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ABSTRACT OF THE THESIS 

 

Roles of Ca2+-Dependent Protein Kinases in ABA-mediated Plant Drought Stress Responses 

by 

Thomas Belknap 

Master of Science in Biology 

University of California, San Diego, 2015 

Professor Julian Schroeder, Chair 

 

To ensure survival, plants are equipped to adjust and respond to many environmental 

conditions. Plants have specialized pairs of epidermal cells, guard cells, which are centers of 

control, adaptation and immediate action in response to abiotic stresses. These guard cells are 

constantly maintaining internal homeostasis in response to shifts in light, salt stress, ozone, 

C02 concentrations, humidity, soil saturation, temperature, and pathogens. The opening and 

closing of a myriad of macroscopic pores (stomata) is a tightly controlled mechanism 

mediated by guard cells. ABA is an endogenous hormone responsible for signaling responses 

to many of these environmental conditions. The three major roles of ABA are minimizing 

water loss, inhibiting seed germination, and regulating root growth during drought conditions. 

Known as a drought hormone, ABA accumulation in guard cells causes stomatal pore closure, 

through changes in cell water potentials. The guard cell ABA signaling pathway has become a 
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model for its role in plant calcium signaling and for its regulation of agriculturally-relevant 

abiotic stresses. Calcium-dependent-protein kinases (CPK’s) are a plant-specific family of 

kinases that are important sensors of calcium and are involved in ABA signaling. In guard 

cells, they transduce these upstream signals into anion channel activity that control stomatal 

aperture. However, many aspects of the role of CPKs in guard cell ABA-signaling are still 

unknown. Loss-of-function CPK mutants have shown varying degrees of impairment in ABA- 

and Ca2+-induced anion currents and stomatal closure, raising the question whether this is due 

to functional redundancy or due to the involvement of other Ca2+-sensing proteins. A 

quadruple mutant, cpk5/6/11/23 was found to have strongly abrogated anion currents. ABA-

induced stomatal bioassays were conducted to test the effect that this impairment has on gross 

stomatal movements. In addition to cpk5/6/11/23, a cpk3/4/5/6//11 quintuple mutant was 

established and phenotypically characterized for its drought responses.     
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1. Introduction  

1.1 Crop production and fresh water availability 

Plants are sessile organisms subject to variable environmental conditions. Over time, 

they have developed fine-tuned systems and hormonal signaling mechanisms to sense, 

integrate, and respond to many internal and external factors. Water usage is a critical process 

that divides plants by geographical distribution and even taxonomical classification. Drought 

and high temperature are the two most limiting abiotic stresses on plant survival, and 

consequently crop productivity (Chaves 2003, Boyer 1982). Globally, agriculture uses 70% of 

all freshwater sources (FAO 2012). A 20 % increase in irrigated land and a 60% increase in 

global food production will be needed to feed the global population, which is predicted to 

increase 38 % by 2050 (WWAP, 2012, FAO 2012). In addition, an increase in global 

temperature is expected to intensify regional droughts and further diminish freshwater 

availability. Further knowledge of the molecular mechanisms underlying plant signaling in 

response to drought stress will be important for meeting the food production demands of the 

21st century.  

1.2 Guard cells represent key cell types for controlling water loss in plants             

Guard cells mediate key plant responses to drought stress. These specialized 

epidermal cells balance C02 uptake with transpirational water loss, and are located primarily 

on the abaxial surface of aerial tissues. Pairs of guard cells mediate this gas exchange by 

controlling the aperture of a central pore which is surrounded by these cells. A guard cell pair 

and the pore they form are referred to as a stomate. Changes in stomatal aperture are 

controlled by guard cell turgor pressure. Guard cell walls are both strong and elastic, allowing 

them to stretch longitudinally and to open their stomatal pores when turgor pressure is 
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increased (Yang et al., 2011). A decrease in turgor pressure results in a reversible deformation 

of the guard cells, resulting in the closing of the stomatal pore (Yang et al., 2011).  

Daytime C02 influx through open stomata is necessary for photosynthetic carbon 

fixation, but it allows a concomitant loss of water which is also required for xylem nutrient 

movements. To minimize this evaporative water loss, stomata close in the evenings. This 

closure mechanism is stimulated by darkness and elevated intracellular C02 levels, and as 

mentioned is a direct result of a decrease in guard cell turgor pressure. The change in turgor is 

initiated when upstream signals activate anion efflux via membrane bound channels. The 

resulting depolarization of the membrane potential leads to the activation of voltage-dependent 

K+ efflux channels (Kim et al., 2010). The net result is an expulsion of osmotically active 

substances, leading to an increase in the cytosolic water potential relative to the intracellular 

space and the apoplast (Schroeder et al., 1989, Kwak et al., 2001).Water exits the guard cells 

along this osmotic gradient, resulting in a loss of turgor pressure and closure of the pore (Kim 

et al., 2010). Guard cells adjust their stomatal apertures in response to a wide range of 

environmental signals, including blue light, salt stress, ozone, C02 concentrations, humidity 

levels, soil water saturation, and temperature (Kim et al., 2010, Acharya 2009, Melotto 2008). 

The plant hormone, abscisic acid (ABA), triggers stomatal closure in response to many of 

these environmental signals.  

1.3 The role of the plant hormone absiscic acid in stress responses 

Discovered in 1963 for its presumed role in abscission, the phytohormone ABA has 

been studied intensively for its regulation of plant development and stress signaling responses 

(Luo et al., 2014). ABA regulates cell division, germination, seed dormancy, post germination 

seedling growth, and drought and salt stress responses (through stomatal movements) 

(Acharya 2009, Wang 2007). Rapid stomatal closure, long-term “programmed” closure, and 
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stress-induced gene expression are protective ABA-induced responses to low air humidity 

(high vapor-pressure-deficit) and low soil saturation. There are two non-mutually exclusive 

models for how ABA accumulates in guard cells in response to drought stress conditions. In 

the first theory, drought stress is perceived in the roots, which results in root-synthesized ABA 

being transported to the shoot (Sauter et al., 2001, Wilkinson et al., 2002). The second theory 

involves a hydraulic signal from the roots causing an up-regulation of ABA biosynthesis in the 

shoots, filling the symplastic reservoirs, and making it easier for ABA to reach guard cells 

(Christmann et al., 2007, Wilkinson 2002). In either case, drought stress causes basal ABA 

concentrations to increase from about 500 nm to 15µM in the guard cells (Harris et al., 1988, 

Harris et al., 1991, Waadt et al., 2014). Elevated ABA and cytoplasmic calcium levels are 

predominant regulators of the stomatal closure response. The detailed molecular mechanisms 

of ABA-induced stomatal closure in guard cells are explained below.   

1.4 Signaling mechanisms in ABA-dependent stomatal closure 

1.4.1 The role of anion channels in ABA-dependent stomatal closure 

ABA-induced stomatal closure occurs in both a calcium-dependent and independent 

manner, which depend on each other quantitatively (Siegel et al., 2009). In both pathways, 

downstream regulation of membrane-bound anion channels controls the first step in stomatal 

closure. Slow-activating sustained (S-type) and rapid-transient (R-type) membrane channel 

proteins are the two types of anion channels present in guard cells. The major gene encoding 

for proteins mediating S-type anion channel activity in guard cells is SLOW ANION 

CHANNEL ASSOCIATED 1 (SLAC1) (Vahisalu et al., 2008). Slac1 knockout plants have a 

significantly reduced ABA and calcium-dependent stomatal closure response and exhibit 

reduced S-type channel currents (Vahisalu et al., 2008, Laanemets et al., 2013). R-type 

channels are also activated by elevations in [Ca2+]cyt and have been shown to be important for 
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malate efflux (Meyer et al., 2010). In the calcium-independent pathway, Subclass III SNF1-

RELATED PROTEIN KINASE 2’s (SNRK2’s), mainly SnRK 2.6/OPEN STOMATA1 

(OST1) are activating by phosphorylation of the S and R-type anion channels (Geiger et al., 

2010). The ost1 mutant is ABA-insensitive in the induction of stomatal closure and the 

inhibition of light-induced stomatal opening, and is therefore drought sensitive (Mustilli et al., 

2002).  CALCIUM-DEPENDENT PROTEIN KINASES (CPKs) activate S-type channels in 

the calcium-dependent pathway which will be explained in detail.  

