SIGNALING COMPONENTS DURING STOMATAL CLOSURE
INDUCED BY METHYL JASMONATE AND ABSCISIC ACID

Thesis submitted to the University of Hyderabad
for the Degree of
DOCTOR OF PHILOSOPHY
By

D. Suhita

Supervisor

Professor A. S. Raghavendra rn4, Fasc, FNASe, FNAAS

Department of Plant Sciences
School of Life Sciences
University of Hyderabad

Hyderabad 500 046 INDIA

December 2004

Enrol. No. 99LPPHO09



Department of Plant Sciences
School of Life Sciences
University of Hyderabad

Hyderabad 500 046 INDIA

DECLARATION

| hereby declare that the work presented in this thesis entitled “Signaling
components during stomatal closure induced by methyl jasmonate and

”

abscisic acid " has been carried out by me under the supervision of
Professor A. S. Raghavendra in the Department of Plant Sciences, School of
Life Sciences, University of Hyc}erabad and this work has not been submitted

for any degree or diploma of any other University or Institute.

’- z?/a/u};

D. Suhita Professor A. S. Raghavendra
Enrol. No: 99LPPH09 FNA, FASc, FNASc, FNAAS
(Candidate) (Supervisor)

Professor A.S. Raghavendra
Principal Investigator



Department of Plant Sciences
School of Life Sciences
University of Hyderabad

Hyderabad-500 046 INDIA

CERTIFICATE

This is to certify that Miss. Suhita ©. has carried out the research work embodied in
the present thesis entitled “Signafing components during stomatal closure induced by methyl
jasmonate and abscisic acid” for the degree of Doctor of Philosophy under my supervision

in the Department of Plant Sciences, School of Life Sciences, University of

;

Hyderabad.

Supervisor 73/”-}"}‘
Professor A.S. Raghavendra
Principal Investigator

Head \\'V\G-\

Department of Plant Sciences

DEPT. OF PLANT SCIENCES Qvderabad
SCHOOL OF LIFE SCENCES
UNIVERSITY OF HYDERABAD
HYDERABAD-500 046. INDWA

ST o

DI Lifr Criana



ACKNOWLEDGEMENTS

I would fike to extend my heartfelt gratitude to my supervisor,
®rofessor A. S. Raghavendra for his invaluable guidance, suggestions and constant
encouragement throughout the course of my research work,

My sincere thanks to present Dean of School Prof. A. S. Raghavendra and
former Deans Prof. T. Suryanarayana, Prof. R, P. Sharma, Prof. A. R, Reddy and
Prof. @. B. Kyrti, Head, Department of Plant Sciences, and Prof. M. N. V. Prasad,

®rof. A. S. Raghavendra former Head of the Department for providing necessary
facilities for research during my PhD.

I am privileged to have associated in IFCPAR, collaborative project of
Professor A. S. Raghavendra with Dr. Alain Vavasseur. I owe my gratitude to
Or. Alain Vavasseur for providing all necessary facilities and encouragement, which
helped me to carry out my research at France. I also thank Mrs. Joelle Vavasseur
personally for making my stay at France to be fiomely and memorable.

My sincere thanks to Dr. Alain Cousson for fis wvaluable advises and

for sharing his Rnowledge. I would also fike to thank, Drs. Elena Manin and
Drs. Nathalie Leonhardt for their help and support.

A special thanks to Prof. R, P. Sharma for his advises and suggestions. I also
thank Prof. P. B. Kjrti for the encouragement to carry out my research.

I wish to thank, Professor Hans Walter Heldt (University of Gottingen,
Germany), Professor William C. Plaxton (Queens University, Canada) and Professor
Renate Scheibe (University of Osnabriick, Germany) for their helpful discussions and
suggestions during their visit to laboratory of Professor A. S. Raghavendra.

I would [ike to express my deep love and gratitude to my family, Mr. . %Y.
Sunder Rao, Mrs. N.Mani Pushpa Lakshmi, Dr. Suchitra, Or. Joty Bhapooli and
my brothers Arpan and Arun for support and understanding at the mostly happy,
but sometimes heavy moments during these years. I dedicate this work to my parents.

I would liRe to give wvery special thanks to my seniors: Dr. Padmasree,
Dr. Bhaskar Rao, Dr. Padma vathi for their fielp.

I also acknowledge all my lab mates: Mr. Jhadeswar Murmu, Mr. K, V.
Apparao, Mrs. K, Rjazunnisa, Mr. . Sudhakara Rgo, Mr. G. Vijay Rumar,
Mr. B. Sunil and Mr. Udaya Kiran for creating lively environment in the [ab.
I am also thankful to Mr. Venu and Mr. Pandu for their assistance in the [ab and in
maintaining the plants in the field that was regularly needed for my research work,

iv



Life would not be possible without friends. They are always a source of
inspiration and encouragement. I thank all my friends: ©r. ®. Janila, Dr. Sangeeta
Negi, Dr. Ashok, Samba Siva Prasad, Gargi Meur, Phillipe, Chandrasekhar, Sravan
Dinakar and Rama Devi for their help and memorable time in campus. A special
thanks to Ms. Pamela Sherin Niazi for helping me in the final stages of my thesis.
I wish them all the best for their further careers.

The financial support from Indo-French Center for Advance Research

(IFCPAR) and Council of Scientific and Industrial Research (CSIR), New Delhi is
gratefully acknowledged.

Suhita .



ABBREVIATIONS

ABA = abscisic acid

BCECF-AM

2' 7'-bis(2-carboxy-ethyl)-5(6)-
carboxyfluorescein-acetoxymethylester

cADPR = Cyclic ADP-Ribose

CaM = calmodulin

DAF-DA = 4 5-diamino fluorescein diacetate

DAG = diacylglycerol

EGTA = ethyleneglycol-bis-(3-aminoethyl ether)
N,N,N’ N'-tetra acetic acid

H,DCF-DA = 2' 7’-dichlorofluorescein diacetate

1P = inositol 1,4,5-triphosphate

L-NAME = N-nitro-L-arginine methylester

MJ = methyl jasmonate

PI3P = phosphatidylinositol 3-phosphate

Pl14P - phosphatidylinositol 4-phosphate

PIP; - Phosphatidylinositol 4,5-bisphosphate

PMA = phorbol myristate acetate

SNP = sodium nitroprusside

TFP - trifluoperazine

U73122 = 1-[6-[17p3-methoxyestra-1,3,5(10)-trien-17-

yllamino]hexyls]-1H-pyrrole-2,5-dione

All the remaining abbreviations are all standard ones, and as indicated in Plant

Physiology  issue, 2004, Instructions for contributors, website:
http://www.aspb.org

vi



Contents

Chapter 1. Introduction and Review of Literature

BN -

NoooooouonoonorwNNNNN S
CO~NOObhWN=

B . T S W N N WP S N W N W WP NS W W N W —

Introduction

Major abiotic factors affecting stomatal movements

Carbon dioxide

Light

Humidity and water stress

Temperature

Events during stomatal opening and stomatal closure
Guard cell metabolism and bioenergetics

Secondary messengers and signaling components in guard cells
Plasma membrane ATPase

K" channels

Calcium channels

G-Proteins

Phosphoinositides and Phospholipases

Calmodulin

Cytosolic pH

Protein kinases and phosphatases

Actin filaments

Effects of ABA or MJ on stomatal signal transduction

Use of Arabidopsis mutants for studies on stomatal function

Chapter 2. Approach and Objectives

Chapter 3. Materials and Methods

3.1
3.2
3.3
3.4
3.5
3.5.1
352
3.6.3
3.5.4
3.6
3.6.1
3.6.2
3.6.3
3.7
3.8
3.9
3.10
3.11
3.12
3.13

Plant material

Plant growth conditions

Bioassays using epidermal strips

Measurements of stomatal aperture

Isolation of protoplasts
Guard cell protoplasts (GCP) from Arabidopsis
Guard cell protoplasts (GCP) from Pisum sativum
Mesophyll cell protoplasts (MCP) from Arabidopsis
Mesophyll cell protoplasts (MCP) from Pisum sativum
Characteristics of protoplasts
Estimation of chlorophyll
Measurement of protoplast volume changes
Photosynthetic oxygen evolution/ Respiratory oxygen uptake
Determination of H,0,
Determination of NO
Determination of pH
Quantitative estimation of ROS, NO or pH
Measurement of pH by 'Null-Point" Method
Replication and statistical analysis
Solvents, Chemical and Materials

1-20

OO EhWWNN -

L S T U G G (T G 4
UMb WWN=2O0O

21-27
28-46

28
28
31
32
33
33
35
36
37
40
40
40
41
41
42
43
44
45
47
47

Chapter 4. Different signaling pathways involved during the suppression of stomatal
opening by methyl jasmonate or abscisic acid

4.1
42
4.3
4.4

Introduction
Results
Discussion
Conclusions

vii

48-69

48
50
64
69



Chapter 5. Cytoplasmic alkalization precedes reactive oxygen species production during
methyl jasmonate- and abscisic acid-induced stomatal closure

5.1
52
5.2.1

522
523
524

5.2.5
526
52
5.3

Chapter 6.

6.1

6.2

6.2.1
6.2.2
6.2.3
6.2.4
6.2.5

6.3
6.4

Introduction

Results

Jar1-1 mutants are insensitive to MJ but not to ABA while
ost1-2 mutants are insensitive to ABA but not to MJ

Protein kinases are essential elements in stomatal closure

by ABA and MJ

JAR1 and OST1 are located upstream of ABA and MJ-induced
H,0, production through an NAD(P)H oxidase

Alkalization of pHy is necessary and precedes ROS production
in response to ABA and MJ

Role of calcium or calmodulin in pH or ROS production

gork1 mutant is insensitive to MJ

Discussion

Conclusions

70-95

70
72

72
73
75
7
87
87

89
94

Nitric oxide production is a common event during the signal transduction

by guard cell of both MJ and ABA

Introduction

Results

Effect of NO modulation on stomatal closure caused by MJ or ABA
Comparative kinetics of increase in NO or ROS or pH in guard cells
pH change in guard cells associated with NO production

Role of protein kinases in NO production

Importance of calcium mobilizing components in MJ or ABA
mediated NO production

Discussion

Conclusions

96-117

96
98
98
106
106
106

107
114
117

Chapter 7. Reactive oxygen species and pH changes are common signaling elements
during abscisic acid or methyl jasmonate induced shrinkage of guard cell
and mesophyll protoplasts

7.1
7.2
12,1
722
123
7.3
7.4

Introduction

Results

Volume changes of MCP or GCP on exposure to MJ or ABA
Changes in pH of MCP or GCP on exposure to MJ or ABA
Changes in ROS levels of MCP or GCP

Discussion

Conclusions

Chapter 8. General Discussion

Chapter 9. Summary and Conclusions

Chapter 10. Literature Cited

Appendix: Research papers published

viii

118-133

118
120
120
123
124
130
133

134-143
144-150

151173



Chapter 1

Introduction and Review of Literature



Chapter 1 Introduction and review of literature

Chapter 1
Introduction and Review of Literature
1.1  Introduction

The exchange of oxygen and carbon dioxide in the leaf occurs through
stomata. Each stoma is constituted by a pair of guard cells, which are modified
epidermal cells of the epidermis. Antagonism between the guard cell and
epidermal cell turgor control the extent of stomatal aperture. Thus, guard cells
regulate the dimensions of stomata, thereby regulating rates of not only
transpiration but also photosynthesis. Guard cells are highly differentiated,
metabolically active and respond quickly and reversibly to diverse
environmental signals. Guard cells have therefore been the focus of intense
research in plant biology (Willmer and Fricker, 1996).

Stomatal movement is the result of changes in guard cell turgor, which
depends on their osmotic potential. The major contributors to the guard cell
osmolarity are K*, CI', malate, sucrose and a few organic anions (Willmer and
Fricker, 1996). This leads to changes in turgor and makes guard cell to swell
or shrink, resulting in stomatal opening or closure, respectively (MacRobbie,
1983, Talbott and Zeiger, 1998, Blatt, 2000a,b).

Guard cells have become a popular model systems to study the roles of
ion channels, changes in cytosolic calcium (Caz*) in response to stimuli and
provide a platform for understanding signal transduction (Schroeder et al.,
1984, Schroeder and Hagiwara, 1989, McAinsh et al., 1990). The ion channels
are the targets of several signals. An understanding of the signals that impinge

upon guard cells and the mechanisms through which guard cells respond

1



Chapter 1 Introduction and review of literature

would allow an integration of stomatal function into the whole plant’'s
physiology.

The environmental (abiotic) stimuli affecting stomatal aperture includes
CO_, light, temperature, water stress, humidity. Among the plant hormones,
abscisic acid (ABA) and methyl jasmonate (MJ) cause stomatal closure while
auxins and cytokinins promote stomatal opening (Raghavendra and Reddy,
1987, Irving et al., 1992). The effect of different stimuli appears to converge on
ion channels, regulating the uptake/influx of K* and Ca** ions. The message of
particular signal is transduced through several secondary messengers, and

these in turn regulate the ion channels.

The bioenergetics, carbon metabolism and signaling cascades in
guard cell have been reviewed frequently in books and excellent reviews.
Some of the books are by Zeiger et al. (1987), MacRobbie, (1987) and
Willmer and Fricker (1996). Among the recent reviews on stomata are
those by Leung and Giraudat (1998), Raymond et al. (1999), Blatt (2000a,b),
Assmann and Wang (2001), Hetherington (2001), Medrano et al. (2002),
Outlaw (2003), Hetherington and Woodward (2003), Fan et al. (2004) and

Gray and Hetherington (2004).

1.2  Major abiotic factors affecting stomatal movements

1.2.1 Carbon dioxide

Stomatal apertures are reduced at increased atmospheric CO;
(Assmann, 1999). As increase in CO; concentrations promotes efflux of K"

causing depolarization, inhibition of H*-ATPase and influx of Ca®* (Hedrich et
2



Chapter 1 Introduction and review of literature

al., 2001). Guard cells respond also to lowered internal CO; concentration
within the intercellular spaces resulting from photosynthesis. Stomatal closure
is mediated by K*, anion efflux, removal of sucrose and synthesis of malate
(Gaedeke et al., 2001). Elevated CO, concentrations arising from respiration in

darkness stimulate stomatal closing (Mansfield et al., 1990).

1.2.2 Light

The stomata open as a direct response to light or respond indirectly to
light via decreased intercellular CO; concentration. Stomatal guard cells can
respond to light within few minutes (Parvathi and Raghavendra, 1995).
Stomatal opening is promoted strongly by blue light, much more than that by
red light. The pattern and mechanism of blue light responses of guard cells to
blue light is therefore studied extensively (Willmer and Fricker, 1996). Several
secondary messengers like calcium and calmodulin (CaM)-dependent protein
kinases of the myosin light chain kinase type (MLCK) type are possibly involved
in the transduction of blue light perception by guard cells (Assmann, 1993,
Shimazaki et al., 1992). The prominent studies on blue light suggest the
involvement of carotenoids, particularly zeaxanthin, in blue light perception by
guard cells in vivo and in vitro (Zeiger et al., 1987, Zeiger and Zhu, 1998,
Talbott et al., 2003). Stomatal opening in vivo is stimulated by even a single
pulse of blue light. The stimulatory effect of blue light on stomatal opening is

pronounced at low Ca®* (Parvathi and Raghavendra, 1997a).
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1.2.3 Humidity and water stress

Stomata open in response to high humidity (Maier-Maercker, 1983).
Stomatal opening as well as transpiration increases as the difference
between the leaf humidity and air humidity widens. In a humid environment,
plants keep their stomata wide open, quite often during the day. Changes in
guard cell metabolism and upregulation of certain selective mRNA levels
were observed in guard cells of Solanum tuberosum on exposure to
water stress (Kopka et al., 1997). The changes in transcript levels were
noticed much earlier to the decrease in leaf water potential. It is suggested

that ABA could be involved in these responses (Gowing et al., 1993).

1.2.4 Temperature

Stomatal aperture increased with increasing temperature up to an
optimal level followed by closure (Willmer and Fricker, 1996).
High temperatures lead to irreversible damage of guard cell function.
Thus, stomata open increasingly at higher temperatures until guard cells
are damaged (Roger et al, 1981). Low temperature may effect the
enzymes, ion channels, [Ca®']su oscillations, Ca?* channel activity or Ca®*
influx into guard cells (Sanders et al., 1999, Knight, 2000, Wilkinson et al.,
2001). Thus, sub- or supraoptimal temperatures induce signaling
cascade leading to loss of turgor and eliciting stomatal closure

(Giraudat et al., 1994, Allen et al., 2000, Wilkinson et al., 2001).
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1.3. Events during stomatal opening and stomatal closure

During stomatal opening the flanking guard cells accumulate K" salts
(Outlaw, 1983, Zeiger, 1983), malate and sucrose (Talbott and Zeiger, 1998).
Osmotic H,0 influx causes increased guard cell turgor, asymmetric guard cell
enlargement and consequent increase in stomatal aperture. During stomatal
closure, these solutes move out of guard cells. Stomatal closure results from
activation of non-specific cation channels, membrane depolarization, and
enhanced K' efflux via K' outward channels. Obviously, the ion uptake
phenomenons are activated during stomatal closure. Activation of guard cell
plasma membrane H*-ATPase and hyperpolarization of plasmamembrane are
among the initial event in stomatal opening (Zhao et al.,, 2000). Stomatal
closure results to the ion efflux from the guard cells. Depolarization in turn
deactivates K* inward channels and activates K* outward channels, resulting in
K" efflux from guard cells (Schroeder et al., 1988). Elevation of cytosolic Ca**
inhibits K™ inward channels, thus limiting K* uptake (Grabov and Blatt, 1997,
1999). Obviously, the ion uptake phenomena are activated during stomatal
opening and down regulated during stomatal closure.

Inorganic anion fluxes across the guard cell plasma membranes do not
neutralize K" fluxes completely. The synthesis and accumulation of malate in
cytosol helps for balancing the K" ions taken up by guard cells. Thus,
regulation of malate accumulation is quite important in not only guard cell

carbon metabolism but also maintaining ionic relations in guard cells (Outlaw,

1990, 2003).
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1.4 Guard cell metabolism and bioenergetics

Guard cells contain numerous mitochondria and are expected to have
high metabolic activity (Raghavendra and Vani, 1989, Vani and Raghavendra,
1994, Willmer and Fricker, 1996). The abundance of mitochondria, along with
high respiration rates, suggests that oxidative phosphorylation is an important
source of ATP to fuel the guard cell machinery (Parvathi and Raghavendra,
1995). Guard cells contain few chloroplasts, which are smaller than those of
mesophyll cells (Willmer and Fricker, 1996). It has been shown that guard cell
protoplasts (GCP) have high respiration rate compared to mesophyll cell
protoplasts (MCP) (Gautier et al., 1991).

The guard cell carbon metabolism appears to be unique. Although at
reduced levels, the Calvin cycle enzymes are present in guard cells (Shimazaki
et al., 1989, Parvathi and Raghavendra, 1995). Mesophyll chloroplasts
accumulate starch as a final product of photosynthesis during the light period
and destarched during night. In guard cell chloroplasts starch is present in
darkness and is mobilized in light (Ritte et al., 1999, Talbott and Zeiger, 1998).
Recently, an accumulation of starch even under light was reported in
Arabidopsis guard cells (Stadler et al., 2003). Starch content is inversely
correlated to the degree of stomatal aperture (Outlaw, 2003), leading to the
hypothesis of a starch-to-sugar conversion as osmotic motor to drive guard cell
turgor (Willmer and Fricker, 1996, Talbott and Zeiger, 1996, 1998). However,
K" is the dominant contributor for osmotic potential in guard cells (MacRobbie,

1998, Dietrich et al., 2001).
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Recent studies revealed a significant participation of sucrose in building
guard cell turgor, particularly under light (Talbott and Zeiger, 1996, 1998).
Guard cells are capable of importing glucose and sucrose (Reddy and Das,
1986, Ritte et al., 1999). During high photosynthesis and transpiration, the
sucrose content in the apoplast increases, leading to elevation of sucrose in the
guard cell symplast (Outlaw, 2003). In the morning phase, stomatal opening is
mostly correlated with K" uptake, while in the afternoon K* content declines and
sucrose become the dominant osmoticum, suggesting role of sugar transport
during stomatal movement (Talbott and Zeiger, 1996).

K" accumulation in guard cells is associated with influx of CI" and
synthesis of malate, with the help of phosphoenolpyruvate carboxylase
(PEPC). The PEPC from guard cells is therefore extensively studied.
The guard cell PEPC is highly regulated by cytoplasmic pH, and metabolites,
such as malate, glucose-6P and triose-6P (Tarczynski and Outlaw, 1990,
1993). During stomatal opening, PEPC is phosphorylated, leading to an
increase in enzyme activity and decrease in sensitivity to malate (Chollet et al.,
1996). Fusicoccin (FC), which promoted stomatal opening, induced
phosphorylation of guard cell PEPC while ABA dephosphorylates (Du et al.,
1997). Cytoplasmic acidification also leads to guard cell PEPC activation,
suggesting cytosolic pH as a signal in guard cell PEPC regulation (Meinhard
and Schnabl, 2001). Stomatal opening is restricted by a PEPC inhibitor by 3,3-
dichloro-dihydroxyphosphinoyl-methyl-2-propenoate (DCDP). The inhibition by
DCDP is relived by ribose-5-phosphate indicating that Calvin cycle is important,

when PEPC is restricted (Parvathi and Raghavendra, 1997b).
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1.5 Secondary Messengers and signaling components in guard cells

1.5.1 Plasma membrane ATPase

The importance of ATPase in guard cells was demonstrated by
diminished stomatal function in plants with suppressed H'-ATPase (Zhao et al.,
2000). The guard cell ATPase exhibits cell specific expression (Assmann,
1996). Abundance of the ATPase gives guard cells an increased capacity for
H* extrusion (Nakajima et al., 1995, Hentzen et al., 1996). Activation of the
ATPase is mediated by regulatory interaction of its phosphorylated C-terminus
with 14-3-3 protein (Emi et al., 2001, Kinoshita and Shimazaki, 2002).
The binding of 14-3-3 proteins to the phosphorylated autoinhibitory C-termir.al
domain prevents its interaction with the catalytic site leading to a high-activity

state of H'-ATPase and eventually stomatal opening (Blatt, 1988).

1.5.2 K' channel

Stomatal opening requires K' uptake into guard cells through K,

channels (MacRobbie, 1998). The guard cell K* channels are activated by
external high H" (Blatt, 1992, Blatt and Armstrong 1993, llan et al., 1996) and
low ATP concentrations (Wu and Assmann, 1995) mediated by membrane
hyperpolarization (Ward and Schroeder, 1994, Assmann and Haubrick, 1996,
MacRobbie, 1998). The K, channel is modulated by protein phosphorylation
(Theil and Blatt, 1994).

There are also K', channels, for facilitating the efflux of K*, of guard
cells. The K% channel is activated by depolarization and cytosolic
alkalinization (Blatt, 2000a). In Arabidopsis, GORK gene encodes the major
K"out channel of guard cell plasma membrane (Hosy et al., 2003). Luan (2002)

8
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reported that osmotically driven swelling of guard cell protoplasts resulted in a

reversible decrease in the conductance of the K*o rectifying channel.

1.5.3 Calcium channels in quard cell

Ca®" channels on the plasma membrane are subdivided on the basis of
their modulation by a variety of secondary effectors (Sanders et al., 1999,
White and Broadley, 2003). These include non-selective voltage-gated Ca*"-
permeable channels (Schroeder and Hagiwara, 1990, Fairley-Grenot and
Assmann, 1992). Vacuolar membrane also have Ca®* channels: slow vacuolar
(SV) channels which exhibit Ca®* selectivity, cADPR-activated Ca’* permeable
channels and voltage-dependent Ca®* channels (Ward and Schroeder, 1994,
McAinsh et al., 1996, MacRobbie, 2000). In addition, plasma membrane Ca™-
ATPases and the Ca*'/nH" antiporter in the vacuolar membrane may mediate
the efflux of Ca®* from the cytosol (MacRobbie, 1998, Webb and Hetherington,
1997).

In guard cells, reactive oxygen species (ROS) and phosphorylation
increase hyperpolarization, activate Ca®* channels and initiate stomatal closure
(Kéhler and Blatt, 2002, Kwak et al., 2003). Hyperpolarization activated Ca®*
channels catalyze Ca®* influx to the cytoplasm and play an important role in
modulating cytosolic Ca®* and then cell signaling (Ng and McAinsh, 2003,
Hetherington and Brownlee, 2004). Secondary messengers, inositol-3-
phosphate (IP3) and cyclic ADP ribose (cADPR) activate Ca®* channels and

increase the influx of Ca** (Ward and Schroeder, 1994, Leckie et al., 1998).
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1.5.4 G Proteins

G protein and the G-protein-coupled receptors (GPCRs) are important
components of signal perception. The Arabidopsis genome encodes only
single canonical Ga. and Gf subunit genes (GPA1 and AGB1, respectively),
and two Gy subunits (AGG7 and AGG2) (Pandey and Assmann, 2004).
GTP y-S is the activator of G protein whereas GDP «-S is an inhibitor of
G protein. The G-proteins in guard cells of Vicia faba regulate the magnitude of
the inward K* channels (Fairley-Grenot and Assmann, 1991), and also lead to
elevation of cytosolic free calcium (Assmann and Wu, 1994). Studies from
Arabidopsis reported that small guanosine triphosphatase (GTPase) protein
AtRac1 as a central component in the ABA mediated stomatal closure
(Lemichez et al., 2001).

