaling (downstream component).    

CBL9 and CBL1 share the highest levels of amino acid identity and similarity within 

the CBL family, and phylogenetic analysis places them in the same clade. Based on 

single mutant and overexpression analyses of these two CBLs, it is likely that they work 

together in the signal transduction pathways involved in drought stress. To date, CBL1 

has been shown to act as a negative regulator in response to cold, but as a positive 

regulator during salt and drought stress through CBF/DREB-dependent pathways 

(Albrecht et al., 2003; Cheong et al., 2003). Interaction of CBL1 and CIPK9 has been 
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shown in yeast two-hybrid assays and both CBL1 and CBL9 interact with and activate 

CIPK23, suggesting that the spatiotemporal expression of CBL1 and CBL9 and the 

presence of specific interacting protein kinases may elicit diverse responses in the plant 

(Albrecht et al., 2001; Guo et al., 2002; Xu et al., 2006). In addition, these data suggest 

that the biological functions of CBL1 and CBL9 may not be limited to the currently 

reported responses, and that they may play roles in other aspects of plant growth and 

development. Recently, the TIGR (The Institute for Genomic Research) and TAIR (The 

Arabidopsis Information Resource) databases reported that CBL1 has an alternative 

spliced form, CBL1.2 (previously identified CBL1 is now called CBL1.1). 

In the present study, biochemical analysis confirmed the Ca2+-binding activities of 

CBL1.1, CBL1.2 and CBL9. The expression profiles of promoter-GUS lines and 

subcellular localization using EGFP fusion lines supported shared spatiotemporal 

expression patterns of these proteins. cbl1 cbl9 double mutant analyses indicated that 

these Ca2+ sensors may function in seed development and germination and in drought 

stress responses in vegetative tissues. 

 

MATERIALS AND METHODS 

 

Plant growth and mutant isolation 

 Arabidopsis thaliana (L.) Heynh. Col-0 was used as the wild type in this study. 

Arabidopsis seeds were planted in soil or on Murashige and Skoog (MS) media with 

0.6% agar (MS 0.6% agar media), stratified at 4ºC in the dark for 3 days, and placed into 
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a growth chamber or a growth room with a 16h/8h light/dark cycle at 22ºC. Unless 

indicated, 1X MS media with 3% sucrose was used as a base medium. T4 generations of 

SALK_110426 and CS858590 for the CBL1 locus and SALK_142774 for the CBL9 locus 

were obtained from the Arabidopsis Biological Resource Center (ABRC, The Ohio State 

University). To verify the presence of the T-DNA insertions, primer pairs 110426_L (5’-

GCCTGTGGAATTCTCGATGT-3’) and LBa1 (5’-TGGTTCACGTAGTGGGCCATC-

3’) for SALK_110426, 110426_L and p745 (5’-

AACGTCCGCAATGTGTTATTAAGTTGTC-3’) for CS858590, and AtCBL9p3 (5’-

GGCTGCAGCTTGTTCCGGAGGTTGATA-3’) and LBa1 for SALK_142774 were 

used for genotyping. To identify intact genomic loci, primers 110426-L and 110426_R 

(5’-AAAAATCCAAACCGGAGATAAA-3’) were used for SALK_110426 and 

CS858590, and AtCBL9p3 and AtCBL9p5 (5’-GCCAGGATCCCAGTTTCA-3’) for 

SALK_142774. Each mutant was purified by backcrossing three times to wild type. After 

the identification of homozygous mutants, SALK_110426, CS858590 and 

SALK_142774 were named cbl1-1, cbl1-2 and cbl9, respectively. 

 

Purification of recombinant proteins 

 Recombinant pGEX-2TK CBL1.1/SCaBP5 (SOS3-like Ca2+-binding protein5) was 

obtained as a gift from Dr. Yan Guo. The 5’ and 3’ ends of CBL1.2 and CBL9 cDNA (see 

section on ‘RT-PCR analysis’) were modified by PCR using a pair of 5CBL1.2BamHI 

(5’-GCCGGATCCATGTTGTTTTTTAATCCTGGC-3’) and 3SCaBP5BamHI (5’-

GGCGGATCCCGTGTGGCAATCTCATCGACCT-3) primers, and 5CBL9B (5’-
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GGCGGATCCATGGGTTGTTTCCATTCCACG-3’) and 3CBL9E (5’-

GCGGAATTCACGTCGCAATCTCGTCCA-3’) primers, respectively, and cloned into 

pGEX-2TK. Each recombinant vector was introduced into E. coli BL21 codon+ cells for 

expression. As a pre-culture, a single colony of transformed E. coli was inoculated into 3 

ml of LB broth containing ampicillin and chloramphenicol to a final concentration of 50 

µg/ml and 34 µg/ml, respectively, and incubated at 37ºC overnight with shaking. For 

protein expression cultures, 0.1 ml of pre-culture was seeded into 50 ml of 2X YTA broth 

(16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, pH 7.0) supplemented with ampicillin 

and chloramphenicol and incubated at 37ºC with shaking until the absorbance at 600 nm 

reached 0.6 to 0.8. Expression of recombinant proteins was induced by addition of a final 

concentration of 0.01 mM IPTG at room temperature overnight with shaking. Cells were 

harvested by centrifugation at 3,000 rpm for 15 min, resuspended in 2.5 ml of 1X PBS, 

and sonicated 8 times for 10 sec each at 20 sec intervals. To enhance the solubility of the 

recombinant proteins, Triton-X 100 was added to a final concentration of 0.1% and the 

mixture was incubated on ice for 30 min with shaking. Soluble fractions were recovered 

by centrifugation at 14,000 rpm at 4ºC for 15 min and analyzed by 10% SDS-PAGE. To 

purify the recombinant proteins, soluble fractions were mixed with 25 µl of glutathione 

agarose, nutated at room temperature for 30 min, and washed three times with 250 µl of 

1X Phosphate Buffered Saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 

mM KH2PO4, pH 7.4). The recombinant proteins were eluted with 25 µl of elution buffer 

(10 mM reduced gluthatione in 50 mM Tris-HCl, pH 8.0) and the concentration was 
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estimated by comparison to known amounts of bovine serum albumin in SDS-PAGE 

analysis. 

 

Calcium-binding assay 

 Purified recombinant GST-CBL1.1, GST-CBL1.2 and GST-CBL9 proteins were 

analyzed using 12% SDS-PAGE and transferred to a nitrocellulose membrane. The 

membrane was briefly washed with 5 mM EDTA, pH 7.0 followed by three 30 min 

washes with incubation buffer (60 mM KCl, 2.5 mM MgCl2, 5 mM imidazole, pH 7.0). 

After washing, the membrane was incubated with 30 ml of incubation buffer containing 

300 µCi of 45Ca2+. The excess radioactive Ca2+ was removed by brief washing with 70% 

ethanol for 2 min, the nitrocellulose membrane was then air-dried and exposed to Kodak 

BIOMAX MS X-ray film for 24 hr. After the X-ray film was developed, the 

nitrocellulose membrane was stained with 0.2% Ponceau S solution. 

 

Histochemical analysis 

 To determine the expression pattern of CBL1 or CBL9, the 5’ upstream region of each 

gene was amplified by genomic PCR using the following primer pairs: SCaBP5p5 (5’-

GGCGGATCCATCGAGTTAACGGCAGGAGA-3’) and SCaBP5p3 (5’-

GCGAAGCTTAAGGCGGATAAAATCCAACA-3’) for ProCBL1 or AtCBL9p5 and 

AtCBL9p3 for ProCBL9. The genomic fragments were cloned into pCAMBIA1381 to 

generate transcriptional fusions to GUS. Recombinant ProCBL1::GUS or ProCBL9::GUS 

constructs were introduced into Arabidopsis Col-0 by Agrobacterium infiltration (Clough 
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and Bent, 1998). Transgenic plants were screened for hygromycin (25 µg/ml) resistance 

and seedlings or tissues of T2 plants were examined by bright field microscopy after 

GUS staining (see ‘Chapter 2 Materials and Methods’).  

 

RT-PCR analysis 

 Total RNA was prepared from wild-type, cbl1-1, cbl9, and cbl1 cbl9 seedlings without 

any treatment, or from wild-type seedlings treated with cold (4ºC, 24 hr), ABA (100 µM, 

3 hr), or NaCl (300 mM in 1X MS liquid, 5 hr) using Trizol (Invitrogen). Five µg of total 

RNA was mixed with 1 µl of a 100 µM oligo (dT) primer, 1 µl of 10 mM dNTPs and the 

total volume was adjusted to 13 µl with the addition of sterile distilled water. After 

incubation at 65ºC for 5 min and quenching on ice for 2 min, 4 µl of 5X first strand 

synthesis buffer (Invitrogen), 1 µl of 0.1M DTT, 1 µl of RNase inhibitor (10 u/µl) and 1 

µl of superscript III reverse transcriptase (200 u/µl, Invitrogen) were added and the 

mixture was incubated at 50ºC for 60 min followed by incubation at 70ºC for 15 min. 

One µl of 2 u/µl RNase H was added and incubated at 37ºC for 20 min. Using 2 µl of first 

strand cDNA as a template, CBL1.1, CBL1.2 or CBL9 were amplified with the following 

pairs of primers: 5SCaBP5EcoRI (5’-

GGCGAATTCTGATGGGCTGCTTCCACTCAAA-3’) and 3SCaBP5BamHI, 5CBL1.2 

(5’-GCGATGTTGTTTTTTAATCCTGGC-3’) and 3SCaBP5BamHI, or 5CBL9B and 

3CBL9E, respectively.  
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Confocal laser scanning microscopy 

 The 5’ and 3’ ends of CBL1.1 and CBL9 cDNAs were modified by PCR using the 

following pairs of primers: 5SCaBP5EcoRI (5’-

GGCGAATTCTGATGGGCTGCTTCCACTCAAA-3’) and 5SCaBP5BamHI, or 

5CBL9EcoRI (5’-GGCGAATTCTGATGGGTTGTTTCCATTCCACG-3’) and 

3CBL9BamHI (5’-GGCGGATCCCGCGTCGCAATCTCGTCCACC-3’), respectively, 

and then cloned into pEZT-NL. The resulting recombinant plant binary vector was 

introduced into Arabidopsis Col-0 by Agrobacterium infiltration. Transgenic lines were 

screened for BASTA (30 µg/ml) resistance and localization of EGFP was observed using 

confocal laser scanning microscopy in roots of T2 generation seedlings. 