1.4.2 The role of clade A protein phosphateses in ABA-dependent stomatal closure 

Clade A Protein Phosphatases 2Cs (PP2C’s) are negative regulators of anion channel 

activation and counteract the regulatory roles of CPKs and SNRK2s. In the absence of ABA, 

PP2C’s directly inhibit the kinase activity of SNRK2s (including OST1). ABI1, ABI2, and 

HAB1 are among the members of the PP2C family that have been shown to negatively 

regulate OST1 kinase activity (Umezawa et al., 2009). This regulatory mechanism could be 

seen in SLAC1 regulation: Co-expression of SLAC1 with OST1 lead to the activation of the 

anion channel (Geiger et al., 2009; Lee et al., 2009). However, when either ABI1 or PP2CA 

were expressed together with SLAC1 and OST1, no SLAC1-mediated anion currents were 

detected (Geiger et al., 2009; Lee et al., 2009). For the CPK kinases, it was recently suggested 

that the PP2C phosphatases do not inhibit their kinase activity but negatively regulate the 

SLAC1 activation by direct dephosphorylation of SLAC1 N-terminus (Brandt et al., 2012, 

Brandt and Munemasa 2015) (unpublished). This mechanism is also used for the 

dephosphorylation of OST1-activated SLAC1 N-terminus residues. PP2C inhibition of 

SLAC1 activation and therefore stomatal closure, is released by the binding of ABA to its 

receptor.  

1.4.3 ABA receptors and intracellular calcium in ABA-dependent stomatal closure 
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When ABA rises above a threshold, it binds to its cytosolic receptors—

RCAR/PYR/PYL proteins (Park et al., 2009, Ma et al., 2009, Nishimura et al., 2009). The 

receptor-hormone complexes directly inhibit the negative regulation of the protein 

phosphatases, allowing kinases to transduce the ABA signal (Park et al., 2009). Using a 

recombinant PP2C and PYR1, it was shown that ABA in the presence of the PYR1 receptor 

inhibits phosphatase activity (Park et al., 2009).  This inhibitory role was also supported by a 

PYR/PYL quadruple mutant having decreased SnRK2 activity (Park et al., 2009).  ABA 

binding causes a conformational change in its receptor, which creates a binding site for 

PP2Cs. When PP2Cs are bound to the ABA-receptor complex, their active sites are blocked 

and their phosphatase activity is inhibited (Ma et al., 2009, Melcher et al., 2009).  

In addition to repressing PP2Cs, ABA causes an influx of calcium into the cytosol 

from the extracellular apoplast and intracellular stores (Pei et al., 2000, Hamilton et al 2000). 

ABA causes these calcium elevations by activating the production of reactive-oxygen-species 

(Murata et al., 2001, Kwak et al., 2003). Intracellular calcium elevations, independent of the 

frequency and above a certain threshold, cause rapid stomatal closure, as opposed to long-term 

programmed closure that is dependent on the frequency of the calcium transients (Allen et al., 

2001, Kim et al., 2010). 70% of stomatal closure can be attributed to calcium elevations rising 

above resting levels (Siegel et al., 2009). Calcium also inhibits stomatal opening and 

maintains membrane depolarization by inhibiting H+ ATPase pumps (Kim et al, 2010) CPK’s 

transduce these ABA-induced calcium signals into SLAC1 activation. 

1.4.4 Calcium dependent protein kinases (CPKs) in ABA-dependent stomatal closure 

  Rises in cytosolic calcium are sensed and transduced into S-type channel activation 

by CPKs. Plants express three major classes of calcium-sensing proteins, including 

calmodulins, calcineurin B-like proteins, and CPKs (Zou et al., 2010). CPKs are unique 

Ser/Thr kinases, in that one protein contains both a calcium-binding domain and an enzymatic 
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kinase domain (Liese et al., 2013). Above threshold calcium levels, CPK’s are activated by a 

conformational change that releases auto inhibition of their enzymatic cleft (Liese et al., 

2013). The CPK activation domain is translocated so that the substrate is accessible (Liese et 

al., 2013). The Arabidopsis genome encodes for 34 CPK’s which have been implicated to play 

a role in a variety of abiotic stresses, including drought, cold, and salt (Zou et al., 2010, Cheng 

et al., 2002, Mori et al., 2006). Despite the diversity in CPK roles, redundancies in functions 

have been reported (Zhu et al., 2007). Current and recent work has focused on eliminating 

overlapping functions by using reverse genetics with higher-order CPK mutants. Calcium-

activated CPK’s have been found to phosphorylate and activate SLAC1 (Geiger et al., 2010, 

Brandt et al., 2012, Brandt and Munemasa 2015) (unpublished). In-gel kinase assays reveal 

that in vivo CPK activity is dependent on changes in calcium, but not ABA (Brandt and 

Munemasa 2015) (unpublished). ABA is still necessary for guard cells to sense calcium, and 

elevated calcium alone does not significantly activate S-type anion channels (Kim et al., 2010, 

Siegel et al., 2009). In guard cell protoplasts, [Ca2+]i S -type anion channel activation was 

shown to be dependent on pre-exposure of the guard cells to ABA (Siegel et al., 2009).  ABA 

primes and gives specificity to calcium elevations since they can also occur spontaneously in 

guard cells (Siegel et al., 2009).  

Both OST1 and CPK’s have been shown to phosphorylate specific SLAC1 residues 

(Geiger et al. 2009; Vahisalu et al 2010; Brandt et al 2012). Phosphorylation of the amino acid 

residue serine120 is essential for SLAC1 activation by OST1 (Geiger et al., 2009). A mutation 

to alanine, which cannot be phosphorylated, prevented OST1-mediated activation, although 

CPK23 still induces S120A-mediated currents (Geiger et al., 2009, Geiger et al., 2010, Brandt 

and Munemasa 2015). Mass spectrometry analysis of OST1-activated SLAC1 protein 

fragments revealed several other phosphorylated residues including, S59, S86, and S113 

(Vahisalu et al., 2010). In oocytes, S59 was identified as a crucial residue for CPK6 activation 
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of SLAC1 (Brandt et al., 2012). Differential phosphorylation sites have recently been 

suggested as an important junction in stomatal regulation (Brandt and Munemasa 2015). This 

convergence of the ABA pathways ensures a quick, robust response, and also highlights the 

specificity it has with two separate kinase families. Several calcium-reactive CPK’s have been 

found to be positive regulators, and to directly activate rapid S-type anion channels (Mori et 

al., 2006).  

1.4.5 Previous studies on the roles of CPKs in ABA-induced responses 

Several experiments have been used to understand the role of CPK’s in terms of ABA 

signal transduction. ABA-induced stomatal movement assays are a method to characterize 

ABA-stomatal phenotypes. They provide a practical, in-vivo measurement of anion channel 

activity in guard cells. In conjunction, patch clamping experiments measure in-planta ion 

channel activation in guard cell protoplasts. Other methods such as ABA-root growth and seed 

germination assays test for possible pleiotropic effects in ABA signaling mutants. Recent 

studies reporting the roles of CPKs in ABA-signaling include: CPK3 and CPK6 (Mori et al., 

2006), CPK5 and CPK6 (Brandt et al., 2012, Brandt and Munemasa 2015), CPK23 and 

CPK21 (Geiger et al., 2010, Ma and Wu 2007), and CPK4 and CPK11 (Zhu et al., 2007).  