ABA increases the activity of sphingosine-1-phosphate, a possible
receptor during ABA induced G-protein activation (Coursol et al., 2003).
The T-DNA insertional mutant studies suggested that manipulation of G-protein
would provide a mechanism for controlling plant water balance (Wang et al.,
2001, Zheng et al.,, 2002). Recent studies, from Arabidopsis revealed the
signaling cascade of ABA mediated G-protein activation for stomatal closure

(Coursol et al., 2003, Pandey and Assmann, 2004).

1.5.5 Phosphoinositides and Phospholipases

Phosphoinositide (Pl) metabolism plays an important role in ABA
induced cytosolic Ca* changes and stomatal closure (Gilroy et al.,, 1991,

Staxen et al., 1999, Jung et al., 2002). The binding of an external signal to cell

10
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surface receptors activates phospholipase C (PLC) and hydrolyses
phosphatidylinositol (4,5)-bisphosphate generating inositol (1,4,5) triphosphate
(IPs) and 1,2-diacyalglycerol (DAG). IP; releases the Ca®" from the internal
stores (Leckie et al., 1998, Lemtiri-Chlieh et al., 2003). The elevation of IP3 in
the cytosol can induce [Caz"]i increases, followed by a reduction in guard cell
turgor (Gilroy et al., 1991). IP; can also reversibly inactivate inward K"
channels, whilst at the same time activating an inward current that depolarizes
the plasma membrane (Blatt et al., 1990). Recently Park et al. (2003) reported
that the role of Pl in ABA induced ROS generation. Stomatal guard cells have
been reported to contain Pl 3-phosphate (PI3P) and Pl 4-phosphate (P14P), the
products of Pl 3-kinase (PI3K) and Pl 4-kinase (Pl4K). Studies including kinase
inhibitor tests, biochemical assays, biolistic transformation of guard cells with
chimeric genes encoding GFP-tagged phosphoinositide-specific binding
proteins, and calcium imaging results consistently showed that PI3P and PI4P
in guard cells are involved in normal stomatal movements (Jung et al., 2002,
Park et al., 2003).

Phospholipases clearly play a role in early signal transduction events
that promote the cell volume changes associated with osmotic stress and
osmoregulation in plants. Treatment of ABA marginally elevated IP; levels in
guard cell protoplasts (Lee et al., 1996, MacRobbie, 1998) and U73122
inhibited the activity of recombinant PLC from tobacco (Staxen et al., 1999).
Complete inhibition of ABA induced stomatal closure was achieved with a
combination of U73122 and nicotinamide (an inhibitor of cADPR), suggesting

that both function in ABA signaling (Jacob et al., 1999, MacRobbie, 2000).

11
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A product of PLD is phosphatidic acid (PtdOH). ABA treatment of Vicia
faba guard cells caused increased levels to PtdOH (Jacob et al., 1999). PtdOH
also promotes stomatal closure and inactivates K*;, currents (Schroeder et al.,
2001a). Cytosolic Ca®* was not increased in guard cells following PtdOH
treatment, suggesting that PLD acts in a parallel pathway or down stream of
Ca®" mobilizing secondary messengers systems (Schroeder et al., 2001a).
1-butanol, an inhibitor of PLD, caused only a partial inhibition of ABA induced
stomatal closure. However, addition of 1-butanol together with nicotinamide,
completely reversed the ABA induced stomatal closure, suggesting a parallel

action of PLD to the cADPR-mediated pathway (Jacob et al., 1999).

1.5.6 Calmodulin

Calmodulin (CaM) is a ubiquitous, calcium binding protein that can bind
to and regulate a multitude of different protein targets, thereby affecting many
different functions. The levels of CaM were comparatively higher in epidermal
and guard cell protoplasts than mesophyll cell protoplasts of leaves (Ling and
Assmann, 1992). Further Li et al. (1998) demonstrated the involvement of a
Ca®"-dependent protein kinase with a calmodulin like domain (CDPK) in guard
cell protoplasts of Vicia faba, suggesting CDPK may be an important
component of Ca®* signaling in guard cells. CDPK is also found to be involved
during activation of CI" channels (Pei et al., 1996). ABA activates a myelin
basic protein (MBP) kinase in epidermal peels of Argenteum mutant of pea,
suggesting that requirement of MAP kinase activation, which is obviously
regulated by CaM (Burnett et al., 2000). Recently, Chen et al. (2004) reported

that CaM stimulates a cascade of intercellular signaling events to regulate
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stomatal movement, due to increase in both H,0, and [Ca*).y levels leading to

reduction in stomatal aperture.

1.5.7 Cytosolic pH

The action of the H'/ATPase at the pHs prevalent in the cytoplasm
causes one H" to be extruded (Blatt et al., 1998, Palmgren, 2001). This does
not necessarily imply an increase in the pH of the well-buffered cytoplasm (Blatt
et al., 1998) because the proton is generated during the hydrolysis of ATP
rather than by translocating a proton cross the plasma membrane.
Cytosolic pH is one of early events during stomatal opening and is believed
to precede K" influx in to guard cells. Changes in cytosolic pH can be transient
and are quickly dampened. Cytosolic alkalization has frequently been
observed as a signaling components during the stomatal closure caused by not
only plant hormones but also conditions such as stress (Irving et al., 1992,

Gehring et al., 1997, Netting, 2000, 2002).

1.5.8 Protein kinases and phosphatases

Pharmacological approaches, using the serine/threonine protein kinase
inhibitors and cytosolic replacement of ATP, showed that phosphorylation
events are positive regulators in ABA induced stomatal closure (Schroeder et
al., 2001a). Two Ca’’-dependent protein kinases (CDPK) have been
characterized from Vicia faba guard cells (Li et al., 1998, Mori and Muto, 1997).

CDPK activated vacuolar CI" and malate conductance in guard cells and

activation was dependent on Ca®* and ATP (Pei et al., 1996). In addition, MAP

13
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kinases have been also reported to positively control ABA induced stomatal
closure (Burnett et al., 2000). Non-MAPkinase, such as AAPK (ABA activated
protein kinase) was suspected to function in the ABA regulation of stomatal
aperture in Vicia faba (Li et al., 2000) as well as with ABA induced reactive
oxygen species (ROS) production and stomatal closure (Mustilli et al., 2002).
Inhibitors of PP1 and PP2A protein phosphatases such as Okadaic acid
(OA) enhanced S-type anion currents and ABA induced stomatal closure
(Schroeder et al., 2001a). OA partially inhibited ABA activation of S-type anion
channels, stomatal closure or ABA induction of dehydrin mRNA (Pei et al.,
1997, Hey et al., 1997), suggesting that phosphorylation and dephosphorylation
can occur in ABA signaling depending on the physiological state of guard cells.
The disruption of a guard cell protein phosphatase 2A, subunit RCN, leads to
insensitivity of ABA, suggesting that the involvement of PP2A during ABA
signaling (Kwak et al., 2002). Suppression of ABA-induced Ca*" increases in
guard cells by the dominant protein phosphatases 2C in Arabidopsis mutant
(Allen et al., 2002). The interaction of AKT2 and AtPP2CA during ABA
signaling that allows K* transport and membrane polarization (Cherel et al.,
2002). The inhibition study of protein tyrosine phOSphafases (PTPases) and
suggested clear evidence for the involvement of PPTases in a major signaling
network in plants (MacRobbie, 2002). Recently, Leonhardt et al. (2004)

identified an highly ABA-induced protein phosphatase in guard cells.

1.5.9 Actin filaments

Actin antagonists have previously been shown to alter responses of

Commelina communis stomata to physiological stimuli, implicating actin
14
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filaments in the control of guard cell volume changes (Kim et al., 1995).
An actin filament depolymerizing agent, Cytochalasin D, activated K* inward
channel and enhanced light induced stomatal opening (Hwang et al., 1997).
Phalloidin, an actin filament stabilizer, in contrast inhibited K* inward channel
currents and restricted light-induced stomatal opening (Hwang et al., 1997).
These results imply the possible interaction of the actin cytoskeleton with guard

cell plasma membrane K" inward channels in signal transduction.

H*-pump
H*-pump
K*in=channel
K
K* ,-channel -
" e — Cl-dransporter Mats Anion channel

Malate’
o
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Ke
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Figure 1.1. Schematic presentation of signaling in guard cells during stomatal

opening and stomatal closure modulated by various ion movements.

1.6 Effects of ABA or MJ on stomatal signal transduction

The plant hormones like ABA, methyl jasmonate (MJ), salicylic acid induced
marked stomatal closure (Raghavendra and Reddy, 1987, Mori et al., 2001).
When plants are exposed to drought, they accumulate ABA in the leaves.
ABA brings about reduction in stomatal aperture by promoting stomatal closure
and inhibiting stomatal opening. Although the identity or location of the ABA
receptor(s) are not known, a number of components acting downstream of ABA
have been identified. These include protein kinases and phosphatases, an
increase in cytosolic pH, slow anion channels, K" channels, activation of

phospholipase D, and an increase in the concentration of free calcium ions in
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the guard cell [Caz*]cyt via activation of several Ca®* channel types.
There is clear evidence that ABA activates release of Ca®* from internal
stores, but the source and trigger for ABA-induced increase in cytoplasmic
Ca** are uncertain. The tonoplasts and another membrane, probably
endoplasmic reticulum, have IPs-sensitive Ca** release channels, and the
tonoplasts has also cADPR-activated Ca’" channels (MacRobbie, 1998).
The increase in [Ca’’]y: then controls some of the ion channels whose
activity regulates guard cell turgor changes. However, not all the channels
are regulated by increases in [Ca2*]cy,, so it is likely that the overall control
of guard cell turgor requires additional calcium independent components
or pathways.

Several intermediates including reactive oxygen species (ROS) (Pei et al.,
2000), nitric oxide (NO) (Neill et al., 2002), a putative heterotrimeric G protein
o subunit (Wang et al, 2001), and the [Ca*].: mobilizing compound
sphingosine-1-phosphate (Ng et al., 2001, Pandey and Assmann, 2004) have
been added to the list of components involved in ABA signaling pathways.
ABA enhanced the production of ROS in guard cell, activated Ca** channels in
plasma membrane and caused stomatal closure (Bowler and Fluhr, 2000,
Knight and Knight, 2001). It is possible that ROS also is a common signaling
component during several cellular responses (Pei et al., 2000).

Apoplastic ABA and Ca®" form a synergistic system to ensure stomatal
closure. The apoplastic ABA inactivates the K" inward rectifying channel
(Gepstein et al., 1982) and opens a plasma membrane Ca**-channel

(Schroeder and Hagiwara, 1990) leading to increased cytoplasmic Ca™
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(McAinsh et al., 1990). In contrast to inward channels, the K* and CI" outward
rectifying channels are opened up by ABA (Schauf and Wilson, 1987, Blatt et
al., 1998). As a result, the K" influx into guard cells is restricted and effluxes of
K" or CI" out of guard cell are promoted by ABA. The action of ABA on Ca*
channels appears to be mediated by a protein phosphatases type 2C
(MacRobbie, 1998).

Similar to ABA, the accumulation of JA is induced by osmotic stress,
wounding, drought, exposure to elicitors, such as chitins or oligosaccharides
(Doares et al., 1995, Parchmann et al., 1997, Leon et al., 2001). Jasmonates
are small lipid derivatives that affect senescence and abscission,
stomatal closure, inhibition of root growth, and germination of non-dormant
seeds (Creelman and Mullet, 1997). The derivative of jasmonic acid,
particularly methyl jasmonate, is naturally found in high concentrations in
flowers and reproductive tissues (Staswick, 1992, Creelman and Mullet, 1997).
MJ enhances the expression of certain genes, such as vegetative storage
proteins (VSP) in soybean (Staswick, 1992) and A. thaliana (Berger et al,,
1995, 1996). Recently, Beardmore et al. (2000) reported MJ induced
bark storage érotein gene in leaves and stems of poplar and oil seed
rape (Rossato et al., 2002).

Extensive studies have been carried out in ABA signaling cascade in
response to development event, and environmental stress: such as seed
maturation/germination inhibiton and reduction of stomatal aperture
(Schroeder et al., 2001a,b, Finkelstein et al., 2002, Fan et al., 2004).

However, the studies on MJ response in guard cell signaling is very
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limited (Raghavendra and Reddy 1987). Little is known about early steps
in jasmonate signaling, but several important papers have highlighted
rapidly executed jasmonate-triggered events in the plasma membrane.
In one of these reports, patch-clamping of stomatal guard cells revealed that
methyl jasmonate promoted K" efflux, a process necessary for stomatal closure
(Evans, 2003). The present study is undertaken to compare the MJ signaling
with the ABA signaling cascade in the guard cells, in terms of suppression of
stomatal opening by MJ and ABA.

Readers interested in the effects of ABA or MJ on plant growth and
development may consult the reviews of Leung and Giraudat (1998),
Finkelstein et al. (2002), Turner et al. (2002), Devoto and Turner (2003),
Borisjuk et al. (2004). There are excellent reviews on ABA effects on guard
cells (Giraudat et al., 1994, Giraudat, 1995, Chrispeels et al., 1999, Comstock,
2002, Desikan et al., 2004, Ng et al., 2004, Wang et al., 2004, Tallman, 2004).
However, the action of MJ on guard cells is not as frequently reviewed as

that of ABA, as the work on this aspect has just picked up.

1.7 Use of Arabidopsis mutants for studies on stomatal function
Mutants of Arabidopsis have been employed to understand the plant
function, including mechanisms of signaling cascades and various aspects of
plant development. Several mutants are available which are either insensitive
or hypersensitive to plant hormones. Similarly, there are mutants deficient in
various signaling components and as a result exhibits altered responses to

hormones or external stimuli, including stomatal movement. One of the most
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popular among these Arabidopsis mutants, are those insensitive to ABA
inhibition of seed germination: abh1, abi1 and abi2. These mutants are also
impaired in ABA induced stomatal closure. The abif or abi2 mutants have
point mutations altering a conserved amino acid and encode type 2C protein
phosphatases (Schroeder et al., 2001a, Merlot et al., 2001). It is shown that
these mutants are impaired in several parameters: elevation of cytosolic Ca*,
inward or outward K" channel regulations and anion channel activation that
suggested to act upstream of cytosolic Ca®* (Pei et al., 1997, Allen et al., 1999,
Hugouvienx et al., 2001).

Using infrared thermography, two allelic Arabidopsis mutants ost7 and ost2,
were isolated which showed a reduction in ABA induced stomatal closure or
impaired in transpiration upon drought (Mustilli et al., 2002). The mutations in
OST1 gene, encoding a serine-threonine protein kinase, render Arabidopsis
guard cells insensitive to ABA but not the tissues. The mutants were found to
be impaired at a site in between ABA perception and ROS production (Merlot
et al., 2002, Assmann, 2003). The signal from ABA to OST1 was modulated by
ABI1 and then precedes via ROS to regulate cytosolic Ca’" levels and
ultimately leads to changes in stomatal aperture.

Wang et al. (2001) reported a T-DNA insertional mutant of heteromeric
GTP-binding (G) protein « subunit GPA1, which lacks both ABA inhibition of
guard cell inward K' channels and pH-dependent ABA activation of anion
channels. Further, studies on the gpal mutants suggested that extracellular
calmodulin involves a heteromeric G-protein, HO» generation and changes in

cytosolic Ca®* in the regulation of stomatal movements (Chen et al., 2004).
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Another gcr1 mutant, which encode G-protein coupled receptors (GPCRSs)
exhibited hypersensitivity to ABA in root growth, gene regulation and stomatal
reponse (Pandey and Assmann, 2004)

Mutation in NADPH oxidase catalytic subunit genes (atrbohD and atrbohF)
impairs ABA signaling, ROS production and elevation of cytosolic Ca*™
including activation of plasma membrane Ca®* channels in guard cells (Kwak et
al.,, 2003). Studies on these mutants revealed that ROS, involving NAD(P)H
oxidase are rate limiting secondary messengers in guard cell ABA signal
transduction. Hosy et al. (2003) identified an insertional T-DNA disruption of
outward rectifying K' channel gene (gork?) in the Arabidopsis guard cells.
GORK showed no measurable outward K* channel activity. The gork1 mutant
also showed slightly enhanced light induced stomatal opening, explaining the
functions of K™ balance with K efflux in guard cells.

Recently, several mutants defective in jasmonate biosynthesis and signaling
have been isolated and their phenotypes shed new light on the role of
jasmonates and jasmonate signaling in plant responses to pathogens, insects
and ozone (Berger et al., 2002). Mutation in three Arabidopsis loci (JART,
COL1 and JIN1) reduced sensitivity to JA, suggesting that they might affect
jasmonate signal transduction (Feys et al., 1994, Berger et al., 2002, Staswick
et al., 2002). The JAR1 gene family is involved in multiple, and important plant
signaling pathways like auxin-induced soybean GH3 gene, indole-3-acetic acid
(IAA) and salicylic acid (Staswick et al., 2002)

Various aspects of guard cell signaling can be further dissected by

employing suitable Arabidopsis mutants. In this study, we noticed an
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interesting interplay between ABA and JA signaling pathways regulate stomatal
movement. Mutant insensitive to ABA was also insensitive to MJ and the
MJ-insensitive mutants did not respond very well to ABA. We further
investigated the pattern of stomatal movement in mutants with disruption
of NAD(P)H oxidase or K' out membrane channels. The results demonstrated
NAD(P)H oxidase plays a significant role in ABA or MJ signaling pathways
for stomatal regulation.

The approach and objectives of the present work are described in the next

chapter.

% 3% 3 %k ok
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Guard cells are very good model systems to study the signal
transduction in plant tissues, both guard cells respond very quickly to hormones
(e.g., ABA or MJ) and light. Most of the research, on the effects of ABA on
plant tissues, was focused on the regulation of gene expression and to identify
the secondary messengers involved in transduction of ABA signal. MJ is a
plant hormone and powerful modulator of stomatal movement. In contrast to
the extensive work on ABA effects, the work on guard cell responses with
respect to MJ mediated signaling events is very limited.

Nicotiana glauca (tree tobacco), Pisum sativum (pea), Arabidopsis
thaliana are popular choices for biochemical studies, and are also used for
studies on stomatal movements and guard cell properties. It is very easy to
prepare the epidermal strips from the leaves of these three plants. Further, the
isolation of guard cell or mesophyll cell protoplasts from Arabidopsis or Pisum
sativum leaves is easy and rapid (Pandey et al., 2002, Devi et al.,, 1992).
The leaves of these species offer a very good experimental material in the form
of intact leaves, leaf epidermal peels, isolated protoplasts and organelles, for
the study of physiological features, in presence of added compounds and
metabolites.

Most of the experiments in this thesis were done with tree tobacco and
some with Arabidopsis thaliana. The plants of Arabidopsis were raised in
controlled growth chambers under regulated temperature and light regimes.
The mutant plants affected in ABA signalling (ost7-2), MJ signaling (jar7-1),
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plasma membrane catalytic subunits of the plasma membrane NAD(P)H
oxidase (artbohD/F) or guard cell outward K* channel (gork1) were used
to assess the respective roles of these genes in ABA or MJ signaling
pathways leading to stomatal closure. The results were with those with
wild type plants.

We have used the system of either leaf epidermal strips or guard
cell/mesophyll cell protoplasts according to the requirement of the experiment
and convenience of manipulation. The externally added compounds are
permeable through the plasma membrane of the epidermal guard cells and this
has been reflected in stomatal responses to various treatments. Protoplasts
are very close to in vivo situation compared to isolated organelles to that of the
intact epidermal guard cells. However protoplasts had limited stability at room
temperature, fragile nature and tendency to sediment.

Epidermal peels are not only easy to peel and handle but are also stable
for a long time. However, the process of peeling epidermal tissue can create
stress on epidermal strip and hence the guard cell epidermal strips have been
kept in incubation buffer for some time, so that the effects of stress can
subside. Moreover, it takes a few hours to collect sufficient epidermal strips for
biochemical studies. Measurements of stomata on epidermal strips are very
easy and are usually done by precalibrated ocular microscope.

Several responses of plants to jasmonate are similar to that of ABA, both
these stress signals processed through signal transduction chain to result in
stress responses (Creelman and Mullet, 1997). Jasmonate (JA)-dependent

wound signaling in tobacco appears to involve kinase-dependent JA
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accumulation the effects of which are, in turn transduced by Ca* (Kenton et al.,
1999). Most of the research, on the effects of ABA and MJ on plant tissues
was found on regulation of gene expression. Several aspects of these are yet
to be studied in detail.

In view of the possible involvement of Ca?*, we studied the role of Ca®*
in relation to ion channels or messenger elements like modulators or activators
of calmodulin and protein kinases in MJ or ABA induced stomatal closure
responses. The MJ- and ABA-signaling are similar e.g. calcium requirement
and protein (de)phosphorylation. Further, alkalinization of the guard cell
cytoplasm (Gehring et al.,, 1997), ROS production (Lee et al., 1999) and
modulation of K* channels at the guard cell plasma membrane (Evans, 2003)
and all known to occur in response to ABA or MJ. Several of these
observations suggest the existence of a close similarity and a cross talk
between MJ or ABA signaling cascades. However, it is not completely clear
which molecular components are shared by MJ and ABA signal transduction
and which are different.

In the first phase of work, the signaling components of MJ signal
transduction pathway in guard cell were examined using pharmacological
compounds known to inhibit various secondary messengers. The results with
MJ were compared with those of ABA. The effects of inhibitors or modulators
were assessed in relation to MJ or ABA-induced stomatal closure. These
inhibitors are: lanthanum, ruthenium red, verapamil - inhibitors of Ca®'
channels; trifluoperazine (TFP), N-(6-aminohexyl)-5-chloro-1 naphathalene-

sulphonamide (W7) - inhibitors of calmodulin (CaM); butanol and 1-[6-17(3-3-
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methoxyestra-1,3,5(10)-trien-17-ylJaminohexyl-1H-pyrrole-2,5-dione (U73122) -
phospholipase D (PLD); phospholipase C (PLC) and phorbol myristate acetate
(PMA) - activator of protein kinase C (PKC); K252A - inhibitor of broad range
protein kinase; ML7 - inhibitor of Ca®*- calmodulin protein kinase; diphenylene
iodonium chloride (DPI) - an inhibitor of NAD(P)H oxidase; N-nitro-L-arginine
methylester (L-NAME) - inhibitor of nitric oxide synthase (NOS); nicotinamide -
inhibitor of cADPR; wortmannin (WM) - inhibitor of phosphatidylinositol
3-phosphate (PIsP); LY294002 - inhibitor of phosphatidylinositol 4-phosphate
(P14P). The inhibitors were used at very low concentrations so as to inhibit the
target function effectively, with minimal disturbance to other metabolic
processes of the tissue.

There has been intense interest on signaling molecules like nitric oxide
(NO) and reactive oxygen species (ROS) and their involvement on signal
transduction. It is likely that NO does not act alone, but interacts with
other signaling molecules such as H;O, to affect stomatal movement
(Neill et al, 2003). These components function as signaling molecules
in plants that are synthesized during stress responses (Neill et al., 2002) alter
the redox state of the guard cells. Compared to the extensive literature on the
involvement of calcium, pH and ROS during the modulation of stomatal
movement studies on the biochemical or molecular biological basis of stomatal
response to MJ, in relation to NO are very few.

Recent work has demonstrated that NO and ROS are essential
intermediated in ABA induced stomatal closure in Pisum sativum and Vicia faba

(Garcia-Mata and Lamattina, 2002). The sequence of signaling events that
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occur during stomatal closure by MJ or ABA with regard to NO or ROS and

intervening of secondary messengers are unknown.

There are excellent probes for monitoring the pH, ROS or NO within
plant cells. These have already been used to record novel results. For e.g.
BCECF-AM (2',7'-bis(2-carboxy-ethyl)-5-(6)-carboxyfluorescein-acetoxymethyl
ster) to monitor pH in epidermal strips of the orchid Paphiopedilum tonsum
(Irving et al., 1992), H,DCF-DA (2',7’-dichlorofluorescein diacetate) for studies
on ROS in guard cells of Arabidopsis (Murata et al., 2001), DAF-DA
(4,5-diaminofluorescein diacetate) to detect NO in tobacco epidermal cells
(Fossiner et al., 2000).

The present work is undertaken to understand the mechanism and
identify signaling components involved in the suppression of stomatal opening
by MJ or ABA. Since the modulation of calcium appears to be a common effect
of ABA or MJ, stomatal opening was monitored in presence of varying calcium
or EGTA. Experiments were designed to assess the role of different secondary
messengers by using pharmacological compounds, which are known to affect
different steps during Ca®* signaling processes. The results suggest that the
stomatal closure in response to ABA or MJ may be mediated through different
steps of signaling pathways. The sensitivity of modulation of calcium was
much more pronounced in presence of MJ than that of ABA. With this
background the role and pattern of their other secondary messengers in guard

cells: pH, ROS, NO, were also studied.
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The following are the main objectives of the present work:

1.

To determine the role of signaling components that modulate
intracellular Ca®* during the stomatal closure caused by ABA or MJ in
epidermal guard cells of Nicotiana glauca.