 

Phenotypic analysis 

 For germination assays in the presence of ABA, wild type, cbl1-1, cbl9 and cbl1 cbl9 

were planted on MS 0.6% agar media containing 0, 0.5, 1, 2 or 5 µM (±) ABA. After 3 

days stratification at 4ºC in the dark, the plates were placed under normal growth 

conditions (16h/8h light/dark cycle at 22ºC). Germination, as radical emergence, was 

scored daily for 10 days. For statistical analysis, three replicates were performed. 

 To drought treat plants, plants were grown in soil for four weeks at which time water 

was withheld for three weeks. The number of shriveled seeds in the 4th to 7th siliques 

from the top of the plant was examined using a dissecting microscope.  

 For the detached leaf assay, wild-type and cbl1 cbl9 plants were grown in soil for 

three weeks. Prior to the start of the assay, plants were transferred to continuous light or 
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dark conditions for 24 h. One rosette leaf at the same position was excised and weighed 

at room temperature over a 120 min time course. Initial weights were converted to 100% 

and compared to weights at the indicated times.   

 

RESULTS 

 

Calcium-binding activities of CBL1.1, CBL1.2 and CBL9 

 In Arabidopsis, the members of CBL protein family share high amino acid similarity 

and identity values and conserved EF hand motifs (Luan et al., 2002; Kolukisaoglu et al., 

2004). Among them, CBL1 and CBL9 have been well studied as single mutants or by 

overexpression of CBL1 in Arabidopsis (Albrecht et al., 2003; Cheong et al., 2003; 

Pandey et al., 2004). Based on phylogenetic analysis (Figure 3.1A), CBL1 and CBL9 are 

found in the same clade and have the highest similarity (97.2%) and identity (89.7%) 

ratios within the CBL family. An N-myristoylation motif, MGXXXS/K is present in 

CBL1.1 but not CBL1.2 (Figure 3.1B). While CBL1.1 contains 214 amino acid residues 

(24.5 kDa), CBL1.2 has only 172 amino acids (20.1 kDa). Both CBL1.1 and CBL1.2 

contain four EF hand motifs. Between CBL1.2 and CBL9, the similarity and identity 

ratios decrease to 76.5 and 69.5 %, respectively (Figure 3.1C). Using mobility shift 

assays, it has been demonstrated that CBL1.1 is a Ca2+-binding protein (Kudla et al., 

1999); however, it was not known if the Ca2+-binding activity of CBL1.2 is affected by  
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Figure 3.1. Arabidopsis CBL1 (CBL1.1 and CBL1.2) and CBL9 share high amino acid 

similarity and identity. (A) Phylogenetic analysis within the Arabidopsis CBL family 

using PAUP version 4.0. Human neuronal Ca2+-binding protein 1 (h-CaBP1) and 

Arabidopsis calmodulin1 (CaM1) were used as out-groups. (B) Pair-wise amino acid 

sequence alignment of CBL1.1 and CBL1.2. Rectangle, position of N-myristoylation 

motif at the N-terminus of CBL1.1; *, identical amino acid residues; :, conserved 

substitutions of amino acid residues; ., semi-conserved substitutions of amino acid 

residues. (C) Similarity and identity between CBL1 and CBL9 by pair-wise comparisons 

of amino acid sequences with MATGat 2.1. Values in the upper right side represent 

levels of identity and values in the lower left side levels of similarity. CaM1 was used as 

an out-group. 
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the absence of the full-length N-terminus. To determine if the CBL1.2 and CBL9 proteins 

bind Ca2+, CBL1.1, CBL1.2 and CBL9 were expressed in E. coli and purified as GST-

fusion proteins. An in vitro Ca2+ ligand binding assay using 45Ca2+ showed that CBL1.1, 

CBL1.2, and CBL9 all have Ca2+-binding activities (Fig. 3.2A). Although CBL1.2 is 

smaller than CBL1.1 in terms of protein size, this difference was not detected in this 

assay (Figure 3.2). In the case of GST-CBL9, the instability of the fusion protein led to 

the recovery of small amounts of CBL9 and large amounts of GST, which was used as an 

internal control (Figure 3.2). Given the small amount of GST-CBL9 protein produced, 

CBL9 showed comparable Ca2+-binding activity to CBL1.1 and CBL1.2 (Figure 3.2). As 

an internal control, GST in CBL9 sample shows 45Ca2+ is not binding to GST. 

 

Overlapping expression patterns of CBL1 and CBL9 

 It has been reported that CBL1 and CBL9 are ubiquitously expressed in plants 

(Albrecht et al., 2003; Cheong et al., 2003; Pandey et al., 2004). In order to compare the 

expression patterns of these genes, 1660 or 1484 bp of the 5’ upstream regions of CBL1 

or CBL9 were amplified from wild type, and cloned into pCAMBIA1381 to generate 

transcriptional fusions to GUS. The resulting ProCBL1::GUS and ProCBL9::GUS constructs 

were introduced into Arabidopsis Col-0 wild type by Agrobacterium infiltration. At least 

10 independent transgenic plants were screened for hygromycin resistance and were 

observed using bright field microscopy after GUS staining. In agreement with previous 

reports, both CBL1 and CBL9 promoters have activity in throughout the plant including 

in leaves, stems and roots (Figure 3.3A and 3.3B). While the patterns of expression are  
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Figure 3.2. Ca2+-binding activities of CBL1.1, CBL1.2 and CBL9. (A) An in vitro Ca2+ 

ligand blot assay of CBL1 and CBL9. Left panel, Ponceau S staining of a nitrocellulose 

membrane; right panel, autoradiogram of 45Ca2+ binding. Arrowheads indicate the 

position of GST. SM, prestained molecular weight standards; GST, glutathione-S-

transferase; CaM4, Arabidopsis calmodulins 4/1.  
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Figure 3.3. Expression patterns of CBL1 and CBL9. (A) Histochemical analysis of 

ProCBL1::GUS transgenic plants. a, thirteen-day-old seedling; b-c, primary roots; d-e, 

lateral roots; f, rosette leaf. (B) Histochemical analysis of the ProCBL9::GUS transgenic 

plants. a, eight-day-old seedling; b, thirteen-day-old seedling; c-d, primary roots; e, 

lateral roots; f, rosette leaf. (C) RT-PCR analysis of CBL1 and CBL9 expression patterns 

in response to various stress treatments and in the flowers and siliques. Tubulin was used 

as a RT-PCR control. Ct, seedlings without treatment; C, cold (4°C) for 24 hr; N, 300 

mM NaCl for 5 hr; A, 100 µM ABA for 3 hr; F, flower; S, silique. 
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the same, some of the ProCBL1::GUS and ProCBL9::GUS lines showed different strengths of 

promoter activity near the primary root tips (Figure 3.3A-b, c, 3.3B-c, d). Different GUS 

staining intensity was also found in lateral roots (Figure 3.3A-d, e, 3.3B-e). Taken 

together, these results indicate that CBL1 and CBL9 have overlapping patterns of 

expression during Arabidopsis growth and development. 

 In order to determine whether CBL1 and CBL9 are induced by the same stress 

conditions, RT-PCR analysis was performed on wild-type seedlings with or without 

stress treatments. CBL9 was highly induced by ABA, but not by cold or NaCl treatment 

(Figure 3.3C). CBL1.1 was induced by cold and NaCl treatment, but not by ABA, while 

CBL1.2 was not induced by any of the treatments tested (Figure 3.3C). The expression of 

CBL1.1 in flowers is higher than in the seedling or in the silique while CBL1.2 expression 

is very low in both flowers and siliques (Figure 3.3C). These expression differences 

suggest that CBL1.1 and CBL1.2 may have diverse functions in different tissues through 

plant development.  

 

Plasma membrane localization of CBL9 

 CBL9 has an N-myristoylation motif at the N-terminus, but its subcellular localization 

had not been determined (Pandey et al., 2004). For these studies, the coding region of 

CBL9 was inserted into pEZT-NL to produce a translational fusion to EGFP. Arabidopsis 

transformation was performed three times, but only one transformed line was identified 

based on BASTA resistance. In this line, the GFP signal was relatively weak even when 

viewed using CLSM; the localization appeared to be mainly at the plasma membrane 
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(Figure 3.4). In some instances, small granules were observed near the plasma membrane 

(Figure 3.4-a, c). Because the expression of CBL9-EGFP was driven by the Cauliflower 

35S viral (CaMV35s) promoter, the excess amount of fusion protein produced might 

have been mis-localized to produce the small granules. These results indicate that CBL9 

is another member of the CBL family with the ability to bind Ca2+ that is localized to the 

plasma membrane. Although several CBL1.1-EGFP transgenic lines were identified and 

examined under CLSM, the GFP signal was too weak to be observed. It is possible that 

overexpression of CBL1.1 may perturb Ca2+ signaling or cause lethality in transgenic 

plants. 

 

Identification of single cbl1 and cbl9 mutants and generation of a cbl1 cbl9 double 

mutant 

 Functional characterization of CBL1 and CBL9 indicates that CBL1 acts as a positive 

regulator of salt and drought stress and CBL9 is involved in ABA responsiveness and 

biosynthesis in response to drought stress (Albrecht et al., 2003; Cheong et al., 2003; 

Pandey et al., 2004). While the specific functions of CBL1.1 and CBL1.2 remain 

unresolved, the positive roles of both CBL1 and CBL9 in drought stress signal 

transduction suggest that these two genes may functionally compensate for each other. 

The high homology between CBL1 and CBL9 also suggests that their critical functions in 

the plant may be masked by redundancy. To test for CBL1/CBL9 gene compensation and 

functional redundancy, cbl1 and cbl9 single mutants were identified from SALK or 

Wisconsin T-DNA insertion lines (Figure 3.5A). The presence of a T-DNA in the CBL1  
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Figure 3.4. Plasma membrane localization of CBL9.  Subcellular localization of CBL9 in 

CBL9-EGFP lines (a-c) using CLSM (200x). Arrows indicate the position of EGFP 

deposited granules. 
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a b ca b c

Figure 3.4
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Figure 3.5. Identification of cbl1-1, cbl1-2 and cbl9 mutants. (A) Genomic structures of 

CBL1.1 (top, At4g17615.1), CBL1.2 (middle, At4g17615.2) and CBL9 (bottom, 

At5g47100) with positions of T-DNA insertions. Red line, EF hand motifs; blue arrow, 

primers for RT-PCR; box, exon; line, intron; arrow, start codon; vertical line, stop codon. 