In vivo, loss-of-function mutations in CPK3 and CPK6 resulted in impaired calcium 

and ABA-activated S-type anion currents. The single mutants exhibited partially reduced 

stomatal closure (30-40% closure for ABA) in response to ABA and calcium applications 

(Mori et al., 2006). A cpk3/6 double mutant showed a slightly more pronounced, albeit partial 

ABA hyposensitive phenotype in rapid-stomatal closure (20% double mutant closure; 50% 

wild-type closure). The increase in ABA insensitivity observed when multiple CPK genes 

were knocked out supports the idea that the large family of CPK’s may be functionally 

redundant.  Calcium-induced stomatal movement assays involved the application of external 
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calcium to stimulate [Ca2+]i oscillations. Partial stomatal closure in the double mutant was 

maintained for 2 hours after the application of four Ca2+ transients, meaning the programmed-

stomatal closure mechanism was not disrupted (Mori et al., 2006). Also, double mutants 

showed no disruption in seed germination or root growth regulation (Mori et al., 2006). The 

partial, rapid-stomatal closure phenotypes could be attributed to the unimpaired R-type 

channel (shown in guard cells of double mutants) currents or to SnRK activity which would be 

indicative of a branched signaling network (Mori et al., 2006). The conclusion that can be 

drawn is that CPK3 and CPK6 are positive regulators in rapid stomatal closure by activating 

SLAC1 channels.  

CPK 4 and CPK11 displayed a possible ABA-hyposensitivity in stomatal closing, in 

addition to seed germination, seedling growth, and stomatal opening (Zhu et al., 2007). 

Despite the observed impairments in stomatal movements, it is suggested that CPKs 4 and 11 

do not directly regulate SLAC1.  The cpk4/11 double mutants had stronger phenotypes than 

the single mutants (Zhu et al., 2007). All mutants had inefficient water use under imposed 

drought conditions, and overexpression lines showed an increased capacity to conserve water 

(Zhu et al., 2007). CPK 4 and 11 are likely to affect these responses by upstream regulation of 

ABA-inducible gene expression. Both kinases were shown to localize to the nucleus and 

cytoplasm and to phosphorylate two transcription factors ABF1 and ABF4, active in response 

to ABA (Zhu et al., 2007). These findings were significant for their discovery of two novel, 

positively regulating CPK’s with pleiotropic ABA effects. The evidence for the control of 

gene expression highlights a different method of ABA signaling control than that of CPK’s 3 

and 6, which may confer long term drought adaptations (Wang et al., 2007, Zhu et al., 2007).       

CPK 23 has been reported to activate S-type anion currents, with loss-of-function 

mutants having impaired ABA-induced anion currents (Geiger et al., 2010). Interestingly, 

however, the cpk23 mutant displayed an ABA hypersensitive stomatal movement phenotype, 
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along with increased drought tolerance (Ma and Wu 2007). Another study noted that the 

transcripts of known negative regulators of SLAC1 activation, CPK21 and ABI1, are 

increased in the guard cells of cpk23 plants (Geiger et al., 2010). The close homologs CPK21 

and CPK23 both activate SLAC1 anion currents in oocytes (Geiger et al., 2010). In guard cell 

protoplasts, cpk23 mutants also had strong reductions in SLAC1 currents. Although data was 

not shown in the paper, this study stated that a stomatal phenotype was not seen in cpk23 

plants. It is important to note that another study showed that cpk23 mutants had slightly 

impaired stomatal closure phenotype (Merilo et al., 2013). Although, this phenotype may have 

to do with the fact that neither ABA nor calcium-induced stomatal movement assays were 

conducted. In the study, only stomatal conductance was measured in response to low 

humidity, darkness, and C02. It is still not currently known whether CPK23 is a positive 

regulator of stomatal opening or closing.  

Most recently, CPK 5 was discovered to be able to activate SLAC1 in oocytes (Brandt 

and Munemasa 2015) (unpublished). This was supported by cpk5 mutants being partially 

impaired in S-type anion currents in response to high external Ca2+ (Brandt and Munemasa 

2015) (unpublished). Establishing higher-order mutants represents means to better understand 

the role of CPK’s in stomatal closure. This reduces any functional redundancies and could 

possibly tell how many CPK’s are necessary for robust, rapid-stomatal closure. It also gives a 

more stringent phenotypical readout for individual proteins, by comparing different higher-

order mutants. For these reasons, in Brandt and Munemasa 2015, a homozygous 

cpk5/6/11/23quadruple mutant was generated. The cpk5/6/11/23 T-DNA insertion mutant was 

almost completely impaired in ABA-activated S-type anion currents. Also, a strong ABA-

hyposensitive phenotype was reported in preliminary stomatal movement studies. Further 

knowledge of CPK proteins with their significant ramifications on drought tolerance and 

acclimation, is crucial for developing crops with efficient water usage.     
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In this work, detailed stomatal movement studies and limited-water assays were 

conducted to understand the effect that CPK’s 5, 6, 11, and 23 have on ABA-induced rapid 

stomatal closure and whole plant performance. Emphasis was placed on improving these 

experimental methods, so that differences between intermediate phenotypes can be discerned 

for the purpose of understanding individual signaling components. In addition, a cpk 

3/4/5/6/11 quintuple homozygous T-DNA insertion mutant was isolated and included in these 

studies. ABA assays measuring the impact on water loss, seed germination, and root growth 

were also completed on the quintuple and select quadruple mutants. Quadruple mutant, 

cpk5/6/11/23, was found to have an almost completely abrogated stomatal closure response 

and inefficient water use during drought conditions.        
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2. Results 

 

2.1 ABA-induced stomatal movement analysis of cpk 5/6/11/23 (using original blending 

method). 

A blending ABA-induced stomatal movement assay method (outlined in methods: 

5.3) was the first protocol used for characterizing stomatal responses of CPK mutants. Another 

method involves tracking several individual stomata in response to ABA. This requires the use 

of an adhesive to isolate an epidermal peel. (Young et al., 2006). The benefits of this method 

include obtaining a more detailed response readout (images every 15 min.) and control over 

which region of the leaf to measure (Siegel et al., 2009). Previous studies that used this 

method noted a consistent lack of wild-type stomatal closure in response to ABA and variable 

responses for mutants. The blending method is advantageous for the ability to obtain a large 

sample size (40 stomata opposed to 10) over a relatively short amount of time and to apply a 

uniform treatment. Loss of leaf structural integrity and mechanical damage are possible 

disadvantages. In this assay, rosette leaves are incubated in an opening buffer solution, 

followed by an hour long incubation in buffer supplemented with either 10 µM (+/-) ABA 

(dissolved in ethanol) or 100% ethanol. Ethanol serves as a mock treatment to show how open 

the stomata after opening buffer treatment alone. ABA-treated leaves are normalized to the 

ethanol controls to show relative closure. The ability of any stomatal movement assay to 

identify ABA stomatal phenotypes is predicated on a consistent wild-type response to ABA. 

