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ABSTRACT 

The buildup of salt in soils is a major abiotic stress that affects agricultural productivity, 

limiting the growth and yield of most crop species which cannot tolerate even modest levels of 

salinity (glycophytes).  Genetic variability for salt tolerance exists as some plants (halophytes) 

have adapted to environments with high levels of salt.  Understanding how salt tolerance has 

been acquired in halophytic species will be an important part of strategies to improve the ability 

of crops to grow in saline soils. 

The CALCINEURIN B-LIKE10 (AtCBL10) calcium sensor was identified as a 

component of salt signaling in the glycophyte Arabidopsis thaliana (A. thaliana) based on 

hypersensitivity of the Atcbl10 mutant to salt. When A. thaliana is grown in the presence of salt, 

AtCBL10 interacts with the AtSOS2 protein kinase to activate the AtSOS1 sodium/proton 

exchanger, resulting in the removal of sodium ions from the cytosol.  Eutrema salsugineum (E. 

salsugineum), a halophytic relative of A. thaliana, has two CBL10 genes (EsCBL10a and 

EsCBL10b). 

In this research, the duplication of CBL10 in E. salsugineum was characterized and the 

functions of EsCBL10a and EsCBL10b in salt tolerance were determined.  My analyses indicate 

that the coding sequences of EsCBL10a and EsCBL10b are highly conserved, as they share 85% 

nucleotide identity.  An analysis of transcript structure indicates transcripts from EsCBL10a and 

EsCBL10b loci are alternatively spliced, but in distinct ways.  My results suggest that EsCBL10a 

and AtCBL10 likely share the ancestral genomic position, while EsCBL10b might have moved to 

a different genomic region, and that the duplication took place prior to the divergence of 

expanded Lineage II species.  The expression patterns of EsCBL10a and EsCBL10b are different; 

EsCBL10b transcript is high in shoots and low in roots while EsCBL10a transcript is detectable 
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in both tissues.  Preliminary analysis of E. salsugineum lines with reduced expression of 

EsCBL10a and EsCBL10b suggest that both genes might play a role during growth in the 

presence of salt, but that these roles are distinct. 
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CHAPTER 1 

INTRODUCTION 

 

A major driving force for molecular evolution is gene duplication.  When genes are duplicated, 

the most common fate is loss of one of the copies, potentially by random acquisition of 

mutations in a process called pseudogenization (Vanin, 1985).  Less frequently, organisms 

maintain gene duplicates through numerous processes including neofunctionalization, 

subfunctionalization, and conservation of gene function (Ohno, 1970; Innan and Kondrashov, 

2010). 

Neofunctionalization results in one or both of the duplicate genes acquiring new 

functions (Lynch and Conery, 2000).  In this process, at least one of the genes can undergo 

positive selection, the process by which it gains advantageous mutations.  Genes under positive 

selection typically show a characteristic high nonsynonymous (nucleotide mutations that alter 

the amino acid sequence) to synonymous (nucleotide mutations that do not alter the amino acid 

sequence) mutation rate, which allows for innovation in protein function.  For example, the 

highly conserved (91% amino acid identity) diterpene synthase paralogs in Norway spruce are 

thought to have undergone neofunctionalization where one of the encoded enzymes gained the 

ability to generate multiple products, allowing for the production of a larger variety of 

compounds critical for conifer defense (Keeling et al., 2008). 

An alternative model of gene duplicate maintenance, called subfunctionalization, has also 

been described (Force et al., 1999; Lynch and Force, 2000).  Subfunctionalization occurs when 

the ancestral gene function is split between the copies.  This model is also referred to as the 

duplicate-degenerate-complementation model because, after the genes are duplicated, each copy 
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acquires loss-of-function mutations until both of the genes together are required to complement 

the original function (Force et al., 1999).  In this process, gene expression or protein function 

can be partitioned between the duplicate genes.  Subfunctionalization has been demonstrated 

during gene regulation with the mammalian homeobox paralogs HoxA1 and HoxB1 (Tvrdik and 

Capecchi, 2006).  This study demonstrated that the ancestral gene contained two regulatory 

elements while, after gene duplication, HoxA1 and HoxB1 each retained and lost one of the 

original regulatory elements. 

The entire ancestral function can also be preserved in each of the copies (dosage 

balance).  In this model, two copies with the ancestral gene function might confer a greater 

advantage than one copy.  Maintenance by dosage balance is commonly associated with whole 

genome duplication (WGD) events, where all genes in an organism are duplicated (Freeling, 

2009).  After WGD, many of the duplicated genes are lost in a process called fractionation; 

however, some duplicates are retained.  Whole pathways consisting of a network of interactors 

might be maintained because loss of one of the components could be disadvantageous due to the 

disruption of gene dosage.  Retention of a duplicate pathway likely confers a benefit; otherwise, 

one copy of each gene in the pathway would be removed until the dosage balance was restored.  

Alternatively, increased expression of a gene might be important regardless of the copy number 

of its interacting partners.  One example of maintenance by dosage balance comes from a study 

of salivary amylase gene AMY1 copy number variation in humans (Perry et al., 2007).  Because 

more AMY1 gene copies were found in humans with diets containing high levels of starch, the 

authors proposed that the number of AMY1 genes might be critical for starch metabolism. 

The maintenance of gene copies can be beneficial to an organism because it allows for 

adaptation, the gradual process of phenotypic change that results in a fitness enhancement 
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(Lynch and Conery, 2000; Innan and Kondrashov, 2010).  Natural selection removes highly 

deleterious alleles, eliminating the possibility that a duplicate gene in this category would be 

maintained since it would be detrimental to organismal fitness.  Alleles that are weakly 

deleterious or have no fitness effect can be maintained by genetic drift, the transmission of 

genetic information to the next generation by chance (Kimura, 1983).  However, advantageous 

alleles are frequently maintained because they contribute to fitness. 

Our understanding of how the gene duplication models contribute to adaptation is 

minimal due to a lack of research combining both functional and evolutionary approaches 

(Taylor and Raes, 2004; Hahn, 2009; Innan and Kondrashov, 2010).  Additionally, little data 

demonstrates the association between the mode of gene duplication (such as tandem 

duplication, transposition, segmental duplication, and WGD) and the fates of the gene copies 

(Innan and Kondrashov, 2010).  As a result, studies to determine the functional consequences of 

gene duplication will be critical to fully understand how this process contributes to adaptation. 

One important adaptation found in some plants is the ability to grow in saline soils (salt 

tolerance).  Because most crop species can only tolerate low levels of salt (are glycophytes; 

Glenn et al., 1999), the buildup of salt in soils affects crop yield.  Soil salinity is an especially 

important problem in irrigated areas worldwide where poor-quality water can concentrate salt in 

the soil (Greenway and Munns, 1980; Rhoades and Loveday, 1990).  Irrigated fields contribute 

to more than a fifth of the production of the world’s food (FAO, 1996) and it is estimated that, 

out of the 230 million hectares of irrigated land worldwide, 20% is affected by salinity (FAO, 

2008).  There is an increasing demand for food due to the rapid expansion of the world’s 

population and multiple approaches will be required to effectively improve agricultural 

productivity (Vinocur and Altman, 2005; Penning de Vries, 2001); all will require an 
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understanding of the fundamental physiological and genetic mechanisms underlying the response 

of the plant to salinity. 

When plants grow in saline soils, they can experience both osmotic and ionic stress 

(Munns and Tester, 2008).  Osmotic stress occurs when there is a reduction in water uptake by 

roots due to an excess of ions in the soil; the result is insufficient water for normal plant growth 

and development.  Plants can respond to osmotic stress by producing compounds including 

proline and mannitol that restore osmotic balance, closing their stomata, and/or decreasing leaf 

size to reduce transpiration (Munns and Tester, 2008).  Ionic stress occurs when there is an 

accumulation of salt (sodium ions) in the plant cell cytosol.  Due to their similar ionic radii and 

charge, sodium can replace potassium, a cofactor for many essential enzymes, and inhibit 

cellular metabolism (Bhandal and Malik, 1988).  Disruption of metabolism can result in cell 

death and leaf senescence.  Extrusion of sodium from the cell and compartmentalization of 

sodium into the vacuole are two mechanisms that prevent its toxic effects (Flowers and Colmer, 

2008). 

Much of our knowledge about how plants tolerate salinity comes from the model plant 

Arabidopsis thaliana (A. thaliana), where genes critical for maintaining growth in salt have been 

identified (Zhu, 2000).  However, A. thaliana can only tolerate low levels of salinity (Appendix 

1 Figure 1.1).  Variability exists in the response of plants to salinity, with halophytes being able 

to maintain growth at higher levels of salt (Greenway and Munns, 1980).  Eutrema salsugineum 

(E. salsugineum, formerly known as Thellungiella halophila and Thellungiella salsuginea) is a 

halophyte and a close relative of A. thaliana.  E. salsugineum originates from the Eastern coasts 

of Shandong, China and is emerging as a model for understanding how plants tolerate extreme 

environmental conditions (Zhu, 2001; Wang et al., 2004).  A. thaliana and E. salsugineum have 
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similar vegetative and reproductive development, with no obvious morphological differences 

when grown in the absence of salt (Appendix 1 Figure 1.1 and 1.2).  However, vegetative growth 

in saline conditions is enhanced in E. salsugineum when compared to the growth of A. thaliana.  

While E. salsugineum is modestly affected by salt concentrations as high as 150 and 300 mM 

NaCl, at these concentrations, A. thaliana displays severe reductions in growth (Appendix 1 

Figure 1.1).  Understanding the mechanisms that allow E. salsugineum to tolerate high levels of 

salt will contribute to the development of strategies to enhance the salt tolerance of crop species. 

 The Salt-Overly-Sensitive (SOS) pathway functions to maintain low cytosolic sodium 

levels in A. thaliana.  The components of this pathway were identified in a forward genetic 

screen for mutants with decreased root growth when seedlings were grown in the presence of salt 

(Wu et al., 1996; Zhu et al., 1998; Liu and Zhu, 1998).  Further mutant characterization and gene 

interaction studies led to the identification of the SOS pathway.  In this pathway, when plants 

grow in saline conditions, sodium ions accumulate in the cell and trigger an increase in cytosolic 

calcium likely through non-selective cation channels (Demidchik et al., 2002; Demidchik and 

Maathuis, 2007).  The calcium is perceived by the AtSOS3 calcium-binding protein (Knight et 

al., 1997; Liu and Zhu, 1998).  Calcium binding causes a change in the conformation of AtSOS3 

allowing it to interact with the AtSOS2 serine/threonine kinase (Sánchez-Barrena et al., 2005).  

At the plasma membrane, AtSOS2 then phosphorylates the AtSOS1 sodium/proton exchanger, 

which results in the transport of sodium out of the cell (Shi et al., 2000; Qiu et al., 2002; 

Quintero et al, 2011). 

 More recently, CALCINEURIN B-LIKE 10 (AtCBL10), a gene in the same family as 

AtSOS3, was also found to bind calcium and activate the SOS pathway.  When AtCBL10 is 

mutated, A. thaliana becomes hypersensitive to salt, producing small, chlorotic leaves and sterile 
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flowers (Kim et al., 2007; Quan et al., 2007).  As a result, AtCBL10 is thought to be an activator 

of the SOS pathway in aerial portions of A. thaliana, while AtSOS3 is thought to play a major 

role in roots.  While both can activate the SOS pathway, AtCBL10 and AtSOS3 have been found 

to differ in function because they cannot complement each other’s mutant phenotypes, indicating 

they have roles in other pathways (Choong-Hwan Ryu, unpublished data). 

CBL10 is duplicated in the halophyte E. salsugineum and the focus of my thesis research has 

been to understand if the duplication contributed to the ability of E. salsugineum to grow in 

saline environments.  Comparative genetics was used to understand similarities and differences 

in the CBL10 genes in the two species, and evolutionary and molecular genetic approaches were 

taken to understand the nature of the CBL10 duplication in the Brassicaceae and how it has 

contributed to changes in CBL10 gene function and plant adaptation to salinity.  My specific 

goals were to: 

 

1. Understand the evolution of CBL10 in the Brassicaceae.  

Based on the genome sequence of E. salsugineum, two CBL10-like genes (EsCBL10a and 

EsCBL10b) were identified.  These paralogs were not only found in the genome of E. 

salsugineum, but they were also identified in most genomes of expanded Lineage II species, 

which includes the salt-tolerant species Schrenkiella parvula (S. parvula).  A gene phylogeny 

was inferred and indicated that the duplication that gave rise to EsCBL10a and EsCBL10b took 

place prior to the divergence of expanded Lineage II species.  To determine if the EsCBL10a and 

EsCBL10b genes are located in the ancestral genomic position, I compared the gene order around 

each paralog with genomic regions containing CBL10 from related species.  My results suggest 

EsCBL10a and AtCBL10 may be located in the ancestral genomic region while EsCBL10b is 
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located in a different position.  While EsCBL10b does not share synteny with EsCBL10a and 

AtCBL10, the EsCBL10b coding sequence has maintained a high nucleotide identity (85%) with 

both EsCBL10a and AtCBL10. 

 

2. Determine the function of EsCBL10a and EsCBL10b.  

There are two major transcripts produced from the AtCBL10 genomic region (Kim et al., 

2007; Quan et al., 2007).  I determined the transcript structures of EsCBL10a and EsCBL10b and 

compared them to AtCBL10 transcripts.  I also determined that their gene expression is regulated 

differently relative to each other and to the expression of AtCBL10.  RNA interference lines were 

designed to reduce EsCBL10a and EsCBL10b expression singly and in combination and I found 

that they may both function in the ability of E. salsugineum to grow in high levels of salt, but 

likely with distinct roles.    
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Appendix 1 Comparison of development in A. thaliana and E. salsugineum 

Figure 1.1 Vegetative development is similar in A. thaliana and E. salsugineum in 

control conditions; however, E. salsugineum continues to grow in higher levels of salt 

while A. thaliana cannot.   