(B) RT-PCR analysis of expression patterns of CBL1.1, CBL1.2 or CBL9 in wild-type 

(WT), cbl1-1, cbl9 and cbl1 cbl9 plants. For each line, total RNA was prepared from two 

independent samples. Tubulin was used as an RT-PCR control. 
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or CBL9 locus was confirmed by PCR, putative mutants were backcrossed to wild type 

three times, and homozygous mutants were isolated in the BC3F2 generation. Alternative 

pre-mRNA splicing occurs in the CBL1 locus to produce two forms of the CBL1 

transcript; CBL1.1 and CBL1.2. CBL1.2 retains the third intron and has a more 3’ 

localized translation start site. The cbl1-1 mutant has a T-DNA insertion after the 

translation start codon in the second exon of the CBL1.1 transcript, but in the 5’ UTR of 

the CBL1.2 transcript (Figure 3.5A). The cbl1-2 mutant has a T-DNA insertion in the 

second intron of both the CBL1.1 and CBL1.2 transcripts. The T-DNA was inserted in the 

5’ UTR of the CBL9 locus in the cbl9 mutant. 

 To uncover any masked functions of these proteins, a cbl1 cbl9 double mutant was 

generated by crossing cbl1-1 and cbl9 mutants. RT-PCR analysis of the single and double 

mutants showed that the cbl1-1 mutant is null in terms of CBL1.1 expression, but 

maintains expression of CBL1.2. Therefore, in the cbl1 cbl9 double mutant, CBL1.1 and 

CBL9 expression was eliminated; however, CBL1.2 expression is still present (Figure 

3.5B).  

 

Shriveled seed phenotype in the cbl1 cbl9 double mutant 

 It has been reported that both CBL1 and CBL9 may function as positive regulators 

during drought stress or in response to ABA treatment (Albrecht et al., 2003; Cheong et 

al., 2003; Pandey et al., 2004). To determine if there is functional redundancy between 

CBL1 and CBL9, the cbl1 cbl9 double homozygous mutant was characterized in 

response to various stress conditions. At high concentrations of ABA (5 µM), the cbl9 
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mutant is less sensitive to ABA during seed germination compared to wild type, whereas 

the cbl1-1 mutant shows a level of inhibition similar to that of wild type (Figure 3.6A, 

3.6B). The cbl1 cbl9 double mutant displays greater insensitivity to ABA during seed 

germination than wild type or the cbl1 or cbl9 single mutants (Figure 3.6A, 3.6B). These 

results suggest that in the cbl1-1 mutant background, CBL1.2 can compensate for the 

lack of CBL1.1 resulting in a wild-type response to ABA during seed germination. 

However, in the cbl9 mutant background, CBL1.1 and CBL1.2 are not able to completely 

compensate for the lack of CBL9. These results indicate that both CBL1 and CBL9 have 

positive functions in seed germination in response to ABA treatment and that they may 

partially compensate for each other in either the cbl1 or cbl9 single mutant background. 

However, primary root growth in the presence of ABA or NaCl was unchanged in the 

cbl1 cbl9 double mutant when compared to wild type or the cbl1 or cbl9 single mutants 

(data not shown). 

 During the development of the cbl1 cbl9 double mutant, shriveled seeds were 

observed, however with incomplete penetrance (Figure 3.6C). Some seeds showed a 

phenotype in which a portion of the seed appeared to be squeezed-out from the seed coat 

(Figure 3.6C-d). To determine whether drought causes the shriveled seed phenotype in 

the cbl1 cbl9 double mutant, the number of shriveled seeds in both wild type and the cbl1 

cbl9 double mutant was scored with and without drought treatment. Under irrigated 

conditions, both wild type and the cbl1 cbl9 double mutant produced small numbers of 

shriveled seeds; 0.99% and 0.51%, respectively (Table 3.1). However, the portion of 

shriveled seeds increased to 49% in the cbl1 cbl9 double mutant without irrigation  
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Figure 3.6. The cbl1 cbl9 double mutant shows ABA insensitivity and a shriveled seed 

phenotype. (A) Germination assays of wild type (WT), cbl1-1, cbl9 and cbl1 cbl9 in the 

presence of increasing concentrations of ABA. (B) Germination assays in the presence of 

ABA as a function of time. (C) Shriveled seed phenotype of the cbl1 cbl9 double mutant. 

a, wild-type seeds; b, cbl1 cbl9 seeds, arrowheads indicate shriveled seeds; c, enlarged 

images of shriveled seeds of the cbl1 cbl9 mutant; d, toothpaste phenotype of the cbl1 

cbl9 seeds. Arrowheads indicate the shriveled seeds and arrows the material squeezed-out 

from the seeds. (D) Detached leaf assay. Both wild-type (circle) and cbl1 cbl9 (rectangle) 

plants were treated with the continuous illumination (empty circle or rectangle) or dark 

(filled circle or rectangle) for 24 hr. One rosette leaf was excised and weighed for the 

indicated times at room temperature. L in parenthesis, continuous illumination; D, 

continuous dark. Values represent means ± standard error. 
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Table 3.1. Shriveled seed phenotype induced by drought treatment. Wild-type and cbl1 cbl9
double mutant plants grown in soil were subjected to drought treatment without irritation for 3 
weeks. Total number of seeds and number of defective seeds in siliques positioned 4th to 7th from 
the top of the plant were scored.

a, position of silique from top; b, parenthesis indicates the percentage of defective seeds.

Position of 
siliquea

Total no. of 
seeds

No. of defective 
seedsb

Total no. of 
seeds

No. of defective 
seeds

Total no. of 
seeds

No. of defective 
seeds

Total no. of 
seeds

No. of defective 
seeds

T4 364 3 (0.82) 358 2 (0.56) 235 162 (68.94) 277 241 (87.00)
T5 320 2 (0.63) 284 0 (0.00) 349 159 (45.56) 367 232 (63.22)
T6 367 7 (1.91) 426 0 (0.00) 329 40 (12.16) 376 150 (39.89)
T7 364 2 (0.55) 295 5 (1.69) 332 26  (7.83) 395 73 (18.48)

Sum 1415 14 (0.99) 1363 7 (0.51) 1245 387 (31.08) 1415 696 (49.19)

Well-irrigated Drought treated
Wild-type cbl1 cbl9 Wild-type cbl1 cbl9

Table 3.1. Shriveled seed phenotype induced by drought treatment. Wild-type and cbl1 cbl9
double mutant plants grown in soil were subjected to drought treatment without irritation for 3 
weeks. Total number of seeds and number of defective seeds in siliques positioned 4th to 7th from 
the top of the plant were scored.

a, position of silique from top; b, parenthesis indicates the percentage of defective seeds.

Position of 
siliquea

Total no. of 
seeds

No. of defective 
seedsb

Total no. of 
seeds

No. of defective 
seeds

Total no. of 
seeds

No. of defective 
seeds

Total no. of 
seeds

No. of defective 
seeds

T4 364 3 (0.82) 358 2 (0.56) 235 162 (68.94) 277 241 (87.00)
T5 320 2 (0.63) 284 0 (0.00) 349 159 (45.56) 367 232 (63.22)
T6 367 7 (1.91) 426 0 (0.00) 329 40 (12.16) 376 150 (39.89)
T7 364 2 (0.55) 295 5 (1.69) 332 26  (7.83) 395 73 (18.48)

Sum 1415 14 (0.99) 1363 7 (0.51) 1245 387 (31.08) 1415 696 (49.19)

Well-irrigated Drought treated
Wild-type cbl1 cbl9 Wild-type cbl1 cbl9
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compared to 31% in wild type. To further test the involvement of CBL1 and CBL9 in 

drought responses, leaves were removed from wild type and the cbl1 cbl9 double mutant 

and water loss was measured. Before detachment of the leaf, both wild-type and cbl1 cbl9 

plants were placed under 24 hr continuous light or dark conditions. The dark treatment 

did not lead to any difference between wild type and the cbl1 cbl9 double mutant in terms 

of water loss; however, the cbl1 cbl9 double mutant grown under continuous light lost 

more water than wild type (Figure 3.6D). This result suggests that CBL1 and CBL9 also 

have positive roles in signal transduction in response to drought stress during vegetative 

development. Taken together, CBL1 and CBL9 appear to be key regulators of vegetative 

development, seed development, and seed germination during drought stress.  

 

DISCUSSION 

 

 The presence of CBL1.2, an alternative spliced form of CBL1 was confirmed by 

cloning and nucleotide sequencing. In in vitro Ca2+-binding assays, CBL1.2 had Ca2+-

binding activity comparable to CBL1.1 even though it lacks a portion of the N-terminus. 

Both CBL1 and CBL9 had similar patterns of expression and were localized similarly at 

the subcellular level. Analysis of the cbl1 cbl9 double mutant revealed masked functions 

for CBL1 and CBL9 in seed development, dormancy and responses of vegetative tissues 

to ABA or drought treatment. 
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CBL1.1, CBL1.2 and CBL9 are calcium-binding proteins 

 Because CBL1.1 and CBL9 have N-myristoylation motifs, their coding regions were 

fused to the C-terminus of GST in pGEX-2TK. Using recombinant proteins produced in 

E. coli, we provided evidence that CBL1.1, CBL1.2 and CBL9 have Ca2+-binding 

activities. Although CBL1.2 has a shorter N-terminus than CBL1.1, the CBL1.2 protein 

was still able to fold in the conformation needed for Ca2+ binding. It has been shown 

experimentally that Ca2+-binding proteins also bind other cations like Mg2+ or Mn2+ 

(Wingard et al., 2005) and X-ray crystallography analysis has shown that SOS3/CBL4 

binds to Mn2+ as well as Ca2+ (Sanchez-Barrena et al., 2005). Structural analysis revealed 

that CBL2 has two functional (EF-1 and EF-4) and two disabled (EF-2 and EF-3) EF 

hands (Nagae et al., 2003). While CBL1 (CBL1.1 and CBL1.2) and CBL9 have four EF 

hand motifs, further study will be required to determine whether all four EF hands are 

active in Ca2+ binding and whether other cations like Mg2+ or Mn2+ might compete for 

Ca2+ binding. Results from these analyses will ultimately address the question of whether 

CBL1 or CBL9 function as Ca2+ sensors in response to altered levels of cytosolic Ca2+ 

due to perception of various internal and external stimuli.  