For more than half of the independent assays conducted on cpk 5/6/11/23, Col-0 stomatal 

closure was less than 20%. Such a weak stomatal closure response makes it statistically 

difficult to identify even robust mutants. Unpublished results showed a strong ABA-

hyposensitive phenotype for cpk5/6/11/23. Figure 1 depicts an average of the four independent 

assays (n=12) where wild-type stomatal closure exceeded 20%. The average wild-type 
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stomatal closure was 26.4%; compared to 14% for cpk 5/6/11/23. The difference between 

wild-type and mutant stomatal closure had an associated p-value of 0.048. This statistical 

difference appears to show an intermediate ABA-hyposensitive phenotype.  
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Figure 1: Stomatal closure analysis of cpk 5/6/11/23. The aperture of cpk5/6/11/23 

quadruple mutant stomata in response to ABA was compared to wild type stomatal closure 

(blending method). Wild type stomatal apertures closed by ≥20% upon ABA application while 

cpk5/6/11/23 stomata were decreased by 14% in the presence of ABA. The difference has an 

associated p-value of 0.049. The values are normalized relative to the ethanol (control) 

treatments. 35-70 stomata were measured per treatment. Shown above is the average of four 

independent experiments with 3 biological replicates for each genotype and treatment for 

every experiment. Error bars reflect the mean ± SE (n=12).  
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2.2 Genotyping of cpk 3/4/5/6/11 

Two issues addressed after the initial stomatal bioassays were: inconsistent wild-type 

stomatal closure and generation of higher order mutants. Two quadruple CPK mutants were 

crossed to generate a stronger ABA-insensitive genotype. RT-PCR and genotyping results 

previously confirmed the homozygousity of the T-DNA disrupted cpk 3/4/6/11 and cpk 

5/6/11/23 mutants. After a heterozygous F1 generation was confirmed, the F2 seeds were 

screened for homozygousity. A homozygous cpk 3/4/5/6/11(quintuple) mutant was identified 

using the primers in genotyping PCR’s (Table 1)(also confirmed by Benjamin Brandt). 

Throughout the genotyping PCR process, gDNA of cpk 3/4/6/11, and cpk 5/6/11/23 was used 

as positive controls. This also served as a reconfirmation of the quadruple genotypes. Since 

both parental lines contained homozygous knockouts for CPK 6 and 11 genes, only T-DNA 

insertions for CPK’s 3,4, 5, and 23 were genotyped in the F2 plants.   

2.3 Conditional ABA-dependent stomatal movement analyses for Col-0 

As previously noted, the major shortcoming of the blending method was the 

inconsistent and sometimes weak stomatal closure in response to ABA. To determine 

parameters suitable for robust closure, 13 individual assays were completed on Col-0 plants 

using different combinations of treatment incubation times and ABA concentrations. The three 

most suitable conditions found were —5 µM ABA with 30 min, 1 hour, and 2 hour treatment 

incubations. The average percent stomatal closure was 20%, 32%, and 37%, respectively 

(Figure 2A-D). Also of interest is the specificity and sensitivity of guard cells to the ABA 

hormone. The remaining results, presented as average percent closure are summarized in 

Figure 2E. There was an emphasis on lower concentrations of ABA and shorter incubation 

times. Even robustly ABA-insensitive mutants, such as slac1, can be forced to close with high 

concentrations of ABA and long treatment times (Laanemets et al., 2013, Vahisalu et al., 

2008). Concentrations were kept below 10 µM (+) ABA because endogenous stressed-induced 
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ABA levels are no higher than 15 µM (+/-) in guard cells (Harris et al., 1988, Harris et al., 

1991, Waadt et al., 2014). It is important to note that the ABA stereoisomer was changed from 

(+/-) to (+) at this point. Several other experiments were done on Col-0 to maximize the 

baseline stomatal aperture in response to the opening buffer. Increasing the light intensity to 

150 µmol m-2s-1 and the opening buffer incubation time to 2.5 hours, resulted in a 0.5-1 µm 

increase in aperture. These adjustments were applied to all subsequent stomatal assays.    
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Figure 2: ABA-dependent stomatal closure analysis of Col-0 in response to varying 
concentrations of ABA and treatment incubation time. Shown above are the average 

stomatal apertures (widths) for 13 individual experiments. ). The leaves were floated in six 

well plates with an opening buffer for 2 hours. The light intensity during the incubations was 

100-125 μmol m-2 s-1. 3 ½ to 4 week old plants were used that were grown with humidity 

above 60%. Leaves incubated in 5 µM ABA for 1 hour. Each experiment includes 3 biological 

replicates (n=3), with 35-70 stomata measured per sample. (A-D) Average stomatal apertures 

with 15 min, 30 min, 1 hour, and 2 hour treatment incubations, respectively. (E) Relative 

stomatal aperture of wild type in response to 5 µM ABA over time. (F) A summary of the 13 

experiments presented as stomatal closure relative to ethanol controls. 
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2.4 ABA-induced stomatal movement analysis of cpk 5/6/11/23 (revisted) and cpk 3/4/5/6/11 

Three double-blind stomatal assays were completed with Col-0 and cpk5/6/11/23 in 

parallel, using the adjusted conditions (end of 5.3). In the first assay, the average percent 

closure for Col-0 was 36.5 % and 3.5% for cpk5/6/11/23.The associated p-value with this 

difference was P-value= 0.066. In the second assay, the average percent closure for Col-0 was 

38%; and 2% for cpk5/6/11/23. 5 µM (+) ABA and 1 hour treatments were used for both 

assays. The associated p-value was 0.007. The average wild-type closure for both experiments 

was similar to that observed in the conditional experiment (36.5 and 38% vs. 32%). A third 

assay resulted in 27% Col-0 closure and 4% cpk5/6/11/23 closure, using 5 µM ABA and 2 

hour treatment incubations. The associated p-value was 0.011. An extremely hyposensitive 

ABA phenotype was observed for cpk 5/6/11/23 in all three assays, along with consistent 

wild-type closure greater than 35%. Similar results were observed using a new “tape-method” 

(see Discussion). This phenotype appears to be dependent on the specific experimental 

parameters.  

Using the same conditions, 25% Col-0 closure and 22% cpk3/4/5/6/11 closure were 

observed. The associated p-value was 0.02. A second assay using 2.5 µM ABA and 30 min. 

treatments resulted in 21% Col-0 closure and 0% cpk3/4/5/6/11. The associated p-value was 

0.856. Using a separate tape method with 5 µM ABA and 1 hour treatments, 68% wild-type 

and 54% cpk3/4/5/6/11 was observed. Taking into account all of the assays, cpk3/4/5/6/11 

doesn’t appear to have an ABA sensitive stomatal closure phenotype. Except for one assay, 

mutant closure was similar to that of Col-0. The quintuple mutant closure is less impaired than 

its parental line, cpk5/6/11/23. The hyposensitive response seen when CPK 23 is knocked-out 

may signify its important role as a positive regulator in ABA-induced stomatal closure. It 

could also mean that CPK 23 plays a role upstream from direct phosphorylation of SLAC 
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channels. This could be inducing expression of other ABA-response genes or repressing a 

negative regulator in the pathway.  
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Figure 3: ABA-dependent stomatal closure analysis of cpk 5/6/11/23 and Col-0 (blending 

method). Shown are 3 individual experiments with average stomatal apertures on the left and 

results normalized to the ethanol controls (right). Leaves were incubated in opening buffer for 

2.5 hours with a light intensity of at least 150 μmol m-2 s-1. 5 µM ABA or 100% ethanol was 

subsequently added to the six well plates. 3 ½ to 4 week old plants were used that were grown 

with humidity above 60%. Leaves incubated in 5 µM ABA for 1 hour. (A) In the first trial, 

Col-0 closure was 36.5 % ; cpk 5/6/11/23 closure was 3.5 %. The p-value associated with the 

difference was 0.067 (B) (repeat by Elly Poretsky) Col-0 closure was 38%; cpk 5/6/11/23 

closure was 2%. The associated p-value was 0.007 (C) In the third trial, Col-0 closure was 

