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ABSTRACT OF THE THESIS 

 

Characterization of Arabidopsis carbonic anhydrase over-expression lines and novel 
methods development for Brassica napus large scale guard cell isolations 

 

by 

 

Amy Liu 

 

Master of Science in Biology 

 

University of California, San Diego, 2012 

 

Professor Julian I. Schroeder, Chair 

  

In Arabidopsis thaliana, the carbon dioxide and abscisic acid signaling pathways 

are known to diverge early on, and -carbonic anhydrases (CAs) have been found to be 

upstream mediators of the carbon dioxide pathway. Recently, we reported that guard cell-

targeted over-expression of βCA1 and βCA4 in wild-type plants displayed a reduced 

stomatal conductance at all CO2 concentrations35. The differences in drought tolerance of 



ix 
 

βCA1 and βCA4 over-expression plants may be explained by the sub-cellular localization 

of these proteins. Imaging of fluorescently labeled β-carbonic anhydrases showed that 

βCA1 localizes to both the chloroplasts and the plasma membrane, while βCA4 localizes 

to the plasma membrane. We propose that the βCA1 over-expression lines show more 

long-term drought-tolerance, because photosynthesis and energy production take place in 

the chloroplast. In contrast, βCA4 over-expression lines were found to be more resilient 

to short-term osmotic stress, because the gene localizes to the plasma membrane. 

Brassica napus is an edible oilseed crop species that is closely related to 

Arabidopsis thaliana, which indicate that B. napus may be useful for comparative 

genomic analyses37-38. A novel method for large scale B. napus guard cell protoplast 

isolation was developed for transcriptomic analysis of guard cell responses to abscisic 

acid (ABA) and drought. The optimimum B. napus growth conditions were similar to 

Arabidopsis thaliana growth conditions. By understanding the mechanisms regulating 

stomatal responses, we can develop strategies for improving drought tolerance of B. 

napus and, potentially, other crop plants.
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I. INTRODUCTION

 

Stomata and their function 

Stomata are pores in the epidermis of leaves and stems that mediate gas exchange 

between plants and the atmosphere. The pores are bordered by a pair of specialized cells, 

called guard cells, which regulate the opening and closing of stomata in response to a 

variety of environmental factors, such as light, carbon dioxide concentration, 

temperature, and water availability1. Stomata serve as a gateway for both carbon dioxide 

(CO2-) influx into the leaves for photosynthesis and water loss via transpiration. It is 

known that short-term exposure of stomata to elevated CO2 levels mediates closure and 

decreased levels of CO2 cause stomata to open2-4. In addition, long-term exposure of 

leaves to elevated CO2 levels reduces the number of stomata per unit area on the 

epidermes of leaves, thus further reducing stomatal conductance5,6. 

Another key regulator of the stomatal response is the plant hormone abscisic acid 

(ABA). ABA regulates key processes, such as seed germination, plant development, and 

biotic and abiotic stress responses. In particular, abiotic stress initiates signaling 

pathways that lead to a number of molecular and cellular responses, such as drought 

induced ABA biosynthesis. These responses result in the expression of stress-related 

genes and stomatal closure7. Additional signaling components have also been reported to 

regulate stomatal movements, including reactive oxygen species (ROS), Ca2+, and nitric 

oxide (NO). 
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Guard cell functional mechanisms 

Specific ion channels and transporters located in the plasma membrane of guard 

cells mediate the regulated influx or efflux of solutes, such as potassium (K+), chloride 

(Cl-), nitrate (NO3-) and malate2-, which causes the stomata to open or close, 

respectively8.  During stomatal opening, the hyperpolarization driven by H+/ATPase 

pumps located in the plasma membrane of guard cells facilitate the uptake of K+ by 

activating the voltage-gated channels KAT1, KAT2, and AKT18,9. This produces an 

electrochemical gradient that serves as the driving force for the influx of anions, such as 

Cl-, malate2-, and NO3- to offset the positive charges of K+. This causes an influx of water 

and increase in turgor pressure of the guard cells and allows the stomatal pore to open. 

Conversely, prolonged depolarization of the plasma membrane causes outward-rectifying 

K+ channels to open9. This efflux of K+ causes the guard cells to lose water and anions, 

and lead to closure of the stomatal pore8.  

There are two distinct types of depolarization-activated anion channels located in 

the plasma membrane of guard cells10. The R-type anion channels are rapidly activating 

anion efflux channels that are highly permeable to NO3- and sulphate (SO4
2-) and 

selective for Cl-, malate2-, and carbonate. The name of this channel comes from the rapid 

activation in response to the membrane potential11. The S-type anion channels have slow 

depolarization and a weak voltage dependency12. The gene SLAC1 (SLOW ANION 

CHANNEL-ASSOCIATED 1) encodes a plasma membrane protein in guard cells. 

Mutants in SLAC1 show an insensitivity to CO2, ABA, and ozone-induced stomatal 

closing13,14. These mutations in SLAC1 impair the S-type channel currents that are 

activated by cytosolic calcium (Ca2+
cyt) and ABA, but do not affect R-type channel 
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currents or Ca2+ channel function14. It has been shown previously that S-type channels 

coexist with the R-type channels on the plasma membrane of several cell types and may 

contribute to different processes in the regulation of stomatal movement10. 

 

Plant signal transduction using Ca2+ as a secondary messenger  

Recent studies suggest that ABA, CO2, and Ca2+ signal transduction pathways 

converge in guard cells leading to the inhibition of stomatal opening and promoting 

stomatal closure15. In the ABA signaling pathway, ABA activates Ca2+ permeable-cation 

(Ica) channels in the guard cell plasma membrane. These channels mediate Ca2+ influx 

from the extracellular space and induce Ca2+ release from intracellular stores16,17. 

Therefore, an influx of Ca2+ initiated by the hyperpolarized membrane potential inhibits 

inward K+ currents and causes stomatal closure8. In the CO2 signaling pathway, Ca2+ is an 

absolute requirement for salt efflux and CO2-induced stomatal closure18. Studies have 

shown that when Ca2+
cyt transients are experimentally inhibited, both CO2-induced 

stomatal closing and opening are weakened4. Recent mutant screens have shown that the 

ABA-insensitive mutant gca2 (growth controlled by abscisic acid 2)19 also displayed 

strong impairment of CO2-induced stomatal closure in both leaf epidermis and intact 

leaves of plants4. Both gca219 and slac113, 14 function downstream of the convergence 

point of ABA and CO2 signal transduction networks15. 

 

Stomatal development 

In Arabidopsis thaliana lifespan of six weeks, stomatal development includes a 

series of changes involving three successive types of precursor cells called: meristemoid 



4 
 

 

mother cells (MMCs), meristemoids, and guard mother cells (GMCs). Both MMCs and 

meristemoids divide asymmetrically, while GMCs divide symmetrically. The MMC 

divides asymmetrically and produces a triangular shaped meristemoid, which converts 

into a GMC. The cells surrounding a meristemoid suggest that it can divide up to three 

times, and are considered satellite meristemoids (SM). As the oval shaped GMC divides 

symmetrically, it develops a pair of guard cells that form into a stoma20. There are factors 

such as humidity, light, and CO2 concentrations that affect stomatal development and 

regulate the number of stomata that form21. It has been shown that stomatal aperture and 

stomatal density can be decoupled with stomatal aperture representing a short-term 

response and stomatal density a long-term response22. 

The development, number and spacing of stomata involves multiple genes. A 

gene named TOO MANY MOUTHS (TMM) encodes a leucine-rich repeat (LRR)-

containing receptor-like protein that regulates the plane of patterning divisions as well as 

the balance between cell renewal and differentiation in stomatal and epidermal 

development. Mutations in this gene disrupt stomatal pattern and randomize the 

formation of asymmetric cell division23. STOMATAL DENSITY AND 

DISTRIBUTION1-1 (SDD1-1) encodes a protease that is highly expressed in the 

stomatal precursor cells, namely the meristemoids and GMCs. Mutations in this gene 

cause stomatal pattern disruption resulting in stomatal clustering and two-fold to four-

fold increases in stomatal density24. The mitogen-activated protein kinase kinase kinase 

gene, YODA (YDA), controls cell identity in the epidermis. Mutations in YDA increase 

the number of stomata, whereas activation of YDA prevents formation of the pair of 

guard cells leading to stomatal development25. By studying mutants in stomatal 
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development, we can further understand the function of genes that regulate stomatal 

development and spacing. 

 

Environmental effects of CO2 

In the past 130 years, increases of atmospheric CO2 levels have become an issue 

in global warming and global ecology26.The ambient level of CO2 in 1980 was 

approximately 340 parts per million (ppm) and has risen to 391ppm in 2011 with a 

parallel increase of 0.7⁰C26,27. The continuous rise in CO2 levels and global temperature 

has revealed that the photosynthetic ability of plants decreases under these conditions, 

and as result, regulate stomatal apertures28. High concentrations of CO2 decrease the 

stomatal aperture, which reduces transpiration via the leaves and affects continental 

runoff from excess water from the land surface29,30. However, human-induced global 

climate change of higher temperatures will result in increased leaf transpiration for 

cooling and melting of mountain glaciers. Therefore, crop failures could increase due to a 

decreased water supply for crops and the possibility of drought31. Understanding CO2 

signaling pathway can increase the efficiency of plants’ interaction with their 

environment to minimize water loss in an environment with higher CO2 concentrations 

and increased temperature with a limited water supply.  

 

Water use efficiency and drought tolerant crops for agricultural purposes 

In today’s society, over a billion people cannot obtain clean water in the world, 

and it has become a global health and economic issue. The link between poverty and 

water crisis is closely associated as water-borne diseases impose a far greater health risk 
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in areas such as Sub-Saharan Africa32. It is known that plants lose a significant amount of 

water via transpiration from guard cells of the leaves. To prevent excess water loss, plants 

close their stomata rapidly following drought stress or elevated CO2 levels. Instantaneous 

water use efficiency (WUE) is the ratio of CO2 assimilation and transpiration per unit leaf 

area. A reduction in stomatal conductance (rate of gas exchange) under elevated CO2 

levels improves WUE by assimilating more CO2 per water molecule33,34. Guard cells 

contribute to the optimization of plant growth by controlling CO2 uptake and water loss 

under environmental conditions. The CO2 and ABA signaling pathways are known to 

diverge early on, and -CAs have been found to be upstream mediators of the CO2 

pathway. In previous research, CA1 and CA4 together regulate CO2-controlled 

stomatal movements in guard cells by catalyzing the reversible reaction:  CO2 + H2O 

 HCO3
- + H+. Guard cell-targeted over-expression of CA1 or CA4 can potentially 

increase instantaneous water use efficiency with by decreasing stomatal conductance in 

comparison to wild-type, as shown previously in Dr. Schroeder’s laboratory35. 