One-week-old seedlings were left untreated or treated with 25 or 50 mM NaCl or 

incrementally with NaCl in 50 mM steps every three days until concentrations of 75, 150, or 

300 mM NaCl were reached.  Images of shoots were taken after three weeks of treatment (A) 

and fresh weights of shoot tissue were measured and the percent change in response to salt 

was calculated (B).  Relative fresh weights were rank transformed and an analysis of 

variance (ANOVA) was performed using a mixed model (Conover and Iman, 1981).  A 

Tukey’s Honestly Significant Difference (HSD) test was used to compare the means of each 

species and treatment.  Significant differences found between the growth of the species 

within a treatment are marked with asterisks (p ≤ 0.05, three biological replicates, n = 21-36 

shoots).  Error bars represent 95% confidence intervals.  The inset table to the right of the 

graph shows the concentration of salt resulting in a 50% reduction in growth (IC50) for each 

species. 

A  

 

 

 B 

  

Salt (mM NaCl) 

C 25 50 75 150 300 

A. thaliana 

E. salsugineum 
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Figure 1.2 Reproductive development in A. thaliana and E. salsugineum is similar in 

control conditions.   

Stage 12-15 flowers from A. thaliana (A; Smyth et al., 1990) and E. salsugineum (B) were 

aligned oldest (left) to youngest (right).  The inflorescence meristem and floral buds from 

stages 1-11 were placed to the right of stage 12 flowers.  Stage 12, closed buds, stamens 

shorter than sepals; stage 13, petal emergence, stamen elongation; stage 14, flower opening, 

anther dehiscence; stage 15, pistil elongation above stamens. 

  A 

 

 

 

 

  B

1-11 13 12 14 15 

 

 

1-11 12 14 15 

E. salsugineum 

A. thaliana 
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CHAPTER 2 

 

CBL10 GENE DUPLICATION IN THE HALOPHYTE E. SALSUGINEUM 

 

 

 

Introduction 

 

The accumulation of salt in soil is a major stress that greatly limits agricultural 

productivity.  Most crop species are glycophytes, unable to tolerate growth in saline soils 

(Greenway and Munns, 1980; Rhoades and Loveday, 1990).  Tolerance to salt has been acquired 

by multiple plant species (halophytes); however, little is known about the mechanisms that 

underlie this trait (Flowers et al., 2010; Flowers and Colmer, 2008).  Understanding the 

components and pathways that contribute to the adaptation of plants to salt will be critical for 

improving the salt tolerance of crop species (Jacoby, 1999; Hasegawa and Bressan, 2000). 

Comparative analysis between species is a powerful approach to identify changes in 

genes that underlie differences in phenotypic traits.  An emerging model species used to 

understand how plants can survive extreme environments is E. salsugineum, a close relative of 

the glycophytic model plant A. thaliana.  E. salsugineum can grow at levels of salt as high as 

seawater (~440 mM; Bressan et al., 2001; Inan et al., 2004).  Because genes underlying the 

growth of A. thaliana in response to salt have also been identified in E. salsugineum, it has been 

suggested that differences in growth of the two species could be attributed to molecular genetic 

changes in these components (Bressan et al., 2001; Amtmann, 2009).   

The SOS pathway has been identified in A. thaliana and functions to maintain sodium ion 

homeostasis during growth in saline conditions.  Perception of salt leads to a change in calcium 

levels in the cytosol, linking sensing of the plant’s surroundings to physiological and 

developmental changes.  In addition to its role in perception of soil salinity, calcium signaling 
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has also been shown to be critical for responses to pathogens, drought, hormones, touch, wind, 

gravity, and light (Knight et al., 1997; Trewavas and Malhó, 1998; Tuteja and Mahajan, 2007; 

Vadassery and Oelmüller, 2009).  Due to the multitude of stimuli signaling through calcium, 

cells require distinctive temporal and spatial calcium fluxes in the cytosol (calcium signatures) 

and detection mechanisms (sensors) to produce the appropriate effect.  The potential for different 

calcium sensors to contribute to functional specificity during plant growth and development is 

magnified by the presence of sensor families with diverse temporal and spatial expression 

patterns, different affinities for calcium, and a range of target proteins (Trewavas and Malhó, 

1998; Luan et al., 2002; Yang and Poovaiah, 2003; Batistic and Kudla, 2004). 

AtCBL10 is a member of the SOS3-like/CBL family of calcium sensor/binding proteins 

(designated CBL1-10) in A. thaliana (Luan et al., 2002; Luan, 2009).  AtCBL10 has no apparent 

enzymatic activity and thus is a sensor relay.  The AtCBL10 protein is predicted to include 

typical calcium-binding motifs flanked by E and F helices (EF-hands, Quan et al., 2007; Kim et 

al., 2007).  AtCBL10 has been shown to function as a critical regulator of salt tolerance in the A. 

thaliana shoot (Quan et al., 2007; Kim et al., 2007) and its importance in the regulation of 

sodium transport during growth in salt was demonstrated in experiments in which activity of 

AtSOS1 was found to be significantly reduced in the Atcbl10 mutant (Lin et al., 2009) and by 

AtCBL10 activation of AtSOS1 in yeast (Quan et al., 2007; Lin et al., 2009).  In A. thaliana, 

AtCBL10 interacts with the AtSOS2 protein kinase, the AtCBL10 transcript accumulates 

primarily in the shoot, and the protein localizes to both the tonoplast and the plasma membrane 

(Quan et al., 2007; Kim et al., 2007). 

In this research, two CBL10 genes in the halophytic species E. salsugineum were 

identified (EsCBL10a and EsCBL10b).  Because gene duplication is a major contributor to 
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adaptive evolution (Schrider and Hahn, 2010; Kondrashov, 2012), understanding the role of 

EsCBL10a and EsCBL10b in E. salsugineum’s salt tolerance might uncover mechanisms 

underlying plant adaptation to extreme environments.  I characterized the transcript structures of 

EsCBL10a and EsCBL10b and defined similarities and differences in their introns and exons 

compared to those of AtCBL10.  To understand when the CBL10 duplication took place, I took 

an evolutionary approach and identified the duplication relative to the history of Brassicaceae.  

In addition, I analyzed the genomic positions of each ortholog to infer how the duplication took 

place. 

 

Materials and Methods 

Species sampling 

CBL10 sequences were identified from the complete genome sequences of Aethionema arabicum 

(A. arabicum), Arabidopsis lyrata (A. lyrata), A. thaliana, Brassica rapa (B. rapa), Capsella 

rubella (C. rubella), Carica papaya (C. papaya), E. salsugineum, Neslia paniculata (N. 

paniculata), Oryza sativa (O. sativa), Populus trichocarpa (P. trichocarpa), S. parvula, 

Sisymbrium irio (S. irio), and Tarenaya hassleriana (T. hassleriana).  Sequences from the 

genomes of N. paniculata (Slotte et al., 2013) and S. irio (Haudry et al., 2013) were kindly 

provided by Dr. Stephen Wright (University of Toronto).  Sequences from the genomes of A. 

arabicum (Haudry et al., 2013), A. lyrata (Hu et al., 2011), A. thaliana (The Arabidopsis 

Genome Initiative, 2000), B. rapa (Wang et al., 2011), C. rubella (Slotte et al., 2013), C. papaya 

(Ming et al., 2008), E. salsugineum (Yang et al., 2013), O. sativa (Goff et al., 2002), P. 

trichocarpa (Tuskan, et al., 2006), S. parvula (Dassanayake et al., 2011), and T. hassleriana 

(Cheng et al., 2013) were retrieved from the Comparative Genomics (CoGe) platform (Lyons 

and Freeling, 2008).  Information about all sequences used in this study is available in 
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Supplementary Table 2.1.  For all species, putative CBL10 orthologs were identified through 

reciprocal BLAST searches (Altschul et al., 1990) with the coding sequence of AT4G33000.2 

(AtCBL10) using a significance threshold E value of 10
-15

.  Homology was ultimately assessed 

by determining their phylogenetic relationship, as described below. 

Using the same criteria for putative ortholog identification, EsSOS3 was identified in the 

genome of E. salsugineum.  MatGAT 2.01 was used to compare the identities and similarities of 

the coding and protein sequences of the CBL10 and SOS3 genes in A. thaliana and E. 

salsugineum (Campanella et al., 2003). 

 

Transcript structure analysis 

Wild-type (WT, the Shandong accession of E. salsugineum) seed was stratified for 6-7 days at 

4°C in the dark and then planted on vertical plates with Thellungiella-Basal Media (TBM), 

containing 3 mM calcium nitrate, 1.5 mM magnesium sulfate, 1.25 mM potassium phosphate, 

100 µM boric acid, 0.1 µM cobalt chloride, 0.1 µM cupric sulfate, 100 µM ferrous sulfate, 100 

µM manganese sulfate, 5 µM potassium iodide, 1 µM sodium molybdate, 30 µM zinc sulfate, 

100 µM sodium ethylenediaminetetraacetic acid, 0.5% sucrose, at pH 5.7, and 1% agar.  

Following stratification, plates were moved into a walk-in growth chamber (21°C, 16 hours 

light/8 hours dark) and placed in a vertical orientation.  Two-week-old seedlings were harvested 

and total RNA was isolated with the Qiagen RNeasy Plant Mini Kit (Qiagen Sciences, 

Germantown, MD).  Samples were adjusted to 38 µl and mixed with 10 µl of 10X TURBO 

DNase buffer (Ambion, Austin, TX) and 2 µl of 2 U/µl of TURBO DNase followed by 

incubation at 37°C for 30 minutes.  RNA was then purified using the Qiagen RNeasy MinElute 

Cleanup Kit.  RNA (1.5 µg) was mixed with 1 µl of 100 µM oligo dT primer.  The sample was 
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incubated at 65°C for five minutes and then 4°C for two minutes.  Subsequently, 4 µl of 5X 

First-Strand Buffer (Invitrogen, Carlsbad, CA), 1 µl of dNTPs, 1 µl of 0.1 M DL-dithiothreitol, 1 

µl of 10 U/µl RNase Inhibitor, and 1 µl of 200 U/µl SuperScript III Reverse Transcriptase were 

added and the mixture was incubated at 50°C for one hour followed by 70°C for 15 minutes.   

EsCBL10a and EsCBL10b were amplified by reverse transcription polymerase chain 

reaction (RT-PCR) with the following primer pairs: EsCBL10.1-5XhoI (5’ GCGCTCGAGATG 

GTCCCGGTTAATCAATG 3’), EsCBL10.1-3BamHI (5’ GGCGGATCCCGGTCTTCAACCT 

CTGTGTTGA 3’), EsCBL10.2-5XhoI (5’ GCGCTCGAGATGGACTGGCCCAGATTTTCC 

3’), and EsCBL10.2-3BamHI (5’ GGCGGATCCCGGTCTTCAACCTCAGTATTGA 3’), and 

the products were separated on an agarose gel.  Two and three bands were apparent for the 

EsCBL10a and EsCBL10b reactions, respectively.  Products from each band observed were 

cloned into the pGEM-T Easy T/A cloning vector (Promega, Madison, WI) and sequenced. 

 

Multiple sequence alignment and phylogenetic inference 

A multiple sequence alignment was constructed with CBL10 sequences from the genomes of 

Brassicaceae species, T. hassleriana, C. papaya, P. trichocarpa, and O. sativa.  Using the 

AtCBL10 transcript structure as a reference, intron and exon boundaries were defined for each 

gene sequence using Mesquite 2.75 (Maddison and Maddison, 2011) and nucleotides were 

manually aligned by codons.  A phylogeny based on the coding regions was inferred with 

RAxML 7.2.6 (Stamatakis, 2006), using maximum likelihood and assuming a general time 

reversible + gamma (GTR + Γ) model of nucleotide evolution.  Support for the tree was assessed 

by inferring phylogeny in 1,000 bootstrap replicates.  The resulting tree contained low bootstrap 

support toward the base of the divergence of Lineage I and II (<50) and it was not possible to 
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determine when the duplication that gave rise to EsCBL10a and EsCBL10b occurred.  To resolve 

the relationship between CBL10 genes in Lineage I and II, intron sequences were aligned and 

added to the alignment of coding sequence.  Each intron was aligned separately with ClustalX 

2.1 (gap penalty 10; Larkin et al., 2007).  Exonic and intronic sequences were partitioned to 

allow two models of evolution and a phylogeny was inferred using RAxML with the GTR + Γ 

model of nucleotide evolution. 

 

Synteny analysis 

The genomic regions of E. salsugineum containing EsCBL10a and EsCBL10b were compared to 

nine annotated genomes (A. arabicum, A. lyrata, A. thaliana, B. rapa, C. rubella, C. papaya, S. 

parvula, S. irio, and T. hassleriana) to identify collinear regions by using the SynFind feature of 

CoGe (Lyons and Freeling, 2008; Lyons et al., 2008).  Two syntenic regions were identified in 

A. thaliana: a region on chromosome 4 (containing AtCBL10) that shared synteny with the 

region containing EsCBL10a and another region (9.5 megabases upstream on the same 

chromosome) that shared synteny with the region containing EsCBL10b.  To generate Figure 2.4, 

20 genes located on each of the two identified collinear regions of the genome of A. thaliana 

were used to identify putative homologous genes upstream and downstream of all other genomes 

by BLAST searches (Altschul et al., 1990).  Only the closest hits of the genes in A. thaliana used 

in the BLAST search were regarded as homologs and were included in the figure.  These 

comparisons can be regenerated on the CoGe websites https://genomevolution.org/r/dgfo 

(EsCBL10a/AtCBL10 region) and https://genomevolution.org/r/dgfm (EsCBL10b region). 