 

The presence of CBL1.2 may functionally compete with CBL1.1 and compensate for 

the lack of CBL1.1 in the cbl1 mutants 

 As CBL1.1 and CBL1.2 share 5’ upstream and promoter sequences and have 

comparable Ca2+-binding activity, it is likely that both proteins are expressed in the same 

spatiotemporal patterns. While expression levels of CBL1.1 changed in response to cold, 
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NaCl or ABA (up- or down-regulation), transcript levels of CBL1.2 did not change from 

control conditions with any of these treatments (Figure 3.3D). It has been shown that 

serine/arginine (SR) rich proteins, components of spliceosomes, are produced in several 

alternative spliced forms, which are differentially regulated in response to developmental 

stage or environmental conditions (Iida et al., 2004). It is possible that specific 

spliceosome factors may be involved in determining the ratio of CBL1.1 and CBL1.2 

transcripts during a given stress. Different transcript levels under stress conditions may 

lead to the production of more CBL1.1 for Ca2+ sensing and interaction with a shared 

CIPK. Although CBL1.1 and CBL9 are known to interact with several CIPKs, it will be 

important to determine whether CBL1.1 and CBL1.2 share interacting protein kinases 

and if they act as positive or negative regulators of kinase activity. During transient co-

expression of CBL1.1 and CIPK23, localization of CBL1.1 at the plasma membrane has 

been shown to be critical for guidance of cytosolic CIPK23 to the plasma membrane (Xu 

et al., 2006). Pair-wise comparisons between CBL1.1 and CBL1.2 clearly showed the 

lack of an N-myristoylation motif in CBL1.2. If CBL1.2 is located in the cytosol instead 

of the plasma membrane, then in a competitive manner, CBL1.2 may inhibit CIPK23 

trafficking to the plasma membrane by CBL1.1. 

 In previous reports which appeared before annotation of the alternative spliced form of 

CBL1, the identified cbl1 mutants were shown to be null mutants only in terms of 

CBL1.1 expression. When we analyzed the cbl1-1 mutant, which originated from the 

same SALK line, the expression level of CBL1.2 was maintained at wild-type levels. 

During stress treatments, the cbl1 mutants displayed tolerance to cold and increased 
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sensitivity to salt and ABA. The phenotypes of the cbl1 mutants studied to date may not 

reflect their true functions because of the presence of CBL1.2. It will be imperative to 

isolate knock-out mutants in both CBL1.1 and CBL1.2 expression or to generate RNAi 

lines to uncover the in vivo functions of CBL1.1 and CBL1.2.  

 

CBL1 and CBL9 have overlapping expression patterns but are induced by different 

stimuli 

 In previous reports, it has been shown that both CBL1 and CBL9 are expressed 

ubiquitously in the plant (Albrecht et al., 2003; Cheong et al., 2003; Pandey et al., 2004). 

In this study, the expression patterns of CBL1 and CBL9 were compared using transgenic 

lines containing the 5’ upstream regions of each gene fused to GUS as a reporter gene 

(Figure 3.3A and 3.3B). CBL1 and CBL9 showed identical transcriptional activity in 

whole plants, with strong expression in vascular tissues suggesting that these two proteins 

share tissue specificity in terms of Ca2+-binding activity. However, in ProCBL1::GUS lines, 

the expression patterns of CBL1.1 and CBL1.2 could not be distinguished because they 

share a common 5’ upstream region. To distinguish the patterns of expression of CBL1.1 

and CBL1.2, it will be necessary to generate specific reporter constructs for 

ProCBL1:CBL1.1:GUS and ProCBL1:CBL1.2:GUS. In contrast to their overlapping 

expression patterns, CBL1 and CBL9 have different expression induction kinetics in 

response to external stimuli. Under normal growth conditions, CBL9 is very weakly 

expressed and is induced by ABA treatment, but not by cold or NaCl treatments. This 

result is in agreement with a previous report indicating that CBL9 may be involved in 
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ABA biosynthesis and ABA signal transduction (Pandey et al., 2004). The expression of 

CBL1.1 is induced by cold and NaCl treatment, but not by ABA and CBL1.2 is not 

induced by any stress treatment tested. In previous reports, CBL1.1 was shown to play a 

negative role in the response of the plant to cold, because the expression level of CBL1.1 

increased under the cold conditions. CBL1.1 overexpression lines showed a freezing-

sensitive phenotype, and the cbl1 mutant was somewhat tolerant to freezing conditions 

(Albrecht et al., 2003; Cheong et al., 2003). In contrast, during salt stress, elevated 

expression of CBL1.1 led to increased tolerance; however, similar levels of CBL1.1 

expression during cold rendered the plant sensitive to the stress (Albrecht et al., 2003; 

Cheong et al., 2003). In terms of growth and development, CBL1.1 is highly expressed in 

flowers without any stress treatment, but the expression level of CBL1.2 is lower in 

flowers than in whole plants under normal growth conditions. Taken together, these data 

suggest that CBL1.1 and CBL9 may have specific spatial-temporal functions in flowers 

in addition to their roles in regulating the response of the plant to abiotic stress.  

 

CBL1.1 and CBL9 are localized to the plasma membrane 

 In the production of transgenic lines, both CBL1.1- and CBL9-EGFP had low 

transformation efficiencies compared to transformation of other CBL constructs. This 

was especially true for CBL9-EGFP for which only one line was isolated from three 

independent transformations. With this CBL9-EGFP transgenic line, the subcellular 

localization of CBL9 was determined to be at the plasma membrane based on CLSM. 

However, it is not clear if CBL1.1 is also targeted to the plasma membrane due to the 
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very weak expression EGFP, even driven by the CaMV35s, a constitutively expressed 

promoter. Given that both CBL1 and CBL9 are expressed at low levels in wild type, 

ectopic expression of CBL1.1 or CBL9 may disturb Ca2+ signaling in transformed plants 

even without external stimuli, leading to a reduced fitness or to lethality. Because both 

CBL1.1 and CBL9 have an N-myristoylation motif, it has been suggested that both 

proteins localize to the plasma membrane like SOS3/CBL4 (Ishitani et al., 2000). This 

suggestion has been supported by the recent subcellular localizations of both CBL1.1 and 

CBL9 at the plasma membrane using transient expression in mesophyll protoplasts (Xu et 

al., 2006).  

 

CBL1 and CBL9 are involved in seed development, germination and drought 

responses 

 Based on phylogenetic analysis which shows high levels of homology between 

CBL1.1 and CBL9, cbl1 cbl9 double mutants were generated by crossing cbl1-1 and cbl9 

single mutants. Double mutants revealed previously masked functions of CBL1.1 and 

CBL9. In germination assays in the presence of ABA, cbl1 cbl9 double mutants were less 

sensitive than wild type, cbl1 or cbl9 single mutants, suggesting that both CBL1.1 and 

CBL9 are positive Ca2+ sensors in response to drought conditions via ABA-mediated 

signal transduction. Another striking phenotype was the development of shriveled seeds 

during seed maturation. In addition, some seeds had structures resembling the immature 

embryo protruding from the seed coat. If development of the male or female gametophyte 

was impaired in the cbl1 cbl9 double mutant, distorted segregation would have been 
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present in the progeny from cbl1/+ cbl9/cbl9 or cbl1/cbl1 cbl9/+ parents (Drews and 

Yadegari, 2002). Genotypic and phenotypic analyses indicated that shriveled seeds were 

not observed in either group of progeny and that progeny from these crosses had normal 

Mendelian segregation ratios. The shriveled seed phenotype in the cbl1 cbl9 double 

mutant may be caused by altered ABA-mediated signal transduction during seed 

development. It has been shown that maternally derived ABA affects embryogenesis and 

seed maturation. For example, in Nicotiana plumbaginifolia, Npaba1 and Npaba2 

mutants impaired in ABA biosynthesis developed a lack of seed dormancy, reduced 

numbers of seeds and seed abortion (Frey et al., 2004). To verify which stimuli caused 

the phenotype, wild type and cbl1 cbl9 double mutant plants were subjected to drought 

stress. The increased ratio of shriveled seeds in the cbl1 cbl9 double mutant indicated that 

CBL1 and CBL9 are involved in seed maturation as positive regulators during seed 

drying. However, the incidence of these phenotypes did not follow a fixed ratio, 

suggesting incomplete penetrance of the phenotype. It is possible that the cbl1 cbl9 

double mutant still produces CBL1.2, which could partially compensate for the lack of 

CBL1.1 and CBL9. In addition to phenotypes in germination and seed maturation, the 

cbl1 cbl9 double mutant lost more water than wild type during illumination in detached 

leaf assays, providing evidence that CBL1.1 and CBL9 play positive roles in vegetative 

tissues in response to drought conditions. Taken together, the cbl1 cbl9 double mutant 

characterizations demonstrated key roles for both CBL1.1 and CBL9 as positive Ca2+ 

sensors in response to drought stress via ABA-mediated signal transduction.  
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 CHAPTER 4 

 

INVOLVEMENT OF CBL8 IN THE DEVELOPMENT OF ROOT HAIRS AND 

TRICHOMES 

 

INTRODUCTION 

 

 Plants possess root hairs and trichomes, specialized epidermal cells, in the 

underground and above ground portions of the plant, respectively. The physiological 

roles of root hairs include serving as an extension of the root surface for water and 

nutrient uptake, anchoring the root to substrates and serving as an interaction site for 

symbiotic bacteria (Muller and Schmidt, 2004). In contrast, trichomes serve to protect 

plants from herbivores, water loss and UV irradiation (Schellmann and Hulskamp, 2005; 

Serna and Martin, 2006). While their physical positions and physiological roles have 

diversified, studies in Arabidopsis have shown that the molecular mechanisms governing 

the cell-fate specification and morphogenesis of these structures have common elements.  