Manipulation of carbonic anhydrases may prove to be an effective approach to increase 

plant performance in Arabidopsis thaliana. 

For over 25 years Arabidopsis thaliana has been used as a model species for plant 

research36. This model plant is genetically closely related to Brassica napus. B. napus is 

an edible oilseed crop species used in Europe, North America, and Asia, providing about 

12% of the edible oil worldwide37,38. The Brassica and Arabidopsis genomes diverged 

approximately 20 million years ago39. Genomic comparisons have shown that many 

genes are well conserved between these species’, which indicate that B. napus may be 

useful for comparative genomics and analysis37,38. Drought is the major abiotic stress 
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causing severe reduction in oilseed productivity40. Therefore, by understanding the 

mechanisms regulating drought responses and water use efficiency, we may be able to 

manipulate guard cells to develop strategies for improving water stress tolerance of B. 

napus and potentially other crop plants.  
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II. MATERIALS AND METHODS 

 

Arabidopsis thaliana Plant Growth on MS plates and soil 

For plates, seeds were sterilized with three washes of 0.5% SDS in 75% ethanol, 

75% ethanol, and 100% ethanol in consecutive order. From the last wash, seeds were 

allowed to air dry in a sterile hood and sown on ½ Murashige and Skoog salts (MS) 

plates with 0.8% phytoagar. For soil, autoclaved Sunshine Special Blend soil had 25 

grams of Cleary (fungicide) and 2.2 grams of 1% Marathon (imidacloprid insecticide) 

added per 2.5 kg of soil. Sunshine Technigrow (fertilizer) was added 1g per liter of water 

to blend soil. Plates and soil were incubated for 72 hours in 4⁰C for vernalization. Plates 

and soil were then placed in a growth room under 16 hour light/8 hour dark cycle, 22⁰C, 

60% humidity, and 80 µE/m2s of white light conditions. Plants were watered three times 

a week.  

 

Epidermal Leaf Peels 

Intact epidermal peels of 3 weeks-old Arabidopsis thaliana were prepared by 

attaching the abaxial surface of rosette leaves to 25 mm round glass cover slips using 

medical adhesive, and then gently scraping upper cell layers using a razor blade. Cover 

slips were pre-marked with a color grid to allow tracking of individual stomata41. Leaf 

peels were incubated in a 35 mm covered petri dish with opening buffer (10 mM KCl, 50 

µM CaCl2, 10 mM MES-Tris, pH 6.15) for 3 hours under 200 µE/m2s white light. 
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Stomatal Aperture Measurements 

Prepared epidermal leaf peels were transferred from opening buffer to a glass 

slide drilled (1.22 cm2 deep, 200 µL capacity) in the center. The cover slip was sealed 

with a vacuum grease to apply various treatments using a transfer pipette. Both stomatal 

aperture and width are measured using software program Image J in pixels, which a 

conversion of 50 µm per 2.945 pixels for the objective lens at 40x. On average 20 

stomata were measured per condition and calculated for standard error. All bioassay 

experiments were blinded in which the genotypes’ identities were unknown to the 

experimenter.  

 

ABA-induced Stomatal Closure 

Three weeks-old plants were covered with plastic wrap for approximately 80% 

humidity conditions 24 hours prior the experiment. Epidermal leaf peels were prepared 

for this experiment. Stomatal bioassays were conducted using three concentrations: 0 

µM, 1 µM, and 10 µM ABA dissolved in opening buffer. After 30 to 60 minutes of ABA 

treatment, individually tracked stomatal apertures were measured and analyzed42. 

 

CO2-induced Stomatal Closure 

Three weeks-old plants were covered with plastic wrap for approximately 80% 

humidity conditions 24 hours prior the experiment. Epidermal leaf peels were prepared 

for this experiment. Opening buffer was placed in 50 mL conical tubes and bubbled at 

three CO2 concentrations through Teflon tubing. Each CO2 concentrations of 0, ~385, 
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and 800 ppm were obtained by various methods such as depleting ambient air with soda 

lime, obtaining ambient air, and bubbling compressed CO2 gas into buffer, respectively. 

 

Calcium Oscillation experiments 

Three weeks-old plants were covered with plastic wrap for approximately 80% 

humidity conditions 24 hours prior the experiment. Epidermal leaf peels were prepared 

for this experiment. Stomata were opened in depolarizing buffer (50mM KCl, 10mM 

MES-Tris (pH 5.6)) for 2.5 hours under high light conditions. After opening, ~200ul of 

hyper-polarizing buffer (1mM KCl, 1mM CaCl2, 10mM MES-Tris (ph 5.6)) was added 

for 5 minutes. After, depolarizing buffer was added for 5 minutes and 15 stomata were 

found and imaged. After the fourth round, depolarization buffer is left in the well and 

stomata are measured every 10 minutes up to one hour and then every 30 minutes up to 2 

hours. The depolarizing/hyper-polarizing oscillation was repeated for a total of four 

rounds. 

 

Stomatal Index and Density Measurements 

Using a 20x lens objective, four different plant leaves were analyzed per genotype 

to image 5 pictures each, totaling to 20 images. Only images from the middle third of the 

leaf epidermis were taken due to differences in growth rate of stomata near the midrib 

and edges. Per image taken, pavement cells and stomata were counted using Image J cell 

counter. To calculate stomatal index, the number of stomata was divided by the sum of 

the number of stomata and pavements cells multiplied by 100. To calculate stomatal 
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density, the average of number of stomata was taken to multiply by the conversion factor 

(5.636636) from pixels to 1mm2 per image. 

 

Genotyping and mutant screening via PCR and electrophoresis 

Three rosette leaves were taken and grinded with 2.5 mm steel balls and 350 µL 

DNA extraction buffer (200 mM Tris, 250 mM NaCl, 25 mM EDTA, and 0.5% SDS) 

through Retsch Mixer Mill 400. Leaf tissue was pelleted down by centrifugation for 8 

minutes at 11,000 rpm. Supernatant was transferred to a new tube with an equal volume 

of isopropanol added to precipitate DNA. Samples were centrifuged again for 10 minutes 

at 12,000 rpm. Supernatant was discarded and washed with 500 µL of 75% ethanol. 

Samples were centrifuged again for 5 minutes at 12,000 rpm and left to air dry in room 

conditions. Once dry, 30 µL of TE buffer was added to each sample. Extracted DNA 

from samples was used to screen for homozygous mutants by running 34 PCR reactions: 

95⁰C (30s), 56⁰C (45s), and 72⁰C (90s). Using col-0 as a negative and positive control, 

samples were checked for the presence of TDNA insertion and absence of genotype band, 

respectively. PCR reactions were run on a 1% agarose gel in TAE buffer (40mM Tris, 

20mM acetic acid, and 1mM EDTA) at 120 mV. 

 

Crossing Plants  

Using FST Moria Ultra Fine Forceps (Catalog#11370-40) under a binocular 

microscope, sepals, petals, apical meristem buds, stamens, and neighboring siliques were 

removed from the mother of the plant leaving only 3 to 4 carpels present. After 24 hours, 

the mother plant is pollinated by the father plant’s pollen to the stigma of the carpel. The 
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crosses are labeled so that the seeds can be harvested after drying out. After 48 hours, if 

the successful cross should occur, an elongated carpel should form into a miniature 

silique. 

 

Drought experiments 

a) Soil drought experiments 

Seeds were sterilized and plated on ½ MS plates with 0.8% phytoagar, the 

healthy 10 days-old plants were transplanted onto 22g of prepared soil in 2”x2” 

square pots. At least 6 pots of healthy plants were needed per genotype and 

condition. Pots were watered with 5mL distilled water three times a week until 

treated with drought at day 21 of germination by covering pots with saran wrap 

and to allow a gaping hole for apical meristem to grow. Depending on various 

conditions, plants were either fully treated with drought after day 21, limited 

watering of once a week, or recovery by watering after treated with drought at day 

44. Thermal images were captured using FLIR A320 camera and FLIR ExaminIR 

software of whole rosette per pot were taken once a week to correlate with the 

drought experiment. Six leaves were used to quantify the average leaf temperature 

per plant averaging of 30 leaves per line for each condition. After plant age week 

10, plants were individually bagged and dried for a month for dry weight analysis 

in same growth room conditions. 

b) Hydroponic drought experiments 

Hydroponic Starter Kit 180 includes containers, seed-holders, covers, 

connectors, and tubing for a homogenous flow of solutions throughout entire set 
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purchased from Araponics. Sterilized ½ MS with 0.5% phytoagar were cooled 

down in a sterile container and mixed thoroughly. Agarose was placed in a 60mL 

syringe to fill the seed-holders. Each seed-holder had roughly 1 or 2 sterilized 

seeds sown, and the containers were covered with lids. Seeds were incubated for 

72 hours in 4⁰C for vernalization. Approximately 7.5L hydroponics solution were 

prepared by using Araponics Floraseries kit that contained minerals and nutrients 

(FloraGro, FloraMicro, FloraBloom) necessary for four containers. Containers 

were washed along with changed solutions once every week.  