 

 

https://genomevolution.org/r/dgfo
https://genomevolution.org/r/dgfm
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Results 

The coding and protein sequences of AtCBL10, EsCBL10a, and EsCBL10b are similar 

The coding sequence of AtCBL10 was used to identify CBL10 orthologs in E. salsugineum; two 

CBL10-like genes were identified in this salt-tolerant relative of A. thaliana.  However, when 

AtSOS3 was used to identify putative orthologs in the genome of E. salsugineum, only one SOS3 

gene was identified.  Nucleotide and amino acid sequences of CBL10 and SOS3 in A. thaliana 

and E. salsugineum were compared (Figure 2.1A and B).  These genes are highly similar as they 

share about an 85% identity with each other as well as with the coding sequence of AtCBL10.  In 

comparison to the EsCBL10a protein, the amino acid sequence of EsCBL10b was slightly more 

similar to that of the AtCBL10 protein.  None of the CBL10 orthologs shared significant protein 

identity or similarity with the SOS3 orthologs (<70%). 

The functional domains of the AtCBL10 protein structure have been defined (Quan et al., 

2007; Lin et al., 2009).  AtCBL10 contains four EF hands that are important for calcium binding.  

The fourth EF hand is thought to be a canonical calcium binding motif (Kolukisaoglu et al., 

2004).  Figure 2.1C shows an alignment of these domains from CBL10 and SOS3 in A. thaliana 

and E. salsugineum.  The first three EF hands toward the N-terminus are highly conserved.  In 

contrast, the fourth EF hand is the least conserved, with seven of the twelve residues varying 

across the homologous proteins.  This sequence variability could contribute to differences in 

affinity for calcium and be important for detecting specific calcium signatures.  The C-terminus 

of AtCBL10 has a site that is phosphorylated by AtSOS2, which in turn increases the interaction 

between AtCBL10 and AtSOS2 and leads to enhanced AtSOS1 exchange activity (Lin et al., 

2009).  This serine is conserved in both EsCBL10a and EsCBL10b, suggesting this site might 

also play a role in regulation of the SOS pathway in E. salsugineum.  
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Figure 2.1 The coding and protein sequences of AtCBL10, EsCBL10a, and EsCBL10b are 

similar. 

A, coding sequence comparison.  B, amino acid comparison.  Blue, percent identity; tan, percent 

similarity.  C, amino acid alignment of the calcium-binding domains (EF hands).  Grey, residue 

is shared in CBL10 sequences, but not in SOS3 sequences; pink, variable sites in CBL10 and 

SOS3. 

 
 

A 

 
AtCBL10 EsCBL10a EsCBL10b AtSOS3 

EsCBL10a 85.8       

EsCBL10b 85.4 85.4     

AtSOS3 56.4 53.3 54.8   

EsSOS3 57.5 55.3 56.2 88.2 

 

B 

 
AtCBL10 EsCBL10a EsCBL10b AtSOS3 EsSOS3 

AtCBL10   89.6 91.2 64.6 65.9 

EsCBL10a 84.6   89.6 63.3 62.9 

EsCBL10b 83.7 84.9   64.9 64.9 

AtSOS3 47.6 45.3 46.3   92.8 

EsSOS3 47.6 45.3 45.2 86.9   

 

C 

  

 
EF hand 1 EF hand 2 EF hand 3 EF hand 4 

AtCBL10 SIIDDGLIHKEE DEKKNGVIEFEE DLRQTGFIEREE DSDKDGKISKDE 

EsCBL10a SIIDDGLIHKEE DEKRNGVIEFEE DLRQTGFIEREE DADKDGKISKGE 

EsCBL10b SIIDDGLIHKEE DEKKNGVIEFEE DLRQTGFIEREE DSDGDGKISKEE 

AtSOS3 SIIDDGLIHKEE DVKRNGVIEFGE DLRQTGFIEREE DRKNDGKIDIDE 

EsSOS3 SIIDDGLIHKEE DVKRNGVIEFGE DLRQTGFIEREE DRKNDGRIDIDE 
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CBL10 transcripts in A. thaliana and E. salsugineum are alternatively spliced, but in 

distinct ways 

The AtCBL10 locus is known to express two major transcripts; the AtCBL10 transcript has nine 

exons while AtCBL10LA is a larger splice variant that retains the seventh intron (Figure 2.2).  

The retained intron in AtCBL10LA includes a premature stop codon which would produce a 

shorter protein compared to the protein produced from AtCBL10 mRNA.  The region of the 

transcript that codes for the fourth EF hand is found in the eighth exon and the phosphorylation 

site at the C-terminus is found in the ninth exon.  The AtCBL10LA transcript is predicted to 

produce a truncated protein that would not contain the fourth EF hand or the phosphorylation 

site.  Functional studies have also shown that expression of AtCBL10LA in Atcbl10 does not 

complement its salt-sensitive mutant phenotype, while AtCBL10 can restore WT-like growth in 

the mutant in the presence of salt, suggesting the AtCBL10 transcript produces a  protein that 

restores sodium ion homeostasis, while AtCBL10LA does not (Quan et al., 2007; Shea Monihan, 

unpublished data). 

 I determined the transcript structures of EsCBL10a and EsCBL10b to compare them to 

those of AtCBL10.  Based on their predicted gene models, full-length transcripts were amplified 

from cDNA synthesized from RNA isolated from seedlings grown in control conditions and the 

product was separated on an agarose gel.  Two and three bands were observed for the EsCBL10a 

and EsCBL10b reactions, respectively.  Product was purified from each band and at least ten 

clones were sequenced per band observed in the gel.  Three EsCBL10a and seven EsCBL10b 

variants were detected in total (Figure 2.2).  The two most abundant transcripts from the 

EsCBL10a reactions were one that had nine exons with a similar structure to the AtCBL10 

transcript (EsCBL10a) and one that was similar except that the sixth exon was skipped  
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Figure 2.2 AtCBL10, EsCBL10a, and EsCBL10b have different transcript structures.   

A, transcript structure of AtCBL10 (only the two most predominant transcripts, AtCBL10 and 

AtCBL10LA, are shown). B, transcript structure of EsCBL10a.  C, transcript structure of 

EsCBL10b. RT-PCR was used to amplify EsCBL10a and EsCBL10b transcripts from RNA 

extracted from two-week-old seedlings grown in control conditions.  Products were separated on 

an agarose gel and two and three bands were observed for the EsCBL10a and EsCBL10b 

reactions, respectively.  For each band observed, at least ten RT-PCR clones were sequenced.  

The number of base pairs in the coding sequence is shown to the right of each variant along with 

the number of sequences for each transcript.  Black boxes, coding sequence; gray regions, 

untranslated region following a stop codon; lines, introns. 

  A 

 

  B 

 

 

  C   
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(EsCBL10a v1).  The sixth exon encodes an EF hand domain.  Omitting this exon could result in 

a protein with an altered ability to bind calcium.   

The two most predominant EsCBL10b transcripts were one resembling the AtCBL10 

transcript (EsCBL10b) and one that was similar except that the second exon was truncated.  The 

N-terminus of AtCBL10 has been shown to be required for localization to the plasma membrane 

and is the region that is encoded by exon two of the AtCBL10 transcript (Quan et al., 2007).  The 

truncated exon of this second EsCBL10b variant is in the same reading frame, and therefore 

would encode a protein lacking a portion of the N-terminus.  The absence of this region might 

alter the solubility of the protein and could therefore change its subcellular localization. 

 

The duplication of CBL10 is specific to expanded Lineage II in the Brassicaceae 

To provide a framework to understand the history of CBL10 gene duplication, I generated a gene 

tree based on CBL10 sequences from the genomes of species from the Brassicaceae, to which A. 

thaliana and E. salsugineum belong.  The Brassicaceae are thought to have formed three major 

lineages (Beilstein et al., 2006).  The first lineage (Lineage I) contains the glycophytic species A. 

thaliana and the second (expanded Lineage II) includes two salt-tolerant species E. salsugineum 

and S. parvula.  No genomes of species belonging to Lineage III have been completely 

sequenced; therefore, these genomes were not used to infer phylogeny.  I identified putative 

orthologs of AtCBL10 in the sequenced genomes of the species A. arabicum, A. lyrata, A. 

thaliana, B. rapa, C. rubella, C. papaya, N. paniculata, E. salsugineum, O. sativa, P. 

trichocarpa, S. parvula, S. irio, and T. hassleriana, constructed a multiple sequence alignment of 

the putative orthologs, and inferred a gene phylogeny based on maximum likelihood (Figure  
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2.3).  All sampled Lineage I species contain one copy of CBL10 and each expanded Lineage II 

species has a CBL10a and CBL10b paralog, except for B. rapa which likely lost the CBL10b 

paralog.  Additionally, B. rapa has triplicate copies of CBL10a, consistent with its recent whole 

genome triplication event (Wang et al., 2011).  The CBL10b paralog in S. parvula, another salt-

tolerant relative of E. salsugineum in Lineage II, duplicated once more in tandem (Figure 2.4B) 

and the phylogeny suggests the tandem duplication was species-specific.  There was also more 

than one copy of CBL10 in the distantly related species P. trichocarpa and O. sativa.  The tree 

suggests the duplication of CBL10 that gave rise to EsCBL10a and EsCBL10b took place after 

the divergence of Lineage I and II species and before the last common ancestor of E. 

salsugineum and S. parvula.   

 

EsCBL10a shares synteny with AtCBL10, but not with EsCBL10b 

To determine if EsCBL10a and EsCBL10b share gene order with other homologs and to 

determine if they share the ancestral genomic position, genes surrounding the CBL10 paralogs 

were compared with seven Brassicaceae genomes (A. arabicum, A. lyrata, A. thaliana, B. rapa, 

C. rubella, S. parvula, and S. irio) and the genomes of the more distantly related C. papaya and 

T. hassleriana.  EsCBL10a, found on chromosome seven, shares gene order with genes 

surrounding other CBL10a orthologs, CBL10 from the genomes of Lineage I species, and CBL10 

from species that are not a part of the Brassicaceae, T. hassleriana and C. papaya (Figure 2.4A).  

Three regions of the genome of B. rapa (each containing a CBL10a ortholog) shared synteny 

with EsCBL10a, consistent with the triplication of the genome of this species.  Only one gene 

surrounding CBL10 from the early diverging member of the Brassicaceae A. arabicum was 

shared with the region containing EsCBL10a; however, the scaffold containing AaCBL10 is  
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Figure 2.3 The duplication of CBL10 is specific to expanded Lineage II in the Brassicaceae. 

Nucleotide sequences were aligned (exonic sequence aligned by codons, intronic sequence 

aligned by ClustalX) and a phylogeny was inferred based on maximum likelihood.  The tree is 

rooted on the branch containing OsCBL9 and OsCBL10.  Values above branches represent the 

percent of 1,000 bootstrap replicates that support the topology.  The scale bar indicates the 

number of nucleotide substitutions per site.  The tree has a likelihood score of -34750.83.  



33 
 

Figure 2.4 AtCBL10 shares synteny with EsCBL10a, but not with EsCBL10b. 

A, regions sharing synteny with EsCBL10a and AtCBL10.  B, regions sharing synteny with 

EsCBL10b.  Colored arrows, different homologous genes using A. thaliana as a reference.  Black 

arrows, CBL10 homologs.  Tick marks, regions with genes that are not syntenic to the region of 

A. thaliana.  Tandem duplications of genes other than CBL10 were omitted for simplicity.  Stars, 

scaffolds limited in size.  The accepted organismal phylogeny is shown along with the species 

and chromosome, contig, or scaffold number to the left of each genomic region.  The numbers I 

and II were placed on the tree to indicate species belonging to Lineage I and expanded Lineage 

II. 

    A 

 

 

 

 

 

 

 

 

    B 
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relatively short, as it includes only seven genes (the majority of which are transposable element 

genes), and a comparison of gene order surrounding AaCBL10 was therefore difficult to perform.  

Additionally, there was another region of the genome of A. arabicum that shared high synteny 

with the region containing EsCBL10a.  Together these data suggest AaCBL10 might have 

translocated to a different genomic position or there might have been difficulties in assembling 

the scaffold containing AaCBL10. 

 EsCBL10b, located on chromosome six (downstream of HIGH-AFFINITY K
+
 

TRANSPORTER 1, a sodium transporter shown to be important for salt tolerance in A. thaliana; 

Rus et al., 2006), shared gene order with all CBL10b orthologs found in the genomes of the 

related Lineage II members S. parvula and S. irio (Figure 2.4B).  The order of genes surrounding 

EsCBL10b is similar to that found in species that are not included in expanded Lineage II; 

however, no CBL10 ortholog was detected in these collinear regions, suggesting that CBL10 

might have duplicated and moved to a different chromosome likely in a transposon-mediated 

event.  Transposable element genes were identified upstream of each CBL10b paralog, 

potentially providing additional support for this mode of duplication.  No CBL10b ortholog was 

detected in three syntenic regions of B. rapa, indicating the loss of this paralog specifically in 

this species.  In summary, these results suggest EsCBL10a and AtCBL10 likely share the 

ancestral genomic position, whereas EsCBL10b has moved to a different genomic position. 

 

Model for the duplication of CBL10 in the Brassicaceae 

Based on my phylogenetic and synteny studies, I inferred that CBL10 was duplicated and lost 

multiple times throughout the evolution of angiosperms (Figure 2.3 and 2.5).  In the  
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Figure 2.5 Model of CBL10 gene evolution in the Brassicaceae.   

