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Abstract 

 One major challenge for agriculture is the accumulation of salt in soils, leading to 

decreases in the yield of crops (salt stress).  Sodium, a major component of salt, reduces plant 

growth by interfering with metabolic processes in the cell.  Three proteins in the model plant, 

Arabidopsis thaliana, have been shown to work together to remove sodium from the cell and 

prevent its toxic accumulation.   The perception of sodium results in an increase in cytosolic 

calcium which is perceived by the CALCINEURIN B-LIKE (CBL10) calcium-binding protein.   

Upon binding calcium, CBL10 interacts with and activates the SALT-OVERLY-SENSITIVE2 

(SOS2) protein kinase.   The CBL10-SOS2 complex then activates the SOS1 sodium proton 

exchanger which transports sodium out of the cell.   While the genes that function to remove 

cellular sodium in leaves and roots have been identified, little is known about the genes that 

function during flower development.   To determine if CBL10 also plays a role in flowers, I 

analyzed flower development in the cbl10 mutant.   I found that CBL10 is required for flower 

development and fertilization during salt stress, but that it functions independently of SOS2 and 

SOS1.   This suggests that CBL10 functions in two different pathways, in an organ specific 

manner to prevent toxic effects of sodium. 
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Statement of Purpose and Relevance 

By 2050, the world population is expected to exceed 9 billion people (Food and Agricultural 

Organization of the United Nations).   Currently, 4.3 billion hectares (ha) of land are being 

cultivated and no more than 100 million ha can be added to this number via deforestation (Biello 

2009).   Increasing population in the face of limited land poses an agricultural challenge—how 

do we feed a growing population? Adding to this challenge is that the amount of arable land is 

decreasing due to the accumulation of sodium chloride salts (salinity), which reduces crop 

productivity and yield (Munns and Tester 2008).   Currently, over 800 million ha of land is 

affected by salinity worldwide, which amounts to over 6% of the total land on the earth (Munns 

and Tester, 2008).   One-tenth the concentration of sodium chloride in sea water, enough to have 

a toxic effect on plants, is roughly equal to 4 dS/m (40 mM).   If irrigated with water containing 

this level of salt, there would be a 10% decrease in crop yield for broccoli, cucumber, cabbage, 

cantaloupe, and spinach, a 25% decrease for corn, potato, sweet corn, and lettuce and a 50% 

decrease for beans (Cardon et al., 2007).    

There are many ways in which sodium is deposited in the soil, including natural causes 

(primary salinity) or through human activity (secondary salinity) (Munns and Tester, 2008).   

Primary salinity arises from rainwater and soil erosion (Munns and Tester, 2008), while 

secondary salinity can be caused by salt accumulation in groundwater used for irrigation 

(Podmore 2009).    

One way in which salinity is thought to reduce crop yield is through sodium accumulation in 

plant cells leading to the inhibition of certain enzymes necessary for carbohydrate metabolism 

and synthesis (Munns and Tester 2008).   In the leaves of the genetic model plant, Arabidopsis  
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thaliana, three proteins function together in the SALT-OVERLY-SENSITIVE (SOS) pathway 

(Figure 1) to prevent the toxic accumulation of sodium in the cell.   An increase in cytosolic 

sodium results in an increase in cytosolic calcium which is perceived by the calcium-binding 

protein, CALCINEURIN B-LIKE10 (CBL10).   CBL10 then interacts with and activates the 

protein kinase, SOS2.   The CBL10-SOS2 complex then activates the SOS1 sodium proton 

exchanger which transports sodium out of the cell.   While the genes that function to protect leaf 

or shoot growth and development have been identified, very little is known about the genes that 

function to protect reproductive development.   In leaves, CBL10 is the first protein in the SOS 

pathway to perceive the change in calcium to initiate the process of sodium removal from the cell.   