 

 

 

Table 1: Primers used for βCA and TAIL PCRs. Listed primers were used for the 
creation of triple homozygous mutant ca1ca2ca4 and TAIL PCRs of activation tagging of 
ca1ca4.  
Primer Name Sequence (5'-3') 
CA1F (CA2GF) AGCAGCCATTGAATACGC 
CA1R (ABD529) GCTTCCAATGTAGTATGGTAGCC 
CA2F CCTGCTTTGTATGGTGAGC 
CA2R GCTGAACTTTCACTTTCTGC 
CA1F-RT ATCAGAACTTGGAGATTCAGCC 
CA1R-RT CAATGTGAAATCGGGTAAGGC 
CA2F-RT CAAAGCCCAAAGTACATGGTG 
CA2R-RT CATTCACTGCCTCCCTTTC 
CA4F-RT CGGAATCGTACGAAGCCGC 
CA4R-RT GAATCAGAGCAAGCAAACACC 
LBa1  ATTTTGCCGATTTCGGAAC 
Wisc AACGTCCGCAATGTGTTATTAAGTT 
AD1 NTCGA(G/C)T(A/T)T(G/C)G(A/T)GTT 
LS1 GACAACATGTCGAGGCTCAGCAGGA 
LS2 TGGACGTGAATGTAGACACGTCGA 
LS3 GCTTTCGCCTATAAATACGACGG 
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III.   RESULTS 

 
 
Section 1:  CO2 control of stomata and stomatal development 

 

Phenotyping of guard cell-targeted CA over-expression lines under drought 

conditions 

 

The CO2 and ABA signaling pathways are known to diverge early on, and -CAs 

have been found to be upstream mediators of the CO2 pathway35. Recent studies have 

shown that guard cell-targeted over-expression of βCA1 and βCA4 in wild-type plants 

displayed a reduced stomatal conductance and increased instantaneous WUE35. Using the 

guard cell specific promoter pGC1, constructs carrying βCA1 and βCA4 cDNA were 

transformed into wild type and screened for homozygous lines. The performance of the 

homozygous βCAs over-expression lines was analyzed under drought conditions. The 

water loss from transpiration was measured by comparing the final pot weight to the 

initial pot weight. It was found that βCA1ox11-5 and βCA1ox9-3 showed the least water 

loss in comparison to wild-type and ca1ca4 mutant plants (Figure 1). Compared to wild-

type, the water retention of βCA1 over-expression lines correlated with warmer leaf 

temperatures, which is a result of drought-stress-induced stomatal closure (Figure 2). The 

ca1ca4 double knockout mutant is known to have an impaired CO2 response and an 

average leaf temperature that is 1⁰C cooler than WT. As expected, the ca1ca4 plants were 

found to have the highest water loss due to constant cooling of leaves via 

evapotranspiration.



15 
 

 

 
Figure 1: Total water loss of βCA1 and βCA4 over-expression lines under drought 
conditions. The water loss of drought-treated plants was measured weekly beginning 
three weeks post germination. Pots were weighed and compared to the initial pot weight 
(90 g soil + 150 mL water, including fertilizer). Approximately 10 plants were used per 
line for accurate results. The ca1ca4 plants lost more water than the over-expression 
lines, which correlates with the lower leaf temperatures observed. Furthermore, Col-0 
(wild-type) lost slightly more water than the over-expression lines. The error bars 
depicted represent ± the standard error of the mean. 
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Figure 2: Average leaf temperatures of βCA over-expression lines under drought 
conditions. Images of whole rosette leaves were taken using an infra-red thermal 
imaging camera from each pot once a week to correlate with the drought experiment. Six 
leaves were used to determine the average leaf temperature of individual plants, and an 
average of 30 leaves per line. An increase in rosette temperature (oC) is due to drought-
stress –induced stomatal closure. The error bars depicted represent ± the standard error of 
the mean. 
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A more stringent experiment was necessary to observe and measure the 

differences in plant performance under well-watered and water-limiting conditions. With 

well-watered and water-limiting conditions, a more robust characterization of βCA over-

expression lines was performed. Plant performance was measured using average 

transpirational water loss, leaf temperature, and vegetative biomass. The transpirational 

water loss was measured by comparing the pot weight to the previous week’s pot weight 

to account for increases in vegetative shoot weight. All plants in both conditions bolted at 

week 6; therefore, at week 5, the water loss via transpiration is more pronounced than the 

added growth weight of the plants alone (Figure 3A and 3B). The βCA over-expression 

lines experienced less water loss than wild-type. In the water-limiting condition, the 

average leaf temperature for all plants was no more than a 0.5⁰C higher, which is due to 

an intact ABA response that decreased stomatal apertures (Figure 4B). In both conditions, 

βCA1ox11-5 and βCA4ox17-9 exceeded wild-type in vegetative biomass (Figure 5A and 

5B). However, the plants in the water-limiting condition did not complement the 

vegetative biomass in the well-watered condition. This can be explained by the 

stringency of these experiments, as multiple trials and conditions are necessary for 

complete analysis of homozygous βCA over-expression lines. 
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Figure 3A: Water loss of well-watered βCA over-expression plants. The well-watered 
treatment conditions are characterized by adding 3 mL distilled water to each pot 
containing approximately 22 g of soil (containing fungicide and insecticide) + 50 mL of 
water (containing fertilizer) three times per week. The well-watered pot weight data are 
subtracted from the prior week to indicate the weight lost due to water evaporation. 
Negative values would indicate that more weight was added by plant growth than weight 
lost due to evaporation. Each genotype has an average of 6 pot weights shown for each 
data point with the error bars depicting ± the standard error of the mean. 
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Figure 3B: Water loss of water-limited βCA over-expression plants. The water-
limited treatment conditions are characterized by adding 3mL distilled water to each pot 
containing approximately 22 g of soil (containing fungicide and insecticide) + 50 mL of 
water (containing fertilizer) once per week. The water-limited pot weight data are 
subtracted from the prior week to indicate the weight lost due to water evaporation. Each 
genotype has an average of 6 pot weights shown for each data point with the error bars 
depicting ± the standard error of the mean. 
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Figure 4A: Average leaf temperatures of well-watered βCA over-expression lines. 
Using an infra-red thermal imaging camera, images of whole rosette leaves were taken of 
each pot once a week to correlate with the drought experiment. From one plant, six 
different leaves were used to determine the average leaf temperature per line. Five or 6 
replicates were performed for each line, thus, the average leaf temperate shown are 
measurements of approximately 30 leaf temperatures per line with the error bars 
depicting ± the standard error of the mean. 
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Figure 4B: Average leaf temperatures of water-limited βCA over-expression lines. 
Using an infra-red thermal imaging camera, images of whole rosette leaves were taken of 
each pot once a week to correlate with the drought experiment. From one plant, six 
different leaves were used to determine the average leaf temperature per line. Five or 6 
replicates were performed for each line, thus, the average leaf temperate shown are 
measurements of approximately 30 leaf temperatures per line with the error bars 
depicting ± the standard error of the mean. 
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Figure 5A: Vegetative shoot dry weight of well-watered βCA over-expression plants. 
After being treated for eight weeks under well-watered conditions, the plants were 
allowed to die and dry out for one month under the same light and humidity conditions. 
The vegetative shoots were separated from the roots and soil. The shoot material for each 
plant was then weighed and averaged. Error bars depict ± the standard error of the mean. 
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Figure 5B: Vegetative shoot dry weight of water-limited βCA over-expression 
plants. After being treated for eight weeks under water-limiting conditions, the plants 
were allowed to die and dry out for one month under the same light and humidity 
conditions. The vegetative shoots were separated from the roots and soil. The shoot 
material for each plant was then weighed and averaged. Error bars depict ± the standard 
error of the mean. 
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Phenotyping of guard cell-targeted CA over-expression lines under drought 
conditions by hydroponics 

 

I sought to analyze plant performance by employing a commercial hydroponics 

system (Araponics, Belgium). The Araponics system uses a set of continuous hydroponic 

trays to insure that all solutions within the system have identical environments. With a 

hydroponics system, plant health and performance can be monitored periodically after an 

imposed osmotic stress. Polyethylene glycol (PEG 4000) and sorbitol were used to 

induce water deficit in plants at the rosette stage just before flowering for βCA1 and 

βCA4 homozygous over-expression lines.  

Sorbitol is a sugar alcohol that is synthesized by the  reduction of glucose. For the 

past 30 years, sorbitol has been used to induce plant water deficit in plant tissue43. Using 

500mM sorbitol to induce osmotic stress was found to be lethal in control plants and 

over-expression lines; therefore, 200 mM sorbitol was used (Figure 6). All plants began 

to lose turgor pressure within 3 h of sorbitol exposure in the hydroponic growth solution. 

After 48 h of treatment, several over-expression lines showed increased turgidity 

compared to wild-type with two over-expression lines, βCA4ox1-6 and βCA4ox17-9, 

being least affected by sorbitol treatment. 
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Figure 6: Imposing an osmotic stress with 200 mM sorbitol. Homozygous guard cell-
targeted βCA over-expression lines were used in addition to ca1ca4 and Col-0. The left 
panel shows untreated plants at T=0 h and the right panel shows plants after 48 h of 
200mM sorbitol treatment. Over-expression lines show increased tolerance to osmotic 
stress after 48 h.  The images shown for T=0 and T=48 h are from plants grown in the 
same experiment and tray. 
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 Polyethylene glycol (PEG) is a polymer produced in a range of molecular weights 

that can be used to modify the osmotic potential of a nutrient solution. For over 40 years, 

PEG has been used as an ideal osmoticum to induce water deficit in a controlled 

manner44. After 6 h of 10% PEG treatment, all plants exhibited a loss of turgor pressure 

due to the high osmotic stress (Figure 7). After imposing a 10% PEG (4000 grams/mol) 

osmotic stress, the over-expression line βCA4ox1-6 remained more turgid than wild-type. 

From both osmotic stress treatments, the βCA4 over-expression lines were affected less 

than wild-type and ca1ca4; however, there was variation in resiliency between the two 

osmoticums tested. The water status of the PEG treated plants was also monitored. 