Based on my phylogenetic and synteny analyses, a model for CBL10 duplicate loss and retention 

within the Brassicaceae is presented.  Prior to the divergence of Lineage I and II, there was one 

copy of CBL10 (blue line).  The copy was retained at this same position in Lineage I species.  

However, before the divergence of expanded Lineage II species, CBL10 was duplicated, likely 

by a transposable element (yellow star).  The original copy is considered to be CBL10a (blue 

line) while the other gene that was copied is referred to as CBL10b (red line).  All expanded 

Lineage II species have both of these paralogs, except B. rapa, which has lost the CBL10b copy 

(dotted, red line) and likely triplicated CBL10a through polyploidization (green triangle).  The 

CBL10b paralog was duplicated in tandem in S. parvula (orange circle). 
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Brassicaceae, there was a single copy of CBL10 in species present before Lineages I-III diverged 

and this copy was maintained in Lineage I species.  However, CBL10 was duplicated in 

expanded Lineage II species with both salt-tolerant species E. salsugineum and S. parvula having 

CBL10a and CBL10b paralogs.  Duplication of CBL10 in the Brassicaceae, therefore, might 

represent an important contribution to the adaptation of plants to saline environments. 

 

Discussion 

Gene duplication is thought to be a major driving force for molecular evolution because it 

provides a template for novel proteins and functions to be produced.  These changes can confer 

an advantage and contribute to organismal fitness.  Gene duplication may give an organism the 

ability to tolerate extreme conditions, such as cold, drought, and wind.  I have found that a 

calcium sensor that is critical for growth of A. thaliana in salinity has been duplicated and the 

resulting paralogs are found in both salt-tolerant species E. salsugineum and S. parvula. 

 Now that a framework has been established for the nature of the duplication, further 

functional studies will be needed to show that these genes contribute to the adaptation of these 

species to salinity.  It will be important to determine if the changes in the EF hands contribute to 

a difference in the way calcium is perceived and how each protein activates the SOS pathway.  

EF hand four of AtCBL10 is thought to be a canonical calcium-binding domain (Kolukisaoglu et 

al., 2004) and this region of the protein is the least conserved EF hand when comparing CBL10 

among Brassicaceae species; important changes in this domain could alter calcium affinity and 

confer an overall advantage (Kolukisaoglu et al., 2004). 

 My phylogeny suggests that the duplication of CBL10 that gave rise to EsCBL10a and 

EsCBL10b took place prior to the divergence of expanded Lineage II species.  My analysis of 
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synteny suggests that CBL10 was duplicated and moved to another chromosome potentially by a 

transposable element.  If EsCBL10b was duplicated and moved to another chromosome, I might 

expect there to be a signature of a transposable element near EsCBL10b and a similar element 

adjacent to the ancestral CBL10.  I have compared signatures of transposable elements 

surrounding EsCBL10b with CpCBL10, ThCBL10, and AaCBL10 and found numerous types of 

transposable elements; consequently, it was not possible to specifically verify that the 

duplication of CBL10 in E. salsugineum was mediated by a transposon. 

Other duplications of CBL10 were found to have taken place in the more distantly related 

species, P. trichocarpa and O. sativa.  However, my phylogenetic tree suggests that there was 

originally one copy of CBL10 in species that are more closely related to the Brassicaceae (C. 

papaya and T. hassleriana).  Importantly, CBL10 was likely duplicated in the reported alpha and 

beta WGD events that predated the radiation of Brassicaceae species (Bowers et al., 2003) and 

subsequently lost as there is only one copy of CBL10 in A. arabicum.  Furthermore, there was a 

high level of maintenance of the original genomic position since synteny was detected among 

CBL10 in Brassicaceae species and in the more distantly related T. hassleriana and C. papaya.  

Together these results suggest CBL10 has undergone numerous duplications and losses 

throughout the evolution of angiosperms, and that the ancestral genomic position (syntenic 

region to ThCBL10 and CpCBL10) might be important for the preservation of CBL10. 
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Supplementary Table 2.1 CBL10 sequence information 

  Gene name Reference Species Genome assembly Location Orientation
Genomic DNA 

length (bp)

Coding sequence 

length (bp)
Gene ID Source Notes

AaCBL10 Aethionema arabicum VEGI unmasked v0.2 Scaffold 3407, 6075-4592 - 1484 750 AA_scaffold3407_2 CoGe
The sequence includes 343 bp upstream of the annotated 

coding sequence

AlCBL10 Arabidopsis lyrata JGI unmasked v1 Chromosome 7, 3500965-3502411 - 1447 723 fgenesh2_kg.7__825__AT4G33000.2 CoGe
Excluded exon 1 and intron 1 because this region was 

unalignable

AtCBL10
Quan et al ., 2007; Kim et 

al ., 2007
Arabidopsis thaliana TAIR unmasked v10 Chromosome 4, 15924821-15926398 + 1578 741 AT4G33000.2 CoGe

BrCBL10a-1 Brassica rapa BGI unmasked v1.1 Scaffold A08, 12912573-12911084 - 1490 741 Bra034543 CoGe

BrCBL10a-2 Brassica rapa BGI unmasked v1.1 Scaffold A01, 2320340-2318789 - 1552 750 Bra011404 CoGe
The sequence includes 226 bp upstream of the annotated 

coding sequence

BrCBL10a-3 Brassica rapa BGI unmasked v1.1 Scaffold A03, 28830456-28831888 + 1433 750 Bra037030 CoGe

The region 28829376-28829426 is designated as exon 1 in the 

annotated coding sequence, we used a putative start site 1080 

bp after their predicted start site

CpCBL10 Carica papaya
University of Hawaii 

unmasked v0.5
Supercontig 7, 1712670-1715218 + 2549 768 EVM prediction supercontig_7.163 CoGe

The sequence includes 111 bp upstream of the annotated 

coding sequence

CrCBL10 Capsella rubella JGI unmasked v0.9 Scaffold 7, 2787730-2786048 - 1683 747 Carubv10006225m CoGe
The sequence includes 127 bp upstream of the annotated 

coding sequence

EsCBL10a Eutrema salsugineum JGI unmasked v1 Scaffold 1, 2936177-2934528 - 1650 780 Thhalv10026019m CoGe

EsCBL10b Eutrema salsugineum JGI unmasked v1 Scaffold 3, 7161515-7163137 + 1623 756 Thhalv10028908m CoGe

NpCBL10 Neslia paniculata Steven Wright Scaffold 2272, 1-1389 + 1389 554
Provided by Dr. 

Steven Wright

Did not include sequence for exon 1, intron 1, exon 2, and the 

start of intron 2 because this data was missing (scaffold ends)

OsCBL9 Kolukisaoglu et al ., 2004 Oryza sativa
MSU Rice Genome Annotation 

unmasked v7
Chromosome 1, 22427888-22430365 + 2478 774 LOC_Os01g39770.2 CoGe

OsCBL10 Kolukisaoglu et al ., 2004 Oryza sativa
MSU Rice Genome Annotation 

unmasked v7
Chromosome 1, 29568671-29571484 + 2814 774 LOC_Os01g51420.1 CoGe

PtCBL10B Tang et al ., 2013 Populus trichocarpa JGI unmasked v3 Chromosome 6, 24079618-24076853 - 2766 762 Potri.006G230200 CoGe

PtCBL10C Populus trichocarpa JGI unmasked v3 Chromosome 3, 4913570-4916129 + 2560 735 Potri.003G037800 CoGe

PtCBL10C was not identified by the methods for identifying 

putative orthologs in Tang et al ., 2013; however, my criteria for 

ortholog identification included this gene sequence

PtCBL10A Tang et al ., 2013 Populus trichocarpa JGI unmasked v3 Chromosome 3, 4533005-4534839 + 2560 735 Potri.003G035400 CoGe

SiCBL10a Sisymbrium irio Steven Wright Scaffold 907, 540908-542409 + 1501 747
Provided by Dr. 

Steven Wright

SiCBL10b Sisymbrium irio Steven Wright Scaffold 719, 83977-89953 + 1977 759
Provided by Dr. 

Steven Wright

SpCBL10;1
Dassanayake et al ., 2011; 

Oh et al ., 2014
Schrenkiella parvula UIUC unmasked v2 Chromosome 7-5, 1996752-1998415 + 1664 747 Tp7g30760 CoGe

The annotated gene contains 843 upstream of our sequence 

(there are also 3 more exons designated in this region)

SpCBL10;2
Dassanayake et al ., 2011; 

Oh et al ., 2014
Schrenkiella parvula UIUC unmasked v2 Chromosome 6-2, 165845-167584 + 1740 759 Tp6g07130 CoGe

The sequence includes exon 1-4 and introns 1-3 of the 

Tp6g07130 gene; however, exons 5-9 and introns 4-8 were 

found in intron 4 of Tp6g07130)

SpCBL10;3
Dassanayake et al ., 2011; 

Oh et al ., 2014
Schrenkiella parvula UIUC unmasked v2 Chromosome 6-2, 171991-173601 + 1611 750 Tp6g07130 CoGe

The sequence includes exons 5-9 and introns 5-8 of the 

Tp6g07130 gene; however, exons 1-4 and introns 1-4 were 

found in intron 4 of Tp6g07130)

ThCBL10 Tarenaya hassleriana
BGI; Eric Schranz lab 

unmasked v4
Chromosome 9, 1605987-1603168 - 2820 750 Th22446 CoGe

The sequence includes 92 bp upstream of the annotated coding 

sequence
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CHAPTER 3 

DISTINCT ROLES FOR THE DUPLICATED CBL10 GENES IN THE SALT 

TOLERANCE OF THE HALOPHYTE E. SALSUGINEUM 

 

 

Introduction 

In A. thaliana, the SOS pathway plays an important role in the maintenance of growth in saline 

conditions.  In this pathway, sodium-induced changes in intracellular calcium levels are 

perceived by the AtCBL10 and AtSOS3 calcium sensors.  While these sensors both interact with 

the AtSOS2 kinase to activate the AtSOS1 sodium/proton exchanger to regulate cellular sodium 

ion homeostasis (Guo et al., 2001; Qiu et al., 2002; Quintero et al., 2002; Gong et al., 2004; 

Quan et al., 2007; Kim et al., 2007),  they function in different portions of the plant.  AtCBL10 

has been shown to be critical for maintenance of growth of aerial parts of the plant during salt 

stress (AtCBL10 is preferentially expressed in aerial portions of the plant and the Atcbl10 loss-of-

function mutant has reduced shoot growth compared to the growth of WT; Quan et al., 2007; 

Kim et al., 2007), while AtSOS3 has been shown to play a major role in roots (AtSOS3 is 

expressed in the root and the Atsos3 loss-of-function mutant has primarily reduced root growth 

compared to the growth of WT; Halfter et al., 2000; Ishitani et al., 2000).  Additional evidence 

for distinct functions for these two calcium sensors comes from cross-complementation studies 

in which they could not complement each other’s salt-sensitive mutant phenotypes when 

expression was driven by a constitutive promoter (Choong-Hwan Ryu, unpublished data). 

The components of the SOS pathway appear to be conserved, as they have been 

identified in many species, including wheat (Jha et. al., 2010), rice (Martinez-Atienza et al., 

2007), tomato (Olías et al., 2009), and crop species in the Brassica genus (Kumar et al., 2009); 
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however, differences in their functions and mechanisms of regulation have not been explored.  

The focus of my research has been to determine if there are differences in the SOS pathway in E. 

salsugineum and A. thaliana and, if so, if the differences are important for E. salsugineum’s 

enhanced salt tolerance.  While two AtCBL10-like genes were identified in E. salsugineum 

(EsCBL10a and EsCBL10b), all other SOS pathway components are single-copy.  My studies 

show EsCBL10a and EsCBL10b have overlapping and distinct expression patterns.  In addition, 

preliminary results of phenotypic assays with E. salsugineum lines expressing EsCBL10a and 

EsCBL10b knockdown constructs suggest that these calcium sensors contribute to the ability of 

E. salsugineum to tolerate salt and that they have divergent functions.   

 

 

Materials and Methods 

Plant material 

E. salsugineum (accession Shandong) and A. thaliana (accession Col-0) were used as WT 

species.  Both species were grown in soil (SunGro Sunshine LC1 mix, Awawam, MA) or on 

plates.  For growth on plates, A. thaliana was grown on 0.5X Murashige and Skoog media 

containing 2.5 mM 2-(N-morpholino)ethanesulfonic acid and 2% sucrose (Murashige and Skoog, 

1962) and E. salsugineum was grown on plates with TBM.  Seed was stratified for 6-7 days at 

4°C in the dark.  Following stratification, soil or plates with seed were moved into a growth 

room or a walk-in growth chamber (21°C, 16 hours light/8 hours dark). 

 

Expression analyses 

For the analysis of transcript expression in different tissues of A. thaliana and E. salsugineum, 

stage 12 flowers (Smyth et al., 1990) and two-week-old shoots and roots from seedlings grown 
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on vertical plates were harvested.  For the analysis of induction of expression with salt, one-

week-old E. salsugineum seedlings were transferred from TBM to plates without or with 175 

mM NaCl and whole seedlings were harvested after two weeks. 

RNA isolation, cDNA synthesis, and RT-PCR analysis were performed as indicated in 

Chapter 2 (Materials and Methods).  Primers used for the expression analyses are included in 

Supplementary Table 3.1. 