 Development of both root hairs and trichomes proceeds by a series of steps that 

include: cell fate determination, initiation of growth and polar growth with or without 

branching. Studies of root hair and trichome mutants have led to models for complex 

genetic networks involving transcription factors and their interacting proteins in cell 

patterning and specification (Schiefelbein, 2000; Carol and Dolan, 2002; Schellmann and 

Hulskamp, 2005). TRANSPARENT TESTA GLABRA1 (TTG1), a WD repeat-



 

124

containing protein has been shown to act as a key transcription factor for the 

determination of cell fate in both trichome and root hair development (Galway et al., 

1994; Walker et al., 1999). TTG1 interacts with three basic helix-loop-helix (bHLH) 

proteins, GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3), and 

TRANSPARENT TESTA8 (TT8) to regulate trichome initiation, positioning of the root 

hair, and production of mucilage and anthocyanin (Zhang et al., 2003). Quantitative trait 

loci mapping in Arabidopsis suggested that TTG1, TTG2, GL1 and GL3 regulate the 

density of trichomes by determination of trichome cell fate (Symonds et al., 2005). 

MYB23 has been shown to function redundantly with GL1 in trichome initiation, but has 

a diversified function in trichome branching (Kirik et al., 2005). Both GL3 and EGL3 are 

negatively regulated by interaction with WEREWOLF (WER) in non-hair cells and are 

positively regulated by interaction with the MYB proteins, CAPRICE (CPC) and 

TRIPTYCHON (TRY) in hair cells to determine cell fate in the root epidermis 

(Bernhardt et al., 2003; Bernhardt et al., 2005). WER directly binds to the promoters of 

and induces the expression of CPC and GLABRA2 (GL2) (Koshino-Kimura et al., 2005; 

Ryu et al., 2005). In concert with CPC and TRY, another MYB protein, ENHANCER OF 

TRY AND CPC 1 (ETC1), acts as a suppressor for trichome and non-hair cell fate (Kirik 

et al., 2004). Intercellular movement of CPC from non-hair cells to hair cells through 

plasmodesmata has underscored the role of CPC in cell-fate determination during root 

hair development (Kurata et al., 2005). Taken together, these data demonstrate that a 

battery of transcription factors and their interacting proteins are involved in both root hair 

and trichome specification and initiation. In addition, gibberellic acid signaling via 
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GLABROUS INFLORESCENCE STEM (GIS) has been implicated in trichome 

initiation through GL1 (Gan et al., 2006). Mechanisms regulating trichome development 

have diversified in Arabidopsis (with unicellular trichomes) and in Antirrhinum and 

Solanaceous species (with multicellular trichomes) (Serna and Martin, 2006). 

 After an epidermal cell is specified and development of a trichome or root hair is 

initiated, growth of the cell is regulated by directional polarity of both microtubules and 

microfilaments. Actin polymerization has been shown to be essential for trichome 

branching and is regulated by the actin-related protein 2/3 (Arp2/3) complex interacting 

with the Scar/Wave (suppressor of cAMP receptor/WASP family verprolin-homologous 

protein) complex (Zhang et al., 2005c; Zhang et al., 2005b; Djakovic et al., 2006; Le et 

al., 2006). Identification of KCBP/ZWI (Kinesin-like Calmodulin-Binding 

Protein/ZWICHEL) has provided evidence for a link between the actin cytoskeleton and 

Ca2+ signaling in trichome expansion and branching (Reddy and Day, 2000; Reddy et al., 

2004). 

 Auxin and the availability of nutrients, like phosphate and iron, are known to be 

involved in development of root hairs (Lopez-Bucio et al., 2003; Muller and Schmidt, 

2004; Lee and Cho, 2006). At the cellular level, cell wall formation, the cytoskeleton and 

Ca2+ gradients have also been shown to be required for polarized tip growth during 

morphogenesis of root hairs (Carol and Dolan, 2002). Perturbation of actin organization 

or cell wall formation by overexpression of FORMIN-LIKE PROTEIN8 (AtFH8) or a 

mutation in the Leucine-Rich Repeat (LRR)-extensin1 (LRX1) abolished the polarity of 

root hair growth and produced cells with aberrant morphology (Yi et al., 2005; Diet et al., 
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2006). For polarized tip growth of root hairs, enrichment of phosphatidylinositol at the tip 

has been shown to be essential for the generation of a Ca2+ gradient, membrane 

trafficking and actin organization (Vincent et al., 2005). Small GTPases such as RabA4b 

GTPase or ADP-ribosylation factors (ARFs) have been shown to be involved in the 

regulation of phosphatidylinositol pathways and generation of the Ca2+ signature at the 

tip of root hairs in Arabidopsis (Preuss et al., 2006; Song et al., 2006). In addition, 

biochemical and Ca2+ imaging analyses demonstrated the presence of a  tip-directed Ca2+ 

gradient during root hair elongation (Brownlee et al., 1999; Gilroy and Jones, 2000). In 

spite of the importance of Ca2+ gradients in both trichome and root hair development, the 

role of Ca2+ in the underlying signal transduction pathways and identification of the other 

pathway components remain to be determined.   

 Based on phylogenetic analysis, CBL8 is closely related to the founding member of 

the CBL family, SOS3/CBL4.  The CBL8 mutant was studied to uncover signaling 

functions during development and when the plant experiences an abiotic stress.  For these 

studies, cbl8 single and cbl4 cbl8 double mutants were characterized during development 

and in response to salt and ABA treatments. Generation of a cbl4 cbl8 double mutant did 

not uncover any altered phenotypes during abiotic stress.  However, expression analysis 

suggests a role for CBL8 in trichome and root hair development.  
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MATERIALS AND METHODS 

 

Plant growth and mutant isolation 

 Arabidopsis thaliana (L.) Heynh. Col-0 was used as the wild type in the present study. 

Seeds were planted on media or in soil, treated with cold at 4ºC for 3 days for 

stratification, and placed in a growth chamber or growth room with a 16h/8h light/dark 

cycle at 22ºC. MS 0.6% or 1.2% agar media (Murashige & Skoog basal salts, 4.3 g/l; 

sucrose 30 g/l; pH 5.7; agar 6 or 12 g/l) were used as base media. SALK_083553 (cbl8) 

was obtained from Arabidopsis Biological Resource Center (ABRC, The Ohio State 

University) and backcrossed to wild type three times. A purified homozygous cbl8 

mutant was isolated from BC3F2 seeds by PCR genotyping. To verify the presence of a 

T-DNA insertion in the CBL8 (At1g64480) locus, LBa1 (5’- 

TGGTTCACGTAGTGGGCCATC-3’) and 083553_L (5’- 

TCTTGATTCGTTCCTTGTCG-3’) primers were used for PCR. For gene-specific PCR 

to check the homozygosity of the T-DNA insertion, 083553_L and 083553_R (5’- 

TGCAAATCAAATCCCAAAAA-3’) primers were used. To verify the sos3-1 mutation, 

sos3_L (5’- ATCTCTTCGCTGATCGGGTA-3’) and sos3_R (5’- 

CATCGGTGTGGGAGTGATTA-3’) dCAPS primers were used for PCR followed by 

RsaI restriction endonuclease digestion. Based on screening, trichome bearing sos3-1 was 

identified and named cbl4.  
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Phylogenetic and sequence analyses 

 To perform phylogenetic analysis within the Arabidopsis CBL family, amino acid 

sequences were retrieved from The Institute for Genome Research (TIGR) database with 

the following annotation: CBL1.1, At4g17615.1; CBL2, At5g55990; CBL3, At4g26570; 

SOS3/CBL4, At5g24270; CBL5, At4g01420; CBL6, At4g16350; CBL7, At4g26560; 

CBL8, At1g64480; CBL9, At5g47100; CBL10.1, At4g33000.1. Parsimony analysis was 

performed by PAUP version 4.0. For the pair-wise comparison between SOS3/CBL4 and 

CBL8, MatGAT2.1 was used to calculate the identity and similarity ratios. Arabidopsis 

calmodulin1 (CaM1) and human calcium binding protein 1 (h-CaBP1) were used as out-

groups.  

 

RT-PCR and RNA gel blot analysis 

 Eight-day-old seedlings of wild type or the cbl8 mutant grown on MS 0.6% agar 

media were collected for RT-PCR analysis. For stress treatments, wild-type seedlings 

were treated with cold (4ºC, 24 h), NaCl (300 mM NaCl in 1X MS liquid, 5 h), or ABA 

(100 µM (±) ABA, 3 h). Total RNA isolation was performed using TRIZOL as per the 

manufacturer’s protocol (Invitrogen). Five µg of total RNA was used to synthesize first 

strand cDNA using SuperScript III reverse-transcriptase (Invitrogen). To detect CBL8, 

5CBL8E (5’-GGCGAATTCGTATGTTGGCATTCGTGAAATGCTT-3’) and 3CBL8E 

(5’-GCGGAATTCTAGTCTTCAACTTCAGAGTCG-3’) primers covering the whole 

coding region were used. To determine the expression levels of other CBL genes, the 

following primer sets were used: 5SCaBP1EcoRI (5’- 
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GGCGAATTCTGATGTCGCAGTGCGTTGACG-3’) and 3SCaBP1BamHI (5’-

GGCGGATCCCGGGTATCTTCAACCTGAGAATG-3’) for CBL2, 5SCaBP6EcoRI 

(5’-GGCGAATTCTGATGTCGCAGTGCATAGACGG-3’) and 3SCaBP6BamHI (5’-

GGCGGATCCCGGGTATCTTCCACCTGCGAG-3’) for CBL3, 5SCaBP2EcoRI (5’-

GGCGAATTCTGATGATGATGCAATGTTTAGATGG-3’) and 3SCaBP2BamHI (5’-

GGCGGATCCCGTCCATCCAGCTCACTAGGAG-3’) for CBL6, and 5SCaBP3EcoRI 

(5’-GGCGAATTCTGATGGATTCAACAAGAAATTCAGC-3’) and 3SCaBP3BamHI 

(5’-GGCGGATCCCGGGTATCTTCCACTTGCGAG-3’) for CBL7. 

 For RNA gel blot analysis, total RNA was prepared from 8-day-old seedlings of wild 

type and of the T3 generation of CBL4-EGFP or CBL8-EGFP using aurintricarboxylic 

acid. Twenty µg of total RNA was loaded in a 1% agarose gel containing formaldehyde 

and transferred to a nylon membrane. The nylon membrane was hybridized with radio-

labeled GFP or tubulin specific probes at 42ºC overnight and exposed to X-ray film.  