 
Figure 7: Imposing an osmotic stress with 10% PEG. Homozygous guard cell-targeted 
βCA over-expression lines were used in addition to ca1ca4 and Col-0. The left panel 
shows untreated plants at T=0 h and the right panel shows plants after 48 h of 10% PEG 
(M.W.4000) treatment. Over-expression lines show increased tolerance to osmotic stress 
after 48 h.  The images shown for T=0 and T=48 h are from plants grown in the same 
experiment and tray. 
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 After treatment with 10% PEG (4000), the water status of the plants was 

monitored. Relative water content (RWC) is a useful indicator of the state of the water 

balance of a plant, because it expresses the absolute amount of water that the plant 

requires to reach artificial full saturation45. The maximum RWC is defined as the water 

content before treatment, whereas, the minimum RWC is defined as the lowest water 

content of cells with water capacity. The formula to calculate the maximum and 

minimum relative water content is defined as: 

 	 	 	 	 	 	 	

	 	 	 	
100%  

The maximum and minimum RWC of treated plants were analyzed and no differences 

were found between the ca1ca4 mutant, the βCA over-expressing plants, and wild-type 

plants (Figure 8).  
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Figure 8: Maximum relative water content and minimum water relative content 
(RWC) of ca1ca4 mutant, βCA1 and βCA4 over-expressing plants. The leaves were 
detached from the plants and weighed immediately (FW) and then soaked in water for 4 h 
at room temperature to determine the turgor weight, TW. Next, the leaves were incubated 
at 75 oC for 3 days before the dry weight (DW) of each plant was measured. (A) 
Maximum RWC prior to treatment (B) Minimum RWC after treatment with 10% PEG. 
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Identification of of ca1ca4 suppressor mutants via Activation Tagging 

 

In addition to characterizing homozygous βCA over-expression plants, an 

activation-tagged mutant plant library was created in the ca1ca4 background to gain 

insight into how plants adapt to high CO2 levels and/or drought conditions. The activation 

tagging method is a screen for loss-of-function mutations that disrupt a pathway46. 

Utilizing thermal imaging analysis, we can screen for new genes controlling stomatal 

apertures by monitoring leaf temperature of ca1ca4, which has an average leaf 

temperature that is 1⁰C cooler than WT. The pSKI015 construct contained two important 

elements; the BASTA resistance (BAR) gene and the 35S promoter of the Cauliflower 

Mosaic Virus (CaMV) to enhance the expression of genes46. The selection of 

transformants began by immediately spraying flats of T0 seedlings with BASTA 

(herbicide) (Figure 9). The activation tagging vector (pSKI015) contains the BASTA 

resistant (BAR) gene, which produces the enzyme phosphinothricin acetyltransferase that 

breaks down PPT. This allows for the selection of transformed plants that are herbicide 

resistant. 
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Figure 9: Activation Tagging Vector pSKI015 (10,138 bp and transformants. (A) 
pSKI015 vector containing CaMV 35S enhancers, BAR gene for transformant selection, 
and pBstKS+ sequences for plasmid rescue46. The purpose of plasmid rescue is to isolate 
the chromosomal DNA adjacent to an inserted piece of T-DNA. (B) Seedlings were 
sprayed every other day with 100mL of 4.76 x10-3 M BASTA solution per tray. The 
transformants were transplanted into individual pots and screened alongside with Col-0 
and ca1ca4.  
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 Infrared thermal imaging was used to screen the mutant library by comparing 

transformants to ca1ca4 and wild-type controls. Using this technique, we can identify 

suppressor mutants that have a warmer average leaf temperature than ca1ca4. 

Conversely, we can also identify enhancer mutants that have a cooler average leaf 

temperature than ca1ca4. Over 300 BASTA resistant mutants were screened and three 

suppressor mutants were identified with leaf temperatures similar wild-type in the T1 and 

T2 generation (Figure 10). The increased leaf temperatures of the activation tagged 

mutants indicate the possibility of reduced leaf transpiration, thus identifying potential 

loss-of-function mutants that have altered stomatal aperture. 
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Figure 10: Putative activation tagged suppressor mutant in the T2 generation. The 
top three plants are Activation Tagged Line 4.6 shown in the T2 generation showing a 
wild-type leaf temperature phenotype. The bottom left plant is Col-0 and the bottom right 
is a ca1ca4 control. Using an infra-red thermal imaging camera, images of six leaves 
were used to quantify the average leaf temperature per plant. The scale on the right 
indicates the temperature scale in ⁰C. 
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Figure 11: Average leaf temperature of putative ca1ca4 suppressor mutants in the 
T2 generation. Each pot contained three plants per line that were averaged and compared 
to the wild-type and ca1ca4 controls. These putative suppressor mutants display a wild-
type leaf temperature. The leaves were quantified with the ExamineIR software to 
determine the average leaf temperature. Error bars depicted  ± the standard error of the 
mean. 
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It was necessary to recover the chromosomal DNA adjacent to the inserted 

plasmid to identify the location of the activation tag insertion. Instead of utilizing the 

pBstKS+ sequences for plasmid rescue, we used Thermal Asymmetric InterLaced (TAIL) 

PCR because of the simplicity, high specificity, sensitivity, efficiency, reduced risks of 

chimeric artifacts (with no ligation step involved), and direct sequencing without PCR 

purification. This method utilizes a set of nested sequence-specific primers that are 

complimentary to the vector sequence with a shorter, arbitrary degenerate (AD) primer. 

The relative amplification efficiencies of specific and nonspecific products can be 

controlled thermally (Table 2). As the TAIL-PCRs were being performed, PCR 

amplification of the T-DNA insertions in the βCA1 and βCA4 loci was in progress to 

verify the knockout of these two genes. Unfortunately, all three potential suppressor 

mutants were false positives, having the Columbia, background for βCA1 and βCA4. 

Currently the new mutant library to create suppressor and enhancer mutants in the ca1ca4 

mutant is being generated with more care to decrease the chances of contamination. 

Further analysis regarding potential errors with this activation tagging method is in the 

discussion section. 
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Table 2: TAIL PCR reaction cycles. High, reduced, and low stringency cycles with 
different annealing temperatures allowed nonspecific and specific binding of the 
sequence specific and arbitrary degenerate (AD) primers47. 
Reaction Number of cycles Thermal Settings 

Primary 
Reaction 

1 
5 
1 
15 
 
1 

93⁰C (60s), 95⁰C(60s) 
94⁰C (60s), 62⁰C (60s), 72⁰C (150s) 
94⁰C (60s), 25⁰C (180s), ramping to 72⁰C (180s), 
72⁰C (150s) 
94⁰C (30s), 68⁰C (60s), 72⁰C (150s), 94⁰C (30s), 
68⁰C (60s), 72⁰C (150s), 94⁰C (30s), 44⁰C (60s), 
72⁰C (150s) 
72⁰C (300s) 

Secondary 
Reaction 

12 
 

1 

94⁰C (30s), 64⁰C (60s), 72⁰C (150s), 94⁰C (30s), 
64⁰C (60s), 72⁰C (150s), 94⁰C (30s), 44⁰C (60s), 
72⁰C (150s) 
72⁰C (150s) 

Tertiary 
Reaction 

20 
1 

94⁰C (60s), 44⁰C (60s), 72⁰C (150s) 
72⁰C (300s) 
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CO2 regulation of stomatal development 

 

In previous studies of ca1ca4, a stomatal density increase was observed in 

comparison to Columbia35. This indicates that βCA1 and βCA4 regulate stomatal 

development as well as stomatal movements in response to CO2. With the known 

phenotype of ca1ca4, homozygous βCA1 and βCA4 over-expression lines were tested 

with 150ppm and 500ppm of CO2 for stomatal index. The stomatal density may vary 

from experiments due to differences in growth rate of stomata near the midrib and edges 

of the leaves. There were differences in growth rate due to the size and age of the leaves 

from the rosette. Therefore, the stomatal index is a more accurate indicator of the 

differences between each genotype. There were no significant differences between the 

βCA1 and βCA4 over-expression lines and wild-type except for βCA4ox1-6 with a 

greater stomtal index than wild-type (Figure 12). βCA4ox1-6 displayed a similar stomatal 

index of ca1ca4, thus interestingly provided information that this line has a higher 

stomatal density and lower stomatal conductance than wild-type. 
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Figure 12: Stomatal Index of βCA1 and βCA4 over-expression lines. Stomatal index 
of the abaxial side of the leaves (the percent of epidermal cells which are stomata) of Col-
0, ca1ca4, and two independent homozygous βCA1 or βCA4 over-expression lines at 
500ppm and 150ppm CO2. Four different plants were used from each line and 5 pictures 
per leaf were taken with a total of 20 pictures per line at 20x magnification. Only images 
from the middle third of the leaf epidermis were taken due to differences in growth rate 
of stomata near the midrib and edges. Error bars are depicted as ± standard error of the 
mean. 
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Creating the real ca124 mutant 

 

In previous stomatal gas exchange studies, the ca1ca4 double mutant displayed a 

strong impairment to CO2 changes. Creating a higher order mutant of βCAs might 

provide a better understanding of the CO2 signaling pathway by assessing the sensitivity 

of elevated CO2 levels of these mutants. The ca1ca(2)ca4 mutant was identified in Julian 

Schroeder’s laboratory; however, RT-PCRs showed that the βCA2 gene transcript was 

still being expressed in this mutant. Several βCA2 T-DNA insertion lines were genotyped 

and homozygous lines were successfully isolated. To ensure that the homozygous ca2 

mutant did not have βCA2 gene expression, RT-PCRs confirmed the knockout of βCA2 

(Figure 13). Successful crosses were made of ca1ca4 and confirmed ca2 GU036-16 

(Exon 8) mutants as the F1 generation contained heterozygous triple mutants. From the 

screening in the F3 generation, a triple homozygous ca1ca2ca4 was identified via PCRs 

and confirmed via RT-PCRs (Figure 14).  
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Figure 13: RT-PCR analysis of the homozygous ca2 mutant. (A) A schematic diagram 
displaying different T-DNA insertions located in introns and exon of βCA2 gene. ca2 
GU036-16 was selected for the cross between ca1ca4 double mutant to create ca124 
triple mutant and CA2F-RT /CA2R-RT primers were used to analyze the expression 
levels via RT-PCR. (B)  RT-PCRs confirmed the lines screened were indeed homozygous 
for the ca2 gene mutation with clathrin control. 
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    Col        ca2     ca1ca4    ca124-1   ca124-2  ca124-3  H2O 

  Clathrin 

  CA1F-RT/CA1R-RT 

  CA2F-RT/CA2R-RT 

  CA4F-RT/CA4R-RT 

Figure 14: RT-PCR of the homozygous ca1ca2ca4 triple mutant. Successful crosses 
were made of ca1ca4 and confirmed ca2 GU036-16 (Exon 8) mutants as the F1 
generation contained heterozygous triple mutants. From the F3 generation screening, a 
triple homozygous ca124 was identified via PCRs and confirmed via RT-PCRs. 
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CO2-induced stomatal closure 

 

To have a better understanding of the CO2 and ABA signaling pathway, a newly 

isolated quadruple mutant that has a hypersensitive ABA response was tested under CO2 

conditions. In the Columbia background, pp2c quadruple mutant consists of all four 

recessive T-DNA insertions:  abi1-2/abi2-2/hab1-1/pp2ca-1. The two mutants, abi1-1 

and abi2-1, are dominant ABA insensitive mutants based on ethyl methanesulfonate 

(EMS) point mutation, and they were not included in this quadruple mutant. This mutant 

encodes protein phosphatases and acts as a negative regulator in the ABA signaling 

pathway. From this experiment, the quadruple mutant was confirmed to have intact CO2 

response, thus confirming the early divergence of the CO2 and ABA signaling pathway. 