 

Generation of transgenic lines with artificial microRNA (amiRNA) constructs 

Twenty-one nucleotide amiRNA sequences were designed on the Web MicroRNA Designer 

(WMD) site (http://wmd3.weigelworld.org, Supplemetary Table 3.2) to reduce expression of 

EsCBL10a, EsCBL10b, and EsSOS3 singly and EsCBL10a and EsCBL10b together.  Using the 

A. thaliana miR319a precursor included on the pRS300 plasmid, amiRNAs were generated by a 

two-step overlapping PCR method using amiRNA specific primers to change the miR319a 

sequence to the amiRNA sequences for the transcripts of interest that were designed according to 

the methods on the WMD site (Supplementary Figure 3.1A).  The resulting 699 bp PCR products 

containing the amiRNA sequences were digested with EcoRI and XbaI (amiRNAs for CBL10) or 

XhoI and SacI (amiRNAs for EsSOS3).  These 434 bp fragments were then cloned into the 

pEZT-NL binary vector (amiRNAs for EsCBL10a and EsCBL10b) or pBN-p35S (the 35S 

promoter of pEZT-NL cloned into the pBN-GFP binary vector; amiRNAs for EsSOS3; Cutler 

and Ehrhardt, Carnegie Institution of Washington, Stanford, CA; Ramin Yadegari, University of 

Arizona, respectively) behind the Cauliflower mosaic virus 35S promoter.  The plasmids were 

sequenced and subsequently transformed into Agrobacterium tumefaciens (strain EHA105 for all 

amiRNAs targeting EsCBL10a and EsCBL10b and strain GV3101 for all amiRNAs targeting 

http://wmd3.weigelworld.org/
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EsSOS3).  Plants were transformed by either pipetting the transformed A. tumefaciens onto floral 

buds or by the floral dip method (Clough and Bent, 1998). 

For lines with EsCBL10a and EsCBL10b amiRNA constructs, T1 seed was germinated 

for 1.5 weeks on soil and sprayed three times with glufosinate ammonium (Basta; 110 µl in 200 

ml distilled H2O, Rely 200 Herbicide, Bayer Crop Science, Durham, NC) at three day intervals.  

For lines with EsSOS3 amiRNA constructs, T1 seed was germinated on TBM with 15 mg/L 

kanamycin and 0.6% agar and grown for two weeks.  T1 lines with antibiotic resistance were 

subsequently transferred to pots and grown to collect T2 seed.  Single insertion lines with 75% 

antibiotic resistance were selected in the T2 generation by screening seed on TBM with either 

7.5 mg/L Basta or 15 mg/L kanamycin.  Homozygous seed was identified in the T3 generation 

by selecting lines with 100% antibiotic resistance. 

 

Screen of amiRNA lines for response to salt 

Homozygous amiRNA lines were planted on plates with TBM containing 1% agar.  Seed was 

stratified for 6-7 days at 4°C in the dark and subsequently moved to a growth chamber and 

placed in a vertical orientation. After one week of growth, seedlings were transferred to TBM 

without or with 175 mM NaCl.  Images and measurements (fresh weight and root length) were 

taken two weeks after the transfer. 

 

Statistical analysis of the amiRNA lines 

Statistical significance was assessed using a full-factorial ANOVA in JMP© (Version 11, SAS 

Institute Inc, Cary, NC, 1989-2007).  In these analyses, genotypes and salt concentrations were 

considered fixed effects.  Normality of the distributions of dependent variables was analyzed by 

examining a plot of the residuals from an ANOVA of untransformed data.  A Shapiro-Wilk test 
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(Shapiro and Wilk, 1965) was used to assess normality and Bartlett’s (Bartlett, 1937) and 

Levene’s (Levene, 1960) tests were used to assess the homogeneity of variance.  Based on the 

pattern of distribution and the results of these tests, a non-parametric approach was used to 

analyze the data throughout.  Data were rank transformed using Microsoft Excel 

(function:RANK) followed by an ANOVA and Tukey’s HSD test for multiple comparisons of 

means (Conover and Iman, 1981) and the resulting HSD values were assigned to the actual 

mean.  Statistical significance was assigned at p ≤ 0.05 throughout and all tests of significance 

were two-sided. 

  

Results 

EsCBL10a has increased expression in roots 

EsCBL10a and EsCBL10b are located on different chromosomes and have different 

genes surrounding them.  Genomic position can be important for the function of certain genes 

since cis-regulatory elements are important for gene regulation (Wittkopp and Kalay, 2012).  

Differences in cis-regulatory elements surrounding duplicate genes might result in alterations in 

the regulation of transcription and these differences might contribute to changes in phenotypic 

traits.   

AtCBL10 expression has been shown to be preferentially high in aerial portions of A. 

thaliana, while AtSOS3 has highest expression in roots (Quan et al., 2007; Kim et al., 2007; 

Figure 3.1).  I found expression of AtSOS2 is highest in flowers but is also detectable in both 

shoots and roots, while AtSOS1 is highest in roots, similar to what has been reported previously 

(Figure 3.1A; Shi et al., 2000).  To determine where EsCBL10a and EsCBL10b are expressed, 

RT-PCR was performed with RNA extracted from flowers, shoots, and roots of E. salsugineum.  

I also compared the expression of other SOS pathway components in E. salsugineum to 
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determine if there are differences in expression compared to the SOS pathway components in A. 

thaliana (Figure 3.1A).  EsCBL10a and EsCBL10b transcripts were highest in flowers compared 

to roots and shoots while AtCBL10 transcript was most abundant in shoots compared to flowers 

and roots.  EsCBL10b had a comparable expression pattern to that of AtCBL10 in shoots and 

roots, whereas the pattern of EsCBL10a also included transcript in roots.  Expression of all other 

components of the SOS pathway was similar to that of the homologous genes in A. thaliana, 

except in flowers where EsSOS3 and EsSOS1 transcript was more and EsSOS2 transcript was 

less abundant relative to their expression in shoots and roots.  These data suggest EsCBL10a has 

a different expression pattern in shoots and roots relative to AtCBL10 and EsCBL10b. 

 Numerous stress-related genes can be induced in response to a change in the environment 

and increased expression caused by an environmental stress can indicate that the gene is 

important in the response to that stress (Kasuga et al., 1999).  To determine if EsCBL10a and 

EsCBL10b are regulated by salt, expression was monitored in E. salsugineum seedlings left 

untreated or treated with 300 mM NaCl (Figure 3.1B).  Only a small increase in transcript for 

both EsCBL10a and EsCBL10b was found indicating there are no differences in regulation of the 

expression of the two genes with salt. 

 

EsCBL10a and EsCBL10b function to maintain seedling growth in the presence of salt 

Functional analyses are critical to understand if and how EsCBL10a and EsCBL10b contribute to 

the ability of E. salsugineum to maintain growth in salt.  Reducing or eliminating the production 

of mRNA or protein is a useful approach to understand the impact of a gene in a developmental 

response.  AmiRNAs are 21 base pair-fragments that bind to mRNAs and result in degradation of 

the mRNA and/or suppression of translation of mRNA into protein (Ossowski et al., 2008).    
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Figure 3.1 EsCBL10a and EsCBL10b are differentially expressed in tissues and both show 

small increases in expression when plants are treated with salt.   

A, for E. salsugineum and A. thaliana, RNA was isolated from stage 12 flowers (Smyth et al., 

1990) and from shoots and roots of two-week-old seedlings and used to synthesize cDNA.  

Expression of CBL10, SOS3, SOS2, and SOS1 was monitored using RT-PCR with 

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C SUBUNIT (GAPC) and 

ELONGATION FACTOR-1α (EF-1α) as loading controls.  The smaller band in the AtCBL10 

reaction is primarily AtCBL10 transcript, while the larger is an alternatively spliced variant.  The 

smaller product in the EsCBL10a reactions is primarily EsCBL10a transcript, while the larger is 

an alternatively spliced variant.  The middle band in the EsCBL10b reaction is primarily 

EsCBL10b transcript, while the smallest and largest bands are alternatively spliced variants.  B, 

one-week-old E. salsugineum seedlings were transferred from control media to media without 

(Control) or with 300 mM NaCl and grown for two weeks.  RNA was isolated from shoots and 

used to synthesize cDNA.  Expression of EsCBL10a and EsCBL10b was monitored using RT-

PCR with EsEF-1α and EsTUBULIN as loading controls and EsRESPONSE TO 

DESICATION29A (EsRD29A) as a control for the salt treatment. 
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AmiRNAs can be designed to target highly specific transcripts, even if the transcripts share a 

high level of nucleotide identity (Ossowski et al., 2008).  AmiRNAs were designed to 

specifically reduce EsCBL10a and EsCBL10b singly and in combination to understand how the 

genes function alone and in relation to one another.  At least four amiRNA sequences were 

designed for each gene or gene combination.  Supplementary Figure 3.1B shows where the 

amiRNAs were designed to bind to the EsCBL10a and EsCBL10b transcripts.   

Since I found EsCBL10a transcript was detected in roots and EsSOS3 expression was 

predominant in roots (Figure 3.1), these related genes might have redundant roles in root growth 

in E. salsugineum in response to salt.  To determine the role of EsSOS3 in the salt tolerance of E. 

salsugineum, five constructs were designed to target EsSOS3 (Supplementary Figure 3.1B). To 

examine how EsCBL10a and EsSOS3 interact, the generation of amiRNA lines that reduce both 

transcripts is underway.  AmiRNAs could not be designed to target both EsCBL10a and EsSOS3 

due to their lack of sequence conservation and, therefore, the single EsCBL10a and EsSOS3 

amiRNA lines will be crossed to produce double knockdown lines. 

 While the generation of homozygous amiRNA lines is in progress, I have assayed the 

phenotype of several lines that were designed to knockdown the expression of EsCBL10a and 

EsCBL10b singly and several that reduce the expression of the paralogs together, while obtaining 

a homozygous line that singly reduces EsSOS3 expression is in progress (Table 3.1).  The growth 

of homozygous amiRNA lines in the presence of salt was compared to that of WT by 

germinating seed on control media for one week and transferring seedlings to plates without or 

with 175 mM NaCl for two weeks.  Figure 3.2A-E shows there was a small but significant 

difference in the growth (fresh weight and root length) of single EsCBL10a (a-3 #17) and 

EsCBL10b (b-3 #172) lines compared to that of WT in the presence of salt, while these amiRNA 

lines had comparable growth to that of WT without salt.  Thus far, two out of seven EsCBL10a   
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Table 3.1 Worksheet for generating homozygous amiRNA lines.   

Eighteen total amiRNA constructs were designed to reduce EsCBL10a, EsCBL10b, and EsSOS3 

expression singly and EsCBL10a and EsCBL10b together.  The numbers of lines for T1-T4 

generations are shown.  Homozygous lines that have been screened on salt are included in the 

last two columns, and had sensitivity equal to WT (No phenotype) or were more sensitive than 

WT (Sensitive to salt).  Under Construct, “a”, “b”, “ab”, and “3” indicate amiRNAs designed to 

reduce the expression of EsCBL10a, EsCBL10b, EsCBL10a/EsCBL10b, and EsSOS3, 

respectively, and the numbers represent the amiRNAs designed to different regions of the 

transcripts. 

 

  

Construct 
Putative  

T1 lines1 T2 lines T3 lines T4 lines 
No 

phenotype 
Sensitive to 

salt 

a-1 9 9 4 1 1 0 

a-2 0 2 1 0 1 0 

a-3 1 8 5 0 2 2 

a-4 2 30 1 0 1 0 

b-2 0 0 0 3 3 0 

b-3 5 3 4 2 1 2 

b-4 0 1 1 0 1 0 

b-5 0 6 7 0 5 2 

b-6 14 8 0 0 0 0 

ab-1 0 0 1 5 4 2 

ab-2 7 4 0 2 1 1 

ab-3 0 3 3 0 0 2 

ab-4 0 1 0 0 0 0 

3-1 34 0 0 0 0 0 

3-2 10 0 0 0 0 0 

3-3 5 0 0 0 0 0 

3-4 68 0 0 0 0 0 

3-5 53 5 0 0 0 0 

1
 Antibiotic-resistant lines currently maturing 
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Figure 3.2 Preliminary salt assays with amiRNA lines suggest EsCBL10a and EsCBL10b 

play a role in maintaining seedling growth in E. salsugineum in saline conditions.   

WT and representative amiRNA lines (a-3 #17, b-3 #172, ab-1 #134, and ab-1 #138) were 

germinated on media without salt and transferred to media without (Control) or with 175 mM 

NaCl after one week.  Images of the seedlings were taken after two weeks of growth (A) with 

numbers of seedlings for each genotype included in parentheses.  B-E, quantitative 

measurements of WT, a-3 #17, b-3 #172, and ab-1 #134 (a-3 #17 was not grown at the same time 

as b-3 #172 and ab-1#134).  B and D, Fresh weight.  C and D, Root length.  Solid bars, control 

conditions; hatched bars, 175 mM NaCl.  All measurements were rank transformed and an 

ANOVA and Tukey’s HSD test was used to compare the means of each genotype and treatment.  

Based on the test results, means for each genotype and treatment were assigned letters.  Means 

that do not share letters indicate significant differences (p < 0.05, one biological replicate, n = 4-

16 seedlings in control conditions, n= 12-24 seedlings in saline conditions).  Error bars represent 

95% confidence intervals.  F and G, RNA was isolated from WT, a-3 #17, b-3 #172, and ab-1 

#134 grown in control conditions and used to synthesize cDNA.  Expression of EsCBL10a and 

EsCBL10b was monitored by RT-PCR with EsACTIN-2 (F) or EsGAPC and EsEF-1α (G) as 

loading controls. 
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Figure 3.2 (continued) 
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knockdown lines and four out of fourteen EsCBL10b knockdown lines showed a mild phenotype, 

similar to those of a-3 #17 and b-3 #172 (Table 3.1).  Four out of nine lines targeting both genes 

appeared to have a severe phenotype (e.g. ab-1 #134), while one of the lines had an intermediate 

phenotype similar to that of the single knockdown lines (Table 3.1).  Figure 3.2B and D show the 

growth of ab-1 #134 was significantly less than b-3 #172 in the presence of salt.  Together these 

data suggest EsCBL10a and EsCBL10b together play a role in maintain seedling growth in the 

presence of salt, but they may have distinct functions. 