To study the role of cytosolic pH changes and ROS production in
response to ABA or MJ in guard cells of Arabidopsis. This has been
studied in the epidermal guard cells and guard cell protoplasts of wild
type plants. Further, mutant plants affected in ABA signaling (ost1-2),
MJ signaling (jar7-1), plasma membrane catalytic subunits of the plasma
membrane NAD(P)H oxidases (atrbohD/F) or guard cell K* outward
channel (gork1) were also used.

To examine the significance of NO during stomatal closure induced by

ABA or MJ in epidermal strips of Nicotiana glauca.

. To study secondary signals involved during ABA or MJ induced

shrinkage of MCP (mesophyll cell protoplasts) and GCP (guard cell
protoplasts) and to assess the suitability of protoplast system for studies

on signal transduction.

The variation in the experimental plants, and particularly the use of

Arabidopsis and mutants, is because some of the experiments were done in

France (in the lab or Dr. Alain Vavasseur at CEA, Cedex). The study was a

part of the Indo-French collaborative project of Prof. A.S. Raghavendra and

Dr. Alain Vavasseur.

e dede ke &
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3.1. Plant material

Plants of tree tobacco (Nicotiana glauca L. cv. Graham, seeds gifted by
Prof. Gary Tallman) and pea (Pisum sativum L.) cv. Azad (purchased from
Pocha Seeds Company Ltd, Pune, India). The Arabidopsis thaliana Landsberg
erecta, ost1-2 mutant plants (accession Landsberg, from Dr. Jerome Giraudat,
France), jar1-1 mutant plants (accession Columbia, from TAIR, California,
USA), atrboh(D) x atrboh(F) mutant plants (accession Columbia, from
Dr. Julian Schroeder, USA) and gork1 mutant plants (accession WassilewsKija,

from Dr. Herve Sentenac, France).

3.2. Plant growth conditions

Tree tobacco seeds were sown in the pots filled with soil along with
farmyard manure (3:1, v/v). The plants were grown outdoors, under natural
environment with average day/night temperature of about 30/20 °C and an
approximate photoperiod of 12 h, and were watered daily. The second to
fourth leaves were harvested from 2 to 3 week old plants (Fig. 3.1A).

The growth conditions of Arabidopsis grown in France were different
from that of the plants grown in India for our experiments. Seeds of
Arabidopsis grown in France were sown on agar medium in petri plates and
were kept in darkness at 4 °C for 3 days. The petri plates were transferred into
light (8 h photoperiod) at 22 °C kept for 3-4 days. The seeds then germinated
and the seedlings were transplanted to in disposable plastic cups containing
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sand soaked with Hoagland’s solution. The plants were allowed to grow in
growth chamber under the following conditions: light regime of 300 umol m2s?,
8 h, 22°C and 70 % RH; dark regime of 16 h, 20°C and 75 % RH. Plants were
watered three times a day with a half-strength Hoagland solution (Table 3.1).
The second or third fully expanded leaves from 4-5 week old plants (Fig. 3.1)
were used for epidermal bioassays.

The A. thaliana (ecotype Columbia) grown in India were sown in a 1:1:1
mixture of vermiculite, perlite and soil right in plastic disposable cups and kept at 4
°C in dark for 3 days before transfer to and germination at 20 °C. The plants were
grown at a 16 h light (125-150 umol m® s™) and 8 h dark regime. Nutrient solution

(Somerville and Ogren, 1982, Table 3.2) was supplied once a week.

Table 3.1. The composition of nutrient solution used for watering Arabidopsis

plants in France.

Macronutrients (1 Litre) Micronutrients (1 litre)
KH,PO, 17.05g FeSOq4 14 mg
KoHPO, 2189 (in 50 uM Na,EDTA)
CS(NOg)g. 4H,0 86¢ ZnS0,. 4H,0 88 mg
KNO; 2020g CuS0O4 HO 20 mg
HsBO,4 58 mg
MnSQOs.. 4H,0 62 mg
MgSQO,. 7H.0 27 g
. (NH4)5MOTOQ4. 4H20 0.92 mg
NaCl 10
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Table 3.2. The composition of nutrient solution used for watering Arabidopsis

plants in India.

Macronutrients (1 Litre) Micronutrients (1 Litre)
KNO3 0.505 g FeSO, 14x10% mg
KH2PO4 034 ¢ (in 50 uM Na,EDTA)
MgSO4 0492 g MnSO, 10 mg
Ca(NO3); 047 g ZnSO, 2 mg

CuSQO, 0.025 mg

H3BO4 3 mg

Kl 0.75 mg

Na,MoO4 0.25 mg

CoCl, 0.025 mg

The pea seeds were soaked in water overnight and then surface
sterilized with 0.2% (v/v) sodium hypochlorite solution. The seeds were kept
covered in a moist black cloth at 25 °C until they germinated, usually for 3 days.
The germinating seeds were then sown in plastic trays filled with soil and
farmyard manure (3:1, v/v) and were watered twice daily. The plants were
grown out doors under natural photoperiod of approximately 12 h. The first and
second fully expanded leaves were picked from 8-15 day old plants (Fig. 3.1D)

and used for isolating protoplasts or epidermal bioassays.
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A: Nicotiana glauca
(Tree tobacco)

C: Arabidopsis thaliana D: Pisum sativum (Pea)

Figure 3.1: A view of tree tobacco, Arabidopsis or pea plants, used in the
experiments. (A) Tree tobacco (Nicotiana glauca L.) used for the epidermal
bioassays; (B,C) Arabidopsis used for the epidermal bioassays as well as mesophyll
and guard cell protoplasts; (D) Pea (Pisum sativum L. cv. Azad P1) used for the

mesophyll and guard cell protoplasts.

3.3. Bioassays using epidermal strips

The abaxial (lower) epidermis was peeled off from the leaves (of tree
tobacco or pea) and cut into strips of ca. 0.4 cm?. The epidermal strips were
transferred to 3-cm diameter petri dishes containing 3 ml of 25 mM MES-KOH,

pH 7.0, 10 mM KCI and other test compounds (ABA or MJ or pharmacological
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agents). The epidermal strips were left in darkness for 1 h and then exposed to
white light. A bank of tungsten lamps, whose light was filtered through water
jacket, provided the irradiation with white light (500 pmol m? s™).
The epidermal strips were irradiated with white light for 3 h. Photon flux was
measured with a Li-Cor quantum sensor (Li-Cor Instruments Ltd, Lincoln, NE,
USA). The temperature was maintained at 25 + 1°C.

The leaves, from 4 to 5 week old plants Arabidopsis were harvested at
about 8am and paradermal sections of abaxial epidermis were prepared.
These epidermal sections were mounted on glass cover slips with the help of
medical adhesive (Hollister, Libertyville, IL, USA) or Telesis V adhesive
(Premiere Products Inc. Pacaima, California, USA) and incubated (10 mM
MES-KOH, pH 6.5, 30 mM KCl) at 22°C for 2 h under light of (300 pmol m?s™).
Then the test compounds (ABA or MJ or inhibitors) were added to the
incubation medium and the epidermal strips were kept under the same

conditions for another 2 h.

3.4. Measurements of stomatal aperture

Incase of tobacco and pea, the width of stomatal aperture was
measured under a research microscope (DMIL, Leica, Germany) with the help
of a precalibrated ocular micrometer. Randomly, ten stomata were examined
in each of three different epidermal strips. Thus each observation was the
result of at least 30 measurements. Incase of Arabidopsis, stomatal apertures
were measured with an optical microscope (Optiphot-2, Nikon, Tokyo, Japan)
fitted with a camera lucida and a digitising table (Houston instrument TG 1017,
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Austin, TX, USA) linked to a personal computer. For each treatment, at least
60 stomatal apertures were measured. It was ascertained that the 3 ecotypes
studied have similar responses to ABA and MJ at the stomatal level.

Each experiment was at least repeated thrice on several days. The

average values + SE are reported.

3.5. Isolation of protoplasts
The guard cell and mesophyll cell protoplasts were isolated from

Arabidopsis and Pisum sativum as described below.

3.5.1. Guard cell protoplasts (GCP) from Arabidopsis (Fig. 3.2 A)

GCP were prepared essentially as described by Pandey et al. (2002).
The entire leaf was taken from 5 to 7 plants of Arabidopsis. The protoplasting
media were as follows; Basic medium: 5 mM MES, pH 5.5, 0.5 mM CacCl,,
0.5 mM MgCl,, 0.01 mM KH,PO,, 0.5 mM ascorbic acid, and 0.55 M mannitol;
Enzyme medium 1: 0.7% Cellulysin, 0.1 % (w/v) polyvinyl pyrrolidone 40,000
(PVP-40), 0.25 % (w/v) bovine serum albumin (BSA) and 0.5 mM
L-ascorbic acid, dissolved in 55 % (v/v) basic medium and 45 % (v/v) distilled
water; Enzyme medium 2: 1.5 % (w/v) Onozuka RS Cellulase, 0.03 % (w/v)
Pectolyase Y-23, 0.25 % (w/v) BSA, and 0.5 mM L-ascorbic acid in basic
medium. Most commercially available wall-digesting enzymes are not highly
purified and the low pH treatment by using HCI was used to inactivate
contaminating proteases. The pH was therefore reduced to 3.5 for 5 min, and

then raised to 5.5 using KOH.
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After excision of the major veins with a razor blade, 60-80 young, fully
expanded leaves were blended for 1 min in 100 ml cool distilled water, using a
commercial Waring blender. The blended mixture was poured through a
200 pm nylon mesh to remove the broken mesophyll and epidermal cells.
Large specks of mesophyll tissue, if any were removed with forceps.
The epidermal peels retained were rinsed thoroughly with deionized water until
the foam produced by blending had essentially been removed. The peels,
which should be pale green, were then transferred into a 250 ml Erlenmeyer
flask containing 50 ml of enzyme medium 1. The purpose of the first digestion
is to release remaining epidermal cells, whose protoplasts then burst as a result
of low osmolality. The flask was placed in a shaking water bath at 27°C for 30
min, with the shaking speed set at 160 excursions per min. As guard cells are
responsive to light, digestion is performed in darkness (Dietrich et al., 2001).
After 30 min, 100 ml of basic medium was added, and the mixture was shaken
for an additional 10 min under the same conditions. This step provides an
intermediate osmolality between enzyme medium 1 and enzyme medium 2,
sudden plasmolysis would damage the guard cell membrane.

The digested peels were collected on 100 um nylon mesh and rinsed
gently with basic medium, then placed into 50 ml of enzyme medium 2 in
100 ml Erlenmeyer flask. Since this step releases guard cell protoplasts into
medium, the osmolality is increased to maintain protoplasts integrity. The flask
was shaken for 60 excursions per min in the dark at 17-20°C for 45-60 min,
until most of the GCPs had rounded up. At the end of the digestion period the

flask was swirled gently by hand for few seconds this would improve the
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release of GCPs from the peels. The mixture was filtered through 10 um nylon
mesh. The peels remaining on the mesh were washed with 100-150 ml basic
medium to release GCPs adhering to them. The filtrate, which contains GCPs,
was collected into four 50 ml centrifuge for 5 min at 100 g. All but 1-2 ml of
suspension was carefully removed from each loose pellet, and then the
protoplasts pellet was gently resuspended. The tubes are refilled with basic
medium and a second, identical centrifuge was performed.

After removal of the supernatant the GCP pellet is gently resuspended
yielding a volume of 1-2 ml. GCPs (Fig. 3.2 C) were calculated on cell number
basis. For kinetic studies, GCPs were incubated in the basic medium in the
presence of ABA, MJ or methanol solvent control for the indicated time at room

temperature (around 22°C).

3.5.2. Guard cell protoplasts (GCP) from Pisum sativum (Fig. 3.2 B)

GCP were isolated from pea leaves as described by Devi et al. (1992)
with minor modifications. The lower epidermis of the leaf, was peeled off with
forceps from the leaves of pea. Epidermal strips were kept in 10 ml of
preplasmolysis buffer (1 mM CaCl,, 0.3 M sorbitol, 10 mM MES-KOH buffer,
pH 6) in 5 cm diameter petridishes for nearly 45 min. The strips were
transferred to a 5 ml petri dish consisting of digestion medium (2 % (w/v)
Cellulase Onozuka R-10, 0.2 % (w/v) Macerozyme R-10, 0.25 % (w/v) BSA, 10
mM sodium ascorbate, 1 mM CaCly, 0.4 M sorbitol and 10 mM MES-KOH).
The pH of digestion medium was adjusted to 5.5 using 1 N KOH. The petri

dish was subjected to orbital shaking (at 60 revolutions per min) for 20 min.
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This step was done to remove the mesophyll tissue that was adhered to the
epidermal strips.

The digestion medium was removed with a pasteur pipette and second
digestion medium was added. The second digestion medium contained 3 %
(wiv) Cellulase onozuka R-10, 0.3 % (w/v) Macerozyme R-10, and the
remaining components and pH were similar to the first digestion medium. The
petridishes were subjected to an orbital shaking. Both the digestions were
under room light (light intensity of about 50 pE m™?s™) in a water bath
maintained at 30°C.

After incubation for 45 min, the digestion medium containing GCPs was
removed with a pasteur pipette and fresh washing medium was added to the
petri dishes. Protoplasts were collected by shaking gently the digested strips in
the petridishes with washing medium. The pooled protoplast suspension in
washing medium was passed successively through 100 and 30 pm nylon
mesh. The filtrate containing guard cell protoplasts was centrifuged at 100 g for
5 min and the pellet resuspended in the suspension medium (10 mM HEPES-

KOH pH 7, 0.4 M sorbitol, 1 mM CaCl,, 10 mM KCI, and 0.5 mM MgCl).

3.5.3. Mesophyll cell protoplasts (MCP) from Arabidopsis (Fig. 3.2 C)

Fully expanded rosette leaves of A. thaliana were excised and kept in
distilled water in the dark. The leaves were cut into 1 cm? pieces with a razor
blade. The leaf pieces were then transferred to 10 ml of enzyme medium
(5 mM MES-KOH, 0.5 M mannitol, 0.5 mM CaCly, 0.25 % (w/v) macerozyme R-

10, 1.5 % (w/v) Cellulase R-10, 0.25 % (w/v) BSA and 0.1 % (w/v) PVP-40,
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pH 5.5). The leaf pieces were vaccum infiltrated with enzyme medium for
2 min. Broken cells and debris were removed by decanting the medium and
the leaf tissue was transferred to 15 ml of fresh enzyme medium. Digestion
was performed at 24°C for 45 min with slow shaking (50 excursions per min) in
a water bath. The enzyme medium developed a greenish hue, indicating the
release of protoplasts. The medium was filtered through 60 um nylon mesh
into 50 ml centrifuge tube. The leaf pieces retained were rinsed with
25 ml of incubation medium (0.5 M mannitol, 1 mM CaCl,) and the filtrate was
collected. The suspension was centrifuged at 100 g for 5 min and the pellet
obtained was resuspended in 50 ml of incubation medium. The medium was
centrifuged, as before, and the final pellet protoplasts was gently resuspended

in 1 ml of incubation medium and kept in ice in dark until use.

3.5.4. Mesophyll cell protoplasts (MCP) from Pisum sativum (Fig. 3.2 D)

Mesophyll protoplasts were isolated from pea leaves by minor
modifications of the procedure of Devi et al. (1992). The abaxial epidermis of
leaves was stripped off with forceps. The leaf was then cut into approximately
1 cm? pieces and floated on plasmolysis medium (0.3 M sorbitol, 1 mM CaCl, in
10 mM MES-KOH buffer pH 6.0) with the peeled lower surface touching the
medium. After 30 min, the plasmolysis medium was removed and digestion
medium (2% (w/v) Cellulase Onozuka R-10, 0.2% (w/v) Macerozyme R-10, 0.25%
(w/v) BSA, 10 mM sodium ascorbate, 0.4 M sorbitol, 1 mM CaCl; in 10 mM MES-

KOH buffer pH 5.5) was added. The enzymes cellulase, and macerozyme
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macerozyme (pectinase), sodium ascorbate and BSA were added and the pH
of the digestion medium adjusted just before use.
The leaf pieces were digested for 30 minutes, at 30° C under an

1

ilumination of 300 pmol m? s'. The digestion medium was then gently

removed with a pasture pipette. Washing medium (0.4 M sorbitol, 1 mM CaCl,
in 10 mM MES-KOH, pH 6.0) was added to the petri dish containing the
digested leaf pieces. The petri dish was tapped and swirled gently to release
the protoplasts into the medium. All further operations were done at 4°C.
The suspension was filtered through a nylon filter of 60 um pore size and filtrate
was centrifuged at 50 g, for 5§ minutes. The supernatant was discarded and the
pellet was washed thrice with washing medium, to remove broken protoplasts.
The washing was done by suspending the mesophyll protoplast pellet in 2-3 m|
washing medium, centrifuging at 50 g, for 3 minutes, and then discarding the
supernatant.

The pelleted protoplasts were washed once in suspension medium
(0.4 M sorbitol, 1 mM CaCl,, 0.5 mM MgCl; in 10 mM HEPES-KOH, pH 7.0).
The pellet was finally suspended in 0.5 ml of suspension medium, mixed well
by gently rocking and swirling the test tube containing protoplasts, and kept on
ice. The protoplasts were kept on ice and handled gently through out the

experiment.
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Figure 3.2: Photomicrograph of mesophyll and guard cell protoplasts isolated from
leaves of Arabidopsis thaliana (A, C) and Pisum sativum (B, D). The horizontal bar

represents 25 um for mesophyll protoplasts and 10 um for guard cell protoplasts.
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3.6. Characteristics of protoplasts

The number of protoplasts was counted using a haemocytometer. The
size of the protoplasts was measured with a precalibrated ocular micrometer,

under research microscope (DMIL, Leica, Germany).

3.6.1. Estimation of chlorophyll

Chlorophyll was estimated in mesophyll protoplast preparation by
extracting into 80% (v/v) acetone (Arnon, 1949). An aliquot of 12.5 ul of
protoplast suspension was added to 5 ml of 80 % (v/v) acetone and mixed on a
cyclo-mixer. The absorbance of acetone extract was measured at 652 nm
(Assz - to determine chlorophyll) and 710 nm (A7qo - to correct for turbidity),
using a spectrophotometer (Shimadzu UV-160A). The chlorophyll
concentration was calculated using the following formula:

Chl (mg mI”" of protoplast suspension) = (Assz - A710) X 11.11

3.6.2. Measurement of protoplast volume changes

The diameters of protoplasts were measured with an optical microscope
(Optiphot-2, Nikon, Tokyo, Japan) fitted with a camera lucida and a digitizing
table (Houston instrument TG 1017, Austin, TX, USA) linked to a personal
computer. In some of the experiments, diameters were measured with a pre-
calibrated ocular micrometer in a research microscope (DMIL, Leica,

Germany). The volumes were computed by assuming spherical protoplasts,

using the formula 4/3 =r® (r: radius of protoplast).
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Thirty protoplasts were measured during each observation and
experiment was repeated at least four times on different days. Each value of
protoplasts volume of therefore represents an average of at least 120
measurements. Measurements were made at given time intervals for temporal
kinetics (with or without the test compounds). Otherwise diameters were

measured after 20 minutes of exposure to test compounds.

3.6.3. Photosynthetic oxygen evolution/ Respiratory oxygen uptake

Photosynthetic activity of protoplasts was measured in terms of O-
evolution on illumination, while respiration was measured by monitoring O,
uptake in darkness. The evolution or uptake of oxygen was measured at using
Clark type oxygen electrode (Hansatech Instruments Ltd., King's lynn, UK).
The reaction medium of 1 ml contained 0.4 M sorbitol, 1 mM CaCl;, 1 mM
MgCl> and 1 mM bicarbonate in 10 mM HEPES-KOH, pH 7.5 and protoplasts
equivalent to 20 ug Chl. Water at a constant temperature of 25°C was
circulated through the outer jacket of reaction chamber. A 35 mm slide
projector provided the illumination of 1250 uE m?s™. Calibration of the oxygen
content in the electrode chamber was done with air saturated water, assumed

to contain 252 nmoles of oxygen ml™” at 25°C (Walker, 1988).

3.7. Determination of H,0;
Hydrogen peroxide production in guard cells was analysed using
2' 7'-dichlorofluorescein diacetate (H,DCF-DA) as previously described

(Murata et al., 2001). Epidermal peels were mounted on a microscope slide
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with medical adhesive (Hollister, Libertyville, IL) or Telesis V (Premiere
Products Inc. Pacaima, California, USA). Epidermal tissues were incubated for
2 h in 30 mM KCIl and 10 mM MES-KOH, pH 6.5 for Arabidopsis were as for
tobacco or pea 10 mM KCI, 25 mM MES-KOH, pH 7.0, was used. The dye,
H,DCF-DA, at 30 uM, was added to the incubation medium. After 20 min, the
excess of dye was removed by three washes with distilled water.
Epidermal tissues were then incubated for the indicated time with 20 uM ABA
or MJ with an equal volume of methanol added to the control. When used, DPI
(12.5 uM) was added 30 min before the dye to the epidermal strips.

Arabidopsis guard cells were observed with an epi-fluorescence
microscope (Optiphot-2, Nikon, Tokyo, Japan) fitted with a charge-coupled
device camera (AxioCam, Zeiss, Germany, Géttingen). The tobacco or pea
guard cells were observed under an inverted fluorescence microscope
(Optiphot-2, Nikon, Japan), fitted with monochrome high-resolution digital
cooled CD camera (Coolsnap FX) that enabled to capture the images.
The captured images and the relative fluorescence emission of guard cells
was analysed using the NIH Image for Window, as previously described
in Murata et al. (2001).

Confocal microscopy was also used to observe the fluorescence of ROS

in epidermis of Arabidopsis.

3.8. Determination of NO
NO production in guard cells of pea and tobacco was analysed using the

fluorescent dye, 4,5-diaminofluorescein diacetate (DAF-2DA) as previously
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described (Neill et al., 2002). Epidermal peels were mounted on a microscope
slide with an adhesive (Telesis V adhesive, Premiere Products Inc. Pacaima,
California, USA). The coverslip along with epidermis was incubated for 2 h in
25 mM Mes-KOH, 10 mM KCI and pH 7 under light at 25°C. DAF-2DA at 10 pM
was added to the incubation medium. After 20 min, the excess of dye was
removed by three washes with distilled water. The inhibitors were added 30
min before the dye loading. Epidermal tissues were then incubated under the
light for the indicated time with 20 uM ABA or MJ with an equal volume of
methanol added to the control.

Guard cells were observed under an inverted fluorescence microscope
(Optiphot-2, Nikon, Japan) fitted with with monochrome high-resolution digital
cooled CD camera (Coolsnap FX) that enabled to capture the images.

Images were captured and the relative fluorescence emission of guard
cells was analysed using the NIH Image for Windows, as previously described

in Murata et al. (2001).

3.9. Determination of pH

Changes in pH were examined in epidermis of N. gluaca or P. sativum
by incubation with 2',7'-bis(2carboxyethyl)5(6)carboxyfluorescein acetoxymethyl
ester (BCECF-AM) as described earlier by Irving et al. (1992). The epidermal
tissues were incubated for 3 h with 50 mM KCI and 10 mM MES-KOH, pH 6.5
in light (350-450 pumol m™ s™) for Pisum sativum. While for Nicotiana glauca
incubation medium was done in 10 mM KCI and 25 mM MES-KOH, pH 6.5.

The strips were then treated with 20 pM BCECF-AM for 30 min in darkness.
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The strips were rinsed several times in incubation buffer so as to remove the
excess dye. The epidermal tissues were then treated with 20 pM ABA or MJ
(or methanol in the control) and examined under the fluorescent microscope.
The inhibitors were added to the incubation medium then after 30 min the dye
was added to the medium under dark and then after 30 min MJ/ABA were
added. Guard cells were then observed under an inverted fluorescence
microscope (Optiphot-2, Nikon, Japan) fitted with monochrome high-resolution
digital cooled CD camera (Coolsnap FX) that e.nabled to capture the images for
the pH change with BCECF-AM fluorescence. The captured images and the
relative fluorescence emission of guard cells was analysed using the NIH

Image for Windows, as previously described in Murata et al. (2001).

3.10. Quantitative estimation of ROS, NO or pH

The levels of the fluorescence in the images acquired through either the
epifluorescent microscopes or inverted fluorescent microscope was determined
by using NIH Image for Windows. The images were imported to the NIH
software and opened as TIFF files. A square box was drawn on the image
window using the cursor and the intensity of fluorescence were calculated by
analysing the pixels of the square box in the fluorescent image. The mean
values of square area box were obtained by taking the pixels within the given

" n

fluorescence image window. After taking “n” different pixel intensities of the
square box of the same size in the non-fluorescent area was taken as the

control (background).

44



Chapter 3 Materials and Methods

The pixel intensity value of fluorescent guard cells was recorded as (X)
and the background of the fluorescence images as (Y). The difference of the
background and area of interest was calculated and Y-X gives the actual
intensity of the fluorescent image. The intensity of fluorescence was obtained,
as intensity of pixels in the control/beginning of the experiment and taken as
100%. Based on the % of control the experimental analysis was done with

various treatments.

3.11. Measurement of pH by 'Null-Point" Method

The method used for barley aleurone protoplasts, as described in
van der Veen et al. (1992), was adapted for A. thaliana guard cell/mesophyli
cell protoplasts. Disruption of the plasma membrane of cells in a weakly pH
buffered solution will, in principle, lead to a change of external pH unless
external pH is equal to internal pH. The “null-pcint method” for determination of
internal pH is based on this principle. The internal pH can be determined by
incubating protoplasts in weakly pH buffer solutions with external pH adjusted
with KOH so as the internal pH is equal to the external pH, where no pH
change could be observed. The experiments to know the change in the
internal pH or the deflections can be determined by incubating protoplasts in
weakly pH buffered solutions and the pH external was not adjusted to the
changing internal pH.