Because CBL10 functions in leaves, I reasoned that it may function in all aerial portions of the 

plant, including organs involved in reproductive development.   To determine if CBL10 has a 

role in aerial tissues, reproductive development was examined in the cbl10 mutant.   Results 

from this study demonstrate that: 1. CBL10 is required for flower development since the cbl10 

mutant is sterile when grown in the presence of sodium chloride.   2. The sterility is caused by 

decreased filament elongation and abnormal pistil development.   3.  CBL10 functions 

independently of SOS2 and SOS1, suggesting that CBL10 might function with another kinase 

and exchanger during reproductive development.    
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Figure 1.  In leaves, sodium is removed from the cell by the activity of the SALT-OVERLY-

SENSITIVE (SOS) pathway.  When sodium accumulates in the cell (1), an influx of calcium 

into the cytosol occurs (2).  Calcium is perceived by CALCINEURIN B-LIKE 10 (CBL10), a 

calcium-binding protein (3).  CBL10 binds to and activates SOS2, a protein kinase (4).  The 

CBL10-SOS2 complex then activates SOS1, a sodium proton exchanger (5) which removes 

sodium from the cell (6).   
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Literature Review 

 Abiotic stresses result from nonliving molecules or conditions in the environment that 

negatively affect plant growth and development.   Sodium chloride is the most soluble and 

common salt found in soils and is known to cause abiotic stress in plants (Munns and Tester, 

2007).   There are many possible explanations for how sodium exerts toxicity on a plant - one 

way that salinity negatively affects a plant is through ionic stress.   Studies show that a sodium 

concentration of 100 mM can inhibit the activity of most enzymes (Munns and Tester, 2007).   

To protect cellular processes, cells can either compartmentalize sodium in the vacuole or remove 

it from the cell into the extracellular matrix (Munns and Tester, 2007). 

In Arabidopsis thaliana, the Salt-Overly-Sensitive (SOS) pathway functions to reduce the 

toxic build-up of sodium levels by transporting sodium out of the cell.   Salt stress causes an 

increase in cytosolic sodium which results in an increase in cytosolic calcium (Knight et al., 

2003).   This calcium is perceived by SOS3, a calcium-binding protein.   SOS3 binds to a 21-

amino acid motif in the regulatory domain of SOS2, and activates SOS2.   The SOS3/SOS2 

complex then targets SOS1, a sodium specific but low affinity antiporter (Km= 22.8 mM) that 

exchanges sodium ions for protons (Qiu et al., 2003).   The electrochemical proton gradient is 

generated by proton pumps, such as the plasma membrane H
+
- ATPase (Qiu et al., 2004).   

Without SOS3, Arabidopsis cannot maintain regular growth in high levels of salt (Qiu et al., 

2004). 

While SOS3 (CBL4) functions in the roots of Arabidopsis, Calcineurin B-like10 

(CBL10), also known as SOS3-like Calcium Binding Protein 8 (SCaBP8), functions with SOS2 

and SOS1 to regulate sodium levels in the shoots of the plant during vegetative development 

(Quan et al., 2007).   The CBL10 gene contains nine exons and eight introns, encoding a 246-
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amino acid protein with a molecular mass of 28.4 kD.  CBL10 is primarily expressed in the 

aerial tissues of the plant (Quan et al., 2007).  Similar to SOS3, CBL10 perceives the influx of 

calcium caused by sodium accumulation, and then interacts with SOS2 to activate SOS1 (Quan 

et al., 2007).    

Even though some of the mechanisms for sodium removal have been identified in both 

the shoots and the roots, little is known about sodium regulation in flowers.   The flowers of a 

plant are important because they eventually develop into fruits that serve as food sources for 

many organisms and house the seeds that perpetuate the species.  My research hypothesis was 

that CBL10 might function in all aerial tissue, including flowers.   Arabidopsis thaliana has 

complete flowers with both male and female reproductive organs and either of these organs (or 

both) could be affected by the presence of sodium chloride.   The male reproductive organ, the 

stamen, consists of the anther and the filament.   The anther is the site of pollen development, 

and the filament is a stalk-like structure responsible for not only the transmission of water and 

nutrients to the anther, but also for positioning the anther for pollen dispersal (Scott et al., 2004).  