27%; cpk 5/6/11/23 closure was 4%. The associated p-value was 0.011. Error bars represent 

the mean ± SE (n=3).  
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Figure 4: ABA-dependent stomatal closure analysis of cpk 3/4/5/6/11 and Col-0 (blending 

method). Two independent assays are shown with average stomatal apertures next to the 

relative apertures.  The experimental conditions were the same as in Figure 3. (A) An alternate 

set of conditions were used: 2.5µM ABA and 30 min. treatment incubation lengths. Col-0 

closure was 21%, while cpk 3/4/5/6/11 apertures wee about 20% more open than their ethanol 

treated samples. The p-value for this difference was 0.02. (B) 1 hour treatments with 5 µM 

ABA were used, resulting in Col-0 closure at 25% and cpk 3/4/5/6/11 closure at 22%. The p-

value associated with the difference was 0.856. Error bars represent the mean ± SE (n=3).    
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2.5 Effects of a controlled drought on leaf temperature and biomass for cpk 5/6/11/23, cpk 

3/4/6/11, and cpk 3/4/5/6/11 

 Stomatal bioassays test a plant’s response to the drought-stress hormone ABA at a 

cellular level, through guard cell aperture changes. This is a plant’s short term response to the 

onset of drought conditions. In a controlled drought assay the long term effects of drought in 

ABA signaling mutants can be observed by a variety of parameters including: growth and 

development, temperature, physical appearance, transpiration rate, and seed yield. The assay is 

also more natural in terms of its endogenous ABA application and sensing. Water is the one of 

the greatest limiting resources for plant growth and development. Drought conditions put a 

plant in an energy and resource deficit. Plants combat this primarily by inhibiting growth and 

diverting their energy to saving water. Using higher order CPK mutants that have varying 

degrees of impaired ABA-induced stomatal closure mechanisms, this assay sought to 

understand their effects on agriculturally relevant parameters. A mild drought was simulated 

by limiting the soil water content. Well-watered and drought-treatments were established by 

monitoring the daily weight of soil pellets. During the steady 10-12 day drought, average leaf 

surface temperatures were imaged and quantified at day 4 and 8. Average temperatures at day 

4 of the drought: 22.5 °C for Col-0, 21.1 °C for ost1-3, 22.5 °C for cpk3/4/6/11, 22.4 °C for 

cpk5/6/11/23, and 21.7 °C for cpk3/4/5/6/11. Ost1-3 was about 1.5°C cooler than wild-type on 

average, while cpk3/4/5/6/11 plants were about 0.8° cooler than wild-type plants. Both 

quadruple mutants were similar in temperature to wild-type plants. There is a strong 

correlation with leaf temperature and stomatal conductance via transpiration. Cooler leaf 

temperature can represent higher rates of transpiration. This is similar to the way the human 

body cools itself down by sweating through pores. The cooler temperatures of cpk3/4/5/6/11 

are difficult to interpret. Temperature-wise, cpk3/4/5/6/11 appears to be relatively more 

sensitive to drought. This is in contrast to bioassay results that show a normally functioning 
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stomatal closure response. There are factors other than molecular mechanisms that may affect 

growth and stomatal conductance during a prolonged drought. In the case of the quintuple 

mutant, the greatest factors may be overall health, development, and survival rate. Well-

watered quintuple plants appeared stressed with pronounced early bolting. Quintuple mutants 

also have a germination rate around 30%. The energy requirements to respond to a prolonged 

drought could be outstretched by these other factors.  Ost1-3 (open-stomata-1) was used as a 

positive (drought hypersensitive/ABA insensitive) control. It is a known ABA insensitive 

mutant with impaired stomatal closure mechanisms. It was also used for the similar role that it 

plays as CPK’s in downstream phosphorylation in ABA signaling. Despite ost1-3’s proposed 

insensitivity, this phenotype was not observed in stomatal assays (blending and tape methods).  

 Dry weights were recorded at the end of the drought period. The degree to which a 

genotype reduced its biomass in response to drought was seen by comparing the average dry 

weights for both treatments. For the first experiment, the percent reductions in biomass for 

Col-0, ost1-3, cpk5/6/11/23, cpk3/4/5/6/11, and cpk3/4/6/11 were 61%, 61%, 68%, 36%, and 

63% respectively. For the second experiment, the percent reductions in biomass for Col-0, 

ost1-3, cpk5/6/11/23, cpk3/4/5/6/11, and pp2c quadruple mutant were 43%, 82%, 82%, 42%, 

and 38%. Cpk3/4/5/6/11 saw a relatively low reduction in biomass in both experiments. In the 

second experiment, ost1-3 and cpk5/6/11/23 had significant reductions in biomass. Ost1-3 had 

a similar reduction in dry weight that parallels its leaf temperature, but this was only seen in 

the second assay. A PP2C quadruple mutant was intended to be a drought-tolerant negative 

control, but the plants did not grow under either treatment.  An 80% reduction in biomass 

means that the weights of the drought-treated plants were 20% of the weight of the well 

watered plants. Several issues were encountered during the first assay before the plants 

reached 3 weeks of growth, including mildew contamination, high light intensity, and warm 

weather. These problems were addressed by adding fungicide and insecticide to the trays and 
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moving the trays to a cooler shelf. Plants were recognizably healthier and more evenly-sized 

during the second assay, but it’s unclear whether this impacted the difference in results. A 

second repeat needs to be completed to understand this discrepancy. Of particular interest, was 

the difference in drought sensitivity between cpk5/6/11/23 and cpk3/4/5/6/11. Both assays saw 

a 30-40% greater decrease in biomass for the quadruple mutant. This drought sensitive 

phenotype complements the ABA hyposensitivity seen in stomatal movement analyses. It also 

further raises the question about the role of CPK 23. At the least, the results represent the 

significant impact that CPK mediated stomatal closure can have on plant growth and 

development.  
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Figure 5: Average dry weights of cpk 5/6/11/23, cpk 3/4/6/11, cpk 3/4/5/6/11, Col-0, pp2c 

quadruple, and ost1-3 illustrating in response to a controlled drought. All of the plants 

were grown for 3 weeks after germination in individual Jiffy peat pellets. Subsequently, 6 

plants of each genotype were subject to limited water (30 % soil field capacity) or a “well-

watered” treatment (50 % field capacity). The top graphs represent the average dry weight at 

the end of the well-watered and drought treatments. The bottom graphs display relative 

reductions in weight between drought treated and well-watered plants for each genotype. Two 

separate experiments (A&B) are shown. (A) Experiment #1 (12-day drought). (B) Experiment 

# 2 (10-day drought): a repeat of the first experiment with different growth conditions and 

healthier, more uniformly sized plants. Error bars represent the mean ± SD (n=6).     
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Figure 6: Average leaf surface temperatures after 4 days of limited water. (A)The values 

correspond to the first drought experiment (in Figure 5A).  The temperature of 4-6 leafs were 

averaged for each plant. On average, ost1-3 plants were about 1.5°C cooler than wild type 

plants. This difference is significant with a p-value of 0.0001. The cpk3/4/5/6/11 quintuple 

mutants were about 0.7 degrees cooler, but this difference is not statistically different with a p-

value of 0.107. The error bars represent the mean ± SD (n=6). (B-E). Examples of surface 

temperatures: ost1-3, cpk3/4/5/6/11, Col-0, and cpk5/6/11/23 respectively.  