The sample of 1 ml with 1 X 108 GCPs or 6 X 10° MCPs was placed in a
weakly buffered medium (0.5 mM MES, 10 mM KCI, 1 mM MgCl,, 1 mM CaCl,

500 mM mannitol, pH 7). The suspension was continuously stirred with a
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magnetic flea at low-speed magnetic stirring to avoid protoplasts damage in
a Clark type oxygen electrode chamber (Hansatech Instruments Ltd. King's
lynn, UK) (Fig. 3.3A). GCPs were incubated with 20 uM MJ or ABA, at room
temperature. The external pH ([pHJex) was adjusted to the required value with
diluted KOH. Subsequently, digitonin (0.01% w/v) was added to permeate the
protoplast plasma membrane. The resulting pH changes in the external
solution were recorded with a combined pH electrode (Ingold, Wilmington, MA,
USA) coupled to a pH-meter (pHM85, Radiometer Copenhagen, Copenhagen,
Denmark) and a pen recorder (Fig. 3.3A,B). Buffering capacity of the solution
was determined by adding 10 nmoles of HCI at the end of each experiment.
The values of the external pH at which permeablization induced no apparent

shift in external pH were taken as an estimate internal pH.

B 10 nmole
H°

Figure 3.3: (A) Instrument used for null point method estimation of pH with very
sensitive the recorded traces, indicating the titration at the end of the experiment are

shown on (B) pen recorder attached to the pH meter.
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3.12 Replication and Statistical Analysis

The data presented are the average values (+ SE) of results from three

to four experiments conducted on different days. Statistical analysis of the data

was done using a computerized program written in a basic language.

3.13. Solvents, Chemicals and Materials

The solutions of MJ and ABA were prepared in the ethanol.
While PMA; TFP, U73122, W7, K252A, ML-7, ¢-PTIO, H,DCF-DA, BCECF-AM,
DAF-2DA were dissolved in DMSO. The other components were water
soluble. Most of the chemicals were from SIGMA (Sigma Chemical Company,
St Louis, MO, USA). MJ was the gift from Prof. O. Miersch, Inst. fur
Pflanzenbiochemie, Halle (Saale), Germany. Cellulase R10, Cellulase RS and
Pectolyase Y-23 were from Sheishin Corporation (Tokyo, Japan), W7 and
protein kinase inhibitors were from BIOMOL (Plymouth, PA, USA). H,DCF-DA,
DAF-DA, cPTIO, L-NAME, BCECF-AM was from Calbiochem (La Jolla, CA,
USA). Nylon filters were purchased from Sarayu Textiles, Mumbai. All other
chemicals and materials were of analytical grade and were from following
companies: Sisco Research Laboratories, E-Merk (India), Spectrochem, Loba

Chemie, Himedia Laboratories and Qualigens: all from Mumbai.

wkdkkek
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Chapter 4

Different signaling pathways involved during the suppression of

stomatal opening by methyl jasmonate or abscisic acid

4.1 Introduction

Stomata are model systems to study the responses of plant cells to not
only by plant hormones such as abscisic acid (ABA) or auxins or blue light
signal but also several secondary messengers including calcium, G-proteins
or protein kinases/protein phosphatases (Parvathi and Raghavendra, 1995,
Willmer and Fricker, 1996, Assmann and Shimazaki, 1999, McAinsh et al.,
2000). Abscisic acid (ABA) and methyl jasmonate (MJ) suppress stomatal
opening, while cytokinins and IAA promote stomatal opening (Incoll et and
Whitelam, 1977, Mansfield et al., 1990, Gehring et al., 1990, Raghavendra
and Reddy, 1987).

Compared to the extensive literature on ABA effects on guard cells,
studies on MJ-induced stomatal closure are quite limited. Nevertheless the
effects of MJ on other aspects of plant growth and development, particularly
senescence or gene expression are examined in detail (Sembdner and
Parthier, 1993). Jasmonates are involved in the regulation of a multitude of
processes, such as promotion/inhibition of growth, wounding in response to
pathogens, elicitation of secondary product formation, promotion of
senescence, tuberization and bulb formation (Sembdner and Parthier, 1993,
Creelman and Mullet, 1997).

Although the exact concentration of MJ in the vicinity of guard cells is not

known, the level of MJ has been shown to increase rapidly after wounding
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(Creelman et al.,, 1992, Albrecht et al., 1993). The effects of MJ on certain

aspects of plant growth and development, particularly senescence or gene
expression are examined in detail (Sembdner and Parthier, 1993, Kenton et al.,
1999, Hung and Kao, 1998, Seo et al, 2001). A concentration range of
5-50 uM is frequently used for these studies. However, studies on MJ-induced
stomatal closure are quite limited, compared to the extensive literature on ABA
effects on guard cells.

Several responses of plants to jasmonate are similar to that of ABA
(Wiedhase et al., 1987). It has been suggested that endogenous jasmonates
represent an integral part of signal transduction chain between stress signals
and stress responses (Creelman and Mullet, 1997). Thus, ABA and MJ are
both stress related signals. Jasmonate (JA)-dependent wound signaling in
tobacco appears to involve kinase-dependent JA accumulation the effects
of which are, in turn transduced by Ca** (Kenton et al., 1999). The induction
levels of NtCDPK1 mRNA, DAHPS mRNA's and ATPase activity of Ca®'-
ATPase went up after treatment with MJ (Yoon et al., 1999, Starling et al.,
1994, Suzuki et al., 1995).

The involvement of Ca®* during signal transduction pathway in guard cell
responses has been of great interest. Elevated levels of extra cellular Ca™*
lead to stomatal closure even in presence of high K* or low CO, (DeSilva et al.,
1985, Schwartz, 1985,1988). Similarly, stomatal closure in response to
darkness, or elevated CO, or ABA is prevented by the presence of EGTA,
a Ca?*-chelator (DeSilva et al., 1985, Schwartz, 1985, 1988). Ca”* may act on

guard cells in several ways: inhibition of inward K" channels, stimulation of
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I efflux leading to depolarization of plasma membrane, and interaction with
calmodulin (CaM) (Schroeder et al., 2001, McAinsh et al., 1997, Blatt, 2000a).
The present work is undertaken to examine the mechanisms involved in the
suppression of stomatal opening by MJ or ABA. Since the modulation of Ca%*
appears to be a common effect of ABA and MJ, experiments were designed to
assess the role of different secondary messengers, which could lead to the
modulation of intracellular Ca®*. Stomatal opening was monitored in presence
of varying Ca** or EGTA or in the presence of pharmacological compounds,
which are known to affect different steps during the Ca** signaling process.
The results suggest that the stomatal closure in response to ABA or MJ
may be mediated through different steps of signaling pathways. The sensitivity
to modulation of Ca®* was much more pronounced in presence of MJ than that

of ABA.

4.2 Results

MJ or ABA reduced the extent of stomatal opening in epidermal strips
under white light compared to the untreated epidermal strips (control).
The concentration of 10 uM of MJ or ABA showed similar responses of
stomatal closing of nearly 50 % response compared to the control. The
presence of Ca**, even in range of 5-20 uM levels, promoted stomatal closure
induced by both ABA and MJ (Fig. 4.1). In contrast, the presence of EGTA in
the incubation medium stimulated stomatal opening and relieved the stomatal
closure caused by ABA or MJ (Fig. 4.2). EGTA at 5 mM was effectively
reversed the closure response of MJ. The effect of EGTA was more

pronounced in presence of MJ than that of ABA.
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Figure 4.1: The effect of stomatal opening in epidermal strips of Nicotiana glauca by
calcium in the absence or presence of 10 uM ABA or MJ. (A) The sensitivity of
stomatal opening to range of calcium in presence of ABA or MJ under light. (B) The
extent of decrease in stomatal opening by ABA or MJ responses in relation to
concentration of calcium. The strips were exposed to white light (600 pmol m?s™) for

3 h. The pattern of inhibition was similar in presence of both ABA and MJ.
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Figure 4.2: Promotion of stomatal opening in epidermal strips of Nicotiana glauca
by EGTA (calcium chelator) in the absence or presence of 10 uM ABA or MJ. The
strips were exposed to white light (500 pmol m?s™) for 3 h. The stimulation was more
pronounced in the presence of MJ than that of ABA.
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The increase in intracellular Ca** can occur due to either Ca?*
influx through calcium channels or release of Ca?* from internal compartments,
through again Ca®* channels (Ca®* induced calcium increase). Experiments
were therefore designed to study the sensitivity of stomatal closure induced by
ABA or MJ to pharmacological compounds, that are known to affect different
secondary messengers. These pharmacological agents are: lanthanum/
ruthenium red/ verapamil (calcium channel blockers), TFP/ W7 (CaM
antagonists), butanol/U73122 (inhibitors of phospholipase C/ phospholipase D,
PLC/PLD) and PMA (stimulator of protein kinase C, PKC).

Lanthanum, a Ca?' channel blocker, totally reversed the stomatal
closure caused by MJ but had only limited effect in presence of ABA (Fig. 4.3).
Ruthenium red and Verapamil two more Ca®* channel blockers, also had similar
effect: reversal of stomatal closure caused by MJ, but not that of ABA (Fig. 4.4
and 4.5). Two CaM antagonists, TFP and W7, reversed almost completely
stomatal closure caused by MJ, with only marginal effect on ABA action (Fig.
4.6 and 4.7).

In a strong contrast to the effect of Ca®" channel blockers, U73122
(an inhibitor of PI-PLC) reversed the stomatal closure caused by ABA, but not
that of MJ (Fig. 4.8). The stomatal closure by U73122 is interesting and needs
to be examined further. Similarly, 1-butanol (an inhibitor of PLD) prevented
stomatal closure induced by ABA but could relieve only 50% of the stomatal
closure caused by MJ (Fig. 4.9). The presence of PMA an activator of PKC
almost completely relieved the stomatal closure caused by ABA. But showed

much less effect on closure induced by MJ (Fig. 4.10).
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Figure 4.3: The effect of lanthanum (calcium channel blocker) on stomatal opening
in the epidermal strips of Nicotiana glauca in the absence or presence of either 10 uM
ABA or MJ. The strips were exposed to white light (500 pmol m? s™) for 3 h.
The reversal by lanthanum of stomatal closure was pronounced in case of MJ but not
that of ABA.
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Figure 4.4: The effect of ruthenium red (calcium channel blocker) on stomatal
opening in epidermal strips of Nicotiana glauca in the absence or presence of either
10 uM ABA or MJ. The strips were exposed to white light (500 umol m?s™) for 3 h.
The reversal by ruthenium of stomatal closure was pronounced in case of MJ but not
that of ABA.
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Figure 4.5: The effect of Verapamil (calcium channel blocker) on stomatal opening
in epidermal strips of Nicotiana glauca in the absence or presence of either 10 uM
ABA or MJ. The strips were exposed to white light (500 umol m* s™) for 3 h.
The reversal of stomatal closure was more pronounced in presence of MJ than
that of ABA.
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Figure 4.6: The effect of TFP (calmodulin antagonist) on stomatal opening in
epidermal strips of Nicotiana glauca in the absence or presence of either
10 uM ABA or MJ. The strips were exposed to white light (500 umol m?s™) for 3 h.

The reversal of stomatal closure was more pronounced in presence of MJ than
that of ABA.
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Figure 4.7: The effect of W7 (calmodulin antagonist) on stomatal opening in
epidermal strips of Nicotiana glauca in the absence or presence of either
10 UM ABA or MJ. The strips were exposed to white light (500 pmol m*s™) for 3 h.
The reversal of stomatal closure was more pronounced in presence of MJ than

that of ABA.
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Figure 4.8: The effect of U73122 (inhibitor of phospholipase C) on stomatal opening
in the epidermal strips of Nicotiana glauca in the absence or presence of either 10 uM
ABA or MJ. The strips were exposed to white light (500 umol m? s™) for 3 h.
The reversal by U73122 of stomatal closure was more pronounced in case of ABA but
not that of MJ.
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Figure 4.9: The effect of 1-butanol (inhibitor of phospholipase D) on stomatal
opening in the epidermal strips of Nicotiana glauca in the absence or presence
of either 10 uM ABA or MJ. The strips were exposed to white light (500 umol m?s™)

for 3 h. The reversal by 1-butanol of stomatal closure was more pronounced in case of

ABA but not that of MJ.
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Figure 4.10: The effect of phorbol myristate acetate (PMA, activator of protein
kinase C) on stomatal opening in the epidermal strips of Nicotiana glauca in the
absence or presence of either 10 uM ABA or MJ. The strips were exposed to white
light (500 pumol m?s™) for 3 h. The reversal by PMA of stomatal closure was more

pronounced in case of ABA but not that of MJ.
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Fig. 4.11 summarizes the effects of several pharmacological reagents on
stomatal aperture in presence of ABA and MJ. The concentrations in most of
the cases are chosen in such a way that they have no significant effect on
stomatal opening in the absence of ABA or MJ. The small decrease in
stomatal opening caused by U73122 was taken into consideration, while
calculating the effects in presence of ABA or MJ. Lanthanum/ verapamil/

ruthenium red (Ca*'

channel blockers) and TFP/ W7 (CaM antagonists)
reversed the stomatal closure induced by MJ but not that of ABA. These
results showed that anti-calcium or caimodulin was more efficiently playing role
in MJ induced stomatal closure responses when compared to ABA.
A regulation of free calcium levels in the cytosol, possibly involving CaM, is
playing a role in stomatal opening under light.

Similarly, butanol/ U73122 (inhibitors of PLD/ PLC) and PMA (stimulator
of PKC) relieved the stomatal closure by ABA but not that of MJ. The anti-
phospholipases (PLD/ PLC) worked efficiently in ABA induced stomatal closure
when considered in comparison to MJ effects on stomatal movements.
However, it should be noted that MJ induced promotion of stomatal closure
requires calcium as the calcium chelator, EGTA efficiently responded.

The partial interferes with PLD on MJ effect showed modulated responses of

phospholipases at stomatal level signaling.
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Figure 4.11: ABA (A) or MJ (B) induced stomatal closure as influenced by Ca®
flux modulators, calmodulin antagonists, PLC/PLD inhibitors, and protein kinase
activator. Lanthanum (1 mM), Verapamil (0.01 mM), Ruthenium (0.01 mM), TFP
(0.01 mM), W7 (50 uM), U73122 (3 uM), 1-Butanol (0.1% v/v) or PMA (1.5 pM), were
added to the incubation medium, containing either 10 uM ABA or MJ. The stomatal
apertures were measured 3 h after illumination with white light (500 pumol m?s™).
The extent of decrease (or increase) over respective control (i.e. without ABA or MJ)

is represented.
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4.3 Discussion

The results from our study establish that calcium is an important
messenger during the stomatal closure induced by not only ABA but also MJ.
However, there seems to be a difference in the mode of action by ABA or MJ.
The closure induced by ABA was dependent on the functioning of PLC/PLD
and PKC. In contrast, the action by MJ was strongly dependent on Ca?'
channels and CaM.

The importance of intracellular Ca®* of guard cells in mediating stomatal
closure by ABA or CO; or H;0; has been demonstrated by several workers
(McAinsh et al., 1997, Blatt 2000b, Webb and Hetherington, 1997, Assmann,
1999). Our observations of promotion by external Ca®* (Fig. 4.1) and reversal
by EGTA (Fig. 4.2) of stomatal closure imply that the intracellular Ca®* in guard
cells may increase on exposure to MJ. Strong modulation by Ca®* of response
to MJ has been observed in case of plant pathogen interaction and leaf
senescence (Kenton et al., 1999, Hung and Kao, 1998, Leon et al., 1998, Leon
etal., 2001).

The differential responses to Ca*'in relation to stomatal closure by ABA
or MJ cr.-)uld be due to differences in Ca®* mobilization through Ca®* channels or
other processes. For example, several secondary messengers are known to
be involved while responding to ABA e.g. phosphoinositides, G-proteins, PLC,
Ca®" channels, protein kinases including PKC or myosin light chain kinases
(Assmann and Shimazaki, 1999, Schroeder et al., 2001a, Cousson and
Vavasseur, 1998, Staxen et al., 1999, Lee et al., 1996, Jacob et al., 1999). The

action of MJ appears to be strongly dependent on the Ca®* channels as
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indicated by the complete reversal of ABA effect by three Ca2* channel
blockers: lanthanum, ruthenium red or verapamil (Figs. 4.3, 4.4 and 4.9).

The effects of Ca®" are often mediated through CaM. The importance
of CaM can be assessed by using CaM antagonists such as TFP or W7
(Shimazaki et al., 1992). The reversal of stomatal closure by TFP or W7
suggests that the effects of MJ are mediated by CaM, while such dependence
on CaM appears to be low in case of ABA. Further, the dependence on
calcium appears to be much stronger in case of MJ than that of ABA as the
presence of EGTA reversed completely the stomatal closure caused by MJ
while being only partial in case of ABA (Fig. 4.2). Thus, the involvement of
calcium channels and CaM was more pronounced during stomatal closure
induced by MJ that that incase of ABA.

The function of PLC is to hydrolyze the membrane bound PIP; into
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). IP3; then releases
Ca** from intracellular sources (e.g. endoplasmic reticulum, vacuole) while
DAG activates PKC. The presence of PMA, stimulator of PKC, reversed ABA-
induced stomatal closure, but not that of MJ (Fig. 4.10). These observations
indicate that the effects of ABA involve the modulation of PLC/PLD and PKC.
In contrast, the stomatal closure caused by MJ does not seem to depend much
in PLC or PKC. While the Ca®* dependence of ABA or MJ action on stomata is
quite logical, the strong involvement of PLC/PLD only in case of ABA action
(as indicated by the effects of U73122/ Butanol and PMA) is quite interesting.
The involment has been of ABA with these phospholipases has been reported

(Schroeder et al., 2001a, Jacob et al., 1999).
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ABA regulation of stomatal aperture is proposed to involve both Ca?'-
dependent and Ca®* independent signal transduction pathways (Cousson and
vavasseur, 1998, Li and Assmann, 1996, Allan et al., 1994, Romano et al.,
2000). Elevation of cytosolic Ca** in guard cell possibly by the increase in
IP; and subsequent Ca*' release from intracellular organelles is the initial
mechanism of ABA induced stomatal closure (McAinsh et al., 1992,
Lee et al., 1996, McAinsh et al., 1990, Schroeder and Hagiwara, 1990).
However, Gilroy et al. 1991 found that ABA induced elevation of cytosolic
Ca*" occurred in only some guard cells, but not all.

Although the changes in cytosolic Ca®** levels were small or
undetectable, ABA induced stomatal closure could still occur. Further, the low
temperature induced stomatal closure in the epidermis of Commelina
communis is due to an increase in apoplastic calcium and does not involve
ABA (Wilkinson et al., 2001). Thus, the regulation by ABA of stomatal aperture
may involve both Ca®" -dependent and -independent signal transduction
pathways. Some of the Ca®" -independent signaling elements that could
mediate the ABA responses are cytosolic pH, PLC/PLD, PKC and protein
phosphatases (Jacob et al., 1999, Li and Assmann, 1996, Grabov and Blatt,
1997, Leung and Giraudat, 1998).

The results are summarized and integrated into a schematic
representation of signaling components, which respond to ABA or MJ
(Fig 4.12). As per the present results, Ca** plays a vital role that mediates the
effects of both ABA/MJ during stomatal closure. However, the regulation by

ABA of stomatal movement appears to involve both calcium-dependent and
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calcium-independent pathways. The Ca?*-dependence of MJ action appears to
be much greater than that in case of ABA, as indicated by the effects of EGTA.
Moreover MJ-induced stomatal closure requires the presence of external
calcium and involves a calmodulin-like domain. The PLC / PLD / PKC are key
elements in the ABA signalling pathway involving towards increasing
cytoplasmic calcium levels. In summary ABA and MJ signaling pathways
converge at Ca?, there was difference in perception sites that mediate the
cytoplasmic calcium waves. These results show that both ABA and MJ
signaling pathways with differences in their actions converge at the

accumulation of calcium witn in the guard cells.
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Figure 4.12: A hypothetic diagram of secondary messengers involved in the
regulation of stomatal movement and their modulation by ABA or MJ. The calcium
independent effects of ABA could be on potassium channels, while the calcium
channels appear to be sensitive to MJ. PIP,: Phosphatidylinositol 4,5-bisphosphate;
IP3: Inositol 1,4,5-triphosphate.
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4.4 Conclusion

1. Ca?"is a common signalling component during MJ/ABA mediated stomatal
closure. External calcium promoted, while EGTA prevented the process of
stomatal closure, in case of both ABA and MJ.

2. The Ca** dependence of MJ action appears to be much greater than that in
case of ABA as indicated by the effects of EGTA.

3. Lanthanum, verapamil, ruthenium red (Ca®" channel blockers),
trifluoperazine and W7 (calmodulin antagonists) prevented MJ induced
stomatal closure but had no such effect on ABA mediated stomatal closure.
Although the primary actions of ABA and MJ appear to be different. the
targets being Ca®** channels in case of MJ, and PLC/ PLD/ PKC in case of
ABA, the signal transduction pathways are converging at levels of Ca”,

4. ABA and MJ could be useful tools to analyze the sequence and pattern of

secondary messengers during signal transduction in stomatal guard cells.

ek ok
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Chapter 5

Cytoplasmic Alkalization Precedes Reactive Oxygen Species
Production during Methyl Jasmonate- and Abscisic Acid-Induced

Stomatal Closure
5.1 Introduction

Methyl jasmonate, a linolenic acid derivative, is involved in plant
development and defence and is overproduced during wounding, fruit ripening
and drought stress (Creelman and Mullet, 1997). MJ affects plant transpiration
(Lee et al., 1996, Wang, 1999) by promoting stomatal closure (Raghavendra
and Reddy, 1987, Gehring et al., 1997, Suhita et al., 2003). MJ-induced
stomatal closure is accompanied by an alkalization of the guard cell cytoplasm
in Paphiopedilum spp. (Gehring et al., 1997). A recent study has shown that
this response to MJ requires external calcium and involves a calmodulin-like
domain (Suhita et al., 2003). Interestingly, Evans (2003) demonstrated that MJ
activates the outward potassium channel from guard cell protoplast of Vicia
faba, the main conductance allowing K* efflux and loss of turgor. All these
steps, involved in stomatal closure, are also key elements in the ABA signaling
pathways, such as cytoplasmic calcium waves (Allen et al., 2000), protein
(de)phosphorylation (Leung et al., 1994, 1997, Meyer et al., 1994, Merlot et al.,
2001, Li et al., 2000, Kwak et al., 2002, Mustilli et al., 2002), cytoplasmic pH
modification (Irving et al., 1992) and modulation of potassium channels at the
guard cell plasma membrane (Armstrong et al., 1995).

In addition, reactive oxygen species (ROS) have been recently identified
as essential second messengers in ABA signaling (Guan et al., 2000, Pei et al.,

2000, Zhang et al., 2001a). In guard cells, ABA induces ROS production,
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which in turn activates Ca®* channels at the plasma membrane (Pei et al.
2000, Murata et al, 2001). Cytosolic Ca®* elevation activates slow anion
channels triggering cell depolarisation and inactivates inward rectifying K"
channels, leading to ion efflux and turgor reduction. Interestingly, MJ together
with various elicitors also induces an accumulation of H,0, in leaves, (Orozco-
Cardenas and Ryan, 1999). Thus, it is likely that ABA and MJ transduction
pathways leading to stomatal closure involve overlapping signaling elements.
Such interaction has already been suggested by Herde et al., (1997) who
observed that ABA deficient mutants were insensitive to jasmonic acid in
reducing the transpiration stream. Additionally, the jasmonate-insensitive
mutant jar7-1 shows increased sensitivity to ABA inhibition of germination
(Staswick et al., 1992). All together, these observations suggest the existence
of a crosstalk between MJ and ABA signaling cascades. However, it remains
largely unknown which molecular components are shared by ABA and MJ
signal transduction.

In the present study, cytoplasmic pH changes and ROS production in
response to ABA or MJ were studied in guard cells of A. thaliana. Additionally,
mutant plants affected in ABA signaling (ost7-2, Mustilli et al., 2002), MJ
signaling (jar7-1, Staswick et al., 1992, 2002), plasma membrane catalytic
subunits of the plasma membrane NAD(P)H oxidases (atrbohDIF; Kwak et al.,
2003) or guard cell outward K" channel (gork1, Hosy et al., 2003) were used to
assess the respective roles of these genes in ABA or MJ signaling pathways

leading to stomatal closure.
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5.2 Results

5.2.1 Jar1-1 mutants are insensitive to MJ but not to ABA while ost1-2 mutants

are insensitive to ABA but not to MJ

The jar1-1 MJ insensitive mutant has been isolated on the basis of a
diminished sensitivity of root growth to MJ (Staswick et al., 1992). The jar1-1
mutation affects the biochemical capability of JAR1 in the adenylation of
jasmonic acid (Staswick et al., 2002). The ost7-2 mutant has been isolated
using infrared thermography and characterised as ABA insensitive at the
stomatal level (Mustilli et al., 2002). OST1 is an ABA-activated protein kinase,
an ortholog of the Vicia faba Ca?*-independent ABA-activated protein kinase
(AAPK, Li et al., 2000). The ost71-2 mutation (Gly-33 to Arg) affects an invariant
residue required for ATP-binding, and is thus predicted to abolish OST1 kinase
activity (Mustilli et al., 2002).