 
   

 
Figure 15: CO2-induced stomatal closure in the pp2c quadruple mutant. Col-0 and 
pp2c quadruple mutant were exposed to 800ppm CO2 treatment for one hour. Three trials 
(n=3) were conducted in this experiment using the tracking method measuring 15 stomata 
per condition. Error bars are depicted as ± standard error of the mean for three trials.  
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Section 2:  Systems analysis of Brassica napus guard cell responses to ABA and 
drought 
 
 
Optimization of Brassica napus plant growth conditions 

 

In this second section, I will delve into the details of my methods development for 

Brassica napus large scale guard cell protoplast (GCP) isolations. It is known that B. 

napus is an edible oilseed crop species that is genetically closely related to Arabidopsis 

thaliana, the model plant for research36-38. Genomic comparisons have shown that many 

genes are well conserved between these species’, which indicate that B. napus may be 

useful for comparative genomics and analysis37,38. A novel methods development of 

guard cell isolations was proposed for systems analysis of guard cell responses to abscisic 

acid (ABA) and drought. By understanding the mechanisms regulating drought 

responses, we may be able to manipulate guard cells to develop strategies for improving 

water stress tolerance of B. napus and potentially other crop plants. Optimization of the 

plant growth conditions were found similar to Arabidopsis growth conditions. Sunshine 

Mix #1 was used with 25 grams of Cleary (fungicide) and 2.2 grams of Marathon 

(pesticide) added per 2.5 kg of soil. Sunshine Technigrow (fertilizer) was added 1g per 

liter of water to blend the soil. The B. napus seeds were planted 1” deep and incubated 

for 72 hours in 4⁰C for vernalization. The plants were placed in a growth room under 16 

hour light/8 hour dark cycle, 20⁰C, 60% humidity, and 120 µE/m2s of white light 

conditions. After germination, the plants were watered three times a week.  
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Application of KCl as a substitution for sorbitol in basic buffer solution 

 

In stomatal development and spacing, guard cells comprise a minor component of 

the epidermal tissue. In the field of scientific research, protoplast is known as a living 

material of a plant or bacterial cell, including the protoplasm and plasma membrane after 

the cell was has been removed. Thus, isolation of guard cell protoplast allows the 

investigation of unique cellular or biochemical attributes of guard cells20,58. In Assmann’s 

laboratory, a protocol was optimized to yield millions of highly purified, viable A. 

thaliana guard cell protoplasts for comparisons of gene and protein expression levels58. I 

have derived a similar protocol from A. thaliana GCP isolation to isolate B. napus guard 

cell protoplast (Appendix- Protocol 1).  

In the steps of GCP preparation, the basic buffer solution contained sorbitol as an 

osmolarity balance for healthy guard cells to round and form as a protoplast. However, 

sorbitol would serve as a severe problem for metabolomic anaylsis due to a huge sorbitol 

peak present in a gas chromatography-mass spectrometry (GC-MS) metabolite profile. 

The high sorbitol concentration in the basic buffer solution would also lower the freezing 

point of the GCP. The inactivation of metabolism of the guard cell protoplast is necessary 

before performing GC-MS experiments in Dr. Kopka’s laboratory in Germany. A -20 to -

50°C would not be sufficient for inactivation and storage of metabolites for guard cell 

protoplast to be shipped across the country. Many GCP preparation attempts were made 

with KCl as a substitution for sorbitol. The same osmolarity of 500mosmol/L was used to 

produce the same osmotic pressure necessary for healthy GCP formation (Appendix-

Protocol 2). However, application of KCl in basic buffer solution did not produce viable, 
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healthy GCP (Figure 16). After the second enzyme digestion, the filtration of epidermal 

fragments consisted of cell debris and chloroplasts as a result product. Other trials 

resulted in guard cell detachment from the epidermal fragments at an earlier stage before 

rounding into a guard cell protoplast. KCl did not kill the guard cells or living cells on the 

epidermal fragments; however, it did not aid the formation of healthy GCP. 

 
 
 
 
 
 

 
Figure 16: Application of KCl in basic buffer solution as a substitute for sorbitol. 
(A) After the second enzyme digestion using Cellulase RS and Pectolyase Y-23, cell 
debris and chloroplasts contamination were found under 40x objective lens. (B) Other 
attempts using KCl resulted in early guard cells detaching from the epidermal fragments. 
The rounding of guard cells do not occur to form healthy, viable GCP. 
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Isolation of viable guard cell enriched epidermal fragments 

 

 For the metabolite profile of ABA responses in B. napus guard cells, the use of 

sorbitol in the basic buffer solution to isolate GCP would affect the GC-MS analysis. 

Since the use of KCl as a substitution was not an efficient solution to achieve viable 

GCP, the proposal of extracting guard cell metabolites from epidermal fragments was 

suggested. With a short enzyme digestion to degrade the cell wall of blended epidermal 

fragments, guard cell metabolites can be extracted from only viable guard cells. This 

suggestion would provide a more efficient process and less labor intensive solution to 

isolate guard cell metabolites. Thus, a new protocol was created to achieve guard cell 

enriched epidermal fragments with digested cell walls (Appendix-Protocol 3). B. napus 

leaves were excised and blended to remove as many chloroplast and mesophyll cells from 

the epidermal fragments (Figure 17A). A FDA staining (fluorescein diacetate) was used 

to show only viable guard cells fluorescing from the same epidermal fragment (Figure 

17B). The epidermal fragments were shortly digested using an enzyme solution 

containing Cellulase R-10 and Macerozyme R-10 to degrade the cell walls (Figure 17C). 

Another FDA stain was used to show only viable guard cells fluorescing from the same 

epidermal fragment (Figure 17D). However, the purity of the guard cell metabolites was 

an issue as the epidermal fragments still contained mesophyll cell contamination. 
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Figure 17: Enriched epidermal fragments with intact, viable guard cells. (A) Under 
20x objective lens, the blending of fragments have very little mesophyll cells present on 
epidermal fragments. (B) From the same epidermal fragments in A, 5 minutes of FDA 
staining (fluorescein diacetate) show only viable guard cells fluorescing. (C) After first 
enzyme digestion of Cellulase R-10 and Macerozyme R-10, epidermal fragment no 
longer contains epidermal cell wall outline and green material associated with blended 
epidermal fragments. (D) From the same epidermal fragment in C, 5 minutes of FDA 
staining show only viable guard cells fluorescing.  
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Isolation of guard cell protoplasts 

 

 The aim was to determine the ABA-responsiveness of B. napus guard cell-

expressed genes, proteins, and metabolites. With this information, we can build an 

infrastructure for knowledge transfer from Arabidopsis to Brassica crops. Isolation of 

guard cell protoplasts proved to be an ideal solution in order to extract RNA, proteins, 

and metabolites from guard cells. From the blended guard cell enriched epidermal 

fragments, chloroplast and mesophyll contamination presented a problem regardless of 

the short enzyme digestion to degrade the cell wall material. A protocol was created to 

isolate viable GCP with the use of sorbitol in the basic buffer solution (Appendix-

Protocol 4). The isolation of B. napus guard cell protoplasts was successful using 

approximately 43 grams of starting leaf material cutting out all major veins to achieve 4.5 

x 106 guard cell protoplasts in one preparation. The GCP was fairly pure with the use of a 

gradient solution, called Histopaque, to separate viable GCP from cell debris 

contamination. A 10µM ABA treatment was imposed at time points 0, 15, and 60 

minutes, because some ABA-responsive genes that are relatively slowly up-regulated will 

not be detected at 15 minutes. The distinct, dynamic changes in metabolome and 

transcriptome will provide a better insight with the selected three time points. The 

sorbitol in the basic buffer solution did not cause a problem for metabolomic analysis, 

because the basic solution and ABA treatment were removed after the GCP were spun 

down to form a pellet and frozen with liquid nitrogen. 
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Figure 18: Isolation of B. napus guard cell protoplasts. (A) Under 40x lens, digested 
epidermal cell wall material by Cellulase R-10 and Macerozyme R-10. (B) The second 
enzyme digestion with Cellulase RS and Pectolyase Y-23 cause the guard cells to round 
up and detach from the epidermal fragment. (C) After washing and using a purification 
gradient to remove cell debris and contaminants, viable guard cell protoplasts were ready 
to be treated with ABA conditions. 
 



 
 

49 
 

IV. DISCUSSION 
 

Section 1:  CO2 control of stomata and stomatal development  

 

In Arabidopsis thaliana, the CO2 and ABA signaling pathways are known to 

diverge early on, and CAs have been found to be upstream mediators of the CO2 

pathway35. It is known that plants with low stomatal conductance may occur in water-

limited environments due to maximal gain of photosynthesis, where small reductions in 

stomatal conductance significantly increase water use efficiency48. In recent studies in 

our lab, it was found that guard cell-targeted over-expression of βCA1 and βCA4 in wild-

type plants displayed a reduced stomatal conductance at all concentrations of CO2 with 

an average 44% increase in instantaneous water use efficiency (WUE)35. The aim in this 

research is to determine whether greater carbonic anhydrase activity specifically in guard 

cells can improve stomatal CO2-responsiveness, instantaneous water use efficiency, and 

drought resilience in Arabidopsis plants. 