In the anther, the male sporogenous cells divide through meiosis to form microspores, which 

eventually become the pollen grains (Scott et al., 2004).  The anther is also the site of pollen 

growth, protection, and release (Scott et al., 2004).  The female reproductive organ, the pistil, 

contains the stigma, style, and ovary.   The stigma, located at the distal end of the pistil, is a 

globular structure consisting of a layer of papillar cells, or specialized epidermal tissue, that 

serves the receiving vessel for pollen grains (Smyth et al.  1990).  Beneath this layer of papillar 

cells are subepidermal cells with a central core of transmitting tissue.  The cells of this 

transmitting tissue are metabolically active, providing both mechanical and nutritive 

environments for normal pollen tube growth (Smyth et al., 1990).  The subepidermal cells 
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converge to form a short, solid style surrounded by a parenchymatous cortex and the epidermis.  

The style is the structure responsible for connecting the stigma to the ovary.  The ovary consists 

of two locules that contain ovules with haploid egg cells.  A mature, Arabidopsis flower contains 

six stamens, with the four medial stamens longer than the two lateral ones.  The pistil contains 

two carpels separated by a false septum, with ovules forming on each side of the septum (Smyth 

et al., 1990). 

Upon pollination, the pistil develops into a silique which houses the seeds of the plant.  

All post-pollination events in Arabidopsis occur within 8-10 hours at 25°C (Kandasamy et al., 

1994).  Pollen grains are first released from the anther and come in contact with the papillar cells 

of the stigma.  Then, they germinate and produce pollen tubes that move through the transmitting 

tissue as a dense bundle.  When the pollen tubes reach the ovary, they fan out from the 

transmitting tissue and grow towards the ovules.  In order to reach the embryo sac and fertilize 

the egg cell, pollen tubes grow over the surface of the funiculus and enter the micropyle.  The 

funiculus is a short stalk that anchors the ovule to the placenta, and the micropyle is a gateway to 

the ovule (Kandasamy et al., 1994).  Only one pollen tube grows toward each ovule; it contains 

two male gametes that fuse with two different cells, the central cell and the egg cell, to form the 

endosperm and the embryo, respectively (Crawford and Yanofsky, 2008).   
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Methods 

Growth conditions 

 A CBL10 transfer DNA (T-DNA) insertion line (SALK_056042) was obtained from the 

Arabidopsis Biological Resource Center (ABRC).  Wild-type Arabidopsis thaliana Col-0 and 

cbl10 mutant seeds were planted in soil, placed in 4°C for two days, and then grown in a 

chamber at  21°C with 16 hours of light.  For the first three weeks, plants were watered with 

deionized water, and then watered with 0.5X Hoagland’s solution (Hoagland and Annon 1938) 

without or with the indicated concentration of salt. Plants were left untreated or treated with 

sodium chloride (NaCl) for three weeks, watering from the bottom at the final concentration.   

 

Pollen tube growth through pistils 

 Stamens were removed from stage 12 flowers of wild-type and cbl10 plants grown either 

in control or salt conditions for two weeks. At this stage, flower buds are maturing and stamens 

have not yet elongated (Smyth et al., 1990).  Pistils were allowed to mature for 20 hours before 

they were pollinated with wild-type pollen expressing BETA-GLUCURONIDASE (GUS) under 

the control of the pollen-specific promoter, LATE ANTHER TOMATO52 (LAT52).  After 18 

hours, these pistils were harvested and cut along both sides of the replum to allow stain to 

penetrate ovary wall.  Pistils were submerged in 80% acetone in 96 well plates for at least 30 

minutes, washed with a 100 µl wash solution (5 mM ferricyanide, 5 mM ferrocyanide, and 50 

mM NaPO4 at pH 7), and stained for 24 hours with a 100 µl GUS staining solution (5 mM 

ferricyanide, 5 mM ferrocyanide, 50 mM NaPO4 at pH 7 and 0.5 mg of X-gluc, 5-bromo-4-

chloro-3-indolyl-β-D-glucuronic acid).  The 96 well plate was placed in a Tupperware box with a 

damp paper towel on the bottom, incubated at 37 °C for 24 hours, and fixed overnight at room 
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temperature with a 100 µl solution composed of a 6:1 100% ethanol:concentrated acetic acid mix.  