Figure 5.1 presents the stomatal sensitivity to ABA and MJ in wild type
plants, jar7-1 and ost7-2 mutant plants. Dose-response curves for MJ and ABA
were quite similar in wild type plants (Fig. 5.1A), with a 50% effect observed at
around 5 pM. In the case of the jar7-1 mutant (Fig. 5.1B), stomata did not
respond to MJ while a residual response to ABA was still observed, 28% of
stomatal closure observed in wild type plant at 20 uM ABA. As previously
described (Mustilli et al., 2002), stomata from ost7-2 mutant plants were
insensitive to ABA (Fig. 5.1C).

However, they were still able to close in response to MJ, with a
diminished sensitivity compared to wild type plants, 60% of stomatal closure

observed in wild type plant at 20 pM MJ. These results demonstrate that JAR1
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and OST1 are not absolutely required in a common ABA and MJ signaling
pathway leading to stomatal closure. However the diminished response of
ost1-2 to MJ and jar71-1 to ABA suggests a cross talk between two signaling
pathways through interacting elements.

Further it was ascertained that the 3 ecotypes of Arabidopsis used in this

study have similar responses to ABA and MJ at the stomatal level (Table 5.1).

5.2.2 Protein kinases are essential elements in stomatal closure by ABA

and MJ

Protein (de)phosphorylation events play important roles in ABA
signaling in guard cell (Li et al., 2000, Merlot et al., 2001, Kwak et al., 2002,
Mustilli et al., 2002). Three compounds, K252A (broad range protein kinase
inhibitor; Kase et al., 1987), ML7 (Ca**-calmodulin protein kinase inhibitor;
Saitoh et al., 1987, Hidaka and Kobayashi, 1999) and W7 (calmodulin |
nhibitor; Yorio et al., 1985), were compared in their abilities to inhibit ABA-
or MJ-induced stomatal closure (Fig. 5.2). K252A was found to abolish
the ABA and MJ-induced stomatal closure (Fig. 5.2B). In contrast, ML7
and W7 were able to suppress the response to MJ but only partly effective
against ABA (Fig. 5.2 C, D).

These results strongly suggest that at least one protein kinase, regulated
by calcium and a calmodulin-like domain is involved in stomatal response to
MJ. The results also suggest that the ABA signaling cascade involved Ca®'-
dependent and Ca*'-independent protein kinases as previously suggested

(Allan et al., 1994, MacRobbie, 1998).
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Figure 5.1: Dose-response curves of ABA- (squares) and MJ- (circles) induced
stomatal closure in Landsberg erecta (A), jar1-1 mutant (B) and ost7-2 (C) mutant
plants of Arabidopsis, respectively. The stomata of abaxial epidermis from leaves
were allowed to open in light for 2 h, then ABA or MJ was applied for 2 h, Results are
the averages + SEM (n=60) from at least 3 independent experiments.
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Table 5.1: The stomatal opening was measured as described in the Materials and

Methods, in the absence or presence of 20 uM ABA or MJ. Results are averages +
SE of 3 to 4 independent experiments.

Ecotype Hormone (20 uM)
Control ABA MJ

Stomatal aperture (um)

Landsberg 3.9+ 024 1.1+£0.21 1.2+0.23
Columbia 3.8+0.17 0.8+0.25 1.0+ 0.19
Wassilevskija 43+0.21 1.2+0.29 0.9+0.13
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Figure 5.2: ABA or MJ induced stomatal closing (A) in the presence of the protein
kinases inhibitors K252a (B), ML7 (C) and the calmodulin antagonist W7 (D). Stomata
of leaf epidermis were allowed to open in light for 2 h, and then incubated for 2 h in
ABA or MJ. K252a, ML7, W7, were added 30 min before the addition of ABA or MJ.
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5.2.3 JAR1 and OST1 are located upstream of ABA and MdJ-induced H>0;

production through an NAD(P)H oxidase

ROS production in guard cells is induced by not only ABA (Pei et al.,
2000, Murata et al., 2001) but also by chitosan, an elicitor of defence reactions
(Lee et al., 1999) or in leaves by an exposure to MJ vapours (Orozco-Cardenas
and Ryan, 1999). Analysis of ROS levels in guard cells using the fluorescent
dye 2',7'-dichlorofluorescein diacetate (H,DCF-DA)confirmed that ROS
production was significantly stimulated after a treatment with ABA and
unravelled an even greater stimulation by MJ in wild type plants (Table 5.2).

In the presence of ABA or MJ, ROS production developed in guard cell
during the first 30 min of treatment and then plateaued for at least 30 min
(Fig. 5.3B). Interestingly, MJ did not increase ROS levels in jar1-1 guard cells
while ABA had no effect on ROS level in ost1-2 guard cells (Table 5.2).
Adaitionally, ROS production and stomatal closure triggered by ABA were
slightly impaired in jar1-1, identical results were obtained when ost7-2 mutants
were submitted to MJ.

However, externally applied H,O; elicited the same degree of stomatal
closure in jar1-1 (55% decrease over control, with out H,O2) and ost7-2 (60%
decrease over control) as in wild type plants (63% over control), suggesting
that OST1 and JAR1 are placed upstream of ROS production in ABA or MJ
signaling.

Pei et al. (2000) reported that diphenyl iodonium (DPI) could partially
prevented ABA-induced stomatal closure and proposed that DPI could limit

H,0, production in guard cells. To test that the fluorescence observed in guard
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cells was the result of the product of an NAD(P)H oxidase, DPI was supplied to
the incubation medium for 30 min before treating the epidermal strips with ABA
or MJ. In the presence of 12.5 uM DPI, ROS production was indeed restricted
even after a treatment with 20 uM ABA or MJ (Table 5.3).

In parallel stomatal closure by ABA and MJ was also prevented. These
results indicate that ROS production by an NAD(P)H oxidase (Auh and Murphy,
1995) or another flavoenzyme (O’'Donnell et al., 1993) is a key elelment in the
MJ signaling pathway as already shown for ABA (Pei et al., 2000).

A recent work has shown that a double mutant of two isoforms of
catalytic subunits of plasma membrane NAD(P)H oxidases (atrbohD/F) led to a
diminished ABA sensitivity at the stomatal level (Kwak et al., 2003).
Interestingly, stomatal response to MJ was almost completely abolished in this

double mutant (Fig. 5.3A), underlining the importance of NADPH oxidases not

only in ABA- but also in MJ-induced stomatal closure.

5.2.4 Alkalization of pHcy is necessary and precedes ROS production in

response to ABA and MJ

A modification of guard cell cytoplasmic pH is essential in ABA-induced
stomatal closure (Irving et al., 1992, Blatt and Armstrong, 1993). We have
therefore studied the response of the cytoplasmic pH to ABA and MJ. The null
point method, first developed to measure cytoplasmic pH ([pH]cy) in animal
cells, has been shown to be valuable in measuring [pH]cyt changes induced by
MJ in barley aleurone protoplast (van der Veen et al., 1992). The basic

principle of this method is that when extracellular solution pH ([pH]ex) is equal

77



Chapter 5 Cytosolic alkalyzation preceds.....
to [pH]cy and buffering capacity is low, a selective disruption of the plasma
membrane by digitonin will not affect [pH]e. We used this method to evaluate
the [pH]eyt change of guard cell protoplasts (GCPs) in response to MJ or ABA.
In preliminary experiments, very little change of [pH]ex was observed when
GCPs were treated with digitonin at [pH]g« 7.35 + 0.03 (Fig. 5.4A). Then, two
types of experiments were performed. In a first set [pH]eq was fixed to 7.35 +
0.03 using KOH, then changes in pH of external solution, after addition of
digitonn to MJ- or ABA- treated GCPs were recorded (Fig. 5.4).

In a second batch of experiments, the precise values of [pH]cy in
presence of ABA or MJ were estimated by changing the external pH by 0.1 unit
to determine the null-point value. Based on triplicate measurements, the
estimated [pH]cy for untreated guard cell protoplasts was 7.33 + 0.04 ([pHlcy +
SE), and 7.47 + 0.02 or 7.68 + 0.02 after a 30 min treatment with 20 uM ABA or
MJ, respectively. In the presence of MJ or ABA an alteration of the cytoplasmic
pH took place in 15 min and then slowly decreased (Fig. 5.5A). During the first
30 min of treatment ABA or MJ induced a ROS production increase in guard
cells, which then plateaued for at least 30 min (Fig. 5.5B).

Technically it is difficult to use the ﬁuil-point method for observing
pH changes within 15 min. The pattern was therefore cross-checked with
another species, Pisum sativum, using short durations of incubations and
monitoring pH with an fluorescent dye, BCECF-AM. These results again
indicate that the rise in pH of guard cells started within 5 min and peaked
by 15 min, while the ROS production started only after 10 min and reached
maximum by 30 min (Fig. 5.6). Interestingly MJ triggered a stronger response
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than ABA despite kinetics were similar. These results are in accordance
with the results obtained by Gehring et al. (1997) using Paphiopedilum spp.
guard cells and the fluorescent dye BCECF. The controls without ABA or
MJ showed no significant change in pH (Fig. 5.6A)

Addition of the weak acid butyrate (0.5 mM), which causes an
acidification of cytoplasm (Blatt and Thiel, 1994), limited stomatal closure
caused by ABA or MJ in wild-type plants as well as in jar-1 and ost-1
mutants of Arabidopsis (Table 5.4). Butyrate also diminished ABA and
MJ-induction of ROS production (Table 5.5, Fig. 5.7). Butyrate at 0.5 mM
did not significantly affect the rates of either photosynthesis (122 pmol mg chl”’
h™' in the absence and 120 umol mg chl” h” in the presence of butyrate) or
respiration (9 pmol mg chl’ h™" and 10 umol mg chl’ h™', + butyrate,
respectively). Thus, butyrate at the concentration used in our experiments
did not influence the metabolism of guard cells. These results together with
the kinetics of ROS production and pH changes (Fig. 55 and 5.6), gave
strong indications that pH changes preceded ROS production during
stomatal closure induced by MJ and ABA. Moreover, preincubation of
GCPs with 1 uM K252A also led to the suppression of the pH change
(Table 5.5), suggesting that a protein kinase is involved upstream of pH change
in ABA and MJ signaling cascades.

Confocal microscopy was also used to analyse the reactive oxygen

species fluorescence in Arabidopsis (Fig. 5.8).
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Table 5.2: Influence of jar1-1, ost1-2 and gork1 mutations on H,O, production and
stomatal closure in response to 20 uM MJ or ABA. Changes in ROS levels were
analysed by measuring H.DCF-DA fluorescence levels in guard cells in response to a
30-min treatment with ABA, MJ or solvent control addition. To determine the
consequence of mutations on stomatal closure, leaf epidermis were allowed to open in
light for 2 h, then ABA or MJ was applied for 2 h. Results are the averages + SE
(n=60) of 3 to 4 independent experiments. The extents of H,0, production in the
guard cells of wild-type plants, without MJ or ABA, are taken as 100%.

Ler jar1-1 ost1-2 gork1
H,O, (%) SA* (um) H,0,(% SA (um) H,0,(%) SA (um) H,0; (%) SA (um)
Control 100+3.1 454027 94+3.8 3.7+0.17 99 +27 3.7+0.12 101+35 45+0.2
MJ 128+25 13+016 98+3.0 3.56+0.2€ 113+35 24+0.17 127+35 42+01
ABA 122+3.1 1.6+029 116+2825+£02( 99.3+3.7 3.6+0.13 121+£3.7 27+0.2
*SA, stomatal apertures.
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Figure 5.3: Dose-response curves of ABA-induced (squares) and MJ-induced
(circles) stomatal closure in (A) atrbohD/F double mutant plants and (B) gork1 mutant
plants. Stomata of leaf epidermis were allowed to open for 2h under light, then
ABA or MJ was applied for 2 h. Results are the average £ SE (n=60) of 3 to 4

independent experiments.
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Table 5.3: The ROS production was monitored by using fluorescence dye, H,DCF-DA
as described in materials and methods. The extent of ROS production in guard cells,
without 20 pM MJ or 20 uM ABA or 12.5 uM DPI in wild type was taken as control and
100%. Results are averages of (+ SE) from at least 3 experiments.

None ABA MJ
Plant No DPI DPI No DPI DPI No DPI DPI
Wildtype 100+1.9 103+25 121+ 2.2 10421 126+3.5 102+3.2
Jari-1 96+29 106 + 3.2 112+ 3.5 106+32 97+34 103+3.1
ost1-2 99+28 101 + 3.0 99 + 3.1 98+30 113+28 97+36
gork1 101+31 102+29 120+ 2.7 103+33 127437 106129
10 nmole
He
A 4 1 min
digitonin
!
7.35
}
B
'
7.36 '
C "
0.1 pHI
7.34

Figure 5.4: Change in the pH of the external solution after permeation of the
guard cell plasma membrane by digitonin in control protoplasts (A), ABA-treated
protoplasts (B) or MJ-treated protoplasts (C). Guard cell protoplasts were incubated
in the presence of 20 uM ABA or MJ for 30 min before application of digitonin.
Values indicate the external solution pH at time of application of digitonin, 10 nmoles
of HCI were injected into the medium at the end of each experiment for calibration.
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Figure 5.5: Kinetics of pH change (A) and ROS production (B) in guard cells in
response to 20 mM ABA or 20 mM MJ; pH changes (A) were determined using the
null-point method and H,O, production (B) using the fluorescent dye H,DCF-DA as

described in “Materials and Methods”.
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Figure 5.6: The pH changes and ROS production in guard cells of Pisum sativum.
Changes in pH (A) or ROS (B) were monitored by using BCECF-AM or H,DCF-DA
after the addition of ABA (squares) and MJ (circles). The pixel intensities of
fluorescence at each given point were determined and the relative changes in pH or
ROS production.
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Table 5.4: Modulation of pH change in presence of butyrate on wild type, jar1-1, ost1-
2 and gork1 with respect to stomatal closure in response to 20 uM ABA or MJ. The
leaf epidermis were allowed to open in light for 2 h, then ABA or MJ or 0.5 mM

butyrate was applied for 2 h.
independent experiments.

Results are the averages + SE (n=60) of 3 to 4

_ Control ABA (20 uM) MJ (20 pM)

L No 05mM Nobutyrate 05mM  No butyrate 0.5 mM

butyrate butyrate butyrate butyrate
Stomatal aperture (um)

Wildtype 4.12+02 403+05 1.09+03 272+02 098+01 296+0.2
jart-1 341+02 324+07 254+02 275+02 35 +03 329+0.1
ost1-2 387102 356+04 359+05 361+01 183+01 262+0.3
gorkl  419+03 407+02 276+02 289+03 422+02 4.01+04

Table 5.5: Changes in pH of external solution were recorded after permeation of guard

cell plasma membrane by digitonin in control or hormone treated protoplasts. The ROS

production was monitored by using fluorescence dye, H,DCF-DA as described in

materials and methods. The extent of ROS production in guard cells, without MJ or ABA

or butyrate or K252A (control) is taken as 100%. Results are averages (+ SE) from at

least three experiments.

Rise in pH ROSproduction
Hormone (fmol H* GCP™) (% of control)
Control +0.5mM +1 uM Control + 0.5 mM + 1uM
butyrate K252a butyrate K252a
None 0.34+001 0.26+00 10.87£1.2 100 £ 3.1 101+35 10127
ABA 208+121 86 +13 0.82%21 122 £ 3.1 110+£35 1065+ 3.1
MJ  265+1.15 10.1 £1.0 074+14 128+ 2.5 114+37 103+29
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Figure 5.7: MJ- or ABA-induced H,0, production in guard cells is inhibited by 0.5 mM
butyrate. Photographs were taken from a representative lot of guard cells from
epidermal strips loaded with H,DCFDA, untreated (A) or submitted to a 30 min pre-
treatment with 20 uM MJ (B), or 20 uM ABA (E). (C, F) Effects of 0.5 mM butyrate on
MJ - or ABA -induced H,0O, production, respectively. Photographs were taken using
fluorescence (A-C, E, F) or light microscopy (D), bars represent 10 ym.
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Figure 5.8: Confocal views: ROS production in guard cells of Arabidopsis,
visualized by 2,7-dichlorofluorescein diacetate (H.DCF-DA).
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5.2.5 Role of calcium or calmodulin in pH or ROS production

Although changes in calcium, pH, and ROS are observed in response to
hormonal signals, their interrelationship and the exact sequence of these
events have not been clear. It may be argued that changes in pH or ROS in
guard cells are brought about by external/internal calcium. The pattern of pH
change and ROS production were therefore assessed after modulating
calcium, by the addition of either external calcium or EGTA. Added external
calcium or EGTA did not affect ROS production (Table 5.6), confirming the
involvement of calcium down stream of ROS production. We noticed that ML-
7, a Ca**-calmodulin (CaM) protein kinase inhibitor, was quite effective in
reversing the stomatal closure caused by MJ but not that of ABA. Therefore,
the effect of W7 (CaM antagonist) was checked. Again, W7 was effective in
reversing the effect of MJ but not of ABA. Thus, a CaM-like domain appears to

play more active role in the case of MJ than that of ABA (Fig. 5.2, C and D).

5.2.6 qgork1 mutant is insensitive to MJ

The guard cell outward K* channel GORK was for a long time suspected
to be the main K* conductance supporting ion efflux during stomatal closure.
The molecular nature of this ion channel has been recently identified (Ache et
al., 2000) and a GORK knockout mutant, gork1, characterised at the stomatal
level (Hosy et al., 2003). In this mutant, the outward K" currents, generally
observed upon membrane depolarisation, are absent in guard cell protoplasts,
and the mutant displays a limited stomatal closure in response to the stress

hormone ABA compared to wild type plants.
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Table 5.6: Change in pH or ROS levels were analysed by measuring BCECF-AM or
H.DCF-DA fluorescence in guard cells in response to ABA or MJ or solvent control.
Stomata were allowed to open in light for 2 h, then ABA or MJ was applied. The
cellular pH and ROS production were examined after 15 and 30 min, respectively. The
fluorescence intensity of the dye in the control sets (without ABA or MJ or calcium or
EGTA) is taken as 100 and other values were expressed in relation to control. Results
are the averages + SE of 3 to 4 independent experiments.

Phenomenon & Hormone (20 uM)
Calcium modulator

None ABA MJ
Stomatal opening (um)
None 40+0.5 19+1.0 1.8+0.7
10 uM Ca(NO;), 28+0.5 25+1.1 20+09
2 mM EGTA 48+0.8 34+1.2 44+0.8
Change in pH (% Control)
None 100 2.7 120% 2.9 125 = 3.1
10 uM Ca(NO3), 99 + 3.2 121+ 2.8 124 + 2.9
2 mM EGTA 100+ 2.9 120 + 3.2 124 + 3.7
Change in ROS (% Control)
None 100+ 3.3 122+ 2.8 130 + 3.2
10 uM Ca(NO3), 105+ 2.8 126 + 3.1 135+ 3.0
2mM EGTA 96 + 3.4 118 + 3.4 123+ 3.7
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We have therefore examined stomatal responses to ABA and MJ in
gork1. As previously observed, the gork? mutation led to a diminished
response to ABA (Fig. 5.3B). Interestingly, stomatal closure in response to MJ
was completely suppressed in the gork? mutant. A recent work from Evans
(2003) has already described a MJ dose-dependent modulation of inward and
outward rectifier K channels at the guard cell plasma membrane. The results
from the present study suggest that GORK contributes to one of the
conductance’s involved in K" efflux during ABA-induced stomatal closure while
it is an essential element in MJ-induced ion efflux and stomatal closure. MJ did

not induce stomatal closure but caused significant ROS production in guard

cells of gork1 (Table 5.3).

5.3 Discussion

ABA and MJ play a crucial role in plant adaptation to stress conditions.
These two phytohormones inhibit root growth, limit transpiration, interfere with
seed germination and cell cycle and induce stomatal closure (Raghavendra
and Reddy, 1987, Staswick et al., 1992, Wang, 1999, Swiatek et al., 2002).
Considerable efforts have been devoted to identify signaling elements in the
guard cell response to ABA, a fundamental process in drought resistance
(Schroeder et al., 2001a).

In comparison, very few studies have focused on MJ signaling cascade
leading to stomatal closure. It has been shown that MJ is produced during
water stress (Creelman and Mullet, 1997) and that stomatal closure contributes

to diminish the entry of certain pathogens in the leaf tissues (Agrios, 1997).
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Additionally, stomatal closure could limit plant growth and help redirect plant
metabolism towards defence reactions. Previous studies have shown that
some events in MJ- and ABA-signaling are similar e.g. calcium requirement
and protein (de)phosphorylation (Suhita et al., 2003), alkalization of the guard
cell cytoplasm (Gehring et al., 1997), ROS production (Lee et al., 1999) and
modulation of K* channels at the guard cell plasma membrane (Evans, 2003).

In the present study we observed that the response to MJ was more
sensitive to Ca**-calmodulin (CaM) protein kinase inhibitors than the stomatal
response to ABA (Fig. 5.2). These inhibitors were able to reverse the response
to MJ, while the response to ABA was only partially affected. These findings
suggest that at least one protein kinase with a Ca®*-CaM like regulatory domain
plays an essential role in MJ response, while such activity appears to
participate to a limited extent in the ABA cascade. In contrast, a broad range
inhibitor of protein kinase (K252A) was able to suppress both responses,
suggesting that Ca?-dependent and Ca** independent protein kinases are
involved parallely during the ABA signaling.

Interestingly, K252A was able to suppress MJ- or ABA-induced pH
changes and ROS production (Table 5.4), suggesting that a protein
phosphorylation event is essential and located upstream of these responses.
While the kinetics of ROS production and pH change in response to MJ or ABA
were almost similar, the amplitude of responses were always higher with MJ
than that with ABA. These results confirm the previous observations from
Gehring et al. (1997), who used different techniques and species. Additionally,

the limited responses of jar1-1 and ost?-2 allow placing JAR1 and OST1
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upstream of cytoplasmic alkalization in the MJ and ABA-signaling pathways,
respectively.

The outward-rectifying K* channels appear to play an important role in
stomatal closure. However, the reports on the regulation of these outward-
rectifying K™ channels are ambiguous. These channels were found to be down-
regulated by H,O, (K&hler et al., 2003). However, a rise in cytoplasmic
pH (which is expected to raise H,O, levels) led to the up-regulation of
these outward K" channels (Miedema and Assmann, 1996).

In a recent study, Evans (2003) found that MJ down-regulated
the outward K" channels. As per our observations, the gork? mutant, whose
outward K" channels are impaired, was insensitve to MJ (Fig. 5.3B).
Further, external addition of H,O, caused marked stomatal closure in all the
three mutants, including GORK. We suggest that GORK is one of the limiting
elements during stomatal response to MJ and possible mechanisms could also
be involved, for example modulation of influx of sucrose or K",

An important point from the present study is that the sequence of events
signaling stomatal closure can be traced, which appear broadly similar for MJ
and ABA. At least one protein phosphorylation event is necessary for
the cytoplasmic alkalization, which leads to ROS production by the
NAD(P)H oxidase. In turn, ROS would activate hyperpolarization-
activated Ca®* channels (Pei et al., 2000, Murata et al., 2001) and the resulting
elevation of free cytoplasmic Ca®" triggers plasma membrane anion channels

leading to cell depolarisation.
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Hedrich et al. (1990) showed R type anion channel activation by
extracelllular CaCl,. Schroeder and Hagiwara (1989) showed S type anion
channel activation by cytoplasmic Ca?* elevation.

ROS would also inhibit inward-rectifying K* channels (Kéhler et al., 2003,
Torsethaugen et al., 1999). Among the last steps in the cascade leading to
stomatal closure is the activation of the outward K* rectifier from guard cell
(Armstrong et al., 1995), allowing potassium efflux and loss of turgor. Thus

GORK appears to be an essential component in the MJ signaling cascade,

leading to stomatal closure (Fig. 5.9).
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Figure 5.9: Model for the sequence of events in the MJ signaling cascade
leading to stomatal closure. This linear model integrates the present results
from the different mutants and the use of inhibitors. Ca®*-CaM PK (calcium-
calmodulin activated protein kinase). Ica®, calcium influx at the plasma membrane,
abi1 and abi2 have been placed according to Murata et al. (2001) and
Mustilli et al. (2002).

93



Chapter 5 Cytosolic alkalyzation preceds.....

5.4 Conclusion

1. Dose response curves of MJ and ABA in jar7-1 mutant plants are insensitive
to MJ but are able to close stomata in response to ABA, their senstivity to
ABA is less than that of wild type plants.

2. Reciprocally, the stomata of ost7-2 are insensitive to ABA but are able to
induce stomatal closure in response to MJ to a lesser extent compared to
wild type plants.

3. MJ and ABA promotes H,O, production in wild type guard cells while
exogenously application of diphenylene iodonium (DPI) chloride, an inhibitor
of NAD(P)H oxidases, results in the suppression of ABA- and MJ-induced
stomatal closure.

4. Comparative analysis of responses to MJ and ABA points out some
specificity in the ABA cascade, which appears to involve parallel Ca**-
dependent and Ca*'-independent pathways and K'-conductance(s) other
than GORK.