To determine if transcript levels were reduced in the amiRNA lines, RT-PCR was 

performed with RNA extracted from WT, a-3 #17, b-3 #172, and ab-1 #134 seedlings grown on 

plates without salt.  A small reduction in EsCBL10a transcript in a-3 #17 was apparent and there 

were also small reductions in EsCBL10a and EsCBL10b transcript in ab-1 #134 compared to the 

expression of EsCBL10a and EsCBL10b in WT; however, no reduction of EsCBL10b transcript 

was observed in b-3 #172 (Figure 3.2F-G).  It has been reported amiRNAs can reduce protein 

levels without affecting transcript levels (Li et al., 2013).  Therefore, the phenotype in line b-3 

#172 could be due to reduced protein levels, while the salt sensitivities of a-3 #17 and ab-1 #134 

are associated with a reduction in transcript levels. 

 

Discussion 

I have begun to characterize the function of the duplicate CBL10 genes in the halophyte E. 

salsugineum by detecting differences in gene regulation between EsCBL10a and EsCBL10b.  

EsCBL10b has a similar expression pattern to that of AtCBL10, where levels of transcript were 

found preferentially in aerial portions of the plant, while the expression pattern of EsCBL10a had 

relatively more transcript present in roots.  These differences suggest there might have been an 
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expansion of CBL10 function in roots of E. salsugineum.  Regulation of sodium levels in the root 

is particularly important because it is the point of entry of this ion into the plant.  Expansion of 

CBL10 localization in the root could contribute to the increased ability of E. salsugineum to grow 

in saline environments through regulation of sodium ion homeostasis.  However, constitutive 

expression of AtCBL10 in the Atcbl10 mutant could only restore the salt tolerance of A. thaliana 

to WT-like growth, suggesting that merely increasing the expression of AtCBL10 in shoots and 

roots cannot confer enhanced salt tolerance (Quan et al., 2007).  The differences in coding 

sequence between AtCBL10 and EsCBL10a could underlie an ability to function in roots to 

maintain growth in the presence of salt.  Although EsCBL10a had a different expression pattern 

than that of EsCBL10b in shoots and roots, no difference in expression between EsCBL10a and 

EsCBL10b was apparent when seedlings were treated with salt.   

 My initial functional characterizations of EsCBL10a and EsCBL10b show there might be 

intermediate single mutant phenotypes in the EsCBL10a and EsCBL10b single knockdown lines 

while double EsCBL10a and EsCBL10b amiRNA lines have a more severe phenotype.  Together 

these results suggest EsCBL10a and EsCBL10b do not have redundant functions and that they 

have distinct roles during growth in the presence of salt, although more lines will be required to 

verify these results.  Alternatively, EsCBL10a and EsCBL10b might have similar functions; 

however, both genes might be required for the maximum response to salt.  The latter possibility 

is less likely because EsCBL10a and EsCBL10b do not have the same tissue expression patterns. 

Moreover, my results suggest EsCBL10a does not have redundant functions with EsSOS3 

since the single EsCBL10a lines had a phenotype when grown in the presence of salt; however, 

determining the phenotype of the double EsCBL10a and EsSOS3 knockdown lines will be 

important to determine how these genes may be interacting in the response of E. salsugineum to 
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salt.  To elucidate differences in the way the EsCBL10a, EsCBL10b, and EsSOS3 proteins 

function, additional analyses must be carried out to understand their distinct roles in E. 

salsugineum. 

 It has been reported that amiRNA targeted transcripts do not always show a correlation 

between transcript and protein levels and there can be variable efficiency in the ability of some 

amiRNA constructs to reduce protein levels (Li et al., 2013).  It will be important to determine if 

the weak phenotypes of the single EsCBL10a and EsCBL10b knockdown lines are due to a 

partial reduction in transcript or if these genes singly play only a small role in salt tolerance.  

Because loss-of-function mutants are not available, analyzing the phenotype of many lines for 

each construct and lines with different amiRNA constructs will be necessary to understand their 

genetic interactions.   

 It will be important to determine if EsCBL10a and EsCBL10b have roles in other 

pathways, such as regulating ions other than sodium.  EsCBL10a and EsCBL10b might have 

acquired functions that are similar to related CBL members.  I found the genome of E. 

salsugineum does not contain orthologs of AtCBL5 (functions in drought tolerance; Cheong et 

al., 2010) or AtCBL7 (function unknown) and consequently, EsCBL10a or EsCBL10b may have 

expanded functions to compensate for the lack of these orthologs. 
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Supplementary Figure 3.1 Generation of amiRNA constructs.   

A, construction of the amiRNAs to knockdown EsCBL10a, EsCBL10b, and EsSOS3.  Primers 

that contained the 21 bp amiRNA sequences designed to target specific transcripts were used to 

replace the miR319a sequence.  Those PCR fragments were then fused together by a subsequent 

reaction.  The PCR product and binary vector were digested with EcoRI at Restriction site 1 and 

XbaI at Restriction site 2 (for CBL10 amiRNAs; XhoI and SacI for SOS3 amiRNAs) and ligated 

together.  The resulting plasmid was then transformed into Agrobacterium tumefaciens (strain 

EHA105 for all CBL10 amiRNAs; strain GV3101 for SOS3 amiRNAs).  This diagram is not to 

scale.  B, diagram showing where the amiRNAs anneal to the transcripts.  Four EsCBL10a, five 

EsCBL10b, four EsCBL10a and EsCBL10b, and five EsSOS3-specific amiRNA constructs were 

designed.  Black lines, introns; black boxes, exons; yellow boxes, EsCBL10a constructs; blue 

boxes, EsCBL10b constructs; pink boxes, EsCBL10a and EsCBL10b constructs; green boxes, 

EsSOS3 constructs; dotted lines, region where an amiRNA construct spans an intron (not 

included in the amiRNA sequence); MCS, multiple cloning site.   

A 

 

 

 

B  
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Supplementary Table 3.1 Primers for expression analyses 

Transcript 
Forward primer 

name 
Forward primer sequence 

Reverse primer 

name 
Reverse primer sequence 

AtCBL10 CBL10.2_L TGAGCTATTCAAGAAATTGAGCTG CBL10.2_R ACTAATTTTACCGTCTTTGTCAGAA 

AtSOS3 5-SOS3-XhoI GCGCTCGAGATGGGCTGCTCTGTATCGAAG 3-SOS3-EcoRI GGCGAATTCGGGAAGATACGTTTTGCAATTCC 

AtSOS2 CIPK24_RTPCR_F GGTTTTCCGCAGAAGTGAAG CIPK24_RTPCR_R ATTTACGAGGTGGCACCATC 

AtSOS1 AtSOS1p-F1 AGTGATTCTCTCGTTCTTGT SOS1(1398R) AAATTGGGTAGTGGATCCATTAACTATCAGA 

AtGAPC GAPC-F2 CACTTGAAGGGTGGTGCCAAG GAPC-R CCTGTTGTCGCCAACGAAGTC 

AtEF-1α EF1α(471F) TGAGCACGCTCTTCTTGCTTT EF1α(826R) CCACTGGCACCGTTCCAAT 

EsCBL10a EsCBL10.1-5XhoI GCGCTCGAGATGGTCCCGGTTAATCAATG EsCBL10.1-3BamHI GGCGGATCCCGGTCTTCAACCTCTGTGTTGA 

EsCBL10b EsCBL10.2-5XhoI GCGCTCGAGATGGACTGGCCCAGATTTTCC EsCBL10.2-3BamHI GGCGGATCCCGGTCTTCAACCTCAGTATTGA 

EsSOS3 EsSOS3_F AGAGGAAGAAGGCAACACG EsSOS3_R GTTCTTGCGATCTGCTTCG 

EsSOS2 EsSOS2_F TTACGATGGTTCAGCAGCAG EsSOS2_R CCAGCAGCCTTTCTAACGTC 

EsSOS1 5' ThSOS1 qrtPCR CAAGCAGCACGATACAGT 3' ThSOS1-XbaI CCTCTAGATCACACATCGTTCCTGAA 

EsACTIN-2 DJ5-ThAct2 GAACCACCGATCCAGACACT DJ3-ThAct2 GGAATCCACGAGACGACCTA 

EsEF-1α EF1α(471F) TGAGCACGCTCTTCTTGCTTT EF1α(826R) CCACTGGCACCGTTCCAAT 

EsGAPC GAPC-F2 CACTTGAAGGGTGGTGCCAAG ThGAPC-R CCTGCTGTCACCAACGAAGTC 

EsTUBULIN DJ5-ThTub TTCCCAAGCAAACACACAAA DJ3-ThTub TGGTGAGGGTATGGAAGAGG 

EsRD29A ThRD29-F ATCAGACCAAACCCGTTGAG ThRD29-R AGTCCCCGTCGGTAAGTTCT 
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Supplementary Table 3.2 Primers for generating amiRNA lines 
 

Construct Target amiRNA sequence Primer names 
Primer 

number 
Primer sequences 

a-1 EsCBL10a TACATTGATTAACGGGGACCA 

Es_019_1.1 I gaTTCACGAGCTAGACGCGCCATtctctcttttgtattcc 

Es_019_1.2 II gaATGGCGCGTCTAGCTCGTGAAtcaaagagaatcaatga 

Es_019_1.3 III gaATAGCGCGTCTAGGTCGTGATtcacaggtcgtgatatg 

Es_019_1.4 IV gaATCACGACCTAGACGCGCTATtctacatatatattcct 

a-2 EsCBL10a TTCACGAGCTAGACGCGCCAT 

Es_019_2.1 I gaTACATTGATTAACGGGGACCAtctctcttttgtattcc 

Es_019_2.2 II gaTGGTCCCCGTTAATCAATGTAtcaaagagaatcaatga 

Es_019_2.3 III gaTGATCCCCGTTAAACAATGTTtcacaggtcgtgatatg 

Es_019_2.4 IV gaAACATTGTTTAACGGGGATCAtctacatatatattcct 

a-3 EsCBL10a TCATGTCTGAGGCAACCGCCG 

Es10a_3-1 I gaTCATGTCTGAGGCAACCGCCGtctctcttttgtattcc 

Es10a_3-2 II gaCGGCGGTTGCCTCAGACATGAtcaaagagaatcaatga 

Es10a_3-3 III gaCGACGGTTGCCTCTGACATGTtcacaggtcgtgatatg 

Es10a_3-4 IV gaACATGTCAGAGGCAACCGTCGtctacatatatattcct 

a-4 EsCBL10a TCAAGAAAGAGGTTCTCGCCT 

Es10a_4-1 I gaTCAAGAAAGAGGTTCTCGCCTtctctcttttgtattcc 

Es10a_4-2 II gaAGGCGAGAACCTCTTTCTTGAtcaaagagaatcaatga 

Es10a_4-3 III gaAGACGAGAACCTCATTCTTGTtcacaggtcgtgatatg 

Es10a_4-4 IV gaACAAGAATGAGGTTCTCGTCTtctacatatatattcct 

b-2 EsCBL10b TGTTCTCACCATAAGGAACTT 

Es_908_2.1 I gaTGTTCTCACCATAAGGAACTTtctctcttttgtattcc 

Es_908_2.2 II gaAAGTTCCTTATGGTGAGAACAtcaaagagaatcaatga 

Es_908_2.3 III gaAAATTCCTTATGGAGAGAACTtcacaggtcgtgatatg 

Es_908_2.4 IV gaAGTTCTCTCCATAAGGAATTTtctacatatatattcct 

b-3 EsCBL10b TACCATCCCCATCCCAGTCCG 

Es_908_3.1 I gaTACCATCCCCATCCCAGTCCGtctctcttttgtattcc 

Es_908_3.2 II gaCGGACTGGGATGGGGATGGTAtcaaagagaatcaatga 

Es_908_3.3 III gaCGAACTGGGATGGCGATGGTTtcacaggtcgtgatatg 

Es_908_3.4 IV gaAACCATCGCCATCCCAGTTCGtctacatatatattcct 

b-4 EsCBL10b TATCGATTGGGGACACGGCAT 

Es10b_4-1 I gaTATCGATTGGGGACACGGCATtctctcttttgtattcc 

Es10b_4-2 II gaATGCCGTGTCCCCAATCGATAtcaaagagaatcaatga 

Es10b_4-3 III gaATACCGTGTCCCCTATCGATTtcacaggtcgtgatatg 

Es10b_4-4 IV gaAATCGATAGGGGACACGGTATtctacatatatattcct 

b-5 EsCBL10b TGACATGTCTGAGACGGTCGA 

Es10b_5-1 I gaTGACATGTCTGAGACGGTCGAtctctcttttgtattcc 

Es10b_5-2 II gaTCGACCGTCTCAGACATGTCAtcaaagagaatcaatga 

Es10b_5-3 III gaTCAACCGTCTCAGTCATGTCTtcacaggtcgtgatatg 

Es10b_5-4 IV gaAGACATGACTGAGACGGTTGAtctacatatatattcct 

b-6 EsCBL10b TTCACGTGCAAGATGAGCCAC 

Es10b_6-1 I gaTTCACGTGCAAGATGAGCCACtctctcttttgtattcc 

Es10b_6-2 II gaGTGGCTCATCTTGCACGTGAAtcaaagagaatcaatga 

Es10b_6-3 III gaGTAGCTCATCTTGGACGTGATtcacaggtcgtgatatg 

Es10b_6-4 IV gaATCACGTCCAAGATGAGCTACtctacatatatattcct 
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Supplementary Table 3.2 Primers for generating the amiRNAs (continued) 
 