Pistils were treated with 100% ethanol two times for 30 minutes followed by 70% ethanol for 30 

minutes.  The pistils were cleared with a chloral hydrate solution (4g chloral hydrate:1 ml 100% 

glycerol: 2 ml water).  The 96 well plate was sealed and incubated at room temperature overnight.  

Pistils were mounted using one drop of 50% glycerol, and photographs were taken using bright 

field microscopy. 

 

Reverse Transcription-Polymerase Chain Reaction 

Flowers from control and salt-treated wild-type and cbl10 plants were collected and 

pooled according to the following stages: stages 1-11, stage 12, stages 13/14, and stages 15/16 

(Smyth et al., 1990).  RNA was extracted and cleaned up using the Qiagen RNeasy Plant Mini 

Kit.  cDNA was synthesized using an oligo dT primer, dithiothreitol (DTT), first strand synthesis 

(FS) buffer, RNase Inhibitor, and SuperScript® III Reverse Transcriptase (SSIII RT).  A 

touchdown PCR with 10 cycles that lowered the temperature one degree C every cycle starting at 

60°C, and another 20 cycles with an annealing temperature of 50°C was used to amplify the 

genes.  To amplify NHX1-8, the following primers were used in a PCR reaction:: NHX 1 (5'- 

TGA CAA GTG GAG ATC CGT GA -3' and 5'- CGC ATG AAG GAG TCA TCA AA -3'), 

NHX2 (5'- CAA TGT CAC CGA GAG CTC AA -3' and 5'- GTG GTA CTG GTG GTC GCT 

TT -3'), NHX3 (5'- CAG GTC TAA TGC GAG GTG CT -3' and 5'- TTG GTT TTC TCG ACG 

AGG TC -3'), NHX4 (5'- AGA AAT GGG ACG TTG TAC GC -3' and 5'- TCG GAT CGT 

GGA AAG AAG AT -3'), NHX5 (5'- TTT GAT ATT GCC ATG GAG CA -3' and 5'- CAA 

CGC GGT GAA TGA TGT AG -3'), NHX6 (5'- CAT GCT TGC TGA AGG TCT CA -3' and 5'- 

ATG CCG CAC TCT TAT GGA AC -3'), NHX7 (5'- GTC CTC ACT GGG AAG CCA TA -3'  
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and 5'- AGC TGA CAC GCA TGT TTA CG -3'), and NHX 8 (5'- AAT CCT CAC GAT GGG 

TAC GA -3' and 5'- TGA ATC ACG GAC ATC TTC CA -3').  ACTIN and EF1α were used as 

controls for cDNA levels and were amplified using the following primers: ACT2 (5'- 

GTCGTACAACCGGTATTGTG -3' and 5'- GAGCTGGTCTTTGAGGTT TC -3'), EF1α (5'- 

CACGCTCTTCTTGCTTTCAC -3' and 5'-TCATCGTACCTAGCCTTGGA -3') and RD 29 (5'- 

TGGACACGAATTCTCCATCA -3' and 5'- GTGCTCTGTTTTGGCTCCTC -3'). 
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Results 

In leaves, CBL10 is the first protein in the SOS pathway to perceive a sodium-induced 

change in calcium and initiate the process that removes sodium from the cell (Figure 1).  