5. From the present study, a Ca**-CaM protein kinase seems to be involved in
a very early MJ signaling, whereas H,O; production occurs downstream of
phosphorylation events that activate Ca*-channels at the plasma
membrane leading to Ca** elevation in the cytoplasm.

5. ABA elevates H,0, production in wild type and jar7-1 guard cells but not in
ost1-2, where as MJ induces H,O; production in both wild type and ost7-2
guard cells but not in jar7-1.

6. MJ induced stomatal closure is suppressed in NAD(P)H oxidase double

mutant atrbohD/F and in the outward potassium channel mutant gork1.
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7. MJ induces alkalization in guard cell cytosol, and MJ induced stomatal
closure was inhibited by weak acid (butyrate).

8. Analysis of the kinetic of cytosolic pH changes and reactive oxygen species
(ROS) production showed that the alkalization of cytoplasm precedes ROS

production during the stomatal responses to ABA and MJ.

wdekkk
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Chapter 6

Nitric oxide production is a common event during the signal

transduction by guard cell of both MJ and ABA
6.1 Introduction

Nitric oxide (NO) functions as a signal in hormonal and defense
responses (Dangl and Jones, 2001, Lamattina et al., 2003, Neill et al., 2003).
Plant hormones like methyl jasmonate (MJ) or abscisic acid (ABA) are
known to restrict stomatal opening (Raghavendra and Reddy, 1987, Mansfield
et al., 1990). Recent evidence suggests the existence of cross talk
between NO and some plant hormones (auxins, ethylene, ABA) during
adaptive responses to adverse conditions, including abiotic stress (Durner and
Klessig, 2001, Correa-Aragunde et al., 2004).

The NO molecule can interact with ROS-induced cell death in soybean
suspension cells. The NO synthase (NOS) inhibitor of tobacco blocked
hypersensitive resistance responses (HR) in Arabidopsis (Delledonne et al.,
1998, 2001). NO may combine with O,~ to form peroxynitrite (ONOQO"), which
damages lipids, proteins and nucleic acids (Lipton et al., 1993, Yamasaki et al.,
1999). NO and H,0O, appear to operate in tandem during plant defense
responses as well as during stomatal closure by ABA (Neill et al., 2002).
Consequently, it is expected that NO can be a signal to which guard cells may
respond and interact with other signals to fine tune signal transduction and
stomatal movement.

NO is generated from L-arginine (Arg) by NOS, the activity of which can

be inhibited by Arg analogues such as L-NAME (N-nitro-L-arginine
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methylester). Biochemical and immunological evidence prove the existence of
NOS in plants (Neill et al., 2002). The NOS like enzyme activity, inhibited by
L-NAME, has been identified and partially purified from pea leaves (Barroso et
al., 1999). Recently a pathogen-inducible plant enzyme catalyzing NOS
like activity has been identified as variant of the P- protein of glycine
decarboxylase complex (GDC) (Chandok et al., 2003). NO production in plants
is not restricted to NOS like activity and NO can be generated also through
either a light mediated conversion of carotenoids (Cooney et al., 1994) or from
nitrate reductase (NR) (Yamasaki and Sakihama, 2000, Rockel et al., 2002).
The mechanisms, by which ABA induces an increase in guard cell NO
synthesis, are not all clear and may differ between the species.

There have been extensive studies on the mechanism and components
of ABA action on guard cells. ABA activates (or elevates) a complex web of
signaling components, including G proteins, protein kinases, protein
phosphatases, cytosolic pH, free radicals, cytosolic calcium and ion
channels (Schroeder et al., 2001a, Hetherington, 2001, Wang et al., 2001).
Further additions to ABA signaling components include phospholipid
sphingosine-1-phosphate  (SIP), phospholipase C and reactive oxygen
species (ROS), reactive species nitrogen species, i.e. nitric oxide (NO)
(Hetherington, 2001, Neill et al., 2003). The participation of NO as a key signal
in ABA-induced stomatal closure was observed in P. sativum, V. faba,

Arabidopsis (Neill et al., 2002, Garcia-Mata and Lamattina, 2002; Desikan et

al., 2002).
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Compared to the vast literature on ABA effects on guard cells, the
studies on stomatal responses to MJ are very few and have started picking up.
Some of the recent reports indicated changes in guard cells on exposure to MJ
in properties of K*(out) channel, cytosolic pH, and ROS levels (Evans, 2003,
Suhita et al.,, 2004). However, the role of NO during MJ-induced stomatal
closure has not been examined so far.

The present work is an attempt to check the role of NO in stomatal
responses of Nicotiana glauca, particularly after the treatment with MJ
or ABA. In plants as in animals NO interacts with other signaling elements
such as cADPR, lipids, cGMP, iorn channels, Ca®" (Garcia-Mata and
Lamattina, 2003). The present study examines the responses of events
related to NO pathway in response to MJ or ABA and the up-stream or
down-stream interaction of NO with pH and ROS. Our results indicate that
the level of NO in guard cells increases in response to MJ as well as ABA.

This process seems to involve protein kinases, cGMP, PI-PLC and cADPR.

6.2 Results

6.2.1 Effect of NO modulation on stomatal closure caused by MJ or ABA

The presence of MJ or ABA at 10 uM decreased stomatal opening.
In presence of sodium nitroprusside (SNP), an NO releaser, the inhibitory effect
on stomatal closure by MJ or ABA was further enhanced (Fig. 6.1A).
Such promotion by SNP of stomatal closure (by MJ or ABA) was pronounced at

0.01 or 0.1 mM SNP (Fig. 6.1B).
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Figure 6.1: Dose response curves of stomatal opening to SNP (nitric oxide
releaser) in epidermal strips of Nicotiana glauca in the absence or presence of 10 uM
MJ or ABA. (A) Stomatal opening in the absence or presence of MJ or ABA;
(B) The extent of decrease in stomatal aperture due to MJ or ABA, in relation to
the presence of SNP. Stomata were allowed to open under light (500 umol m?s™)

for 3 h. Results are the averages + SE from at least 3 independent experiments.
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The next sets of experiments were with compounds which decrease
endogenous NO levels: c-PTIO (NO scavenger) and L-NAME (an inhibitor of
NOS). When added to the medium, c-PTIO did not affect the stomatal opening
but reversed the stomatal closure caused by MJ or ABA (Fig. 6.2A).
The reversal of MJ-effect was more than that of ABA (Fig. 6.2B). Similarly,
NOS inhibitor L-NAME also reversed the effects of MJ or ABA (Fig. 6.3).
However, the reversal by L-NAME (Fig. 6.3A) was not as complete as that with
c-PTIO (Fig. 6.2A).

The levels of NO in guard cells were monitored by using a cell
permeable NO sensitive fluorophore 4,5-diamino fluorescein diacetate
(DAF-2DA). DAF-DA has been used for detecting of NO presence in not only
animal and plant cells (Kojima et al, 1998, Foissner et al., 2000),
but also in guard cells (Desikan et al., 2002, Mata and Lamattina, 2002).
When epidermal guard cells were exposed to SNP, the NO production
increased markedly (Fig. 6.4).

Use of DAF-DA gave beautiful fluorescent images of guard cells and
demonstrated that both MJ and ABA elevated the NO levels (Fig. 6.5).
Thé fluorescence tended to be high in nucleus of guard cells treated with
MJ (Fig. 6.5C and 6.5E). In contrast the dispersion of NO fluorescence in the
ABA treatment appeared to be high in cytosol of guard cells (Fig. 6.5D and

6.5F). The intensity of NO-fluorescence was markedly decreased in presence

of ¢c-PTIO or L-NAME (Fig. 6.6).
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Figure 6.2: Relief by c-PTIO (NO scavenger) of stomatal closure induced by
10 uM MJ or ABA. (A) Stomatal opening in the absence or presence of MJ or
ABA:; (B) The extent of decrease in stomatal aperture due to MJ or ABA, in relation
to the presence of c-PTIO. Further details are as in Fig. 6.1.
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Figure 6.3: The effect of L-NAME (NOS inhibitor) on stomatal opening in the
epidermal strips of Nicotiana glauca in the absence or presence of either
10 uM MJorABA. The reversal by L-NAME of stomatal closure was partial.
(B) The extent of decrease in stomatal aperture due to MJ or ABA, in relation to the
presence of L-NAME. Further details are as in Fig. 6.1,
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Figure 6.4: Increase in NO production in epidermal guard cells in presence of SNP.
The epidermal strips were incubated with varying concentrations SNP in light.
The levels of NO were monitored by exposing the strips with DAF-2DA, as described

in Materials and Methods. The increase in fluorescence reflects an increase in NO.
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MJ + SNP ABA + SNP

Figure 6.5: Increase in NO induced by 20 uM ABA or MJ in Nicotiana glauca
guard cells visualized under epifluorescent microscope (C, D). The NO fluorescence
appeared to be intense around the nucleus in MJ treatment. After ABA treatment,
the dispersion of the fluorescence was intense in cytoplasm. The fluorescence
was further enhanced by SNP, even in presence of ABA or MJ. Details of NO-
visualization and ABA or MJ treatment are described in Materials and Methods.

Bar represents 25 uM.
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Nitric oxide production is a common event.....

Figure 6.6: The modulation of NO-levels by ¢-PTIO and L-NAME in relation to MJ
or ABA in Nicotiana glauca guard cells. The NO - levels were raised by treatment
with MJ or ABA (C, D). The presence of c-PTIO and L-NAME reduced markedly the
NO-levels, in presence of MJ or ABA of guard cells visibly fluorescing (E to H).
Details of NO-visualization and ABA or MJ treatment are described in Materials and

Methods. Bar represents 100 uM.
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6.2.2 Comparative kinetics of increase in NO or ROS or pH in quard cells

For an interesting comparison, the levels of NO, ROS and pH were
monitored by using three fluorescent probes. These were DAF-DA (for NO),
H.DCF-DA (for ROS), BCECF-AM (for pH). The NO production in guard cells
induced by MJ or ABA peaked at 18 min and stayed high until 30 min (Fig. 6.7).
In contrast, MJ or ABA induced ROS production in guard cells continued to
increase up to 30 min of treatment and then plateaued (Fig. 6.8). The increase
in pH due to MJ or ABA also peaked at 15 min (Fig. 6.9), as in the case of NO.

However pH fell sharply soon after attaining the peak, unlike the case of NO.

6.2.3 pH change in quard cells associated with NO production

The data in Fig. 6.9 demonstrated that MJ or ABA caused marked
alkalinization in guard cells. The alkalinization of pH can be restricted by
exposing the cells, with weak acids, such as butyrate. Not surprisingly, the
presence of butyrate at 1 mM restricted stomatal closure by MJ or ABA and

also decreased the NO levels (Table 6.1).

6.2.4 Role of protein kinases in NO production

Protein kinases are involved at different levels of signal transduction in
guard cells. Four protein kinase inhibitors were chosen: ML-7 (myosin light
chain kinase (MLCK) inhibitor), staurosporine (broad spectrum of protein kinase
inhibitor), wortmannin (Pl:K inhibitor) and LY294002 (Pl4K inhibitor).
Experiments using these four pharmacological compounds did not yield any

specific result. All the four inhibitors, restricted the effect of MJ or ABA on
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stomatal opening and decreased NO-production (Table 6.2). Among the four

inhibitors, ML-7 was the most effective in preventing MJ or ABA promoted

stomatal closure and NO production.

6.2.5 Importance of calcium mobilizing components in MJ or ABA mediated
NO production

Stomatal closure in response to ABA typically requires elevated cytosolic
Ca®*. Such elevation of calcium often requires mobilization involving
components such as phospholipases, guanyl cyclase and cADPR. Incubation
with 2 mM EGTA (a Ca®*-chelator) reversed the stomatal closure, but had no
effect on NO-levels, increased by MJ or ABA (Table 6.3). The presence of
U73122, (inhibitor of PLC) or ODQ, (inhibitor of guanyl cyclase) or
nicotinamide, (an antagonist of CADPR synthesis) all restricted the increase in
NO production by ABA or MJ (Table 6.3). However, stomatal closure due to
ABA or MJ was prevented by these three compounds. Similar effect was
noticed with W7 (a CaM antagonists); decrease in NO-levels and relief in

stomatal closure by ABA or MJ.
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Figure 6.7: Kinetics of NO production in Nicotiana glauca guard cells in response
20 uM MJ or ABA. Epidermal strips were loaded with DAF-2 DA, washed and then
incubated with ABA or MJ. Further details are described in Materials and Methods.
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Figure 6.8: The time course of cytosolic alkalinization in guard cells of
Nicotiana glauca in presence of MJ or ABA. The pH was monitored using

BCECF-2AM as described in Materials and Methods.
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Figure 6.9: Kinetics of ROS production in Nicotiana glauca guard cells in response
20 uM MJ or ABA. Epidermal strips were loaded with H,DCF, washed and
then incubated with MJ or ABA respectively. Further details are described in

Materials and Methods.
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Table 6.1: Change in NO levels as indicated by DAF-2DA fluorescence in guard cells
of Nicotiana glauca with 20 uM MJ or ABA, in presence of 1mM butyrate (a weak
acid). The epidermis was incubated in light for 3 h with MJ or ABA in presence or
absence of 1 mM butyrate. Results are the averages + SE of 3 to 4 independent

experiments. The extents of NO production in the guard cells without ABA or MJ are
taken as 100%.

No butyrate 1 mM butyrate
Hormone
NO (%) SA* (Mm) NO (%) SA* (pm)

Control 100 5.9 100 5.7
%21 + 0.4 = 445 +1.0

MJ 129 2.4 107 4.4
+2.4 +0.8 +2.5 +0.8

ABA 124 2.4 113 4.1
+2.2 +0.7 $L2 +1.0

*SA . Stomatal aperture.
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Table 6.2: Changes NO levels by DAF-2DA fluorescence and stomatal opening in
response to 20 pM ABA or MJ in presence of protein kinase inhibitors. The protein
kinase inhibitors were ML-7 (MLCK inhibitor), staurosporine (broad spectrum inhibitor
of protein kinases), wortmannin (Pl;K inhibitor) and LY294002 (PI4K inhibitor). Further

details are as in Table 1.

Nitric oxide production is a common event.....

Control ABA
Effectors

NO SA* NO SA* NO SA*
(%) (Hm) (%) (Hm) (%) (Hm)

None 100 47 123 1.8 125 1.7
2.9 +0.2 % 2.1 +0.5 #.349 +0.4

ML-7 104 47 113 4.2 110 4.5
(20 uM) k22 +0.3 +3.4 +0.5 +2.7 0.3

Staurosporine 108 4.9 107 44 108 4.5
(2 uM) 3.2 +0.2 +2.8 +0.3 +2.9 +0.4

Wortmannin 103 4.1 110 4.0 116 3.6
(10 uM) + 2.6 + 0.6 + 2.7 +0.4 203 +0.6

LY294002 102 4.2 114 3.6 111 4.1
(10 uM) + 3.0 +0.5 +2.9 +0.6 +20 +0.3

*SA: Stomatal aperture.
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Table 6.3: The MJ or ABA mediated NO production as a function of stomatal aperture.
The calcium chelator (EGTA), calmodulin antagonists (cADPR), PLC inhibitor
(U73122), guanyl cyclase inhibitor (ODQ) and cADPR inhibitor (nicotinamide)
secondary messengers were assessed in presence of 20 pM MJ or ABA. Changes in
NO levels were analysed by measuring DAF-2DA fluorescence in guard cells. Further

details are as in Table 1.

Nitric oxide production is a common event.....

Control
Effectors NO (%) SA*(um) NO (%) SA*(um) NO* (%) SA* (um)
None 100 4.8 127 1.7 124 1.9
+1.9 +0.3 + 3.1 +0.3 +29 +0.2
EGTA 100 6.5 127 5.8 124 45
(2 mM) +2.1 + 0.8 +2.3 +0.3 + 2.7 + 0.6
W7 103 49 110 42 118 3.9
(20 uM) +26 + 0.4 + 2.8 +0.9 +2.9 +0.5
U73122 105 3.7 125 2.8 113 3.8
(1 uM) *2.3 +0.4 2.5 +0.4 +2.2 + 0.7
oDQ 104 4.4 115 3.7 112 3.5
(2 M) + 2.4 +0.3 + 2.4 +0.6 + 2.8 +0.5
Nicotinamide 103 5.5 113 5.5 110 53
(5 mM) +1.9 +0.6 +3.0 +0.7 + 2.5 +0.9

*SA: Stomatal aperture.
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6.3 Discussion

It has been already established that ROS and NO are essential
signaling components in mediating ABA induced stomatal closure (Neill et al.,
2002). The presence of SNP (a NO donor) promoted stomatal closure
while ¢-PTIO and L-NAME, which are expected to decrease NO, reversed
stomatal closure by ABA or MJ (Fig. 6.2 and 6.3). Thus, the present study
demonstrates, for the first time, the importance of NO mediated signaling
in MJ dependent stomatal closure. The synergism of MJ or ABA with SNP
suggests that MJ or ABA interacts with NO and augment each other.

We have been studying the pattern of stomatal response to MJ
in relation to the signal transduction (Suhita et al., 2003). In our continuing
effort to compare the signaling compounds during stomatal closure induced by
MJ or ABA, cytosolic pH and ROS were shown to be among signaling
components duri.ng the effects of ABA or MJ (Suhita et al., 2004). The present
results add that NO is also involved during the transduction of ABA or MJ-
signals. At least three enzymes could mediate NO production in plants: nitrate
reductase (NR) (Desikan et al., 2002, Kaiser et al., 2002) inducible NOS (iNOS)
(Chandok et al., 2003) and constitutive NOS that are activated by pathogen-
derived elicitors (Fossiner et al., 2000). The partial reversal by L-NAME of MJ
or ABA induced stomatal closure suggests that NOS is important but is possibly
not the sole source of NO during MJ or ABA effects on guard cells.

The release of NO in cells can be monitored real time imaging with
confocal microscopy and NO sensitive fluorophore DAF-2DA (Foissner et al.,

2000, Kojima et al., 1998). Kinetic studies using DAF-2DA revealed that ABA
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or MJ induced increase in NO reached maximum by 20 minutes (Fig. 6.7).
This is similar to the time observed for the rise in NO. along with accumulation
of large amounts of H;O; in soybean suspension cells (Delledonne et al.,
2001). Compared to the increase in NO levels, the ROS accumulation in guard
cells continued until 30 min (Fig. 6.9). The time of 30 min for ROS
accumulation is quite similar to the pattern observed in Arabidopsis and Pisum
sativum by us earlier (Suhita et al., 2004).

Changes in cytosolic pH are involved in stomatal regulation.
Substances that raise cytosolic pH (ABA or MJ) result in stomatal closure
(Blatt and Armstrong, 1993, Suhita et al., 2004) and substances lowering
cytosolic pH (auxin, fusicoccin) open stomata (Irving et al., 1992). Butyrate is a
weak acid and can decrease cytoplasmic alkalinization and modulate related
events, for e.g. K' channel (Blatt and Theil, 1994). The presence of butyrate
not only decreased the extent of stomatal closure, but also decreased NO
production caused by ABA or MJ (Table 6.1). The changes in NO are almost
as fast as that in the pH (Fig. 6.8). We therefore feel that cytoplasmic pH would
be an important feature in promoting or maintaining NO synthesis. There are
reports that the NO-molecule could be very active at alkaline pH (Beckman et
al., 1990) while at neutral pH being unreactive (Reiter et al., 2000). Further
experiments are needed to study in detail the interrelationship of cytosolic pH
changes and NO production in guard cells.

Signals such as ABA or high CO; cause stomatal closure, by elevating

cytosolic free Ca?* (Allen et al., 1999, Webb et al., 1996). It is therefore

proposed that the signaling components during these events converge at the
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level of cytosolic Ca**. The marked reversal of stomatal closure by EGTA
without affecting the rise in NO-levels (Table 6.3) indicates that rise in
cytosolic Ca®* possibly occurs after the changes in NO -levels, due to either
ABA or MJ. A similar observation changes in Ca®* occurs after the cytosolic
alkalinization and ROS-production by MJ has recently been reported
(Suhita et al., 2004). It has been suggested by protein phosphorylation
involving a MLCK could be a step before pH changes during MJ-effects
(Suhita et al., 2004).

The increase in cytosolic Ca** due to ABA occurs due to the
involvement of several secondary messengers and signaling components.
Some of these are protein kinases, PLC, cytosolic pH, IP5, cGMP, cADPR.
These components can be modulated by suitable pharmacological
compounds. However experiments with pharmacological compounds
affecting protein kinases and calcium channels were inconclusive.
However experiments using selected compounds did not give any specific
result. The reversal of stomatal closure along with restriction in ABA
induced NO-production by ML-7, staurosporine, wortmannin, LY294002,
W7, U73122, ODQ and nicotinamide all (Table 6.2) indicate that protein
kinases, PLC, guanyl cyclase and cADPR are important during NO-production
and subsequent stomatal closure. Further experiments are necessary to

ascertain and identify the precise role of these different signaling

components during NO-production in response to MJ or ABA.
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6.4

1.

Nitric oxide production is a common event.. ..

Conclusions

MJ or ABA induced stomatal closure is associated with an increase in the
levels of the NO in guard cells. Suppression of NO levels, by either
scavenging in the presence of c-PTIO or inhibiting NOS (by L-NAME)
reversed the stomatal closure by ABA or MJ.

The change in the NO-levels of guard cells and responses to NO-
modulators was more pronounced in case of MJ than that of ABA.

Real time monitoring with the help of fluorescent dyes indicated that NO
production in guard cell peaked at 18 min, compared to 30 min incase of
ROS and 15 min in case of pH. Thus changes in NO or pH preceded
ROS production.

Modulation of pH resulted in changes in NO production as well, indicating
that changes in guard cell pH and NO production are either related or
interact with each other.

Rise in internal Ca®* appears to be a final event after NO-increase, as
EGTA reversed stomatal closure, despite sustaining the increase in NO-
production by MJ or ABA.

Experiments using pharmacological compounds: ML-7 (MLCK inhibitor),
staurosporine (broad-spectrum of PK inhibitor), wortmannin/LY294002
(P1sK/P14K inhibitor), W7 (CaM antagonist), U73122 (PLC inhibitor), ODQ
(GC inhibitor), nicotinamide (cADPR inhibitor), which effect different
protein kinases or calcium mobilizing components were inconclusive.

All these compounds decreased NO-levels and reversed stomatal closure

caused by MJ or ABA.

sk sk o ok %
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Chapter 7

Reactive oxygen species and pH changes are common signaling
elements during abscisic acid or methyl jasmonate induced
shrinkage of guard cell and mesophyll protoplasts

7 | Introduction

There is growing interest in physiological and molecular basis of the
action of plant hormones, with considerable progress in our understanding of
the effects of ABA (Finkelstein and Rock, 2002, Kuhn and Schroeder, 2003).
Another interesting growth hormone, which has marked inhibitory effect on
plant processes is MJ (Turner et al., 2002, Devoto and Turner, 2003). Some of
the MJ responses are similar to that of ABA such as wounding, elicitation of
phytoalexins, desiccation, abscission, stomatal closure (Sembdner and
Parthier, 1993, Armengaud et al., 2004). In certain instances JA was found to
be more efficient than ABA, for e.g. promotion of leaf senescence (Ueda et al.,
1981), or stomatal closure (Raghavendra and Reddy, 1987).
The vegetative storage proteins (Mason and Mullet, 1990) and lipoxygenase
(LOX) gene in soybean are markedly induced after jasmonate treatment

(Bell and Mullet, 1991).

Despite the extensive efforts, our knowledge of plant signal transduction
is still incomplete.  Several signaling components are identified during
transduction of hormonal signals such as receptors, ion channels, G-proteins

and other secondary messengers including protein kinases and protein

phosphatases (Jones et al., 1998, Fairchild and Quail, 1998, Sanders et al.,
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1999), but the exact sequence is still ambiguous. During ABA induced
stomatal closure, cytosolic Ca®" increases, cytosolic pH gets alkaline and
reactive oxygen species (ROS) accumulates but the role of these signals
during MJ-action is still unclear (MacRobbie, 1998, Assmann and Shimazaki,

1999). In the present work, the importance of pH shifts and ROS production

was studied with respect to both ABA and MJ.

Protoplasts have been useful for diverse studies on physiology,
biochemistry, molecular biology and biotechnology, including plant regeneration
and genetic engineering (Maurel et al., 1995). The system of protoplasts is
ideal for experiments to examine plant metabolism (e.g. photosynthesis,
respiration) and responses to different stress conditions (e.g. chilling, supra-
optimal light, drought) (Saradadevi and Raghavendra, 1992, 1994,

Raghavendra et al., 1994).

Protoplasts could be a simple system to study plant cell responses to
osmotic stress, as their volume changes can be monitored by using either their
diameter or their absorbance at 440 nm, corrected for turbidity at 750 nm
(Willmer et al., 1999). The decrease in protoplast volume or contraction was
strongly correlated with the extent of inhibition of photosynthesis (Saradadevi et

al., 1995) and stomatal closure (Willmer and Fricker, 1996). Isolated

protoplasts provide also an opportunity to study the physiological and molecular
properties, such as membrane fluidity and gene expression (Sheen, 2001).