 

 

 

 

 

 

  

A 

E 

B C 

D 



28 

 

 

2.6 Effects of ABA on seed germination for cpk 3/4/5/6/11 and parental line cpk 3/4/6/11 

Endogenous ABA is known to maintain seed dormancy and inhibit the transition out 

of the embryonic stage (Rodriguez-Gacio et al., 2009). At germination, there is an increase in 

the ratio of the counteracting hormone gibberellin to ABA, by either decreases in ABA 

synthesis, or increases in catabolism (Rodriguez-Gacio et al., 2009). ABA insensitivity is 

defined as germinating at a higher rate than wild-type seeds, in the presence of ABA. The 

cpk3/4/6/11 and Col-0 seedlings grew similar on ½ MS plates, with about 95-100% 

germination after 2 days (Figure 7A). The cpk3/4/5/6/11 seedlings had significantly lower 

germination rates on ½ MS. Only 25% germination was seen after 2 days; and 52% 

germination after 7 days. Even though there was a 50% rate of cotyledon expansion among 

quintuple seedlings after 7 days, many of those seedlings were noticeably smaller and less 

healthy. At day 3 on ½ plates with + 0.5 µM ABA: Col-0 had reached 70% germination, while 

cpk3/4/6/11 had reached 91% germination (Figure 7B). A greater difference was seen at day 3 

with ½ MS plates + 1 µM ABA: where Col-0 had reached 27% germination and cpk3/4/6/11 

had reached 65% germination (Figure 7C). It appears that cpk3/4/6/11 displays an ABA-

insensitive phenotype, with germination occuring at a more rapid rate than that of Col-0. This 

phenotype is similar to that seen by CPK 4 and CPK11 single and double mutants (Zhu et al., 

2007). Although after 7 days on ½ MS plates + 1 µM, the germination and cotyledon 

expansion rates were comparable, with Col-0 at 80% and cpk3/4/6/11 at 90%. The weakly 

germinating quintuple seeds had germination rates of 18% and 3%, on 0.5 µM and 1 µM 

plates, respectively. It is difficult to attribute any changes in germination to a phenotype, since 

the basal germination rates are low. Survival analysis that takes into account poor germination 

rates would have to be done to better understand the quintuple results.  In all cases, 

germination was quantified as radicle emergence. 50-100 seeds were plated for each genotype 

and condition in triplicate (n=3).  
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Figure 7: Seed germination and cotyledon expansion analyses of cpk 3/4/6/11 and cpk 
3/4/5/6/11. Seeds were grown on ½ MS (without sucrose), and ½ MS with 0.5 or 1 µM ABA. 

Seeds were grown for 7 days after cold stratification and imaged every 24 hours. Germination 

was quantified as radicle emergence. 50-100 seeds were plated for each genotype and 

condition in triplicate (n=3). (A) Percent germination on ½ MS for days 1, 2, 3, 4, and 7. (B) 

Percent germination on ½ MS with 0.5 µM ABA. (C) Percent germination on ½ MS with 1 

µM ABA. Error bars represent the mean ± SE. (D) Quantification of cotyledon emergence 

after 7 days on ½ MS and 0.5 µM ABA plates.  
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2.7 Effects of ABA on root growth for cpk 3/4/5/6/11, cpk 3/4/6/11, and cpk 1/2/5/6  

 High concentrations of exogenous ABA inhibit general root growth and lateral root 

development (Deak 2005). Recently, it was found that ABA inhibits root growth by promoting 

ethylene biosynthesis. ABA-activated CPK 4 and 11 kinase activity were found to promote the 

stability of ethylene biosynthesis. The same study showed that cpk4 and cpk11 mutants had 

ABA-insensitive phenotypes, while cpk23 was more sensitive than wild-type roots (Luo 

2014). In three separate experiments, seedlings were grown on ½ MS without sucrose for 4 

days. They were then transferred to ½ MS, ½ MS+10 µM ABA, or ½ MS+5 µM ABA and 

imaged daily for 10 days (Figure 8). 30-35 seedlings per condition and genotype were used. In 

the first assay the quintuple mutant was slightly less sensitive to ABA than wild-type on 5 µM 

plates: quintuple roots were 36% shorter than their controls after 10 days; wild-type roots were 

52% shorter than controls (Figure 8B). The quintuple mutant insensitivity could be seen from 

days 3-10 (Figure 8C). This insensitivity was less noticeable in a separate assay using 5 µM 

ABA plates: quintuple roots were 40% shorter than the controls after 10 days; wild-type roots 

were 48% shorter than controls (Figure 9B). The poor germination rate for quintuple mutants 

and their weak growth was an issue. It was difficult to maintain a consistent size among wild-

type and quintuple seedling, because of delayed germination and slower growth rates in the 

mutant. In the same assay, cpk1/2/5/6 also showed a very slight insensitivity with 38% shorter 

roots. A third experiment showed no difference between cpk3/4/6/11 and wild-type roots. This 

last result was surprising given the role that CPK’s 4 and 11 have been shown to have in 

seedling growth and root growth inhibition.  
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Figure 8: Root growth analyses of cpk 3/4/5/6/11. After germination, seedlings were grown 

for 4 days on ½ MS media. Healthy, similar-sized seedlings were then transplanted to plates 

with either ½ MS (no sucrose) alone or ½ MS plates supplemented with 5 µM ABA. Initial 

root length was marked at the time of transfer. (A) Average root length after 10 days. (B) 

Relative root growth after 10 days. P-value=0.001005467 (C) Relative root growth over 10 

days. Error bars represent means ± SE (n= 30-35 roots per condition and genotype). 
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Figure 9: Root growth analyses of cpk 3/4/5/6/11 (repeat) , cpk 1/2/5/6, and cpk 3/4/6/11. 

After germination, seedlings were grown for 4 days on ½ MS media. Healthy, similar-sized 

seedlings were then transplanted to plates with either ½ MS (no sucrose) alone or ½ MS plates 

supplemented with 10 µM ABA. Initial root length was marked at the time of transfer. (A) 

Average root length after 10 days. (B) Relative root growth after 10 days. Cpk 1/2/5/6 p-

value= 0.000130514. Cpk 3/4/5/6/11 p-value=0.067313926. Error bars represent means ± SE 

(n= 30-35 roots per condition and genotype).  
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3. Discussion 

 Guard cells are an intersection of environmental and endogenous communication, 

containing the machinery to affect plant growth, development, and survival. Limited 

freshwater and droughts are the most significant factors in crop loss, and consequently 

research in drought stress has an enormous opportunity to increase agricultural productivity 

(Chaves 2003, Boyer 1982).  As noted, the expansive ABA hormone can affect a plant’s 

conservation of water within mere minutes, can increase water acquisition, and affect gene 

regulation for long-term drought adaptation. Calcium-dependent protein kinases are 

significant positive transducers of the rapid ABA-mediated stomatal closure response.  

 CPK’s 3, 5, and 6 directly regulate rapid stomatal closure by activation of SLAC1 

anion currents (Mori et al., 2006, Geiger et al., 2010, Brandt and Munemasa 2015).  Two 

primary questions concerning their regulation are: 1) How many and which CPK’s are needed 

to elicit complete stomatal closure? 2) How important are their functions for overall plant 

performance, such as germination and long-term drought tolerance? In oocytes, ABA-induced 

closure responses were completely nullified for the quadruple mutant, cpk5/6/11/23 (Brandt 

and Munemasa 2015) Stomatal closure was significantly-impaired using an adjusted ABA-

induced stomatal movement protocol. These results were sharply contrasted with an 

unimpaired response seen in stomatal movement assays for cpk3/4/5/6/11. It appears that 

CPK’s 5, 6, 11, and 23 are sufficient for robust stomatal closure. The main difference between 

the two mutants is the loss of CPK23 function in the quadruple mutant. Stomatal movement 

assays using a modified tape method did not see any impairment in closure for cpk23 mutants. 

This is similar to two other publications that reported no stomatal phenotype, or a slight 

insensitivity, but different than the hypersensitivity reported by Ma and Wu 2007(Merilo et 

al., 2013, Geiger et al., 2010). One would expect the single cpk23 mutant to display at least a 

partial ABA-insensitivity. A dual role of CPK23 in gene regulation and SLAC1 
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phosphorylation, may shift or be muted when multiple CPK’s are knocked out. It would be 

important to see if there are any changes in CPK’s 5, 6, or 11 transcript levels or of other 

related proteins, in cpk 23 mutants. A stomatal movement assay with cpk5/6/11/23 and 

cpk5/6/11 could further elucidate CPK23’s role.  