Because CBL10 functions in leaves, I hypothesized that it may function in all aerial portions of 

the plant, including organs involved in reproductive development.  To separate the effect of 

sodium chloride on reproductive development from its effects on vegetative development, plants 

were grown for three weeks in control conditions (vegetative development) and then, when the 

plants begin to produce an inflorescence (reproductive development), they were treated with 

sodium chloride.  I reasoned that, if CBL10 plays a role in reproductive development, the fertility 

of the cbl10 mutants should be different from that of wild type.   

Because siliques are the product of fertilization, the size and number of siliques on an 

inflorescence were examined as an indication of fertility.  Siliques from the primary 

inflorescence of wild type and cbl10 grown in control conditions looked similar, with the number 

and length of siliques being relatively the same (Figure 2).  Wild-type siliques from control and 

sodium chloride treated plants were similar, indicating that treatment did not affect reproduction 

in wild type.  In sodium chloride treated plants, the cbl10 mutant was shorter and had fewer 

siliques than wild type.  The older siliques in the cbl10 mutant were longer than younger siliques.  

The younger siliques were the same size as the pistil, suggesting that no fertilization took place.  

When the siliques were opened, the older siliques produced seed while no seeds developed in the 

younger siliques (data not shown).  These results indicated that CBL10 functions early in 

reproductive development, possibly during fertilization, when plants are grown in the presence of 

sodium chloride.  
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Figure 2.  Silique development is reduced in the cbl10 mutant treated with sodium chloride.  

Siliques from the primary inflorescence of wild-type (WT) and cbl10 plants grown in control 

conditions for three weeks then left untreated (C) or treated with 40 mM NaCl for three weeks 

were removed and photographed.  Bar (upper left-hand panel, 5 mm) indicates magnification for 

all panels.   
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Fertilization is linked to flower development, so to understand the basis of sterility in 

cbl10, wild-type and cbl10 flowers were compared.  Wild-type flowers along an inflorescence 

were removed and staged according to Smythe et al.  (1990) (Figure 3A).  Stage 1-11 flowers are 

described by small buds in which stamen and pistil development are initiated.  Stage 12 flowers 

are described by slightly larger buds in which the stamen and pistil are still maturing.  Stage 

13/14 flowers are open and have stamen which have elongated and anthers which have dehisced 

(anthesis) to pollinate the pistil (fertilization).  Stage 15/16 flowers are described by siliques with 

developing seed.  Between stages 12 and 14 fertilization occurs; petals expand to open the flower, 

filaments elongate, anthers dehisce, and the pistil prepares to receive pollen.  Stage 12 flowers 

from untreated and sodium chloride treated wild-type and cbl10 plants were similar (Figure 3B).  

Stage 14 flowers from untreated cbl10 plants were similar to wild-type flowers in that filaments 

elongated to reach the stigma, and anthers dehisced (Figure 3B).  However, stage 14 flowers 

from cbl10 plants treated with sodium chloride were different from wild-type flowers; petals 

were smaller and, while the anthers dehisced, the filaments did not elongate to reach the stigma 

(Figure 3B).  These results demonstrate that CBL10 is critical for stamen development and 

fertilization.   

Female reproductive development was also examined in the cbl10 mutant treated with 

sodium chloride.  When wild-type pollen was placed on cbl10 pistils, no seed developed, 

indicating that pistil development is abnormal (data not shown).  Fertilization consists of pollen 

germination on the stigma, pollen tube growth down the style and transmitting tract, and tube 

entrance into the ovules.  To determine and visualize when fertilization is affected in cbl10, wild-

type and cbl10 pistils were pollinated with wild-type pollen expressing β-GLUCURONIDASE  
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Figure 3.  Stamen elongation is reduced in cbl10 flowers from plants treated with sodium 

chloride.  (A) Flowers were staged and categorized into four groups: stages 1-11, stage 12, 

stages 13/14, and stages 15/16.  Bar, 2 mm.  (B) Flowers at stage 12 and stage 14 from wild-type 