The swelling and shrinkage of the GCP of C. communis, A. cepa,

V. faba have been considered to be equivalent to the opening and closure of
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stomata, as the stomata open when the guard cells are turgid (and swell) and
stomata close when the guard cells are flaccid (and shrink) (Willmer and
Fricker, 1996). Such swelling or shrinkage is due to the modulation of turgor in
guard cells (Assmann, 1993). The changes in the turgor of guard cells are due
to marked modulation of both inward and outward K* channels (MacRobbie,
1998, 2000). Typical factors or signals, which trigger K* influx or Ca®* influx,
lead to shrinkage of guard cells.

In this report, we demonstrate that guard cell protoplasts (GCP) and
mesophyll cell protoplasts (MCP) of Arabidopsis and Pisum sativum swell or
shrink in response to MJ or ABA signaling. The role of pH and ROS production

were also examined, using volume changes in GCP or MCP as a tool to study

the responses to MJ or ABA.

7.2 Results

7.2.1 Volume changes of MCP or GCP on exposure to MJ or ABA

When GCP or MCP were exposed to MJ or ABA, there was a marked
decrease in their volume. The decrease in volume of GCP or MCP was
dependent on the concentration of hormone. The volume of GCP decreased by
>60% at 20 pM MJ or ABA (Fig. 7.1A). The mesophyll protoplasts also
decreased as the concentration of MJ or ABA increased. However, the
decrease in volume of MCP was only about 20% at 20 uM MJ or ABA
(Fig. 7.1B). Thus, the decrease in volume of MCP by MJ or ABA was much

less than that of GCP.
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Figure 7.1: Shrinkage of protoplasts from Arabidopsis in response to increasing
concentration of MJ or ABA. (A) Guard cell protoplasts (GCP); (B) Mesophyll cell
protoplasts (MCP). The protoplasts were incubated at room temperature of 22 +2°C
for 30 minutes in the absence or presence of MJ or ABA. The volume changes are
expressed in relation to the volume at the beginning of the experiment (taken as
100%). The average volumes of GCP were 3.3 + 0.1 fl and MCP were 56.7 + 3.3 pl.

The data are the averages + SE of three independent experiments. Further details are

described in Materials and Methods.

121



Chapter 7

Reactive oxygen species and pH changes.....

__100¢ Control & i*“"*-i SRk + 1100
S 5 " 3
S 80} i A A Alg E
: - i° 8
Q\O A . Rt o
T ABA e
E | 0 ' 1%° 8
3 \ ABA =
A B S 51 1 g
Q 1 4

0l A Al B 120

O 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 7.2: The time course of changes in volume of Arabidopsis protoplasts in
response to 20 uM ABA or MJ. (A) GCP; (B) MCP. The average volumes of GCP
were 3.4 + 0.1 fl and MCP were 55.4 + 2.7 pl. Further details are as in Fig. 7.1.
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The volume changes in GCP were not spontaneous but were gradual
and required a few minutes. Maximum shrinkage occurred by 30 min, in
case of GCP (Fig. 7.2A) but was accomplished by 15 min in case of MCP
(Fig. 7.2B). Again the extent of shrinkage due to MJ or ABA was more
pronounced in GCP that that of MCP. Further, the GCP was more sensitive to
MJ than that to ABA, in relation to shrinkage. Similarly, the MCP was more

responsive to ABA than to MJ.

7.2.2 Changes in pH of MCP or GCP on exposure to MJ or ABA

The pH of protoplasts can be determined by the null point method,
developed to measure pH in aluerone protoplasts (van der Veen et al., 1992).
Using this null point method, the pH of GCP and MCP were monitored with
respect to MJ and ABA treatment. Treatment of GCP and MCP with 20 pM MJ
or ABA resulted in an increase in pH. The increase in pH induced by ABA was
more in MCP than that of in case of GCP. In contrast, the rise in pH in
response to MJ was much more pronounced in case of GCP that that with
MCP. The increase in pH in case of both GCP and MCP peaked by 15 min
and pH decreased thereafter (Fig. 7.3).

The alkalization of cells or protoplasts can be restricted by adding
externally weak acids such as butyrate or propionate or acetate. Therefore, the
effect of butyrate was examined on pH and volume changes of GCP and MCP
after exposure to ABA or MJ. Butyrate at 0.5 mM reversed the MJ/ABA

induced increase in pH of both MCP and GCP (Fig. 7.4). These observations

are summarized in Table 7.1.
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7.2.3 Changes in ROS levels of MCP or GCP

Dihydrochlorofiuorescein diacetate (H,DCF-DA), a fluorescent dye was
used to measure the changes in ROS levels. As indicated by the fluorescence
of H.DCF-DA, with ABA or MJ resulted in a marked increase in ROS
levels (Fig. 7.5). The ROS production peaked by 30 min in both GCP and
MCP. As in the case of pH, ABA induced ROS production was more than
that of MJ in MCP, while MJ induced ROS induction was greater than that
by ABA in GCP.

The enzyme NAD(P)H oxidase, which mediates ROS production can be
inhibited by DPI. The effect of DPI [NAD(P)H oxidase inhibitor] was therefore
examined on volume changes of MCP and GCP after exposure to ABA or MJ.
DPI at 12.5 uM reversed the MJ/ABA induced shrinkage of protoplasts the
effect was marginally low in comparison to the effect of pH modulator butyrate
(Fig. 7.6). The volume changes had shown variation in GCP and MCP in case
of mutant the shrinkage of protoplasts was similar to the wild type MCP, but the

GCP were insensitive to the hormones (Fig. 7.7).
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Table 7.1: Absolute measurements of pH in protoplasts of Arabidopsis wild type
(Columbia) in response to 20 uM ABA or 20 uM MJ. The pH was determined by “null-

point” method, using digitonin for permeation of GCP or MCP. Further details are
described in Materials and Methods.

Hormone MCP GCP
None 7.18 + 0.03 7.33+0.02
ABA 7.58 + 0.03 751+ 0.04
MJ
7.42 +0.02 .74+ 0.03
A | B ]
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Figure 7.3: Kinetics of pH changes in the suspension of protoplasts from Arabidopsis,
in response to 20 uM ABA or MJ (A) GCP; (B) MCP. The initial pH of GCP without
hormone was 7.3 + 0.02 and of MCP 7.2 + 0.03. The pH was determined using “null

point” method, as described in Materials and Methods.
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Figure 7.4: Change in pH of protoplast suspension of Arabidopsis after permeation
with digitonin and volume changes in relation to the values at the beginning of the
experiment (taken as 100%), in the absence or presence of 20 uM MJ or ABA. A, B, E
and F: GCP and C, D, G and H: MCP. The change in pH due to MJ or ABA was
examined in the absence (A, C, E, G) or presence of 0.5 mM butyrate (B, D, F, H).
The initial pH of GCP was 7.3 + 0.04 and MCP 7.2 + 0.03. The initial volumes of GCP
were 3.1 + 0.2 fl and of MCP were 54.7 pl. Further details are described in Materials

and Methods.
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Figure 7.5: The time course of ROS production in protoplasts of Arabidopsis
in response to 20 uM ABA or 20 uM MJ (A) GCP and (B) MCP. The ROS production
was monitorad using the fluorescent dye, H,DFCDA, as described in Materials and
Methods. The data are all the means + SE from at least three independent

experiments.
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Figure 7.6: Volume changes in (A) GCP and (B) MCP of pea induced by 20 uM
ABA or MJ in the absence or presence of 125 uM DPI (inhibitor of ROS).

The volumes were calculated as % of control i.e., without hormone. Average volumes

of GCP were 1.7 + 0.05 fl and of MCP were 49.4 + 2.7 pl and other details are as
in Fig. 7.1.
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Figure 7.7: MJ or ABA (both at 20 uM) induced volume changes in Arabidopsis
mutant (atrbohD/F) protoplasts (A) GCP; (B) MCP. The average volumes of GCP
were 3.2 + 0.4 fl and of MCP were 56.2 + 3.8 pl. Further details are as in Fig. 7.1.
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7.3 Discussion

Our results establish that the protoplasts can be a simple and sensitive
system to study plant cell responses to hormones. The shrinkage or swelling of
protoplasts on exposure to changes in osmotic strength of the suspension
medium are known (Saradadevi et al., 1995, Willmer et al., 1999). A decrease
in volume of mesophyll protoplasts by MJ or ABA has earlier been briefly
reported (Kolla et al., 2004). The present study points out that GCP are not
only sensitive to MJ or ABA, but also respond more vigorously to these
hormones than the MCP (Fig. 7. 1 and 7.2).

The marked responses of both GCP and MCP to not only ABA but also
MJ, in terms of volume changes, pH changes or ROS production are not
surprising. The levels of ABA as well as jasmonic acid increase significantly on
the exposure of plant cell to drought or water deficit (Creelman and Mullet,
1997). Similarly MJ has been reported to modulate growth and development
responses, stomatal opening, desiccation and responses to water/osmotic
stress as is the case of ABA (Raghavendra and Reddy, 1987, Sembdner and
Parthier, 1993, Turner et al., 2002).

The participation of multiple secondary messengers in plant tissues
during the transduction of hormonal signals is expected (Blatt and Armstrong,
1993, Cheong et al., 2002). In the present work, attempt is made to
examine the role of pH during the effects of ABA and MJ on GCP and MCP.
The changes in pH were determined and these observations were
complemented by experiments to modulate pH by butyrate, a weak acid.

Butyric acid is frequently used in plant studies to evoke an acidification
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of cytoplasm (Guern et al., 1991). The marked alkalization of GCP and MCP
on exposure to MJ or ABA (Fig. 7.3) and the reversal of the ABA or MJ
effects by butyrate confirm that the cytosolic alkalinization is an important
event during the ABA or MJ induced shrinkage of protoplasts. Cytosolic
alkalinization of plant cells on ftreatment with ABA has been widely
demonstrated (Blatt, 2000a, Knight and Knight, 2001). The reports on MJ
induced cytosolic alkalinization is however are very few (Gehring et al., 1997,
Suhita et al., 2004).

Increase in ROS levels were recorded in plant cells on exposure to
either ABA or MJ (O'Donnell et al., 1993, Lee et al., 1999). Such increase in
ROS may lead to mobilization of internal calcium and changes in gene
expression. Very similar to other plant cells, marked increase in ROS
occurred in both GCP and MCP on exposure to MJ or ABA (Fig. 7.5).
The presence of DPI, an inhibitor of NAD(P)H oxidase, restricted the
ROS production and prevented the shrinkage of protoplasts (Fig. 7.6).
These observations suggest that the rise in ROS occurs during protoplast
shrinkage (Fig. 7.5 and 7.6), as in the case of stomatal closure (Pei et al., 2000,
Murata et al., 2001), leaf elongation (Rodriguez et al., 2004), and responses to
biotic/abiotic stress (e.g. chilling, heat and pathogens) (Prasad et al., 1994,
Alvarez et al., 1998).

The study on the double mutant of Arabidopsis (AtrbohD/F) deficient in
both isoforms of plasma membrane NAD(P)H oxidase impaired of ABA
induced stomatal closure, ABA promotion of ROS production (Kwak et al.,

2003). These genes are highly expressed has been shown limited specifically
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to guard cells. Due to expression of one NAD(P)H oxidase isoform in
mesophyll cell there could be retardation of change in volume of MCP similar to
the wild type response (Fig. 7.7).

The data on temporal patterns of protoplasts shrinkage (Fig. 7.1and 7.2),
pH changes (Fig. 7.3) and ROS production (Fig. 7.5) reveals two important
points. First point is that the increase in pH is transient and precedes the
decrease in protoplast volume. The second point is that ROS production
occurs later and continues to reach a plateau. The cytosolic alkalinization as
an early event during stomatal responses to MJ or ABA is now well
documented (Blatt and Grabov, 1997, Suhita et al., 2004). The later start of
ROS production during MJ or ABA action is reported recently (Suhita et al.,
2004). Further experiments are necessary to understand the interaction of
cytosolic alkalinization and ROS production. It is possible that the increase in
cytosolic pH triggers ROS production but this point requires validation.

The present results highlight the usefulness of protoplasts, to study the
responses of plant cells to hormonal signals such as MJ or ABA and also
indicate that ROS and pH changes are common elements during
MJ or ABA signaling even in different cell types. There was an important
difference between GCP and MCP in their responses to MJ and ABA.
The increase in pH or ROS and decrease in volume all were much more
prominent with MJ, than that with ABA (Fig. 7.1, 7.3 and 7.5). Such high
sensitivity of guard cells to MJ has not been reported earlier.
Further experiments are needed to identify the factors, which contribute to the

high sensitivity of guard cells to MJ.
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7.4

Reactive oxygen species and pH changes.....

Conclusion

. MJ and ABA caused shrinkage of protoplasts and the extent of such

shrinkage, was much more dramatic in case of GCP than that of MCP.

. Exposure to ABA or MJ caused marked alkalization and the production

of ROS in both GCP and MCP.

. Presence of butyrate, a weak acid, restricted the pH changes, as well as

shrinkage in GCP or MCP induced by MJ or ABA. DPI, inhibitor of
NAD(P)H oxidase, decreased the ROS production and prevented

partially the shrinkage of both MCP and GCP.

. These results demonstrate that the alkalization and ROS production are

among the components of common signaling pathways in the responses

to ABA or MJ of both GCP and MCP.

. There is a difference in the relative sensitivity of GCP or MCP to MJ or

ABA. The extent of decrease in protoplasts volume, pH changes and
ROS production in presence of MJ was more in GCP than those in MCP.

In contrast, MCP responded more to ABA than that to MJ.

hdkdkkok
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Chapter 8

General Discussion

The stomatal guard cells respond quickly and efficiently to several
internal and external signals. The guard cells have therefore become a model
system to study transduction of plant hormones. Among the growth
hormones abscisic acid (ABA) and methyl jasmonate (MJ) suppress
stomatal opening, while cytokinins and auxins promote stomatal
opening (Mansfield et al, 1990, Raghavendra and Reddy, 1987).
The mechanism of ABA effects on guard cells has been studied
extensively (Leung and Giraudat, 1998, Schroeder et al., 2001a, Desikan et al.,
2004, Wang et al., 2004). The modulation of cytosolic free Ca®* or release
from internal stores such as vacuole or endoplasmic reticulum into the
cytosol of guard cells seems to be a major factor during ABA-induced
stomatal closure. Calcium then can act on guard cells in several ways:
inhibition of inward K' channels, stimulation of CI efflux leading to
depolarization of the plasma membrane, activation of outward K" channels
and interaction with calmodulin (CaM) (Schroeder et al., 2001a).

Compared to the extensive literature available on the effects of ABA
on guard cells, studies on MJ-induced stomatal closure are quite limited.
Jasmonates, play an important role in metabolic, developmental and
defensive processes in plants (Wasternack and Hause, 2002, Farmer et al.,
2003, Thaler et al., 2004). MJ is reported to participate in processes,
such as promotion/inhibition of growth, wounding in response to

pathogens, promotion of senescence, tuberization and bulb formation
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(Sembdner and Parthier, 1993, Creelman and Mullet, 1997, Devoto and
Turner, 2003, Ryu et al., 2004).

Several responses of plants to MJ are similar to that of ABA, and
both these hormones form a part of signal transduction chain between
stress signals and stress responses (Wiedhase et al., 1987, Creelman and
Mullet, 1997, Casaretto et al., 2004). JA-dependent wound signaling
in tobacco appears to involve kinase-dependent JA accumulation, the
effects of which are transduced by Ca®* (Kenton, 1999). The induction
levels of NtCDPK1 mRNA, DAHPS mRNA's and ATPase activity of
Ca**-ATPase went up after treatment with MJ (Starling et al., 1994,
Suzuki et al., 1995, Yoon et al., 1999). Most of the research, on the effects of
ABA and MJ on plant tissues was found on regulation of gene expression.
Nevertheless there have been detailed studies on nitric oxide (NO) and
reactive oxygen species (ROS) and their involvement in signal transduction.
It is likely that NO does not act alone, but interacts with other signaling
molecules such as hydrogen peroxide (H;O;) to effect stomatal
closure (Neill et al., 2003).

It is now clear that NO and ROS function as signaling molecules during
stomatal closure (Desikan et al., 2004). Sodium nitroprusside (SNP), a
NO donor, promotes stomatal closure in presence of ABA, while stomatal
closure is prevented by cPTIO (2-phenyl-4, 4,5 5-tetramethyl imidazoline-
1-oxyl 3-oxide) a specific NO scavenger. Recent work has demonstrated
that NO burst after wound responses or after treatment with JA in

Arabidopsis thaliana (Huang et al., 2004). Further NO and ROS are
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essential intermediates in ABA induced stomatal closure in Pisum sativum
and Vicia faba (Zhang et al., 2001, Neill et al., 2002, Garcia-Mata and
Lamattina, 2002). However, despite these emerging new roles for NO it's
biosynthetic route has not yet been resolved. Similarly the role of NO during
stomatal closure by MJ is not examined.

The present work examined the mechanisms involved in the
suppression of stomatal opening by MJ or ABA. The importance of
intracellular Ca*" in guard cells during stomatal closure by ABA,
CO: or H;0, has been demonstrated by several workers (McAinsh et al.,
1997, Webb and Hetherington, 1997, Assmann, 1999, Blatt, 2000).
Our observations on promotion of stomatal closure by external Ca** (Fig. 4.1)
and reversal by EGTA (Fig. 4.2) imply that the intracellular Ca®* in guard
cells may increase on exposure to MJ. These results are in agreement
with previous studies on strong modulation by Ca* response to MJ in case
of plant pathogen interaction and leaf senescence (Hung and Kao, 1998,
Leon et al., 1998, Kenton et al., 1999, Leon et al., 2001).

However, there were some differences in the signaling components
mediating stomatal closure by MJ or ABA. These appear to be due to
differences in Ca®* mobilization through Ca®* channels or other processes
by ABA or MJ. Several secondary messengers are known to be involved
while responding to ABA e.g. phosphoinositides, G-proteins, PLC, Ca**
channels, protein kinases including PKC or myosin light chain kinases
(Hetherington, 2001, Fedoroff, 2002, Wang et al., 2004). The presence of

PMA (stimulator of PKC) or U73122 or 1-butanol (inhibitors of PLC/PLD)
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reversed the ABA-induced stomatal closure, but not that of MJ (Figs. 4.8,
4.9 and 4.10) indicating that the effect of ABA involved the modulation of
PLC/PLD and PKC. These results are consistent with the earlier observations
of the effect of inhibitors of PLC/PLD or protein kinases in reversal of ABA
induced stomatal closure (Jacob et al., 1999, Schroeder et al., 2001).

In contrast with the response to ABA, the stomatal closure caused
by MJ .rdoes not seem to depend much on PLC or PKC. The action of MJ
appears to be strongly dependent on the Ca*' channels as indicated
by the complete reversal of MJ effect by three Ca?* channel blockers:
lanthanum, ruthenium red or verapamil (Figs. 4.3, 4.4 and 4.5).
The ABA induced stomatal closure may involve both Ca** dependent
and independent signal transduction pathways (Allan et al., 1994, Leung and
Giraudat, 1998). Our studies confirm that Ca** plays a vital role to mediate
the effect of both ABA/MJ during stomatal closure (Fig. 4.11).
The Ca** dependence of MJ action appears to be greater than that in case
of ABA, as indicated by the pronounced effect of EGTA in reversing
the closure caused by MJ (Fig 4.2).

The use of Arabidopsis has been instrumental in the understanding
of stomatal function. Using a novel approach of infrared thermography,
several mutants of Arabidopsis, with altered stomatal function, were isolated.
Studies on the mutants revealed the importance of different signaling
components in stomatal movements, for e.g. ABI1 & ABI2 (protein

phosphatases type 2C), OST1 (ABA activated proteinkinase), atrbohD/F
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(plasmamembrane NAD(P)H oxidase) (Kwak et al,, 2003), GORK (outward
K*-channel) (Mustilli et al., 2002, Schroeder, 2003, Hosy et al., 2003).

The pattern and sequence of signaling events involved in ABA
or MJ-induced stomatal closure were examined in Arabidopsis wild type
and ABA or MJ insensitive mutants ost1-2 and jar1-1, respectively (Fig. 5.1).
The stomatal response to MJ was more sensitive to Ca®‘-calmodulin
(CaM) _protein kinase inhibitors (e.g. W7) than that of ABA (Fig. 5.2).
These inhibitors were able to reverse the response to MJ, while the
response to ABA was only partially affected. These findings suggest that
at least one protein kinase with a Ca®**-CaM like regulatory domain plays
an essential role in MJ response, while such activity appears to participate
to a limited extent in the ABA cascade. In contrast, a broad range inhibitor
of protein kinase (K252A) was able to suppress both responses suggesting
that Ca”*-dependent and Ca®'-independent protein kinases are involved
parallely during the ABA or MJ signaling.

Stomatal closure by MJ or ABA was associated with alkalinization
of the guard cell cytoplasm and elevation of ROS production.
Interestingly, K252A was able to suppress also pH changes and ROS
production induced by MJ or ABA (Table 5.1), suggesting that a protein
phosphorylation event is essential and located upstream of pH change
responses. An analysis of the kinetics of pH changes and ROS
production revealed that alkalization preceded ROS production during
the stomatal closure caused by both ABA and MJ (Fig. 5.6). Alkalization of

the guard cells occurred in the presence of MJ and stomatal closure by
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MJ was suppressed in presence of the weak acid butyrate (Fig 5.7 and
Table 5.3). Thus, our results confirm the earlier observations on alkalinization
of the guard cell cytoplasm observations by Gehring et al. (1997).

A partial scheme of events, which occur in guard cells after
exposure to MJ or ABA, can be constructed based on our results (Fig 5.9).
The limited responses of jar7-1 and ost1-2 allow placing JAR1 and OST1
upstream of cytoplasmic alkalization in the MJ and ABA-signaling pathways,
respectively. The sequence of events during signal transduction appears
broadly similar for MJ and ABA. At least one protein phosphorylation event
is necessary for the cytoplasmic alkalization, which leads to ROS production
by the NAD(P)H oxidase. In turn, ROS would activate Ca®" channels
and elevate cytoplasmic Ca*'.

Among the last steps in the cascade leading to stomatal closure is
the activation of the outward K" rectifier from guard cells (Armstrong et al.,
1995), allowing potassium efflux and loss of turgor. These outward K'-
channels are down regulated by H,O, (Kohler et al., 2003), and are
up regulated by a rise in cytoplasmic pH (Miedema and Assmann, 1996).
Furthermore, the insensitivity of the gork?7 mutant to MJ demonstrates
that GORK is an essential component in the MJ signaling cascade,
leading to stomatal closure (Fig. 5.8).

It is well established that ROS and NO are essential signaling
components in mediating ABA induced stomatal closure (Neill et al., 2002).
The presence of SNP (a NO donor) promoted stomatal closure while

c-PTIO and L-NAME, which are expected to decrease NO, reversed
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stomatal closure by ABA or MJ (Fig. 6.2 and 6.3). Thus, the present

study demonstrates, for the first time, the importance of NO mediated
signaling in also MJ dependent stomatal closure. At least three enzymes
could mediate NO production in plants: nitrate reductase (NR) (Desikan
et al., 2002, Kaiser et al., 2002), inducible NOS (iNOS) (Chandok et al., 2003)
and constitutive NOS that are activated by pathogen-derived elicitors
(Fossiner et al., 2000). Only a partial reversal by L-NAME of MJ or ABA
induced stomatal closure suggests that NOS is important but it is
possibly not the sole source of NO during MJ or ABA effects on guard cells.

Kinetic studies using DAF-2DA revealed that ABA or MJ induced
increase in NO reached maximum by 20 minutes (Fig. 6.7). This is similar to
the time observed for the rise in NO, along with accumulation of large
amounts of H;O; in soybean suspension cells (Delledonne et al., 2001).
Compared to the increase in NO levels, the ROS accumulation in guard
cells continued until 30 min (Fig. 6.9). The time of 30 min for ROS
accumulation is quite similar to the pattern observed in Arabidopsis thaliana
and Pisum sativum (Suhita et al., 2004).

Changes in cytoplasmic pH are involved in stomatal regulation.
Substances that raise cytoplasmic pH (ABA, MJ) result in stomatal closure
(Blatt and Armstrong, 1993, Suhita et al, 2004) and substances lowering
cytoplasmic pH (auxin, fusicoccin) open stomata (Irving et al., 1992).
Butyrate can decrease cytoplasmic alkalinization and modulate related events,
e.g. K* channels (Blatt and Theil, 1994). The presence of butyrate not only

decreased the extent of stomatal closure, but also decreased NO
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production caused by ABA or MJ (Table 6.1). We therefore suggest
that cytoplasmic pH is an important feature in promoting or maintaining
NO action/synthesis. There are reports that the NO-molecule could be
very active at alkaline pH (Beckman et al., 1990) while at neutral pH
being unreactive (Reiter et al., 2000). Further experiments are needed
to study in detail the interrelationship of cytosolic pH changes and NO
production in guard cells.

Signals such as ABA or high CO, cause stomatal closure, by elevating
cytosolic free Ca®* (Webb et al., 1996, Allen et al., 1999). Our results
emphasize that the effects of ABA or MJ converge at the level of
cytosolic Ca**. The marked reversal of stomatal closure by EGTA
without affecting the NO-levels (Table 6.3) indicates that the rise in
cytosolic Ca®* possibly occurs after the changes in NO-levels, due to
either ABA or MJ. A similar situation on the role of Ca** was observed
during cytosolic alkalinization and ROS-production by MJ or ABA
(Suhita et al., 2004).