 

Histochemical analysis 

 To determine the expression pattern of CBL8, the 5’ upstream region of CBL8 (1589 

bp) was amplified from wild-type genomic DNA as a template using AtCBL8p5 (5’- 

GGCGGATCCTGTCTCTGAGCACGTGATATTG-3’) and AtCBL8p3 (5’- 

GCGCTGCAGTTTTTGTGCTGCTAAAATAACCAA-3’) primers. The product was 

cloned into pCAMBIA1381 resulting in a transcriptional fusion to GUS to generate 

ProCBL8::GUS. Arabidopsis Col-0 was transformed with Agrobacterium GV3101 

harboring the ProCBL8::GUS construct using the floral dip method (Clough and Bent, 
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1998). Transgenic lines were screened for hygromycin (25 µg/ml) resistance and T2 

seedlings were used for GUS staining and observed using a dissecting microscope (see 

‘Chapter 2 Materials and Methods’). 

 

Abiotic stress treatments 

 For primary root growth in response to NaCl or ABA, 7-day-old seedlings of wild 

type, cbl4, cbl8 and cbl4 cbl8 grown on MS 1.2% agar media were transferred to MS 

1.2% agar media supplemented with NaCl (0, 50, 100, 150 mM) or ABA (0, 0.5, 1, 2, 5 

µM). After transfer, the plates were inverted for NaCl treatment or left vertically for ABA 

treatment to check the growth of the primary root in the presence of these compounds. 

 For germination assays, wild-type, cbl4, cbl8 and cbl4 cbl8 seeds were planted on MS 

0.6% agar media containing 0, 0.5, 1, 2 or 5 µM ABA. After stratification at 4ºC for 3 

days, radicle emergence was scored as germination every day to 10 days.  

 For auxin assays, 4-day-old seedlings of wild type, cbl8, CBL8-EGFP or pEZT-NL 

control lines grown on MS 1.2% agar media were transferred to MS 1.2% agar media 

containing Indole-3-acetic acid (IAA, 0.05 or 0.1 µM) or 2,4-dichlorophenoxyacetic acid 

(2,4-D, 0.05 or 0.1 µM). The growth of primary roots was observed and photographs 

were taken 4 days after transfer. 
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RESULTS 

 

CBL8 is a putative calcium-binding protein closely related to SOS3/CBL4 

 As a result of screening EMS-mutagenized pools of Arabidopsis, the SOS pathway 

was identified. In this pathway, three proteins SOS1, SOS2/CIPK24, and SOS3/CBL4 

have been shown to be critical for salt stress signaling. In response to increased salt, 

SOS3/CBL4 (At5g24270) interacts with and activates SOS2/CIPK24, which in turn 

phosphorylates and activates SOS1, a Na+/H+ exchanger in the plasma membrane (Guo et 

al., 2001; Qiu et al., 2002; Qiu et al., 2003; Zhu, 2003; Chinnusamy et al., 2005). When 

the growth of the sos mutants was characterized in response to NaCl, the sos1, sos2 and 

sos3 mutants showed extreme, severe and moderate salt sensitivity, respectively. Given 

the number of CBL and CIPK family members, it is likely that other CBL proteins are 

involved in salt stress signaling through interactions with other CIPK proteins. As a first 

step to identify these proteins, phylogenetic analysis was performed using the amino acid 

sequences of the CBL family by PAUP version 4.0. The phylogenetic tree, based on 

parsimony analysis, indicated that CBL8 belongs to the same clade as SOS3/CBL4 

(Figure 4.1A). Pair-wise analysis using MatGAT2.1 indicated that the identity and 

similarity between CBL8 and SOS3/CBL4 are 59.9% and 73.4%, respectively, higher 

than combinations of CaM1 with CBL8 or with SOS3/CBL4 (Figure 4.1B). These results  
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Figure 4.1. Phylogenetic and expression analyses of CBL8. (A) CBL8 is grouped in same 

clade with SOS3/CBL4 based on parsimony analysis. The phylogenic tree was generated 

using PAUP version 4.0. Arabidopsis calmodulin1 (CaM1) and human neuronal Ca2+-

binding protein 1 (h-CaBP1) were used as out-groups. (B) Pair-wise comparison between 

CBL8 and SOS3/CBL4 amino acid sequences by MatGAT2.1. The values in the lower 

left corner represent levels of similarity and the values in upper right corner represent 

levels of identity. CaM1 was used as a control. (C) RT-PCR analysis of CBL8 expression 

in wild-type seedlings in response to abiotic stress treatment. Ct, control; A, 100 µM 

ABA for 3 h; N, 300 mM NaCl in 1X MS for 5 h; C, 4ºC for 24 h. (D) Histochemical 

analysis of ProCBL8::GUS lines. a, promotorless-GUS transgenic line as a control; b, 

whole ProCBL8::GUS seedling; c, enlarged image of 1st rosette leaf in (b); d, primary root 

with lateral roots and root hairs in ProCBL8::GUS line. 
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suggested that CBL8 might be a good candidate for another Ca2+-binding protein 

involved in salt stress signaling.  

 

Expression patterns of CBL8  

 To determine the expression pattern of CBL8 in response to environmental conditions, 

RT-PCR analysis was performed on wild-type seedlings treated with cold (4ºC for 24 h), 

salt (300 mM NaCl in 1X MS liquid for 5 h) or ABA (100 µM for 3 h). Under control, 

cold or NaCl conditions, CBL8 transcript was barely detected; however, upon ABA 

treatment, CBL8 transcript levels were dramatically induced (Figure 4.1C). To investigate 

the tissue specificity of CBL8 expression, the 5’ upstream region (1,589 bp) was 

transcriptionally fused to the reporter gene, GUS, to produce a ProCBL8::GUS construct. 

Transgenic plants harboring the ProCBL8::GUS construct were screened for hygromycin 

resistance and at least 10 independent lines were used for GUS staining. Under control 

conditions, CBL8 is mainly expressed in vascular tissues in cotyledons and the primary 

root (Figure 4.1D-b), accessory cells at the base of trichomes (Figure 4.1D-c), root hairs, 

and the junction of lateral roots with the primary root (Figure 4.1D-d). GUS staining in 

roots appeared to be in files of root hair cells. Taken together, RT-PCR and promoter-

GUS analyses indicated that CBL8 is weakly expressed in vascular tissues under control 

conditions, induced by ABA treatment, and that CBL8 may play a role in the 

development of trichomes and root hairs.  
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Identification of the cbl8 mutant and characterization of cbl4 cbl8 double mutants 

 A T-DNA insertion mutant in the CBL8 locus (SALK_083553) was obtained from the 

ABRC and used to investigate the in vivo function of CBL8. The T-DNA was inserted in 

the first intron of the CBL8 locus (Figure 4.2A). A homozygous mutant was isolated from 

the BC3F2 generation after backcrossing three times to wild type and named cbl8. RT-

PCR analysis was performed on wild-type and cbl8 seedlings to detect CBL8 transcript. 

Results of this analysis demonstrated that cbl8 is a null mutant (Figure 4.2B). Based on 

the tissue specific expression pattern of CBL8 in the ProCBL8::GUS lines, trichomes on the 

adaxial surface of leaves and root hairs in roots were examined in the cbl8 mutant. No 

differences in the number of trichomes or root hairs or changes in morphology of these 

structures were observed in the mutant (data not shown).   

 Since the analysis of the sos3-1 mutant demonstrated that SOS3/CBL4 is a major 

Ca2+-binding/sensor protein in salt stress signaling (Ishitani et al., 2000), we reasoned 

that a single knock-out mutation in CBL8 might not produce a detectable phenotype 

under salt stress conditions. To determine if CBL8 also plays a role in salt stress signaling, 

a sos3-1 cbl8 (hereafter cbl4 cbl8) double mutant was generated by crossing sos3-1 and 

cbl8 single mutants. Because sos3-1 is in the Col gl1 background (without trichomes), a 

homozygous sos3-1 mutant bearing trichomes was isolated by backcrossing to Col-0 wild 

type. This mutant was named cbl4, and is used equivalently to sos3-1 in the present study. 

A cbl4 cbl8 double mutant producing trichomes was isolated and used for further study.  
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Figure 4.2. Identification of a cbl8 mutant. (A) Schematic diagram of CBL8 (At1g64480) 

genomic structure. The cbl8 mutant (SALK_083553) has a T-DNA insertion in first 

intron of the CBL8 locus. Numbers in parentheses under the ATG (translation start 

codon) or TGA (translation stop codon) indicate the positions of these sequences in the 

genomic sequence. LB, left border of the T-DNA; boxes, exon; line, intron. (B) cbl8 is a 

null mutant. RT-PCR was performed on wild-type and the cbl8 mutant seedlings using 

CBL8 gene-specific primers. Tubulin was used as an RT-PCR control.  
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 To investigate the accumulated effects of the cbl4 and cbl8 mutations, primary root 

growth of the cbl4 cbl8 double mutant was compared with that of wild type, cbl4 and 

cbl8 single mutants in the presence of various concentrations of NaCl. The cbl4 and cbl4 

cbl8 mutants displayed primary root growth inhibition at 100 mM NaCl, but the cbl8 

mutant responded like wild type (Figure 4.3). In addition, the cbl4 cbl8 double mutant 

phenocopied cbl4 in terms of lack of lateral root development at 75 mM NaCl (Figure 

4.3). These results suggest that CBL8 may not be involved in regulating root growth 

during salt stress or that its function is masked by other CBL family members. 