 It is important to further discuss recent results using a different stomatal bioassay 

method (completed by Elly Poretsky). Carefully standardizing experimental and plant growth 

conditions is imperative because of guard cell sensitivity to environmental conditions 

(Mansfield and Davies 1985). Slight changes in conditions experienced days or week before 

the assay can be reflected in stomatal responses (De Silva et al., 1985).  For example, if plants 

are subject to even a water deficit, stomatal opening can be sluggish because of the excess 

ABA in symplastic reservoir and an increased sensitivity to ABA (Wilkinson 2002, Trejo et 

al., 1995). A modified use of the Perforated-tape Epidermal Detachment (PED) method 

minimizes many of the disadvantages of the blending method, and yields similar results. In 

this method, a strip of tape with a small whole cut in it is placed on the adaxial epidermis. The 

adaxial epidermis is then peeled back, leaving a portion of only abaxial tissue (size of hole) 

that was not in contact with the tape. One advantage is that guard cells are not mechanically 

damaged. The study that developed the PED method noted that around 25% of guard cells are 

“dead” after blending (Hayashi et al., 2011). This was tested using Evan’s blue dye to stain for 

dead cells. Another advantage is that the samples obtained using the PED method contain only 

abaxial stomata, while the blending method yields a mixture of tissue that is difficult to 

discern between (Ibata et al., 2013). Another variable—area of the leaf where the stomata are 

measured—is eliminated since the area to be measured can be controlled with the hole in the 

tape. Wild-type closure was also increased using this method. The results using the PED 

method were consistent with blending results. 5 µM ABA and 1 hour treatment incubations 

were used, and the cpk5/6/11/23 mutant displayed a strong ABA-hyposensitive phenotype 
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compared to wild-type closure. The quintuple mutant didn’t display a stomatal phenotype, 

with closure similar to wild-type plants. The cpk23 single mutant alone didn’t have a stomatal 

closure phenotype. This method has many advantages and the ability to characterize 

intermediate and robust mutants.   

       During a drought, any plant is going to experience some degree of a water deficit. 

Decreasing growth rate and reducing leaf surface area are general responses to conserve water 

(Wilkinson 2002). A genotype that is drought sensitive would be expected to lose more water, 

and have less energy to allocate to growth and biomass accumulation. Limited-watering assays 

were conducted on cpk3/4/6/11, cpk5/6/11/23, cpk3/4/5/6/11, and ost1-3 to test their capacities 

to conserve water over a 10 day drought. This was quantified as a difference in dry weight 

between well-watered and drought-treated plants of the same genotype. Classically, the non-

exclusive strategies used to combat drought are escape, avoidance, and tolerance (Chaves et 

al., 2003, Turner 1986). Plant size, biomass, and leaf temperature were the metrics used to 

determine drought tolerance and avoidance. The cpk5/6/11/23 and ost1-3 plants decreased 

their dry weight by 30-40% more than the quintuple mutant. The quintuple mutant displayed 

drought tolerance similar to that of wild-type plants. This parallels stomatal bioassays, where 

stomatal closure was similar to wild-type on average. The cpk5/6/11/23 plants were 

significantly drought-sensitive. It is possible that cpk5/6/11/23’s drought sensitivity is due to 

its impaired stomatal closure via S-type anion channels shown in stomatal bioassays. Lastly, 

leaf temperatures were thermally imaged to quantify stomatal conductance during drought. 

Leaf surface temperatures are a function of evaporation, and therefore stomatal conductance. 

This correlation is so well known that even infrared canopy temperatures of crops are used in 

irrigation systems (Jones 1999). The ost1-3 average temperatures were 1-1.5°C cooler than 

wild-type. All other genotypes were similar in temperature to wild-type plants. It is not known 

why higher stomatal conductance/cooler temperature was not seen in the drought sensitive 
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cpk5/6/11/23 mutants. Future experiments should look at seed yield to see how genotypes 

differed in the ability to escape drought, by shortening their life cycles and developing viable 

seeds. One goal in developing this assay for characterizing high-order mutants was to increase 

its accuracy compared to other protocols and to quantify drought tolerance with multiple 

parameters. Controlling soil saturation to the nearest gram limited the amount of variables and 

assured that each genotype was experiencing the same conditions. Using individual peat 

pellets also made evaporative water loss comparable similar for each plant.    

 Seed germination and root growth assays were completed to further address the 

question of how the loss of multiple CPK’s affects overall plant performance. In seed 

germination assays, cpk3/4/6/11 was ABA insensitive. These results relate to previous studies 

that have shown cpk4 and 11 mutants to be ABA-insensitive in germination and seedling 

growth. CPK 4 and 11 are known to carry out ABA responses in a variety of ways including 

regulation of stress-induced gene expression (Wang et al., 2007, Zhu et al., 2007). In root 

growth assays there was no mutant with a clear ABA-response phenotype. Recent studies have 

mentioned CPK’s 4 and 11 having a positive regulating role in ABA-inhibited root growth 

(Luo 2014). No insensitivity was observed for the cpk3/4/6/11 mutant. Although a slight 

insensitivity was observed for cpk3/4/5/6/11.  

 In conclusion, a wide range of assays are necessary to divulge the complex network of 

CPK- regulated ABA responses. More results will be needed that compare single mutants with 

quadruple, and quintuple mutants in parallel. As long as multiple CPK knock outs are not 

lethal, it is important to continue to use reverse genetics and generate higher order mutants, 

specifically cpk3/4/5/6/11/23. Further delineation of this important drought-stress signaling 

pathway will help the research and agricultural fields improve crop drought tolerance.   
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4. Methods and Materials 

 

 

4.1 Plant growth conditions 

Arabidopsis thaliana seeds were sterilized in a solution of (1% of 10% SDS, 70% 

ethanol, 20% bleach. 9% DI water) for 10 minutes while rotating on an orbital shaker. This 

was followed by one rinse with 100% ethanol, and 3 rinses with 70% ethanol. Once dry, seeds 

were plated to 0.5 MS (Murashige and Skoog Basal Medium powder) plates supplemented 

with 0.8% phytoagar and 0.02 % MES hydrate; pH 5.7 adjusted with KOH) and dark stratified 

for 4 days at 4°C. Plates were transferred to a vertical growth chamber (Conviron, 50-70 µmol 

m-2s-1 , 21°C, long day—16 hr light/8 hr dark) to germinate and grow for 10-14 days. 

Seedlings were then transferred to autoclaved soil (Sunshine Professional Growing Mix) with 

feriltizer in large pots (4 plants/pot). Humidity domes covered the plants for 2 days following 

transplanting. Once on soil, the trays were transferred to a growth room (21-23°C, long day—

16 hr light/8 hr dark). 

4.2 Genomic DNA extraction and PCR genotyping 

Genomic DNA was extracted from leaves by grinding with a pistil in 1.5 ml 

microcentrifuge tubes with 400 µl of extraction buffer (0.2 M Tris-HCl, pH 7.5, 0.250 M 

NaCl, 25 mM EDTA, & 0.5% SDS). After centrifuging for 5 min. at 13.2 K rpm, the 

supernatant was transferred to 300 µl of isopropanol in different 1.5 ml tubes. The tubes were 

quickly vortexed and centrifuged for 10 min at 13.2 K. 400 µl of 70% ethanol was added to 

the dry pellets followed by centrifugation for 5 min. at 13.2K. The ethanol supernatant was 

discarded and the pellets were dried at 37°C for 1-2 hours. When dry, the pellets were 

dissolved in 30-50 µl of Millipore water depending on the size of the leaf used.    