Homozygous βCA1 and βCA4 over-expression lines driven by pGC1 guard cell 

promoter in wild-type plants were isolated for this research. Imposed drought conditions 

on homozygous βCA over-expression lines resulted with βCA1ox11-5 and βCA1ox9-3 

losing the least amount of water via transpiration of the leaves (Figure 1). In comparison 

to wild-type, the water retention of over-expressing βCA1 correlated with the warmer 

leaf temperatures, which can be a result of drought-stress-induced stomatal closure 

(Figure 2). For the well-watering and limited-watering conditions, the plant performance 

was measured by average transpirational water loss, leaf temperature, and vegetative 
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biomass. In both well-watering and limited-watering conditions, βCA1 and βCA4 over-

expression lines experienced less water loss than wild-type (Figure 3A and 3B). In the 

limited-watering condition, average warmer leaf temperatures for all the plants were no 

larger than a 0.5⁰C difference, which is mainly due to the intact ABA drought response of 

decreased stomatal apertures (Figure 4B). In both conditions, βCA1ox11-5 and 

βCA4ox17-9 exceeded wild-type in vegetative biomass (Figure 5A and 5B).  

As we observe an increase in vegetative biomass in over-expressing βCA1 and 

βCA4 lines, the plants in the limited-watering condition did not complement the 

vegetative biomass in the well-watering condition. This can be explained by the 

stringency of these experiments as multiple trials and conditions are necessary for 

complete analysis of homozygous βCA over-expression lines. There is also a major 

limitation of the data regarding transpirational water loss. It is difficult to measure the 

variable amount of shoot weight that is gained throughout the plant’s life cycle; therefore, 

it is not normalized for the transpirational water loss. The homozygous βCA1 and βCA4 

over-expression lines will be reanalyzed for βCA1 or βCA4 expression levels by qRT-

PCR to determine if enhanced transcript levels can explain the increased vegetative shoot 

weight and plant performance in the over-expression lines.  

I sought to analyze plant performance with an additional method under similar 

drought conditions by employing a hydroponics system with a homogenous, high osmotic 

solution. Sorbitol and polyethylene glycol (PEG 4000) solutions were used to induce 

water deficit from the roots of the plants. After 48 hours of treatment of 200 mM sorbitol, 

several over-expression lines responded by maintaining turgidity compared to wild-type:  

βCA4ox1-6 and βCA4ox17-9 (Figure 6). After imposing 10% PEG (4000 grams/mol), 
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over-expression line βCA4ox1-6 responded by maintaining turgidity compared to wild-

type (Figure 7). However, in the 10% PEG treatment, some βCA1 and the other βCA4 

over-expressing plants show slight resilience towards the induced water deficit (Figure 

7). In experiments where osmotic stress is imposed on plant tissue by sorbitol, it is 

difficult to separate purely the osmotic effects from effects due to water deficit from these 

treatments. From previous research, it is known that PEG does not enter the plant’s cell 

wall space, whereas sorbitol does43,49. Therefore, the two osmostic stresses do not have 

equivalent effects of induced water deficit as PEG serves as an ideal osmoticum for the 

use in hydroponic root medium.  

From both the induced drought and water deficit experiments, different results in 

drought tolerance of βCA1 vs. βCA4 over-expression plants can be explained by the 

different subcellular localizations of these proteins. βCA1 localizes both to chloroplasts 

and the plasma membrane, whereas βCA4  localizes only to the plasma membrane35. In 

long-term exposure of drought, the over-expression of βCA1 is found to be drought 

tolerant due to the importance of chloroplast as the site for photosynthesis and energy 

production. In contrast, short-term exposure of osmotic stress, the over-expression of 

βCA4 has found to be more resilient, which can be indicated due to the gene expression 

localization at the plasma membrane. 

In addition to the increase water use efficiency of βCA over-expression lines, 

plants use multiple strategies to respond to drought stress as well. The βCA over-

expression lines in the wild-type background still retain properties to cope with stress by 

accelerating flowering, reducing water use by slowing growth, closing stomata, 
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increasing impermeability of cuticles, and improving water acquisition by increasing root 

development50-52. Plants can also tolerate drought with osmotic adjustment and 

production of antibiotics and ABA to protect plants from dessication53,54. Due to 

numerous contributing variables affecting the water loss and drought conditions, an 

accurate approach and more replicates would be required to achieve reliable data. A 

future aim can include a PHENOPSIS system to impose water deficits over the whole 

cycle of soil-grown plant development. The high-throughput phenotypic analysis system 

controls and stabilizes the soil water status over 500 transpiring plants in a growth 

chamber, thus achieving reliable data to analyze plant responses to water stress55. Field 

testing would also be necessary to demonstrate commercially relevant drought tolerance 

and water use efficiency in over-expressing βCA genes in crops for agricultural 

applications56. 

To gain better insight into how plants adapt to higher CO2 levels and/or drought 

conditions, pSKI015 was transformed into the ca1ca4 background to screen for potential 

enhancer or suppressor mutants affecting stomatal closure (Figure 9). Three suppressor 

mutants were isolated in the initial screen and were rescreened in the T2 generation 

(Figure 10 and Figure 11). The warmer leaf temperatures elude to the possibility of 

reduced leaf transpiration and restoration of the wild-type phenotype mediated by 

reduced stomatal numbers and/or apertures. A method to identify the flanking 

chromosomal DNA sequences adjacent to the inserted plasmid without utilizing the 

plasmid rescue technique is Thermal Asymmetric Interlaced (TAIL) PCR for efficiency 

(Table 12). The suppressor mutants had similar bands to wild-type in TAIL PCRs, PCRs 
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amplifying T-DNA insertion sequences of ca1ca4 knockout mutant was not present. All 

three potential suppressor mutants were false positives with the Columbia (wild-type) 

background for βCA1 and βCA4 genes. Potential errors may involve contamination of 

seeds from transformed plants, because five randomly selected T1 generation activation 

tagged plants carried the T-DNA insertion sequences. The new mutant library to create 

suppressor and enhancer mutants in the ca1ca4 mutant is being generated with more care 

to decrease the chances of contamination. Possible future aims with activation tagging 

would involve transformation of the negative regulator of stomatal closure, ht1 (high 

temperature 1) kinase, mutant. This is an ideal background to use for such studies since 

this mutant a 1⁰C higher leaf temperature phenotype than wild-type57. 

Experiments were carried out with the double knockout mutant ca1ca4 from the 

βCA class. Therefore, creating a higher order mutant of βCAs might provide a better 

understanding of the CO2 signaling pathway to assess the sensitivity of elevated CO2 

levels of these mutants. Data has shown that qRT-PCR confirms expression levels 

present in guard cells for βCA1, βCA2, βCA4, βCA5, and βCA635. The previously 

isolated triple homozygous mutant ca1(2)4 was confirmed to still have βCA2 expression 

levels present from RT-PCR results (Figure 13). The homozygous ca2 mutant was 

isolated to cross with ca1ca4 double knockout mutant to create the triple mutant. The 

triple homozygous ca1ca2ca4 was created and assessment of CO2 sensitivity is in 

progress (Figure 14). The isolation of a potential quadruple homozygous ca1ca2ca4ca6 

mutant is in progress. However both βCA4 and βCA6 are on the same chromosome, so a 

crossover is needed to occur for this quadruple mutant. If viable, a ca1ca2ca3ca4ca5ca6 
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mutant would provide more insight of the function of βCAs in plant guard cells and 

stomatal development.  

 

 

Section 2:  Systems analysis of Brassica napus guard cell responses to ABA and 
drought 
 
 
 

Brassica napus is an edible oilseed crop species that is genetically closely related 

to Arabidopsis thaliana, the model plant for research36-38. B. napus may be useful for 

comparative genomics and analysis because both of these species’ DNA sequence 

comparisons have well-conserved genes37,38. In stomatal development and spacing, guard 

cells comprise a minor component of the epidermal tissue, thus, isolation of guard cell 

protoplast allows the investigation of unique cellular or biochemical attributes of guard 

cells20,58. A novel methods development for B. napus large scale guard cell protoplast 

isolations was proposed for systems analysis of guard cell responses to abscisic acid 

(ABA) and drought. Optimization of the plant growth conditions were found similar to 

Arabidopsis growth conditions. With healthy B. napus plants, I have derived a similar 

protocol from A. thaliana GCP isolation to isolate B. napus guard cell protoplasts 

(Appendix- Protocol 1). For the purposes of extracting metabolites from guard cell 

protoplasts, sorbitol would serve as a severe problem for metabolomic anaylsis due to a 

huge sorbitol peak present in a gas chromatography-mass spectrometry (GC-MS) 

metabolite profile. Therefore, GCP isolation attempts were made with KCl as a 
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substitution for sorbitol (Appendix-Protocol 2). However, the application of KCl in basic 

buffer solution did not produce viable, healthy GCP (Figure 16). 

Since the use of KCl as a substitution was not an efficient solution to achieve 

viable GCP, the proposal of extracting guard cell metabolites from epidermal fragments 

was suggested. Thus, a new protocol was created to achieve guard cell enriched 

epidermal fragments with digested cell walls (Appendix-Protocol 3). A positive aspect 

about this protocol is that it would provide a more efficient process and less labor 

intensive solution to isolate guard cell metabolites. The leaves were excised and blended 

to remove as many chloroplast and mesophyll cells from the fragments using FDA 

staining to show only viable guard cells fluorescing from the same epidermal fragment 

(Figure 17). The green fluorescence is derived from viable cells with intact plasma 

membranes from the enzymatic hydrolysis of a non-fluorescent, membrane-permeable 

FDA compound. The intracellular esterase activity of FDA was found to be an optimal 

dye for staining viable plant cells59. 

From the blended guard cell enriched epidermal fragments, chloroplast and 

mesophyll contamination presented a problem regardless of the short enzyme digestion to 

degrade the cell wall material. A protocol was created to isolate viable GCP with the use 

of sorbitol in the basic buffer solution (Appendix-Protocol 4). Isolation of B. napus guard 

cell protoplasts was optimized using approximately 43 grams of starting leaf material 

cutting out all major veins to achieve 4.5 x 106 guard cell protoplasts (Figure 18). A 

10µM ABA treatment was imposed at time points 0, 15, and 60 minutes, because some 

ABA-responsive genes that are relatively slowly up-regulated will not be detected at 15 
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minutes. The distinct, dynamic changes in metabolome and transcriptome will provide a 

better insight with the selected three time points.  