Construct Target amiRNA sequence Primer names 
Primer 

number 
Primer sequences 

ab-1 
EsCBL10a and 

EsCBL10b 
TCATCAAAATAGCAGCCACCA 

Es_019+908_1.1 I gaTCATCAAAATAGCAGCCACCAtctctcttttgtattcc 

Es_019+908_1.2 II gaTGGTGGCTGCTATTTTGATGAtcaaagagaatcaatga 

Es_019+908_1.3 III gaTGATGGCTGCTATATTGATGTtcacaggtcgtgatatg 

Es_019+908_1.4 IV gaACATCAATATAGCAGCCATCAtctacatatatattcct 

ab-2 
EsCBL10a and 
EsCBL10b 

TTATAAAACTTGGGAATGCTG 

Es_019+908_2.1 I gaTTATAAAACTTGGGAATGCTGtctctcttttgtattcc 

Es_019+908_2.2 II gaCAGCATTCCCAAGTTTTATAAtcaaagagaatcaatga 

Es_019+908_2.3 III gaCAACATTCCCAAGATTTATATtcacaggtcgtgatatg 

Es_019+908_2.4 IV gaATATAAATCTTGGGAATGTTGtctacatatatattcct 

ab-3 
EsCBL10a and 

EsCBL10b 
TAGAAGTTCATCTGACAGCAC 

Es10a/b_3-1 I gaTAGAAGTTCATCTGACAGCACtctctcttttgtattcc 

Es10a/b_3-2 II gaGTGCTGTCAGATGAACTTCTAtcaaagagaatcaatga 

Es10a/b_3-3 III gaGTACTGTCAGATGTACTTCTTtcacaggtcgtgatatg 

Es10a/b_3-4 IV gaAAGAAGTACATCTGACAGTACtctacatatatattcct 

ab-4 
EsCBL10a and 

EsCBL10b 
TAAAGTCGATCTTTTCCTCCA 

Es10a/b_4-1 I gaTAAAGTCGATCTTTTCCTCCAtctctcttttgtattcc 

Es10a/b_4-2 II gaTGGAGGAAAAGATCGACTTTAtcaaagagaatcaatga 

Es10a/b_4-3 III gaTGAAGGAAAAGATGGACTTTTtcacaggtcgtgatatg 

Es10a/b_4-4 IV gaAAAAGTCCATCTTTTCCTTCAtctacatatatattcct 

3-1 EsSOS3 TAAGTATAAGTTCGGATTCGT 

Es3_1-1 I gaTAAGTATAAGTTCGGATTCGTtctctcttttgtattcc 

Es3_1-2 II gaACGAATCCGAACTTATACTTAtcaaagagaatcaatga 

Es3_1-3 III gaACAAATCCGAACTAATACTTTtcacaggtcgtgatatg 

Es3_1-4 IV gaAAAGTATTAGTTCGGATTTGTtctacatatatattcct 

3-2 EsSOS3 TAAAGGTTCTTCCGATTCCTA 

Es3_2-1 I gaTAAAGGTTCTTCCGATTCCTAtctctcttttgtattcc 

Es3_2-2 II gaTAGGAATCGGAAGAACCTTTAtcaaagagaatcaatga 

Es3_2-3 III gaTAAGAATCGGAAGTACCTTTTtcacaggtcgtgatatg 

Es3_2-4 IV gaAAAAGGTACTTCCGATTCTTAtctacatatatattcct 

3-3 EsSOS3 TGTTTGCCGTAAATCGTACAA 

Es3_3-1 I gaTGTTTGCCGTAAATCGTACAAtctctcttttgtattcc 

Es3_3-2 II gaTTGTACGATTTACGGCAAACAtcaaagagaatcaatga 

Es3_3-3 III gaTTATACGATTTACCGCAAACTtcacaggtcgtgatatg 

Es3_3-4 IV gaAGTTTGCGGTAAATCGTATAAtctacatatatattcct 

3-4 EsSOS3 TATCAAATATCCGATCAGCGA 

Es3_4-1 I gaTATCAAATATCCGATCAGCGAtctctcttttgtattcc 

Es3_4-2 II gaTCGCTGATCGGATATTTGATAtcaaagagaatcaatga 

Es3_4-3 III gaTCACTGATCGGATTTTTGATTtcacaggtcgtgatatg 

Es3_4-4 IV gaAATCAAAAATCCGATCAGTGAtctacatatatattcct 

3-5 EsSOS3 TCAAATACATCAAATATCCGA 

Es3_5-1 I gaTCAAATACATCAAATATCCGAtctctcttttgtattcc 

Es3_5-2 II gaTCGGATATTTGATGTATTTGAtcaaagagaatcaatga 

Es3_5-3 III gaTCAGATATTTGATCTATTTGTtcacaggtcgtgatatg 

Es3_5-4 IV gaACAAATAGATCAAATATCTGAtctacatatatattcct 

All 

constructs 
All targets All amiRNAs 

Primer A   CTGCAAGGCGATTAAGTTGGGTAAC 

Primer B   GCGGATAACAATTTCACACAGGAAACAG 
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APPENDIX 2 

OUTREACH PROJECT 

COMPARING A. THALIANA AND E. SALSUGINEUM GERMINATION IN SALINE 

CONDITIONS 

 

An experiment was designed to compare the germination of A. thaliana and E. salsugineum in 

saline conditions.  Based on its salt tolerance, the halophyte (E. salsugineum) was expected to 

germinate on salt while the glycophyte (A. thaliana) was not since it would not survive the 

extreme environmental conditions.  To test this hypothesis, A. thaliana and E. salsugineum seed 

was sown on plates without and with salt.  In conditions without salt, seed from both species 

germinated.  However, in saline conditions, virtually no E. salsugineum seed germinated while, 

in contrast, most A. thaliana seed germinated.  Since A. thaliana is sensitive to salt, seedlings 

rapidly died after germination.  To determine if any of the E. salsugineum and A. thaliana seed 

that did not germinate on plates with salt was still viable, seed was transferred from the first 

plates to new plates containing media without salt.  Virtually none of the ungerminated A. 

thaliana seed germinated, while nearly all of the ungerminated E. salsugineum seed germinated, 

indicating that only the E. salsugineum seed was still viable.  Together these results suggest E. 

salsugineum has an environmental sensor that prevents germination in saline conditions; this 

mechanism could be extremely critical for its survival in its native environment in estuaries. 

 Based on this experiment, a module was developed for K-12 students.  The learning 

objectives for this module include experiment design development and data analysis, utilization 

of the scientific method, and development of an understanding of important concepts in plant 

sciences, including plant adaptation to the environment, the presence of phenotypic differences 
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between plant species, the presence of elements important for plant growth and development, 

and development in optimal and non-optimal environments.   

I adapted the experiment to make it suitable for a classroom setting and wrote a protocol.  

The experiment was carried out with different equipment and reagents and in several settings to 

reduce the cost of the materials needed and to determine locations that could be used for plant 

growth.  Ultimately, I found media for the plates that contains minimal ingredients (0.1X 

Murashige and Skoog salts, 1% sucrose, 150 and 175 mM NaCl, pH adjusted to 5.7 with 

potassium hydroxide, 0.6% agar) was suitable for this experiment.  After media preparation, 

students would plate seed in a sterile hood by transferring bleach sterilized seed onto plates with 

toothpicks.  These plates could then be moved into a growth chamber or placed on a rack near a 

window to provide sunlight.  After one week, students would collect data by counting how many 

seed germinated out of the total planted.  The seed that did not germinate would be moved to a 

plate containing media without salt with a toothpick.  After another week, students would 

monitor germination to determine if seed was viable.   

Appendix 2 Figure 3.1 shows representative images and data collected from experiments 

carried out near a window or in a walk-in growth chamber with plate media as defined above.  

For both locations, nearly every seed from E. salsugineum and A. thaliana germinated in control 

conditions.  Over 80% of A. thaliana and <40% of E. salsugineum seed germinated on 150 or 

175 mM NaCl.   When seed of E. salsugineum that did not germinate was transferred to control 

conditions, >95% of the seed germinated.  These results indicate that the experiment can be 

performed in a classroom setting, with minimal components for plant growth.  
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Appendix 2 Figure 3.1 Germination in E. salsugineum is regulated by an environmental 

sensor.   

A, representative images of the germination of A. thaliana and E. salsugineum seed on plates 

containing media without (Control) or with 175 mM NaCl after one week.  Ungerminated seed 

from these plates was transferred to media without salt to determine if seed was viable 

(Transferred).  Scale bar, 2 mm, upper left panel, shows magnification for all panels.  B-C, 

graphs showing the percentage of A. thaliana (At) and E. salsugineum (Es) seed that germinated 

on the first plate in control conditions or saline conditions (blue).  Seed that did not germinate 

was transferred to control media and either germinated (green) or did not germinate (red).  

Graphs show mean percentages of three biological replicates.  B, experiment was carried out in a 

walk-in growth chamber.  C, experiment was carried out on a rack by the window.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Soil salinity is a major abiotic stress that reduces the growth and yield of most crop species and 

contributes to a loss in arable land each year (Penning de Vries, 2001; FAO, 2002).  

Development of enhanced salt tolerance in crops will likely require multiple approaches, 

including genetic engineering to introduce components that confer improved salt tolerance.  

Genes involved in maintaining growth in salinity were initially identified in A. thaliana; 

however, most A. thaliana accessions are not able to tolerate even modest levels of salt.  Closely 

related species, such as E. salsugineum and S. parvula have adapted to salinity, and similarities 

in the genes found in the three species suggest that they might have similar genetic components 

underlying the response of the plant to salt; however, these components might have undergone 

significant changes in the halophytic species (Bressan et al., 2001; Amtmann et al., 2009).  

Therefore, understanding differences in the mechanisms underlying the growth of A. thaliana 

and E. salsugineum in salinity will be an important component of efforts to improve the salt 

tolerance of crop species.  

The genome of E. salsugineum has two CBL10 genes and the goal of my thesis research 

has been to characterize this gene duplication and determine if the two genes play a role in E. 

salsugineum’s enhanced salt tolerance.  I found that these genes are located in different genomic 

positions - EsCBL10a is located on chromosome seven and shares synteny with AtCBL10, while 

EsCBL10b is located in a different genomic region on chromosome six and does not share 

synteny with either AtCBL10 or EsCBL10a.  Based on my phylogenetic analysis, I found that 

these genes duplicated prior to the divergence of expanded Lineage II species, which also 

includes the salt-tolerant species S. parvula.  The regulation of EsCBL10a and EsCBL10b gene 
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expression is different as their expression patterns are not the same in tissues sampled throughout 

the plant.  Additionally, due to the ability to transform E. salsugineum, I was able to generate 

knockdown lines to begin to understand the functions of CBL10 in this species.  My preliminary 

data suggests that both EsCBL10a and EsCBL10b play a role in E. salsugineum’s ability to 

tolerate salt and that they might have distinct functions.  From my studies, a number of questions 

arose: 

 

Why are multiple versions of EsCBL10a and EsCBL10b transcript produced?  Are they 

regulated by salt?  Do they contribute to the adaptation of E. salsugineum to salt?   

Alternative splicing enables a single gene to produce many protein products (Gravely, 2001).  

Studies have shown an enhanced rate of alternative splice variant generation can occur after gene 

duplication (Jin et al., 2008).  Additionally, alterations in splice variants might contribute to gene 

duplicate maintenance consistent with neofunctionalization (gain of novel transcript structures) 

and subfunctionalization (differential loss of ancestral splice variants; Altschmied et al., 2002, 

Yu et al., 2003, Su et al., 2005; Cusak and Wolfe, 2007; Dittmar and Lieberles, 2010).  I 

identified numerous splice variants for EsCBL10a and EsCBL10b, although the functions of the 

transcripts remain unclear.  To fully understand the function of the transcripts produced from 

each gene, it will be critical to show if each version produces a protein or if the splice variants 

are eliminated through processes such as nonsense-mediated mRNA decay (McGlincy and 

Smith, 2008).  If a variant produces a protein, the function of this protein could be tested by 

determining if it has a different affinity for calcium and/or ability to interact with the EsSOS2 

protein kinase or other currently unknown protein partners.  To examine the roles of these 

variants in the response of E. salsugineum to salt, amiRNAs could be generated to specifically 

knockdown some of these transcripts and the resulting changes in growth in saline conditions 
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could be monitored.  Additionally, the function of these transcripts could be compared with those 

of AtCBL10.  When AtCBL10 was overexpressed in the Atcbl10 mutant, growth in the presence 

of salt was restored to that of WT while expression of the alternatively spliced variant 

AtCBL10LA could not complement the mutant phenotype (Quan et al., 2007; Kim et al., 2007; 

Shea Monihan, unpublished data).  Versions of the transcripts could be expressed in the Atcbl10 

mutant to determine if they are able to complement its phenotype; if so, it would suggest the 

variant protein has a similar function to that of AtCBL10.  Transcripts from the AtCBL10 locus 

were also found to differ in control and saline conditions, suggesting splicing might be involved 

in the response of A. thaliana to salt (Shea Monihan, unpublished data).  Alternative splicing of 

EsCBL10a and EsCBL10b could also be regulated by salt and thus it will be important to 

determine if there are differences in EsCBL10a and EsCBL10b splice variants in seedlings grown 

in the presence of salt.  If an increase in splicing contributes to preservation of EsCBL10a and 

EsCBL10b by enhancing E. salsugineum’s response to salt, an investigation of alternative 

splicing in extant lineages that diverged before E. salsugineum would help to determine if there 

was an expansion of splice variants in this species.   