T-DNA knockout mutants’ cpk 3-1/4-1/6-1/11-2 and cpk 5-1/6-3/11-2/23-1 were 

previously crossed and the resulting F1 progeny were confirmed for heterozygosity 
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(completed by Desiree Nguyen). The F1 seeds were allowed to self-fertilize and the F2 

generation was screened for homozygousity. A homozygous cpk3/4/5/6/11 mutant was 

isolated using the primers listed in Table 1. These primers were used to confirm T-DNA 

insertions in both alleles of the cpk 3, 4, and 5 genes. Throughout the genotyping PCR 

process, mutants cpk3/4/6/11, and cpk5/6/11/23 were used as positive controls. Millipore 

water was used as a negative control. 

 

Table 1: Sequences of oligonucleotide primers used for genotyping of cpk mutants. 

Gene Mutant Primers (5’ to 3’) 

CPK3 cpk 3-2 F: CATCGTGTCTGATCTCAGAC  

R: GAATGACAACTATGCACAACC  

CPK4 cpk 4-2 F: 

TTACTTTGGTGAATCATCAGATTTAG  

R: CGCGGAGAGACTCTCGGAGGAAG  

CPK5 cpk 5 F: TCGTTCCAAATTGACCTTGAC  

R: GAGGAAACAGCGGAGAGAGAC  

CPK23 cpk 23 F: CAGTGGAATGGATACTGTTTCC  

R: AACATCCTTGGATCAAAGGG  

T-DNA Sail (Lb)  TTCATAACCAATCTCGATACAC  

T-DNA Salk 

(LBa1) 

 TGGTTCACGTAGTGGGCCATCG  
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4.3 ABA-induced stomatal movement assays 

The plants were grown according to the conditions in 4.1. Once on soil, the plants 

were transferred to a large growth chamber (Conviron, 30-50 µmol m-2s-1 , 21-23°C, long 

day—16 hr light/8 hr dark ) with relative humidity at about 60-80%. To increase the humidity 

during drier weather, trays were covered with humidity domes and sprayed with water twice a 

day. Otherwise humidity was maintained by channeling a large humidifier (Honeywell) into 

the chamber and by keeping a small humidifier (E-well) running inside the chamber. Assays 

were conducted before 9AM. This was primarily to avoid midday depressions in stomatal 

conductance (Chaves et al., 2003). It’s not known whether these depressions are controlled by 

circadian rhythms, but they are thought to be a general regulatory response to control water 

(Chaves et al., 2003). Plants were used that were 3 ½- 4 weeks old (post-germination). Plants 

were chosen that were not flowering, which is usually a sign of heat or drought stress. The 

assays were double blind with both treatment and genotype unknown until after the data was 

analyzed. Individual leaves (preferably of same size and orientation) were removed and placed 

in six-well plates containing 10 ml of  filter-sterilized opening buffer (5 mM KCl, 50 M 

CaCl2, 10 mM MES, pH 5.6 with Tris base) with the abaxial side of the leave facing down. 15 

minute intervals were used between samples. Leaves were gently flattened out against the 

bottom of the well to prevent air bubbles. The plates containing the leaves were kept in a 

growth chamber (21ºC with a light intensity of 130-160 µmol m-2s-1) for 2.5 hours. 

Subsequently, the wells were treated with either 100% ethanol (mock treatment) or 5 µM (+) 

ABA dissolved in ethanol. The leaves were incubated with the treatments for 30 or 60 min., 

after which point they were blended (using a commercial blender) for 30-60 seconds with 

deionized water. The deionized water was left out until this point to make sure the CO2 in the 

water is equilibrated with the air to prevent any rapid stomatal movement. The small 

fragments of the leaf were filtered with 100 µm nylon mesh (EMD Millipore, 
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http://www.millipore.com) and placed on a microscope slide. About 10 µl of the 

buffer/treatment solution was pipetted onto the microscope slide before putting the coverslip 

on. Stomata (25-60) were imaged using an inverted light microscope (40X) with an attached 

camera and Scion VisiCapture Version 1.3 (Scion Corporation). Stomatal apertures were later 

measured using ImageJ (http://rsb.info.nih.gov/ij/)   

Changes made to conditions between Figure 1 and Figures 3/4: ABA concentration 

changed from 10 µM (+/-) to 5 µM (+), the humidity raised from 40% to about 70%, plants 

were no longer tented the whole time, plants were no longer tented 24 hours before the assay, 

opening buffer incubation time was increased from 2 hours to 2.5 hours, and the light intensity 

raised from 100 to 150 µmol m-2s-1.  

 

4.4 Limited water plant performance assays 

 Based largely off a drought resistance screen protocol (Pereira 2011), this assay tested 

overall plant performance of higher-order cpk mutants in response to limited soil water 

content. 6 plants of each genotype were subject to limited water (30 % soil field capacity) and 

6 to a “well-watered” treatment (50 % field capacity). Seeds were sterilized according to 4.1. 

To control the water content available for individual plants, seeds were sown in individual 

peat pellets (Jiffy-7, Jiffy Products Ltd). First each dry pellet was weighed so that target 

weights could be calculated (3 times the dry weight for drought; 5 times for well-watered). 

The pellets were soaked in tap water for 1-2 hours prior to sowing.  30-50 seeds suspended in 

0.1% agarose were sown in each pellet. After cold stratification at 4°C for 5 days (with 

humidity domes), the plants were grown at and watered every other day (21-23°C, long day—

16 hr light/8 hr dark). Two weeks later the plants were weeded out, leaving one plant per 

pellet. 20-25 days after germination the pellets were allowed to dry out. This took 3-5 days. 

Mild drought treatments began once the pellet water content reached 2g H20/g dry soil. This 
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was calculated by subtracting the current pellet weight from the target weight. Every day, over 

a 10 day period, the pellets were weighed and the amount of water needed was calculated and 

added using a 15ml syringe. During the drought the pellets were individually imaged with a 

thermal camera (A320) and later analyzed with the Examin IR program. The pellets were 

imaged inside a Styrofoam box to prevent “thermal noise”. For each plant an average surface 

leaf temperature was calculated by taking an average of 4-5 leaves. After the drought, the 

rosettes were cut from each plant and dried overnight in a drying cabinet. The dry rosettes 

were weighed to determine the final dry weights. The average dry weight for well-watered and 

drought treated plants were plotted next to each other to show the reductions in biomass.        

 

4.5 Seed germination assays 

 50-100 seeds (sterilized as Figure) were plated for each genotype and condition in 

triplicate (n=3). Seeds were sown on ½ MS, ½  MS with 0.5 µM (+), and ½ MS with 1 µM (+) 

ABA. After 4 days of cold stratification, the plates were transferred to a small growth chamber 

(18°C, a light/dark cycle of 16 hr 21ºC/8 hr, and 300 µmol m-2s-1) for 7 days. Plates were 

imaged every 24 hours. Germination (quantified as radicle emergence) and cotyledon 

emergence were measured using ImageJ (http://rsb.info.nih.gov/ij/). 

 

4.6 Root growth assays 

 Seeds were sterilized, stratified, and sown according to figure. After germination, 

seedlings were grown for 4 days on ½ MS agar media. 7 healthy seedlings per genotype were 

transplanted to plates with either ½ MS or ½ MS agar media supplemented with 5 µM (+) 

ABA or 10 µM (+) ABA. 5 technical replicates were used. Initial root lengths were marked 

with a pen at the time of transfer. The plates were taped together and grown vertically in a 

small growth chamber (18°C, a light/dark cycle of 16 hr 21ºC/8 hr, and 300 µmol m-2s-1) for 
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10 days. Images were taken daily and roots were analyzed using a neurite tracing program 

called NeuronJ (http://imagescience.org/meijering/software/neuron).  
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