 It has been shown that SOS2/CIPK24, a serine/threonine kinase that interacts with 

SOS3/CBL4 also interacts with ABI2 (Abscisic acid-insensitive 2), a protein phosphatase 

2C (Ohta et al., 2003). This interaction linked communication between salt stress- and 

ABA-mediated signal transduction pathways. Because the transcript level of CBL8 was 

found to be induced by ABA treatment, we determined if SOS3/CBL4 and CBL8 

function in ABA signal transduction. To test this, germination and primary root growth of 

cbl4 cbl8 were compared with those of wild type and the cbl4 and cbl8 single mutants in 

the presence of ABA. At higher concentrations of ABA (2 and 5 µM), cbl4 and cbl4 cbl8 

showed reduced sensitivity during seed germination, while the cbl8 single mutant showed 

reduced germination (increased sensitivity) compared to wild type, cbl4 and cbl4 cbl8 

(Figure 4.4A & 4.4B). The comparable phenotypes of cbl4 cbl8 and cbl4 suggest that the 

loss of a positive regulator, SOS3/CBL4, may override the loss of a negative regulator, 

CBL8, in ABA signal transduction during seed germination. These results also suggest 

that SOS3/CBL4 and CBL8 may have opposite functions in ABA-mediated signal  
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Figure 4.3. Salt sensitivity assay of cbl8 and cbl4 cbl8 mutants. Eight-day-old seedlings 

of wild type, cbl4, cbl8 and cbl4 cbl8 grown on MS 1.2% agar media were transferred to 

MS 1.2% agar media containing the indicated concentrations of NaCl. The plates were 

inverted to check root bending in the presence of NaCl. Photographs were taken 5 days 

after transfer.  
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Figure 4.4. Responses of cbl8, cbl4 and cbl4 cbl8 mutants to the presence of ABA. (A) 

Germination assay in response to ABA. Seeds were planted on MS 0.6% agar media 

containing the indicated concentrations of ABA. Germination was scored 10 days after 

stratification. (B) Germination ratio as a function of day in the presence of 0, 1 or 2 µM 

ABA. (C) Primary root growth in the presence of ABA. Seven-day-old seedlings grown 

on MS 1.2% ABA-free agar media were transferred to MS 1.2% agar media containing 

the indicated concentrations of ABA. Values represent means ± standard error.  
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transduction during seed germination or that loss of CBL8 in either the cbl8 or the cbl4 

cbl8 double mutant might be compensated for by the functional redundancy of other CBL 

proteins. There was no difference in primary root growth between wild type and the 

mutants (Figure 4.4C). Based on tissue-specific expression patterns in 

GENEVESTIGATOR (Zimmermann et al., 2004), the expression of 4 CBL genes, CBL2, 

CBL3, CBL6 and CBL7, were overlapped with the expression of CBL8.  These genes 

were selected to determine if their expression levels were altered in the cbl8 mutant 

background. RT-PCR analysis revealed that the transcript levels of the 4 CBL genes were 

the same in wild type and the cbl8 single mutant (Figure 4.5). This result suggests that the 

lack of obvious phenotype in the cbl8 mutant is not due to functional compensation by 

the induced expression of these CBL family members.  

 

Overexpression of CBL8 

 Due to the lack of any observable phenotype in trichomes or root hairs in the cbl8 

mutant, we tried to determine CBL8 function using overexpression. The coding region of 

CBL8 was cloned into pEZT-NL to produce a translational fusion to the N-terminus of 

EGFP under the control of the CaMV35s promoter. The transformed plants were 

screened for BASTA resistance and homozygous lines were identified in the T3 

generation. Very few transformed lines were identified during screening when compared 

to other transformation events with same vector and same Agrobacterium strain. The 

histochemical analysis of ProCBL8:GUS indicates that CBL8 is specifically expressed in 

root hairs and may be involved in the development of these epidermal cells. It has been  
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Figure 4.5. Functional compensation of CBL family members in the cbl8 mutant. (A) No 

up-regulation of CBL7, CBL3 or CBL2 was seen in the cbl8 mutant. (B) No up-regulation 

of CBL6 was seen in the cbl8 mutant. Semi-quantitative RT-PCR analysis was performed 

on total RNA prepared from two independent sets of 8-day-old seedlings of wild type and 

the cbl8 mutant. Tubulin was used as an RT-PCR control. 
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shown that auxin plays a key role in the regulation of root hair and lateral root 

development. Therefore, development of root hairs in both the cbl8 mutant and the 

CBL8-EGFP lines was analyzed in the presence of auxin and auxin-derivatives like IAA 

or 2,4-D and in comparison to wild type or lines transformed only with the pEZT-NL 

vector. The IAA or 2,4-D treatments did not produce any abnormality in primary root 

growth or root hair development in the cbl8 mutant or the CBL8-EGFP lines (Figure 4.6).  

 In contrast to CBL proteins like CBL4/SOS3, CBL1.1, CBL9 and CBL5 (Ishitani et 

al., 2000; Albrecht et al., 2003; Cheong et al., 2003; Kolukisaoglu et al., 2004; Pandey et 

al., 2004), CBL8 does not have an N-myristoylation motif for targeting to membranes. 

However, it is possible that other post-translational modifications like palmitoylation or 

prenylation may affect the subcellular localization of proteins (Bijlmakers and Marsh, 

2003). The CBL8-EGFP lines were examined by epifluorescence and CLSM. No EGFP 

signal was detected in the CBL8-EGFP lines. The lack of EGFP signal may be due to low 

transcript levels of CBL8-EGFP or instability of the CBL8-EGFP protein. To determine 

if CBL8-EGFP lines produce transcripts, RNA gel blot analysis was performed on 4 

independent CBL8-EGFP lines with wild type and a CBL4-EGFP line as negative and 

positive controls, respectively. In contrast to the CBL4-EGFP line showing abundant 

CBL4-EGFP transcript levels, all CBL8-EGFP lines produced very weak hybridization 

signals indicating that transcript levels of the CBL8-EGFP transgene were very low 

(Figure 4.7). The size of the CBL8-EGFP transcript is similar to that of CBL4-EGFP 

indicating that the full length CBL8-EGFP transgene was correctly transcribed. This  
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Figure 4.6. Auxin sensitivity assay. Neither the cbl8 mutant nor CBL8-EGFP lines show 

any difference in root growth in response to exogenous auxin treatment. Five-day-old 

seedlings of wild type, the cbl8 mutant, a CBL8-EGFP overexpression line, and an empty 

vector control line grown on MS 1.2% agar media were transferred to MS 1.2% agar 

media containing the indicated concentrations of IAA or 2,4-D. Photographs were taken 

11 days after transfer. 
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Figure 4.7. Low transcript level of the CBL8-EGFP transgene in overexpression lines. 

RNA gel blot analysis was performed with a GFP-specific probe. Total RNA was 

prepared from 24-day-old seedlings of wild type, a homozygous CBL4-EGFP T3 line, 

and four homozygous CBL8-EGFP T3 lines. Twenty µg of total RNA was loaded into 

each well. Tubulin and Ethidium bromide staining of rRNA were used as loading controls.  
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result explains the low EGFP signal and potentially the lack of phenotype observed in the 

CBL8-EGFP lines.  

 

DISCUSSION 

 

 In this study, CBL8 was chosen based on its close relationship with SOS3/CBL4 as 

determined by phylogenetic and genomic analyses. To uncover any redundant function 

between CBL8 and SOS3/CBL4, a cbl4 cbl8 double mutant was generated between the 

cbl8 knock-out mutant and the cbl4 deletion mutant. The response of the double mutant 

was similar to what had been seen for cbl4 in the presence of salt and ABA; however, the 

cbl8 single mutant showed an opposite response to that of cbl4 and cbl4 cbl8 during ABA 

treatment. Analysis of CBL8 expression suggested a role in trichome and root hair 

development and very low transcript levels of the CBL8-EGFP transgene in 

overexpression lines hinted at the need for tight regulation of CBL8 in Ca2+-mediated 

signal transduction during plant development. 

 

CBL8 functions independently of SOS3/CBL4 during ABA-mediated signal 

transduction 

 Through a series of phenotypic analyses in response to abiotic stress, the cbl8 mutant 

showed sensitivity to ABA during seed germination when compared to wild type. 

Inhibition of seed germination was reversed in the cbl4 cbl8 double mutant, which 

displayed less sensitivity to ABA. It has been reported that SOS2/CIPK24 interacts with 
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ABI2 via a protein phosphatase interaction (PPI) motif in SOS2/CIPK24 suggesting 

ABI2 might negatively regulate salt stress signaling via interaction with or inhibition of 

the kinase activity of SOS2/CIPK24 (Ohta et al., 2003). Taken together, our results 

suggest that CBL8 and SOS3/CBL4 may act independently of each other in ABA-

mediated signal transduction with opposite functions. In previous reports, none of the 

CIPK proteins including SOS2/CIPK24 were shown to interact with CBL8 in yeast two-

hybrid assays. This finding suggests that independent interacting partners may play a role 

in the differential responses of CBL8 and SOS3/CBL4 to ABA. Important questions that 

remain to be answered include: is CBL8 expression regulated by ABA or drought stress 

during seed germination? Which, if any, CIPK(s) interact with CBL8?  Do any of the 

remaining CBL proteins overlap in terms of expression and function with CBL8? Are 

there non-CIPK proteins that interact with CBL8 and what signaling pathways do these 

proteins mediate? Based on CBL8 expression patterns and transcript levels, CBL8 is 

expressed at very low levels and its expression is restricted to vascular tissues, accessory 

cells or root hairs. In terms of CBL8 expression during abiotic stress, analyses were 

performed only for a limited set of conditions (cold, salt and ABA). More work will need 

to be done to define CBL8 expression quantitatively (qRT-PCR), within defined 

developmental windows (e.g., roots of a specific age or seedlings with a specific number 

of rosette leaves) and in response to appropriate hormone treatments (e.g., combinations 

of treatments with auxin or GA). To identify any non-CIPK interacting partners, high-

throughput proteomic analysis could be applied. For example, yeast two-hybrid screening, 
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protein microarrays or mass spectrometry analysis of purified protein complexes (Drewes 

and Bouwmeester, 2003).  

During the analysis of CBL8-EGFP overexpression lines, a gain-of-function 

phenotype was not observed due to very low transcript levels suggesting that excess 

CBL8 protein may be lethal to the cell and the plant or that the transcript of CBL8-EGFP 

transgene may not be stable under control conditions. As an alternative approach to 

define the in vivo function of CBL8, chemically-inducible CBL8 lines could be generated 

and examined during plant development as well as in response to environmental stress. 

To help understand CBL8 function, subcellular localization might be determined using 

transient expression assays with Arabidopsis suspension cultures or heterologous 

expression systems like insect cells (Marten et al., 1996; Koroleva et al., 2005). 