(WT) and cbl10 plants grown in control conditions for three weeks and then left untreated (C) or 

treated with 40 mM NaCl were removed and photographed.  Bar (upper left-hand panel, 0.5 mm) 

indicates magnification for all panels.   
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Figure 4.  Pollen tube growth is reduced in cbl10 pistils from plants treated with sodium 

chloride.  Wild-type (WT) and cbl10 pistils from plants grown in control conditions for three 

weeks and then left untreated (C) or treated with 40 mM NaCl were pollinated with wild-type 

pollen expressing GUS under the control of the pollen-specific promoter, LAT52.  (A) Images of 

pistils from wild-type and cbl10 plants are shown.  Bar (upper left-hand panel, 0.5 mm) indicates 

magnification for all panels.  (B) Pistils were grouped based on whether or not there was pollen 

tube growth.  Number of pistils analyzed: wild-type control (6), wild-type sodium treated (4), 

cbl10 control (6), cbl10 sodium treated (8).   
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(GUS).  In control conditions, pollen tube growth in wild-type and cbl10 pistils was similar 

(Figure 4).  Pollen germinated, traveled down the style, moved into the transmitting tract, and 

fertilized the ovules.  In sodium chloride treated plants, wild-type pistils were not affected, while 

pollen tube growth was reduced in the cbl10 pistils.  In cbl10 pistils treated with sodium chloride, 

there was some pollen tube growth down the style but none into the transmitting tract.  This 

reduction of pollen tube growth demonstrates that CBL10, in addition to functioning in male 

reproductive development, also plays a role in female reproductive development.   

CBL10 functions during both male and female reproductive development, but the 

pathway in which it operates is unknown.  One hypothesis I tested was that the SOS pathway 

which functions in leaves may also function in flowers.  To determine if CBL10 functions with 

SOS1 and SOS2 in reproductive development, the cbl10, sos2, and sos1 mutants were treated 

with sodium chloride and silique development was compared.  If any of these genes function 

with CBL10 during reproductive development, I hypothesized that their corresponding mutants 

should have a similar phenotype with reduced seed set compared to wild type.  Plants were 

grown as described above, and siliques from plants that were left untreated or treated with 

sodium chloride were opened and seed development was examined.  Two sodium chloride 

concentrations were used to determine if there is a dose-dependent effect on reproductive 

development.  Each position in the silique was counted and categorized as a healthy or aborted 

seed or an unfertilized ovule.  Healthy seeds are round and green, aborted seeds are usually 

wilted and brown, and unfertilized ovules are small and white.  In untreated plants, seeds from 

wild type and all of the mutants were mostly healthy with only a few aborted seeds or 

unfertilized ovules (Figure 5).  When treated with 25 mM sodium chloride, all of the mutants 

were different than wild type.  The sos1 and sos2 mutants had more aborted seeds, while cbl10  
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Figure 5.  CBL10 functions in flower development independently of SOS2 and SOS1.  Wild-

type (WT), cbl10, sos2, and sos1 plants were left untreated (C) or treated with 25 or 40 mM 

NaCl at the time of inflorescence development.  Healthy and aborted seeds and unfertilized 

ovules from 10-day-old siliques were counted.  An average of five siliques was examined for 

each genotype. 
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had a majority of unfertilized ovules.  When treated with 40 mM sodium chloride, sos1 had a 

large increase in aborted seed and cbl10 was completely sterile; sos2 had an increase in aborted 

seed but did not have as strong a phenotype as sos1.  These results suggest that CBL10, SOS1, 

and SOS2 function during reproductive development but have different phenotypes and function 

in different pathways.  CBL10 appears to function during fertilization while SOS2 and SOS1 are 

important after fertilization during seed development.  Since SOS2 and SOS1 do not function 

with CBL10, I reasoned that there should be another pathway in which CBL10 functions during 

fertilization. 