 

Have EsCBL10a and EsCBL10b acquired improved or novel functions?  Do they have 

different interaction partners?   

After gene duplication, one of the copies can acquire mutations in the coding sequence that lead 

to a divergence in protein function.  Several studies have shown that single amino acid changes 

can have large effects on protein function (Treisman et al., 1989; Percival-Smith et al., 1990; 

Kogan et al., 1995; Vick and Gerlt, 2007).  The amino acid sequences of EsCBL10a and 

EsCBL10b are highly conserved; therefore, only a few residues might control differences in 
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calcium affinity, interaction with SOS2 or unknown protein interaction partners, or protein 

localization in the plant and in the cell.   

It will be critical to determine if differences in protein function contribute to downstream 

changes in SOS1 activity or salt tolerance through another, as yet, unknown pathway.  In 

Saccharomyces cerevisiae (yeast), EsCBL10a and EsCBL10b were both able to activate the 

AtSOS pathway; however, EsCBL10a conferred less and EsCBL10b conferred greater salt 

tolerance than AtCBL10 and AtSOS3, indicating there are amino acid changes in EsCBL10b that 

confer enhanced salt tolerance (Choong-Hwan Ryu, unpublished data).  Additionally, these data 

suggest EsCBL10a contains amino acids that lessen its ability to activate the SOS pathway.  The 

differences in the abilities of the CBL10 proteins to activate the SOS pathway are unexpected 

because the proteins share >89% similarity, indicating that a few amino acids might be 

contributing to significant changes in protein function.  Extensive characterization of single and 

double EsCBL10a/EsCBL10b amiRNA knockdown line phenotypes will be critical to 

demonstrate EsCBL10a and EsCBL10b also have divergent functions in planta consistent with 

the results found in yeast. 

 When grown in the presence of salt, Atcbl10 mutant seedlings have a severe shoot 

phenotype, while the major defect in Atsos3 mutant seedlings is reduced root growth (Quan et 

al., 2007).  AtCBL10 and AtSOS3 have been shown to be functionally distinct since they cannot 

complement each other’s salt-sensitive mutant phenotype in seedlings (Choong-Hwan Ryu, 

unpublished data).  These results suggest AtCBL10 and AtSOS3 might be able to function in 

other unknown pathways to confer salt tolerance during seedling development.  Comparisons of 

the functions of EsCBL10a, EsCBL10b, AtCBL10, and AtSOS3 have been carried out in planta.  

When expression of these genes was driven by the constitutive Cauliflower Mosaic Virus 35S 
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promoter, EsCBL10b was found to complement the Atcbl10 mutant phenotype in seedlings, but 

not the Atsos3 mutant phenotype, while EsCBL10a could complement both mutant phenotypes 

(Choong-Hwan Ryu, unpublished data).  These data indicate EsCBL10a might have an AtSOS3-

like as well as an AtCBL10-like function.  The results in yeast and A. thaliana are consistent with 

my initial observations of the phenotypes of the amiRNA lines; single EsCBL10a and EsCBL10b 

knockdown lines were more sensitive to salt than WT while the double EsCBL10a and 

EsCBL10b knockdown phenotype appeared to be more severe than the single mutant 

phenotypes, suggesting these genes might have distinct roles in salt tolerance.  EsCBL10a might 

have acquired a novel protein partner since it is not a strong activator of the SOS pathway in 

yeast.  To determine if EsCBL10a interacts with a novel protein partner to restore salt tolerance 

in the Atsos3 mutant, a membrane two-hybrid interaction screen could be used to identify target 

proteins that bind to EsCBL10a using a library of cDNA synthesized from RNA isolated from 

salt-treated A. thaliana seedlings. 

 My research suggests EsCBL10a and EsCBL10b might be important for seedling 

development in E. salsugineum; however, determining if these genes play a role in other 

developmental processes, such as germination and flowering during growth in saline conditions, 

will be essential to gain a complete understanding of how the duplicate genes are maintained and 

if they have novel or divergent functions.  Germination of E. salsugineum is inhibited in high 

concentrations of salt (150 mM NaCl), indicating the seed can sense its environment to ensure 

germination in low salt conditions (Appendix 2).  To determine if EsCBL10a and EsCBL10b 

function in germination of E. salsugineum in saline conditions, germination of WT and the 

EsCBL10a and EsCBL10b amiRNA knockdown lines in saline conditions could be monitored.  If 

the percent germination of the lines is higher than that in WT, it would suggest these genes play 
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a role in preventing seed germination in saline conditions.  EsCBL10a and EsCBL10b might also 

play a role in flowering in saline conditions.  The Atcbl10 mutant is sterile when grown in saline 

conditions, indicating AtCBL10 functions to maintain reproductive development (Shea Monihan, 

unpublished data).  EsCBL10a and EsCBL10b could also function to restore fertility in saline 

conditions similar to AtCBL10.  Both EsCBL10a and EsCBL10b appear to have higher 

expression in flowers relative to shoots and roots compared to the expression pattern of AtCBL10 

(Figure 3.1), suggesting they might play a role in reproductive development.  The amiRNA lines 

could be treated with salt during reproductive development and seed production measured.  

Reduced seed set in these lines would suggest EsCBL10a and EsCBL10b function in maintaining 

fertility in E. salsugineum.  A preliminary experiment was performed to compare the functions of 

EsCBL10a and EsCBL10b with that of AtCBL10 in flowers.  Fertility was monitored in the 

Atcbl10 mutant overexpressing EsCBL10a and EsCBL10b.  Both of the genes complemented the 

flowering phenotype of the Atcbl10 mutant, indicating EsCBL10a and EsCBL10b have a similar 

function to that of AtCBL10 in this tissue (Shea Monihan, unpublished data).  To determine if 

EsCBL10a and EsCBL10b confer enhanced reproductive ability during growth in salt, it will be 

important to determine if the overexpression lines have enhanced fertility compared to that of 

WT or lines overexpressing AtCBL10 when grown in high levels of salt. 

 

What changes in EsCBL10a contribute to its difference in expression compared to that of 

AtCBL10 and EsCBL10b? 

Gene copies can have the same expression pattern following gene duplication if the original 

regulatory regions are also copied.  However, several studies have shown correlations between 

expression divergence and gene duplication (Blanc and Wolfe, 2004; Ganko et al., 2007) 
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suggesting there might be changes in gene regulation after gene duplication.  These changes 

might be important for the preservation of the gene copies and expression differences can confer 

adaptive benefits.  In A. thaliana, AtCBL10 has been shown to be expressed preferentially in 

aerial portions of the plant, which is consistent with the severe shoot phenotype of the Atcbl10 

mutant (Quan et al., 2007; Kim et al., 2007).  My research demonstrated that, similar to the 

expression pattern of AtCBL10, EsCBL10b is expressed highly in aerial portions whereas 

EsCBL10a is present in both shoots and roots.  AtCBL10 and EsCBL10a are in the same 

positions of their respective genomes while EsCBL10b is not, which might suggest AtCBL10 and 

EsCBL10a have similar cis-regulatory elements controlling their expression; however, I found 

that AtCBL10 has a similar expression pattern to that of EsCBL10b in shoots and roots.  

Conserved noncoding sequence was compared among the AtCBL10, EsCBL10a, and EsCBL10b 

genes to determine if it is possible to detect unique motifs that are specifically shared between 

EsCBL10b and AtCBL10 and not EsCBL10a, which might identify important regions for 

preferential expression in aerial regions of the plant.  However, I did not detect any uniquely 

conserved sequence regions in this sequence comparison.  Molecular genetic approaches might 

be needed to fully investigate the sequence differences in EsCBL10a, EsCBL10b, and AtCBL10 

that underlie this difference in gene regulation.  For example, different regions of the EsCBL10a 

promoter could be used to drive the expression of a reporter gene to identify the regulatory 

region that leads to increased expression of EsCBL10a in the root. 
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What mechanism underlies the maintenance of the duplicated CBL10 genes in E. 

salsugineum?  What was the ancestral CBL10 gene function? 

Three models for how duplicate genes are maintained have been proposed including 

neofunctionalization, subfunctionalization, and dosage balance (Ohno, 1970).  For each of these 

models, gene copies might confer an adaptive advantage to the organism.  My results indicate 

that the functions of EsCBL10a and EsCBL10b are not conserved, since initial salt assays with 

the amiRNA lines suggest the EsCBL10a and EsCBL10b single mutants have phenotypes and 

that they are weaker than that of the double mutant.  Studies in yeast and A. thaliana also suggest 

these genes are functionally distinct. 

The divergence in function suggests these genes are not maintained by dosage balance; 

this finding is supported by evidence showing that overexpression of AtCBL10 in the Atcbl10 

mutant is insufficient to enhance seedling growth in salt, indicating that simply increasing 

expression of AtCBL10 does not enhance salt tolerance (Quan et al., 2007).  Duplicate genes 

maintained by dosage balance also have the same function as the ancestral gene (Dittmar and 

Liberles, 2010); however, experiments in yeast and A. thaliana suggest the functions of 

EsCBL10a and EsCBL10b are not conserved.  In yeast, EsCBL10b was found to activate the SOS 

pathway more than EsCBL10a and in A. thaliana, EsCBL10a could complement the Atsos3 

mutant phenotype while EsCBL10b could not (Choong-Hwan Ryu, unpublished data).  

Moreover, while gene duplicates from polyploidization events are thought to be frequently 

maintained by dosage balance, my synteny and phylogenetic analyses suggest EsCBL10a and 

EsCBL10b are not products of WGD (Lynch and Conery, 2000; Freeling, 2009).  If EsCBL10a 

and EsCBL10b originated from WGD, they should share synteny; however, my results show they 

do not.  Additionally, the phylogeny I inferred shows the duplication occurred just prior to the 
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divergence of expanded Lineage II species, where no known WGDs have occurred (Freeling, 

2009). 

Subfunctionalization occurs when the ancestral function (or functions) is divided between 

the duplicate genes, and after gene duplication, there are differential losses in alternative splice 

variants, gene expression, or protein function of the original gene.  In this model, the duplicate 

genes together can complement the original gene function.  Studies characterizing the ancestral 

CBL10 transcript structure, gene regulation, and protein function will be critical for determining 

if EsCBL10a and EsCBL10b have undergone subfunctionalization.  To determine the ancestral 

transcript structure, RNA sequences from species that diverged just prior to Lineages I and II, 

such as A. arabicum, could to be used to understand the CBL10 transcript structure that predates 

those of AtCBL10, EsCBL10a, and EsCBL10b.  If the AaCBL10 transcript structure contained all 

of the combined splice variants of EsCBL10a and EsCBL10b, then the variants might have been 

divided between the CBL10 duplicates consistent with subfunctionalization.  Analysis of the 

expression pattern of AaCBL10 in flowers, shoots, and roots might be similar to that of 

EsCBL10a or AtCBL10/EsCBL10b.  If there was subfunctionalization of EsCBL10a and 

EsCBL10b after gene duplication, the expression pattern of AaCBL10 would equal their 

combined expression pattern.  Finally, the ancestral CBL10 protein might have had multiple 

functions and these functions might have been divided between EsCBL10a and EsCBL10b after 

gene duplication and AaCBL10 would have both of the functions of EsCBL10a and EsCBL10b 

combined.  AaCBL10 could be expressed in the Atcbl10 and Atsos3 mutants to determine if 

AaCBL10 only complements the Atcbl10 phenotype like EsCBL10b and AtCBL10 or if AaCBL10 

complements both the Atcbl10 and Atsos3 mutant phenotypes like EsCBL10a, which would 

suggest these genes might be maintained by subfunctionalization where the ancestral copy of 
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CBL10 had both AtCBL10 and AtSOS3-like functions.  Because AaCBL10 could have acquired 

many nucleotide substitutions, it might not have the same function as the CBL10 gene that 

predates AtCBL10, EsCBL10a, and EsCBL10b.  To assess the function of the CBL10 protein that 

was present in the common ancestor of A. thaliana and E. salsugineum, the ancestral CBL10 

protein sequence could be reconstructed using a model of nucleotide evolution based on the 

inference of the phylogenetic tree (Cai et al., 2004; Chang et al., 2005).  The ancestral CBL10 

protein sequence could be synthesized and expressed in yeast or A. thaliana to determine if it has 

a similar function to that of AtCBL10, EsCBL10a, or EsCBL10b. 

If EsCBL10a or EsCBL10b acquired a novel role, they would have different protein 

functions or expression patterns compared to the ancestral gene.  When a gene acquires a novel 

function, nucleotide changes result in amino acid substitutions in the protein sequence.  The gain 

of these potentially beneficial changes (sites under positive selection) can be detected by 

sequence comparison with related species.  I have inferred a gene phylogeny to use as a 

framework to determine which sequence shows evidence of positive selection, a signature 

frequently associated with neofunctionalization of gene duplicates.  Once putative sites are 

identified, they can be tested to determine if they are necessary to confer enhanced salt tolerance 

by mutating EsCBL10a and EsCBL10b residues that evolved under positive selection by site-

directed mutagenesis and expressing the resulting proteins in yeast to determine if they can 

activate the SOS pathway or complement the Atcbl10 mutant phenotype to determine if they can 

function like AtCBL10.  Enhanced salt tolerance with AtCBL10 could be achieved by changing 

sites of AtCBL10 to those of EsCBL10a and EsCBL10b.  Expression of the mutated proteins in 

A. thaliana or yeast could be used to determine if these sites in EsCBL10a and EsCBL10b are 

sufficient to confer enhanced salt tolerance.  
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