Determining the changes in metabolome and transcriptome in guard cells of B. 

napus in response to ABA are currently in progress. A single GCP isolation has been sent 

to Dr. Kopka’s Max-Planck-Institute of Molecular Plant Physiology for metabolite 

analysis utilizing GC-MS. Three separate isolated GCP isolations were pooled together 

and extracted RNA utilizing Qiagen RNAeasy Kit. The most accurate method to measure 

the quantity and purity of the RNA sample was the NanoDrop technique60. Further 

experiment will involve GCP isolation for protein analysis to achieve a complete systems 

analysis of B. napus guard cell responses to ABA and drought. By understanding the 

mechanisms regulating drought responses and water use efficiency, we can manipulate 

guard cells towards developing strategies for improving water stress tolerance of B. 

napus and potentially other crop plants. 
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V. APPENDIX 

Protocol 1:  Protocol for Brassica napus guard cell protoplast isolation 
derived from Arabidopsis thaliana GCP isolations 

 

Plant growth 

7-8 weeks old plants in short day growth chamber 

 

Solution preparation 

Basic solution:                         (2L)                                         

D-Sorbitol                           192g (MW=182.2)        

5mM MES hydrate                   1.952g                                       

0.5mM CaCl2                            2mL    (0.5M stock solution)         

0.5mM MgCl2                           2mL    (0.5M stock solution)                

0.5mM Ascorbic acid                2mL    (0.5M stock solution) 

10µM KH2PO4                          200µL    (100mM stock solution) 

 Adjust pH to 5.5 with 1M Tris pH 8.0 
 

Enzyme I solution:                          (100mL) 

0.7% Cellulose R-10                           0.7g 

0.05% Macerozyme R10                 0.05g 

0.1% PVP 40                                     0.1g 

0.25% BSA                                    0.25g 

*0.5mM Ascorbic acid                       100µL (0.5M stock solution) 

55% Basic solution                            55mL 

45% DD water                                   45mL 

 Stir to mix the solution and adjust pH to 5.5 before use. Do not need to filter. 
Leave at room temperature 
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Enzyme II solution :                       (100mL) 

1.1% Cellulase RS                           1.1g 

0.0075% Pectolyase Y-23                7.5mg 

0.25% BSA                                       0.25g 

(- Mix three chemicals together & place at 4 oC if not used immediately (use same day)) 

*0.5mM Asorbic acid                        100µL (0.5M stock solution) 

100% Basic solution                          100mL 

 Adjust pH to 5.5 with 1M KOH. Leave at room temperature. 

*  Add just before use. 

 

Experimental procedure: 

1. Excise 30grams of 7-8 weeks old plants cutting out major veins. Put leaves in 

cold tap water. 

2. Connect Waring commercial blender to a Variac. Set Variac at setting 85. Place 

leaf pieces in 100 mL of cold water in big blender jar, blend them 30 s---30s---20s 

(--- means 3-5 seconds). 

3. Pour the blended mixture through fine nylon mesh (100 µm) and rinse thoroughly 

with tap water in sink until flow-through is clear. Repeat step 2 and rinse again. 

4. Transfer the epidermal pieces into 100 mL of Enzyme I (using a spatula) in a 250 

mL flask and shake fast (speed #9, 140 excursions) for 45 min in a 25-28 0C water 

bath . Keep in darkness by covering the flask with a small cardboard box. 

5. At ~ 40 min of digestion, check with 1 ml pipette tip cut open, put under low 

magnification, see epidermal cell wall outline is gone and no green stuff 

associated epidermal peels. 

6. After 60 mins-90mins (time will vary depending on quality of enzyme batch), add 

150 mL Basic solution to the flask and shake fast for 5 additional min (or 100 ml 

digestion + 100 ml Basic solution). This provides an intermediate osmolarity 

between the first and second enzyme solutions. 



59 
 

 

7. Collect the peels on 100 µm nylon mesh and rinse thoroughly but gently, with 

Basic solution 

8. Put the peels in 100 mL of Enzyme II in a 250 mL flask. Shake slowly under 

darkness at 20-21 0C. This low temperature is important for maintaining good 

protoplast health. Then shake at #4 (40 excursions) for remaining 80-90 min. 

(time will vary depending on quality of enzyme batch) check cells, most of the 

guard cells should round up.  

9. Collect the guard cell protoplasts by filtering through 30 µm mesh into a 50 mL 

centrifuge tube (Use a plastic transfer pipette to gently transfer Enzyme II mixture 

to the filter). Rinse with Basic solution to a total volume of 50 mL. 

10. Take 50 mL of basic solution and rinse the peels and collect the wash in another 

centrifuge tube. Do it 3 times in 3 separate tubes. 

11. Spin the tube at setting 4 (clinical-type centrifuge; 1180 rpm, 141.4 g) for 5min. 

12. Discard supernatant by pouring slowly and resuspend the cells into a total of 25 

mL of basic medium. 

13.  Spin again for 5 min at setting 4. 

14. Resuspend the cells in 5 mL of basic solution. 

15. Place 5mL of histopaque solution (Sigma Histopaque-1077, 10771-500ml) in a 50 

mL centrifuge tube and gently layer 5 mL of cell suspension on it carefully, using 

a plastic transfer pipette. 

16. Spin for 15 min at setting 4. 

17. Remove tubes gently and use a plastic transfer pipette to isolate the fuzzy opaque 

layer (white-greenish) of guard cells from the interface of two solutions. Collect ~ 

4 ml. 

18. Put Basic solution in and add up to 25 mL and spin at setting 4 for 5 min. 

19. Resuspend the cells in 1 mL of Basic solution.  

20. Take out 10 µL and count the number of cells in a hemocytometer. 

21. Keep on ice and in the dark until ready to use or store at -80⁰C after treatment. 
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Protocol 2:  Protocol for Brassica napus guard cell protoplast isolation 
with KCl  

 

Plant growth 

7-8 weeks old plants in short day growth chamber 

 

Solution preparation 

Basic solution:                         (2L)                                         

KCl                            38g  (osmolarity ~500 mosmol/L)       

5mM MES hydrate                   1.952g                                       

0.5mM CaCl2                            2mL    (0.5M stock solution)         

0.5mM MgCl2                           2mL    (0.5M stock solution)                

0.5mM Ascorbic acid                2mL    (0.5M stock solution) 

10µM KH2PO4                          200µL    (100mM stock solution) 

 Adjust pH to 5.5 with 1M Tris pH 8.0 
 

Enzyme I solution:                          (100mL) 

0.7% Cellulose R-10                           0.7g 

0.05% Macerozyme R10                 0.05g 

0.1% PVP 40                                     0.1g 

0.25% BSA                                    0.25g 

*0.5mM Ascorbic acid                       100µL (0.5M stock solution) 

55% Basic solution                            55mL 

45% DD water                                   45mL 

 Stir to mix the solution and adjust pH to 5.5 before use. Do not need to filter. 
Leave at room temperature 
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Enzyme II solution :                       (100mL) 

1.1% Cellulase RS                           1.1g 

0.0075% Pectolyase Y-23                7.5mg 

0.25% BSA                                       0.25g 

(- Mix three chemicals together & place at 4 oC if not used immediately (use same day)) 

*0.5mM Asorbic acid                        100µL (0.5M stock solution) 

100% Basic solution                          100mL 

 Adjust pH to 5.5 with 1M KOH. Leave at room temperature. 

*  Add just before use. 

 

Experimental procedure: 

1. Excise 30grams of 7-8 weeks old plants cutting out major veins. Put leaves in 

cold tap water. 

2. Connect Waring commercial blender to a Variac. Set Variac at setting 85. Place 

leaf pieces in 100 mL of cold water in big blender jar, blend them 30 s---30s---20s 

(--- means 3-5 seconds). 

3. Pour the blended mixture through fine nylon mesh (100 µm) and rinse thoroughly 

with tap water in sink until flow-through is clear. Repeat step 2 and rinse again. 

4. Transfer the epidermal pieces into 100 mL of Enzyme I (using a spatula) in a 250 

mL flask and shake fast (speed #9, 140 excursions) for 45 min in a 25-28 0C water 

bath . Keep in darkness by covering the flask with a small cardboard box. 

5. At ~ 40 min of digestion, check with 1 ml pipette tip cut open, put under low 

magnification, see epidermal cell wall outline is gone and no green stuff 

associated epidermal peels. 

6. After 60 mins-90mins (time will vary depending on quality of enzyme batch), add 

150 mL Basic solution to the flask and shake fast for 5 additional min (or 100 ml 

digestion + 100 ml Basic solution). This provides an intermediate osmolarity 

between the first and second enzyme solutions. 
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7. Collect the peels on 100 µm nylon mesh and rinse thoroughly but gently, with 

Basic solution 

8. Put the peels in 100 mL of Enzyme II in a 250 mL flask. Shake slowly under 

darkness at 20-21 0C. This low temperature is important for maintaining good 

protoplast health. Then shake at #4 (40 excursions) for remaining 80-90 min. 

(time will vary depending on quality of enzyme batch) check cells, most of the 

guard cells should round up.  

9. Collect the guard cell protoplasts by filtering through 30 µm mesh into a 50 mL 

centrifuge tube (Use a plastic transfer pipette to gently transfer Enzyme II mixture 

to the filter). Rinse with Basic solution to a total volume of 50 mL. 

10. Take 50 mL of basic solution and rinse the peels and collect the wash in another 

centrifuge tube. Do it 3 times in 3 separate tubes. 

11. Spin the tube at setting 4 (clinical-type centrifuge; 1180 rpm, 141.4 g) for 5min. 

12. Discard supernatant by pouring slowly and resuspend the cells into a total of 25 

mL of basic medium. 

13.  Spin again for 5 min at setting 4. 

14. Resuspend the cells in 5 mL of basic solution. 

15. Place 5mL of histopaque solution (Sigma Histopaque-1077, 10771-500ml) in a 50 

mL centrifuge tube and gently layer 5 mL of cell suspension on it carefully, using 

a plastic transfer pipette. 