To identify this pathway, I hypothesized that CBL10 functions to activate another sodium 

proton exchanger in flowers.  SOS1 belongs to a family of eight Na
+
/H

+
 exchangers (NHX).  If 

one of the NHX genes plays a role in reproductive development, it should be expressed in 

flowers and its expression might increase in plants treated with sodium chloride.  Expression of 

each NHX gene was analyzed in stage 12 (before the cbl10 phenotype is observed) and stage 

13/14 (when the cbl10 phenotype is observed) flowers.  In stage 12 flowers, all NHX genes were 

expressed and expression of some of the genes (NHX1, NHX2, NHX3, NHX5, and NHX7) 

changed in response to sodium chloride (Figure 6).  In stage 13/14 flowers, all NHX genes were 

expressed; however, their expression did not increase in response to sodium chloride. These 

results demonstrate that NHX1, NHX2, NHX3, NHX5, NHX6, and NHX7 are candidates for 

interaction with CBL10 due to an increase in transcription level in the presence of sodium 

chloride and/or high expression in flowers.   
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Figure 6.  All of the NHX genes are expressed in flowers.  Wild-type plants were first grown 

for three weeks in control conditions until inflorescence development began, and were then left 

untreated (C) or treated with 40 mM NaCl for another three weeks.  RNA was isolated from 

wild-type stage 12 and stage 13/14 flowers and used in an RT-PCR reaction to determine NHX 

transcript levels.  ACTIN and EF1α, loading controls. 
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Analysis/Conclusions 

 The results of my experiments demonstrate that CBL10 is important during reproductive 

development in Arabidopsis thaliana when plants are grown in saline conditions.  I showed that: 

1) CBL10 is necessary for fertilization because cbl10 mutants treated with sodium chloride have 

sterile siliques (Figure 2), 2) CBL10 functions in stamen development, during filament 

elongation (Figure 3B), and in pistil development, by allowing for or aiding pollen tube growth 

(Figure 4), and 3) that CBL10 functions in reproductive development independently of SOS1 and 

SOS2 (Figure 5).  

 The cbl10 mutant treated with sodium chloride has reduced filament elongation (Fig.  3B), 

possibly due to sodium disruption of metabolism or specific developmental processes.  It has 

been hypothesized that sodium can accumulate in the cytoplasm and inhibit enzymes necessary 

for carbohydrate metabolism (Munns and Tester, 2008).  Without energy, cells cannot divide or 

enlarge.  In the cbl10 mutant, the accumulation of sodium in filament cells might reduce 

carbohydrate metabolism resulting in very little cell growth.  One way in which changes in 

developmental processes might lead to reduced stamen growth is through a disruption in 

hormone-mediated development.  Jasmonate, which includes any biologically active 

intermediates, is a lipid-derived signaling molecule required for stamen and pollen development, 

and it is also a key regulator of stress responses (Turner et al., 2002; Mandoakar et al., 2006).  

Arabidopsis mutants deficient in jasmonate synthesis are sterile, but fertility is restored by 

application of jasmonate to flower buds (Mandoakar et al., 2006).  One characteristic of the 

male-sterile phenotype in plants lacking jasmonate is that filaments do not elongate sufficiently 

to position the anther above the stigma during pollination; a phenotype similar to what I 

observed in the cbl10 mutant.  Jasmonate regulates two transcription factors, MYB21 and MYB24, 
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important for filament length (Mandoakar et al., 2006).  One explanation for reduced stamen 

elongation in the cbl10 mutant treated with sodium chloride could be that there are reduced 

levels of jasmonate in the stamen resulting in a lack of cell elongation.  To test this model, 

expression analysis could be used to compare the transcript levels of MYB21 and MYB24 during 

flower development in control and sodium chloride-treated wild-type and cbl10 plants.  If 

jasmonate levels are low, then the expression of MYB21 and MYB24 could be reduced.  An 

expression analysis of genes involved in the biosynthesis of jasmonate may also be helpful in 

confirming low jasmonate levels. The most direct method is to actually measure jasmonate levels. 