 

CBL8 and SOS3/CBL4 may be functionally diversified 

 Based on phylogenetic analysis, CBL8 appears to be most closely related to 

SOS3/CBL4 within the CBL family. However, in contrast to the segmental genome 

duplication that took place between CBL1 and CBL9, and CBL2 and CBL7 or the 

tandem gene duplication between CBL3 and CBL7, there is no traceable evidence 

supporting a gene duplication between CBL8 and SOS3/CBL4 

(http://www.tigr.org/tdb/e2k1/ath1/Arabidopsis_genome_duplication.shtml, 

http://www.tigr.org/tdb/e2k1/ath1/TandemDups/TandemGenes.html). In addition, this 

analysis coincides with the relatively low similarity and identity ratios between CBL8 

and SOS3/CBL4. Comparisons of tissue specificity also suggest divergent functions for 
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the two proteins. Based on analysis of expression patterns in GENEVESTIGATOR 

(Zimmermann et al., 2004), the expression of CBL8 is induced by ABA treatment 

whereas SOS3/CBL4 is up-regulated by salt and osmotic stress treatment.  In addition to 

its expression in vascular tissues, CBL8 is expressed in very specific tissues including the 

accessory cells of trichomes and root hairs. 

 Although similar sets of transcription factors are key in both root hair and trichome 

development and patterning (Schnittger et al., 1999; Schiefelbein, 2003), the mechanisms 

underlying trichome cell patterning are still not fully understood (Szymanski et al., 2000). 

Components of the underlying signaling pathways are emerging.  For example, 

expression analysis of KOR3 (KORRIGAN3), an endo-1,4-β-D-glucanase anchored to 

the membrane, showed a similar pattern of expression to CBL8 in the accessory cells of 

trichomes (Molhoj et al., 2001). Characterization of the zwichel mutant indicated that 

ZWICHEL encodes a kinesin-like CaM-binding protein (KCBP) which interacts with 

KIC (KCBP-interacting Ca2+-binding protein) in a Ca2+-dependent manner and regulates 

trichome development (Bouyer et al., 2001; Reddy et al., 2004). It is known that 

cytoplasmic Ca2+ levels must increase at the tip of the root hair for polar root hair growth 

(Gilroy and Jones, 2000). In addition, a RhoGTPase GDP dissociation inhibitor 

(RohGDI) has been shown to be translocated to the plasma membrane by increased 

[Ca2+]cyt in animals and be involved in determination of growth sites and polarity in root 

hairs in plants (Price et al., 2003; Carol et al., 2005). Phosphatidylinositol 4-OH kinase 

(PI-4Kβ1) interacting with RabA4b GTPase has been shown to interact with CBL1 

suggesting the involvement of CBL proteins in Ca2+-mediated signal transduction during 
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polar growth of root hairs and demonstrating the existence of a non-CIPK protein as a 

CBL-interacting partner (Preuss et al., 2006). Given the involvement of Ca2+ signaling in 

development of trichomes and root hairs, and the specific expression pattern of CBL8, 

CBL8 may also be an important Ca2+ signaling component for trichome and root hair 

morphogenesis during development. Since CBL proteins show functional redundancy 

during Ca2+ signaling, it will be imperative to generate higher-order mutants in order to 

uncover functions of CBL8 that may be masked by other CBL proteins.  

 

Generation of higher-order cbl8 mutants 

 RT-PCR analysis of the cbl8 mutant demonstrated that the expression levels of CBL2, 

CBL3, CBL6 and CBL7 were not changed. Because whole seedlings of cbl8 were 

analyzed only under control conditions in this study, it remains possible that changes in 

the expression levels of these genes may not have been assayed in the correct tissues, at 

the correct stages of development or in response to the appropriate environmental 

conditions to see important changes. To overcome these problems, samples enriched in 

trichomes or root hairs should be used in quantitative assays to determine if there are 

altered expression levels of functionally redundant CBL genes. It is also possible that the 

basal expression level of other CBL family members might compensate for the lack of 

CBL8 in the cbl8 mutant during development and in response to the abiotic stress 

treatments examined in this study. Given the existence of functional redundancy within 

the CBL family, studies are currently underway to monitor the expression of all CBL 

family members during development and response to abiotic stress and this information is 



 

156

being used to generate double and higher order cbl8 cbl mutants. The phenotypic 

characterization of these mutants should lead to important discoveries of CBL8 in vivo 

function(s).  
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

  As a first step to uncover the in vivo functions of the CBL proteins, we used 

phylogenetic and genomic analyses and pair-wise comparisons within the CBL family. 

Based on these analyses, CBL10 was chosen for its distinct position in the phylogenetic 

tree and its unique genomic structure. CBL1 and CBL9, generated by segmental 

duplication, were chosen based on their high levels of amino acid identity and similarity 

and their positions within same phylogenetic clade. CBL8 was chosen based on its 

relatedness in terms of both amino acid sequence and genomic structure to SOS3/CBL4, 

the founding member of the CBL family. From these analyses, our questions were 

whether CBL10 has unique functions distinct from the other CBL proteins, whether 

critical roles of CBL1 and CBL9 are masked by functional redundancy, and whether 

CBL8 is another Ca2+-binding protein involved in salt stress signaling. To address these 

questions, T-DNA insertion mutants were isolated and used to uncover the functions of 

these family members during plant development and in response to abiotic stress. 

Contrary to our hypotheses, we found that CBL10 functions a Ca2+-binding protein in 

aerial portions of the plant during salt stress signaling and that CBL8 is not involved in 

mediating this abiotic stress. Because phylogenetic analyses and pair-wise comparisons 

of this Ca2+-binding protein family rely solely on amino acid sequence comparisons of 

the motifs that bind Ca2+ (the EF hands), these analyses cannot provide important 
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information about the spatiotemporal expression patterns of the associated family 

members during development and under specific growth conditions. Therefore, to 

generate a more complete picture of protein function within a family, these bioinformatic 

analyses must be combined with data for the spatial and temporal expression patterns of 

gene activity and protein localization of the family members during development and in 

response to abiotic stress. Public resources that are available to help develop this picture 

include data from GENEVESTIGATOR, MPSS (Massively Parallel Signature 

Sequencing), MIPS, and PSORT. Eventually, the predictions generated from the above 

analyses must be verified experimentally. In this study, we began these analyses using 

transgenic lines containing CBLpromoter:GUS or CBL:EGFP constructs and with RT-

PCR analysis.  

 In previous reports, CBL proteins have been shown to be involved in abiotic stress 

signaling, during salt, cold or drought. Results from our study demonstrated that CBL 

proteins are also involved in plant development. This was seen in the partial male sterility 

of cbl10-1 which is due to a defect in stamen elongation, the shriveled seed phenotype in 

the cbl1-1 cbl9 double mutant, and the possible involvement of CBL8 in root hair and 

trichome development. Given the likely functional redundancy within a gene family, 

critical roles for family members during plant development and in response to abiotic 

stress may be masked. To identify any masked functions, phenotypes must be identified 

using higher order (double, triple, quadruple, etc.) mutants. The generation of these 

mutants will best be informed from studies of gene activity expression patterns and 

protein localization and from phenotypes observed under specific growth conditions, for 
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example, the lack of lateral root development of sos3/cbl4 in the presence of high 

concentrations of salt, and the increased incidence of shriveled seeds that develop in the 

cbl1 cbl9 double mutant under drought.  

 Changes in intracellular Ca2+ have been linked to various signal transduction pathways 

and numerous cellular processes including generation of polar growth and cell wall 

formation. As Ca2+-binding proteins, the CBLs are thought to interpret the changes in 

cytosolic Ca2+ as part of the Ca2+-mediated signaling pathways. However, the precise in 

planta biochemical roles of the CBL proteins remain to be determined. It is possible that, 

in addition to their roles as Ca2+-binding proteins, the CBLs may function as Ca2+-sensors 

or buffers in planta. To define their exact biochemical function(s), the identities and 

natures of the CBL-interacting partners, the specific transduction pathways in which they 

function and the effects of protein modification on the subcellular localizations and 

interactions of the CBLs and their interacting partners must be determined.  In our study, 

CBL10, which does not have an N-myristoylation motif, was still targeted to the plasma 

membrane. This result suggests that CBL10 and possibly other CBL proteins may 

undergo alternative post-translation modifications, such as prenylation or palmitoylation, 

for proper cellular localization. To understand how CBL10 protein targeting is regulated, 

it will be important to determine the precise CBL10 post-translational modification, 

whether this modification is induced by specific growth conditions and to quantify the 

effect of the modification on CBL10 subcellular localization. To address these questions, 

transgenic lines that contain a tagged version of CBL10 driven by its own promoter in the 

cbl10-1 background must be generated. It will then be possible to identify the 
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modification by chemical analysis (for example, MALDI-TOF) using purified tagged 

proteins isolated from plants grown under specific conditions. 

 During the course of this work, additional mechanisms that may regulate the levels 

and activity of the CBL proteins under specific growth conditions were uncovered. For 

example, we identified alternative pre-mRNA spliced variants of CBL10.2, which have 

not been previously reported in any alternative splicing databases. We also found that the 

ectopic expression of CBL8-EGFP did not produce the high levels of transcript that 

would be expected from an overexpression construct. One interpretation of this result is 

that the levels of CBL8 transcript may be modulated by mRNA stability. Cold and high 

levels of salt increased the transcript level of CBL1.1 but not CBL1.2, suggesting the 

involvement of an alternative splicing event that regulates the ratio of CBL1.1 and 

CBL1.2. These results demonstrate the complexity of gene regulation within a protein 

family.  They also point out the necessity for individual analysis of each family member 

to generate a complete picture of the mechanisms underlying functional regulation of the 

family.   

 In addition to functional redundancy and complex regulatory mechanisms within the 

CBL family, the CIPK proteins as CBL interacting partners are likely to also have similar 

features. Because some members of the CIPK family have been reported to produce 

alternative spliced forms, this increases the possible interaction combinations between the 

CBLs and CIPKs. Ultimately, a complete interaction map must be generated that will 

consider alternative spliced forms and spatiotemporal expression patterns of both gene 

and protein activities of the two families of proteins. In addition, our preliminary results, 



 

161

based on protein-interaction (yeast two-hybrid) assays indicate that CBL proteins may 

interact with each other, potentially resulting in additional levels of regulation for the 

CBL proteins. Ca2+-binding proteins are known to interact with various target proteins in 

animals and plants, screening for additional (non-CIPK) CBL-interacting proteins using 

protein-interaction assays will also be required to ultimately understand the role of these 

proteins in interpreting the Ca2+ signal during plant growth and development.   
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