16. Spin for 15 min at setting 4. 

17. Remove tubes gently and use a plastic transfer pipette to isolate the fuzzy opaque 

layer (white-greenish) of guard cells from the interface of two solutions. Collect ~ 

4 ml. 

18. Put Basic solution in and add up to 25 mL and spin at setting 4 for 5 min. 

19. Resuspend the cells in 1 mL of Basic solution.  

20. Take out 10 µL and count the number of cells in a hemocytometer. 

21. Keep on ice and in the dark until ready to use or store at -80⁰C after treatment. 
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Protocol 3:  Protocol for blended epidermal fragments from Brassica 
napus for guard cell enrichment and purification 

 

Solution preparation: 

Prepare 1 L of basic solution the day before, and store at 4°C overnight along with 1 L of 
water. 

Basic Solution* (1 L) Concentration 

KCl (38 g) 
MES hydrate 5 mM (0.976 g) 
CaCl2 0.5 mM (1 mL 0.5 M stock solution) 
MgCl2 0.5 mM (1 mL 0.5 M stock solution) 
Ascorbic acid 0.5 mM (1 mL 0.5 M stock solution) 

KH2PO4 10 µM (100 µL 100 mM stock solution) 
*Adjust pH to 5.5 with 1 M Tris pH 8.0. 

Make enzyme solutions the same day the isolation is performed, and leave at room 
temperature. 

Enzyme 1 Solution (100 mL) Concentration (% w/v) 

Cellulase R-10 0.7% 
Macerozyme R-10 0.05% 
PVP 40 0.10% 
BSA 0.25% 
Ascorbic acid 0.5 mM 
Basic solution 55% 

Deionized water 45% 
 

Enzyme 2 Solution (100 mL) Concentration (% w/v) 

Cellulase RS 1.10% 
Pectolyase Y23 0.0075% 
BSA 0.25% 
Ascorbic acid 0.5 mM 

Basic solution 100% 
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Experimental procedure: 

1. Excise 30 grams of 7-8 weeks old plants cutting out 3-4 major veins ending up 

with ~6 pieces of leaves per leaf. Put pieces of leaves in cold tap water. 

2. Connect Waring commercial blender. Place 15 grams of leaf pieces in 100 mL of 

cold water in big blender jar, blend them in step pulses of 30s, 5s, 30s, 5s, 20s 

durations in this sequence. 

3. Pour the blended mixture through fine nylon mesh (100µm) and rinse thoroughly 

with tap water in sink until flow-through is clear. Repeat step 2 and rinse again.  

4. Continue with another 15 grams of leaves for steps 2 and 3 and combine 

epidermis. Collect epidermal fragments on 100µm nylon mesh. 

5. Place fragments onto miracloth and gently squeeze out the remaining basic 

solution. Quickly freeze the fragments wrapped in miracloth (Pore size: 22-25µm) 

in liquid nitrogen to be stored at -80⁰C for further use. 

6. Removal of green mesophyll cells from blended epidermal fragments:  transfer 

the epidermal pieces into 100mL of enzyme solution (using a spatula) in a 250mL 

flask and shake linearly (140 excursions/min) for 45 minutes in a 25-280C water 

bath. Keep in darkness by covering the flask completely with aluminum foil. 

7. At ~ 40 minutes of digestion, check with 1 ml pipette tip cut open, put under 20x 

magnification, see epidermal cell wall outline is gone and no green material 

associated epidermal fragments. 

8. After another 30 minutes, collect the fragments on 100µm nylon mesh and rinse 

thoroughly but gently, with basic solution. 

9. Place fragments onto miracloth and gently squeeze out the remaining basic 

solution. Quickly freeze the fragments wrapped in miracloth (Pore size: 22-25µm) 

in liquid nitrogen to be stored at -80 ⁰C for further use. 
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Protocol 4:  Protocol for isolation of Brassica napus guard cell 
protoplasts and ABA treatment 

 

Solutions preparation: 

Prepare 1 L of basic solution the day before, and store at 4°C overnight along with 1 L of 
water. 

Basic Solution* (1 L) Concentration 

D-Sorbitol 0.527 M (96 g) 
MES hydrate 5 mM (0.976 g) 
CaCl2 0.5 mM (1 mL 0.5 M stock solution) 
MgCl2 0.5 mM (1 mL 0.5 M stock solution) 
Ascorbic acid 0.5 mM (1 mL 0.5 M stock solution) 

KH2PO4 10 µM (100 µL 100 mM stock solution) 
*Adjust pH to 5.5 with 1 M Tris pH 8.0. 

Make enzyme solutions the same day the isolation is performed, and leave at room 
temperature. 

Enzyme 1 Solution (100 mL) Concentration (% w/v) 

Cellulase R-10 0.7% 
Macerozyme R-10 0.05% 
PVP 40 0.10% 
BSA 0.25% 
Ascorbic acid 0.5 mM 
Basic solution 55% 

Deionized water 45% 
 

Enzyme 2 Solution (100 mL) Concentration (% w/v) 

Cellulase RS 1.10% 
Pectolyase Y23 0.0075% 
BSA 0.25% 
Ascorbic acid 0.5 mM 

Basic solution 100% 
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Experimental procedure: 

1. Cut 20-40 g of good leaves from 7-8 weeks old plants. Remove major veins (1 to 

3, depending on the leaf size). Place leaves in a beaker on ice. 

2. Divide leaves into 3 batches.  

For each batch:  

a. Place the leaves along with ~ 300 mL of cold water in a large Waring 

commercial blender jar. 

b. Blend 3 × 1 minute, pausing for 5 seconds between runs. 

c. Filter the blended mixture through a 100µm nylon mesh, washing with 

water until the flow-through runs clear. (Pre-moistening the mesh 

thoroughly with water and then placing it in a funnel set over a large flask 

works well.) 

d. Transfer the epidermal pieces into a 500mL flask on ice using a spatula. 

3. Add 100mL of enzyme 1 solution to the flask, and shake fast (~ 100 RPM, speed 

setting 5.5 on a Gyrotory Water Bath Shaker Model G76, New Brunswick 

Scientific Co.) for 2 hours in a 22°C water bath. Keep in darkness. 

4. Use a 200µL pipette with ~ 0.5cm of the pipette tip cut off to check the cells 

under low magnification. The epidermal cell wall outline should be gone, and 

there should be little to no green color associated with epidermal peels. 

5. Add 150mL of basic solution into the flask, and shake fast at the same speed for 

an additional 10 minutes. 

6. Collect the epidermal peels using a 100µm mesh, and rinse for 5 minutes with 

100mL of basic solution. Repeat. (Using a magnetic stirrer to rinse works fine, but 

stir as gently as possible.) 

7. Filter through the 100µm mesh, and place the peels in a 250mL flask. Add 100mL 

of enzyme 2 solution. 

8. Shake slowly (~ 60 RPM, speed setting 4.5 on a Gyrotory Water Bath Shaker 

Model G76) in a 22°C water bath for 2-2½ hours, depending on the quality of the 

enzyme batch. Keep in darkness. 
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9. Check the cells with a trimmed 200µL pipette tip under a microscope. The guard 

cells should be round at this point. 

10. Filter through a single layer of 20µm nylon mesh into a 600mL beaker on ice. 

Suggestion: 

a. Pull the 20µm mesh tightly over one end of a cylinder with no top or 

bottom, and fasten securely using rubber bands. 

b. Pre-moisten the mesh thoroughly with basic solution (5-10mL). 

c. Place the cylinder with the mesh side facing down inside a funnel set over 

a Bunsen burner tripod stand. 

d. Place the entire setup over the 600mL beaker set on ice such that the tip of 

the funnel touches the bottom of the beaker. 

11. Pour 100mL of basic solution through the mesh gently to rinse the peels and 

collect the guard cell protoplasts. Repeat 2 times for a total protoplast solution 

volume of 400mL. 

12. Transfer the protoplast solution into eight 50mL centrifuge tubes (50mL of 

protoplast solution per tube). Pour as gently as possible by tilting the tubes. 

13. Centrifuge at 350g for 5 minutes with low acceleration and deceleration rates. 

14. Remove all but 1.5mL of supernatant from each tube by either using a pipette or 

pouring slowly. Resuspend the pellets into a total volume of 12mL using a 1mL 

pipette with ~ 1cm of the pipette tip trimmed off. 

15. Place 6 mL of gradient solution (35% basic solution, 65% Histopaque) on the 

bottom of each of two 15mL centrifuge tubes, and carefully layer 6mL of 

resuspended protoplast solution on top in each tube using a trimmed 1mL pipette 

tip. 

16. Centrifuge at 430g for 5 minutes with low acceleration and deceleration rates. 

17. Remove the tubes gently, and carefully extract the fuzzy, greenish yellow layer of 

guard cell protoplasts from the interface of the two solutions using a trimmed 

1mL pipette tip. Collect 900µL from each tube. 
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18. Use a 1000µL pipette with a trimmed tip to place 600µL of protoplast solution 

into each of three 1.5mL centrifuge tubes labeled “control”, “15 minutes”, and 

“60 minutes”. 

19. Leave at room temperature for 1 hour. Meanwhile, count the number of guard cell 

protoplasts using a hemocytometer. 

20. Add 15µL of ABA stock solution (410µM) to each of the tubes labeled “15 

minutes” and “60 minutes”, and add 15µL of 100% ethanol to the remaining tube 

labeled “control”. Invert the tubes gently 6-8 times to mix. 

21. Incubate for 14 minutes at room temperature. 

22. Centrifuge the tubes labeled “control” and “15 minutes” at 6000g (8000 RPM in a 

tabletop centrifuge) for 1 minute, and remove the supernatant from each tube.  

Freeze the pellets in liquid nitrogen, and store at -80°C. 

23. Incubate the remaining tube labeled “60 minutes” for an additional 45 minutes (59 

minutes total) at room temperature. 

24. Centrifuge at 6000g (8000 RPM in a tabletop centrifuge) for 1 minute, and 

remove the supernatant.  Freeze the pellet in liquid nitrogen, and store at -80°C. 
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