 In cbl10 pistils from plants treated with sodium chloride, wild type pollen germinates on 

the stigma and pollen tubes grow through the style but not into the transmitting tract, which leads 

to a reduction in fertilization (Fig.  4A).  One explanation for reduced pollen tube growth is that 

the transmitting tract is not fully developed.  In the transmitting tract of a mature pistil, 

polysaccharides are deposited and aid in pollen tube growth.  Cross-sectional images of wild-

type and cbl10 transmitting tracts could be stained with Alcian Blue to monitor proper pistil 

development (Beneš, 1968).  There are several genes which have been shown to be involved in 

transmitting tract development, including NO TRANSMITTING TRACT (NTT), AUXIN 

RESPONSE FACTOR6 (ARF6), and ARF8 (Crawford and Yanofsky, 2008).  The expression of 

these genes in control and salt-treated wild-type and the cbl10 flowers could be monitored to link 

the development of the transmitting tract to defects in pollen tube growth in cbl10 mutant pistils. 

When the sos1, sos2, and cbl10 mutants were treated with sodium chloride, their 

reproductive phenotypes differed, suggesting that SOS1, SOS2, and CBL10 do not function in 

the same pathway during reproductive development (Figure 5).  Even though CBL10 does not 

function in the SOS pathway in flowers, it may still regulate ion homeostasis.  SOS1 belongs to a 
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family of eight sodium proton exchangers that might function to either sequester sodium in 

vacuole or remove sodium from the cell.  My expression analysis (Figure 6) indicates that all 

family members are expressed in flowers and that the expression of several (NHX1, NHX2, 

NHX3, NHX5, and NHX7) increases when plants are grown in salt, suggesting they might 

function with CBL10 during flower development. However it is unlikely that NHX1 and 2 play 

this role since they were recently shown to function during flower development in the absence of 

salt and their sterile phenotypes were rescued with the addition of sodium (Bassil et al., 2011).  

My studies have shown that NHX7 (SOS1, Bassil et al., 2011) does not interact with CBL10 

during flower development in the presence of salt.  NHX3, NHX5, or NHX6 (highly expressed 

in flowers) are the remaining candidates in the family that may interact with CBL10 in the 

flowers to prevent sodium toxicity.  NHX3 is a vacuolar K
+
/H

+
 antiporter responsible for low 

potassium tolerance in Arabidopsis, so it could function with CBL10 to regulate salinity 

responses (Liu et al., 2010).  NHX5 and NHX6 are both endosomal and their mutants are 

sensitive to sodium chloride, so they may function together to regulate potassium and sodium 

homeostasis (Bassil et al., 2011).  Future experiments would include the generation of single and 

double mutants for these candidate genes in order to determine if their phenotypes are similar to 

that of the cbl10 mutant.  If the phenotype of any of the nhx mutants or mutant combinations is 

similar to that of the cbl10, then the NHX protein(s) might function with CBL10 during flower 

development.   

Because the SOS pathway model includes the calcium-binding protein working with a 

kinase to activate the sodium transporter, future experiments could also focus on identifying a 

kinase that might function with CBL10 during flower development. SOS2 is part of a family of 

25 CBL-interacting protein kinases (CIPKs).  Expression analysis could be performed to 
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determine if any of the 25 CIPK genes from the SOS2 family are strongly expressed in flowers 

or if their expression increases in response to sodium.  This could help identify a protein that 

might interact with CBL10 to form a complex that activates a Na
+
/H

+
 exchanger. 

It is also possible that CBL10 functions in a novel pathway during flower development.   

One way to screen for novel interactions is to use a yeast two-hybrid screen.  Flower cDNA 

could be used to generate proteins attached to the yeast Gal4 activating domain while CBL10 

could be attached to the Gal4 binding domain.  If CBL10 interacts with any of the prey proteins, 

then the binding domain and the activating domain will interact to activate transcription of genes 

necessary for the growth of yeast.   
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