Another interesting and useful okbservation from the present study is
that the protoplasts can be a simple and sensitive system to study plant
cell responses to hormones. The shrinkage or swelling of protoplasts on
exposure to changes in osmotic strength of the suspension medium are
known (Saradadevi et al., 1996, Willmer et al., 1999). A decrease in volume
of mesophyll protoplasts by MJ or ABA has been briefly reported

(Kolla et al., 2004). Our study points out that GCP are not only sensitive to MJ
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or ABA, but also respond vigorously to these hormones as is the case
of MCP (Fig. 7. 1 and 7.2).

The marked responses of both GCP and MCP to not only ABA
but also MJ, in terms of volume changes, pH changes or ROS production
are not surprising. The levels of ABA as well as JA increase significantly
on the exposure of plant cells to drought or water deficit (Creelman and
Mullet, 1997).  Similarly MJ has been reported to modulate growth and
development responses, stomatal opening, desiccation and responses
to water/osmotic stress as in the case of ABA (Raghavendra and Reddy,
1987, Sembdner and Parthier, 1993, Turner et al., 2002).

The present work demonstrated that the system of GCP or MCP
can be used to study the role of pH or ROS during the effects of ABA
and MJ. The marked alkalization of GCP and MCP on exposure to MJ or ABA
(Fig. 7.3) and the reversal of the ABA or MJ effects by butyrate confirm that the
cytosolic alkalinization is an important event during the ABA or MJ induced
shrinkage of protoplasts. Cytosolic alkalinization occurs in plant cells on
treatment with either ABA (Blatt, 2000, Knight and Knight, 2001), or MJ
(Gehring et al., 1997, Suhita et al., 2004). Very similar to other plant cells,
marked increase in ROS occurred in both GCP and MCP on exposure to
MJ or ABA (Fig. 7.5). The presence of DPI, an inhibitor of NAD(P)H oxidase,
restricted the ROS production and prevented the shrinkage of protoplasts
(Fig. 7.6). These observations suggest that the rise in ROS occurs during

protoplast shrinkage as in the case of stomatal closure (Pei et al., 2000,

Murata et al., 2001).
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The data on temporal patterns of proioplasts shrinkage (Fig. 7.1, 7.2),
pH changes (Fig. 7.3) and ROS production (Fig. 7.5) offers two important
points. First, the increase in pH is transient and precedes the decrease in
protoplast volume. Secondly, ROS production occurs later and continues to
reach a plateau. The cytosolic alkalinization as an early event during stomatal
responses to MJ or ABA is now well documented (Blatt and Grabov, 1997,
Suhita etal., 2004). The later start of ROS production during MJ or ABA action
has been reported recently (Suhita et al., 2004). Further experiments are
necessary to understand the interactions of cytosolic alkalinization and ROS

production.
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Summary and Conclusions

Stomata are important organs regulating the gas exchange of leaves.
Due to the extreme sensitivity of guard cells to several stimuli, stomatal
movement helps in regulating transpiration and photosynthesis. Stomatal
guard cells have therefore become a model system to study the mechanism of
signal- transduction. Among the plant hormones, ABA and MJ, were used
extensively to study the signal transduction cascade, during the modulation of
stomatal movements. Our observations of promotion by external Ca** and
reversal by EGTA of stomatal closure imply that the intracellular Ca** in guard
cells may increase on exposure to MJ or ABA. Thus, Ca®* was an important
messenger during the stomatal closure induced by not only ABA but also MJ.
Strong modulation by Ca®*" of response to MJ has been observed in case of
plant pathogen interaction and leaf senescence (Pieterse and van Loon, 1999).
However, there were differences in the mode of action by ABA or MJ. The
closure induced by ABA was dependent on the functioning of PLC/PLD and
PKC. In contrast, the action by MJ was strongly dependent on Ca®* channels
and CaM.

The varied responses to Ca®" in relation to stomatal closure by MJ or
ABA could be due to differences in Ca®* mobilization through Ca?* channels or
other processes. For example, several secondary messengers are known to
be involved while responding to ABA, e.g. phosphoinositides, G-proteins, PLC,
Ca?" channels, protein kinases including PKC or MLCK (Schroeder et al.,

2001a,b). The action of MJ appeared to be strongly dependent on the Ca?
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channels as indicated by the complete reversal of MJ effect by three Ca*
channel blockers: lanthanum, verapamil and ruthenium red. Some of these are
published (Suhita et al., 2003).

The effects of Ca®* are often mediated through CaM and can be
assessed by using CaM antagonists, such as TFP or W7 (Shimazaki et al.,
1992). The reversal of stomatal closure by TFP or W7 suggests that the effects
of MJ are mediated by calmodulin, while such dependence on CaM appears to
be low in case of ABA. Further, the dependence on Ca®* appears to be much
stronger in case of MJ than that of ABA as the presence of EGTA reversed
completely the stomatal closure caused by MJ while being only partial in case
of ABA. Thus, the involvement of Ca®* and CaM was more pronounced during
stomatal . closure induced by MJ but not by ABA. All together, these
observations suggest the existence of a cross talk between MJ and ABA
signaling cascades.

To analyse further the role of other signaling components playing
significant role in MJ and ABA pathways, mutants of Arabidopsis have been
used. These were mutants affected in ABA signaling (ost7-2), or MJ signaling
(jar1-1), or the plasma membrane NAD(P)H oxidases (AtrbohD x AtrbohF) or
guard cell outward K'-channel (gork?). The mutants responded differently
when examined for MJ or ABA induced stomatal closure.

The stomatal response to MJ was more pronounced to Ca®*-CaM
protein kinase inhibitors than the stomatal response to ABA. This suggested
that at least one protein kinase with a Ca®*-CaM like regulatory domain played

an essential role in MJ response. Interestingly, K252A (protein kinase inhibitor)
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suppressed MJ- or ABA-induced pH changes and ROS production, suggesting
that a protein phosphorylation event was essential and located upstream of
these responses.

ABA is known to cause cytoplasmic alkalization in plant tissues (Irving et
al., 1992, Gehring et al., 1997). There were marked changes also in the pH of
the cytosol of guard cells, on exposure to MJ or ABA, within a span of 15
minutgs. The patterns of pH changes were similar during measurements of pH
by the null-point method or by using fluorescence probe. The ROS production
peaked at 30 min in presence of MJ or ABA. The amplitude of responses of
ROS production and pH changes were higher in response to MJ than to ABA.
Additionally, the limited responses of jar7-1 and ost1-2 allowed a placing of
JAR1 and OST1 upstream of cytoplasmic alkalinization in the MJ and ABA-
signaling pathways, respectively.

ROS production would activate hyperpolarization-activated Ca®'-
channels (Murata et al., 2001) and also inhibit inward-rectifying K'-channels
(Kéhler et al., 2003). Among the last steps in the cascade leading to stomatal
closure is the activation of the outward K* rectifier from guard cells allowing K"
efflux. These channels are down regulated by H,O, and up regulated by a rise
in cytoplasmic pH that occurs after application of MJ or ABA. H,O; production
in gork1 in response to MJ or ABA was in the range of levels observed in the
wild type, confirming that GORK is involved in downstream of H,O; production
during the signaling cascade.

Our results suggested that the guard cell signaling was mediated by

numerous factors including Ca**, pH, ROS, protein kinases and ion channels.
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The next focus was set on the role of NO, another interesting signaling
molecule. Previous studies have indicated that NO, similar to ABA, regulates
stomatal movement in response to ABA via nitric oxide synthase (NOS)
like activity (Neill et al., 2002). We now provide strong evidence of NO
mediated action during MJ dependent stomatal closure. The presence of
SNP (a generator of NO) in incubation medium enhanced stomatal closure
in presence of MJ or ABA. Inhibition of these effects by incubation
with cPTIO (2-phenyl-4,4,5 5-tetramethyl imidazoline-1-oxyl3-oxide, a NO
scavenger), demonstrated that the effect of the MJ or ABA induced
stomatal closure was associated with NO release within guard cells.
The effect of NOS inhibitor on stomatal response to MJ treatments was much
more pronounced than that with ABA. Our studies suggest that NOS could
participate in the MJ signaling cascade in tobacco and pea guard ceils.

The role of NO during MJ or ABA induced stomatal closure was
further checked by modulating NO levels in guard cells. Suppression of
NO levels, by either scavenging in the presence of c-PTIO or inhibiting NOS
(by L-NAME) reversed the stomatal closure by ABA or MJ. The changes in the
NO-levels of guard cells and responses to NO-modulators were more
pronounced in case of MJ than that of ABA. Real time monitoring with the
help of fluorescent dyes indicated that NO production in guard cell peaked at
18 min, compared to 30 min incase of ROS and 15 min in case of pH.
Thus, changes in NO or pH preceded ROS production. Modulation of pH
resulted in changes in NO production as well, indicating that changes in

guard cell pH and NO production are either related or interact with each other.
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Rise in internal Ca* appears to be a final event after NO-increase,
as EGTA reversed stomatal closure, despite sustaining the increase
in NO- production by MJ or ABA. Experiments using pharmacological
compounds: ML-7 (MLCK inhibitor), staurosporine (broad-spectrum of PK
inhibitor), wortmannin/LY294002 (PIsK/PI4K inhibitor), W7 (CaM antagonist),
U73122 (PLC inhibitor), ODQ (GC inhibitor), nicotinamide (cADPR inhibitor),
which effect different protein kinases or calcium mobilizing components were
inconclusive.  All these compounds decreased NO-levels and reversed
stomatal closure caused by either MJ or ABA.

The presence of butyrate, a weak acidifying agent, prevented stomatal
closure induced by MJ or ABA. Similarly, butyrate decreased also the levels of
NO in guard cells as indicated by DAF-2DA fluorescence. Fusicoccin did not
alter much the levels of NO or ROS but caused a change in pH. We, therefore
conclude that NO influenced the signal pathway down stream of MJ synthesis
and upstream of H,O, synthesis (Orozco-Cardenas and Ryan, 2002).

Protoplasts can be a useful model system for studying signal
transduction and transient gere expression. Simple and efficient techniques
are available for isolating MCP and GCP. There was a brief report on the
signaling components involved during MJ or ABA induced shrinking of MCP of
Pisum sativum (Kolla et al., 2004). In the present work, shrinkage of
protoplasts on treatment with MJ or ABA was found to be more dramatic in
case of GCP than that of MCP. During the course of shrinkage, MJ or ABA
caused marked alkalization and elevated the production of reactive oxygen

species (ROS). Interestingly, the GCP and MCP exhibited a difference in their
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relative sensitivity to MJ or ABA. The extents of decrease in protoplast
volume, pH change and the ROS production in GCP were all more in response
to MJ than to ABA. In contrast, the MCP responded more to ABA than to MJ.
DPI, an inhibitor of NADH oxidase, decreased ROS production and suppressed
shrinkage of both MCP and GCP by MJ or ABA.

Butyrate decreased the MJ or ABA-induced shrinking of both MCP and

GCP. The responses of GCP to MJ or ABA were suppressed in the NADPH

oxidase double mutant (atrbohD/F) of Arabidopsis, while the responses stayed

unaffected in their MCP. These results demonstrate that the alkalization and

ROS production are among the components of common signaling pathways in

the responses to MJ or ABA of both GCP and MCP. We suggest that the

decrease in cell turgor induced by MJ or ABA in mesophyll and guard cells may
be a significant phenomenon during the growth reduction and adaptation to
adverse conditions such as water stress or pathogen attack.

The following are the major conclusions, in relation to the objectives set
at the beginning of the present study.

1. Ca* played a vital role in MJ and ABA signaling cascade of both ABA and
MJ. The action of ABA showed dependency on phospholipases, while the
action of MJ was dependent on calcium dependent calmodulin kinases.
The dependence on Ca** appeared to be more in MJ-signaling, while ABA
responses seem to operate in both Ca®* dependent and independent
manner.

2. The experiments on various mutants were useful to evolve a scheme of

signaling events during stomatal response to MJ or ABA. In response to MJ
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4.

Summary and conclusions

or ABA, the sequence of events appears to be the alkalinization, H,O5
production, activation of Ca® channels and elevation of cytosolic Ca?*
occurs down stream of phosphorylation events. Our results also point
out some specificity in the ABA cascade, which appears to involve in
parallel with Ca**-dependent and Ca?*-independent pathways. Ca®*-CaM
protein kinase seems to be involved in a very early MJ signaling.
Pharmacological study demonstrate that MJ or ABA mediated NO
production is due to increase in pH as well as involvement of guanyl
cyclase, phosphoinositide kinases, PLC and cADPR. It is shown, that NOS
seems to be the potential source for NO production in MJ induced signaling
cascade. In contrasts, ABA perception showed marginal involvement of
NOS in releasing NO.

Alkalization of protoplasts and ROS production are among the components
of common signaling pathways in response to MJ or ABA of both GCP and
MCP. MCP was more sensitive to ABA than MJ, where as the GCP

showed more sensitivity with MJ than ABA.

Fhkkkdk

150



Chapter 10

Literature Cited



Chapter 10 Literature cited

Chapter 10

Literature Cited

Ache P, Becker D, Ivashikina N, Dietrich P, Roelfsema MR, Hedrich R
(200(_)) GORK, a delayed outward rectifier expressed in guard cells of
Arabidopsis thaliana, is a K'-selective, K*-sensing ion channel. FEBS
Lett 486: 93-98

Agrios GN (1997) Plant Pathology, 4™ Edition. Academic Press, San Diego, pp
46-52

Albrecht T, Kehlen A, Stahl K, Knofel H-D, Sembdner G, Weiler EW (1993)
Quantification of rapid transient increase in jasmonic acid in wounded
plants using a monoclonal antibody. Planta 191: 86-94.

Allan AC, Fricker MD, Ward JI, Beale MH, Trewavas AJ (1994) Two
transduction pathways mediated rapid effects of abscisic acid in
Commelina guard cells. Plant Cell 6: 1319-1328

Allen GJ, Chu SP, Schumacher K, Shimazaki CT, Vafeados D, Kemper A,
Hawke SD, Tallman G, Tsien RY, Harper JF (2000) Alternation of
stimulus-specific guard cell calcium oscillations and stomatal closing in
Arabidopsis det3 mutant. Science 289: 2338-2342

Allen GJ, Kwak JM, Chu SP, Llopis J, Tsien RY, Harper JF, Schroeder Jl.
(1999). Cameleon calcium indicator reports cytoplasmic calcium
dynamics in Arabidopsis guard cells. Plant J 19: 735-747

Allen GJ, Murata Y, Chu SP, Nafisi M, Schroeder JI (2002) Hypersensitivity
of abscisic acid-induced cytosolic calcium increases in the Arabidopsis
farnesyltransferase mutant era1-2. Plant Cell 14:1649-1662

Alvarez ME, Pennell RI, Meijer PJ, Ishikawa A, Dixon RA, Lamb C (1998)
Reactive oxygen intermediates mediate a systemic signal network in
establishment of plant immunity. Cell 92: 773-778

Armengaud P, Breitling R, Amtmann A (2004) The potassium-dependent
transcriptome of Arabidopsis reveals a prominent role of jasmonic acid in
nutrient signaling. Plant Physiol 136: 25566-2576

Armstrong F, Leung J, Grabov A, Brearley J, Giraudat J, Blatt MR (1995)
Sensitivity to abscisic acid of guard-cell K* channels is suppressed by
abi1-1, a mutant Arabidopsis gene encoding putative protein
phosphatase. Proc Natl Acad Sci USA 92: 9250-9254

151



Chapter 10 Literature cited

Arnon_DI (1949) Copper enzymes in isolated chloroplasts. Polyphenol oxidase
in Beta vulgaris. Plant Physiol 24: 1-15

As.sma?:dfn5 %?5(1993) Signal transduction in guard cells. Annu Rev Cell Biol 9:

Assmann SM (1996) Guard cell G-proteins. Trends Plant Sci 1: 73-74

Assmann SM (1999) The cellular basis of guard cell sensing of rising CO,.
Plant Cell Environ 22: 629-637

Assmann SM, Haubrick LL (1996) Transport proteins of the plant plasma
membrane. Curr Opin Cell Biol 8: 458-467

Assmann SM, Shimazaki Kl (1999) The multisensory guard cell: stomatal
responses to blue light and ABA. Plant Physiol 119: 809-815

Assmann SM, Wang XQ (2001) From milliseconds to millions of years: guard
cells and environmental responses Curr Opin Plant Biol 4: 412-428

Assmann, SM (2003) OPEN STOMATA1 opens the door to ABA signaling in
Arabidopsis guard cells. Trends Plant Sci 8: 151-153

Assmann, SM, and Wu W (1994) Inhibition of guard-cell inward K* channels
by abscisic acid: Links and gaps in the signal transduction chain. Symp
Soc Exp Biol 48: 193-202

Auh CK, Murphy TM (1995) Plasma membrane redox enzyme is involved in
the synthesis of O, and H,0; by Phytophythora elicitor-stimulated rose
cell. Plant Physiol 107: 1241-1247

Barroso JB, Corpas FJ, Carreras A, Sandalio LM, Valderrama R, Palma
JM, Lupianez JA, del Rio LA (1999) Localization of nitric-oxide
synthase in plant peroxisomes. J Biol Chem 274: 36729-36733

Beardmore T, Wetzel S, Kalous M (2002) Interaction of airborne methyl
jasmonate with vegetative storage protein gene and protein
accumulation and biomass partitioning in Populus plants. Can J For Res
30: 1106-1113

Bell E, Mullet JE (1991) Lipoxygenase gene expression is modulated in plants
by water deficit, wounding, and methyl jasmonate. Mol Gen Genet 230:

456-462

Berger S, Bell E, Mullet J (1996) Two methyl jasmonate insensitive mutants
show altered expression of AtVSP in response to methyl jasmonate and

wounding Plant Physiol 115: 525-531
152



Chapter 10 Literature cited
Berger S, Bell E, Sadka A, Mullet JE (1995) Arabidopsis thaliana Atvsp is
homologous to so_ybean VspA and VspB genes encoding vegetative
storage protein acid phosphatases, and is regulated similarly by methyl

jasmonate, wounding, sugars, light and phosphate Plant Mol Biol 27:
933-942

Berger S, Mitphell-OIds T, Stotz HU (2002) Local and differential control of
yegetat!ve storage protein expression in response to herbivore damage
in Arabidopsis thaliana. Physiol Plant 114:85-91

Blatt M R (2000a) Cellular signaling and volume control in stomatal
movements in plants. Annu Rev Cell Develop Biol 16: 221-241

Blatt MR (2000b) Ca®* signalling and control of guard cell volume in stomatal
movements. Curr Opin Plant Biol 3: 196-204

Blatt MR, Armstrong F (1993) K* channels of stomatal guard cells: Abscisic-
acid-evoked control of the outward rectifier mediated by cytoplasmic pH.
Planta 191: 330-341

Blatt MR, Grabov A (1997) Signaling gates in abscisic acid—-mediated control
of guard cell ion channels. Physiol Plant 100: 481-490

Blatt MR, Leyman B, Grabov A (1998) Cellular responses to water stress. In:
Shinozaki K (ed.) Cold, drought, heat and salt stress: molecular
responses in higher plants. RG Landes Co. pp. 99-124

Blatt MR, Thiel G (1994) K* channels of stomatal guard cells: bimodal control
of the K" inward-rectifier evoked by auxin. Plant J 5: 55-56

Blatt MR, Thiel G, Trentham DR (1990) Reversible inactivation of K" channels
of Vicia stomatal guard cells following the photolysis of caged inositol
1,4,5-trisphosphate. Nature. 346: 766-769

Blatt MR (1988) Mechanisms of fusicoccin action: a dominant role for
secondary transport in a higher-plant cell. Planta 174: 187-200

Blatt MR (1992) K* channels of stomatal guard cells: characteristics of the
inward-rectifier and its control by pH. J General Physiol 99: 615-644

Borisjuk L, Rolletschek H, Radchuk R, Weschke W, Wobus U, Weber H
(2004) Seed development and differentiation: a role for metabolic

regulation Plant Biol 6: 375-386

Bowler C, Fluhr R (2000) The role of calcium and activated oxygens as
signals for controlling cross-tolerance. Trends Plant Sci §: 241-246

163



Chapter 10 Literature cited

Burnett EC, Dgsikgn R, Moger RC, Neill SJ (2000) ABA activation of an MBP
kinase in Pisum sativum epidermal peels correlates with stomatal
responses to ABA. J Exp Bot 51: 197-205

Casaretto JA, Zuniga GE, Corcuera LJ (2004) Abscisic acid and jasmonic

acid affect proteinase inhibitor activities in barley leaves. J Plant Physiol
161: 389-396

Chandok M.R, Ytt_elfberg AJ, van Wijk KJ, Klessig DF (2003) The pathogen-
mduqble nitric oxide synthase (iINOS) in plants is a variant of the P
protein of the glycine decarboxylase complex. Cell 113: 469-482

Chen YL, Huang R, Xiao YM, Lu P, Chen J, Wang XC (2004) Extracellular
calmodulin-induced stomatal closure is mediated by Heterotrimeric G
protein and H,O, Plant Physiol 136: 4096-4103

Cheong YH, Chang HS, Gupta R, Wang X, Zhu T, Luan S (2002)
Transcriptional profiling reveals novel interactions between wounding,
pathogen, abiotic stress, and hormonal responses in Arabidopsis. Plant
Physiol 129: 661-677

Cherel I, Michard E, Platet N, Mouline K, Alcon C, Sentenac H, Thibaud JB
(2002) Physical and functional interaction of the Arabidopsis K* channel
AKT2 and phosphatase AtPP2CA. Plant Cell 14: 1133-1146

Chollet R, Vidal J, O’Leary MH (1996) Phosphoenolpyruvate carboxylase: a
ubiquitous, highly regulated enzyme in plants. Annu Rev Plant Physiol
Plant Mol Biol 47: 273-298

Chrispeels MJ, Holuigue L, Latorre R, Luan S, Orellana A, Pena-Cortes H,
Raikhel NV, Ronald PC, Trewavas A (1999) Signal transduction
networks and the biology of plant cells. Biol Res 32: 35-60

Comstock JP (2002) Hydraulic and chemical signalling in the control of
stomatal conductance and transpiration. J Exp Bot 53:195-200

Cooney RV, Harwood PJ, Custer LJ, Franke AA (1994) Light-mediated
conversion of nitrogen dioxide to nitric oxide by carotenoids. Environ
Health Perspect 102:460-462

Correa-Aragunde N, Graziano M, Lamattina L (2004) Nitric oxide plays a

central role in determining lateral root development in tomato. Planta
218: 900-905

154



Chapter 10 Literature cited

Coursol S, Fan LM, Le Stunff H, Spiegel S, Gilroy S, Assmann SM (2003)

Sphingolipid signaling in Arabidopsis guard cells involves heterotrimeric
G proteins. Nature 423: 651-654

Cousson A, Vavasseur A (1998) Two potential Ca’*-dependent transduction

p{::thways in stomatal closing in response to abscisic acid. Plant Physiol
Biochem 36: 257-262

Creelman RA, Mullet JE (1997) Biosynthesis and action of jasmonates in
plants. Annu Rev Plant Physiol Plant Mol Biol 48: 355-381

Creelman RA, Tierney ML, Mullet JE (1992) Jasmonic acid/methyljasmonate
accumulate in wounded soybean hypocotyls and modulate wound gene
expression. Proc Natl Acad Sci USA 89: 4938-4941

Dangl JL, Jones JD (2001) Plant pathogens and integrated defence
responses to infection. Nature 411: 826-833

De Silva DLR, Hetherington AM, Mansfield TA (1985) Synergism between
calcium ions and abscisic acid in preventing stomatal opening. New
Phytol 100: 473-482

Delledonne M, Xia Y, Dixon RA, Lamb C (1998) Nitric oxide functions as a
signal in plant disease resistance. Nature 394: 585-588

Delledonne M, Zeier J, Marocco A, Lamb C (2001) Signal interactions
between nitric oxide and reactive oxygen intermediates in the plant
hypersensitive disease resistance response. Proc Natl Acad Sci USA.
98: 13454-13459

Desikan R, Cheung M-K, Bright J, Henson D, Hancock JT, Neill SJ (2004)
ABA, hydrogen peroxide and nitric oxide signaling in stomatal guard
cells. J Exp Bot 565: 205-212

Desikan R, Griffiths R, Hancock J, Neill S. (2002) A new role for an old
enzyme: nitrate reductase-mediated nitric oxide generation is required
for abscisic acid-induced stomatal closure in Arabidopsis thaliana.
Proc Natl Acad Sci USA 99: 16314-16318

Devi MT, Vani T, Reddy MM, Raghavendra AS (1992) Rapid isolation of
mesophyll and guard cell protoplasts from leaves of pea and maize.
Indian J Exp Biol 30: 424-428

Devoto A, Turner JG (2003) Regulation of jasmonate-mediated plant
responses in Arabidopsis. Ann Bot 92: 329-337

155



Chapter 10 Literature cited

Dietrich P, Sanders D, Hedrich R (2001) The role of ion channels in light-
dependent stomatal opening. J Exp Bot 52: 1959-1967

Doares SH, Syrobets T, Weiler EW, Ryan CA (1995) Oligogalacturonides and

chitosan activate plant defensive genes through the octadecanoid
pathway. Proc Natl Acad Sci USA 92: 4095-4098

Du Z, Aghoram K, Outlaw WH Jr (1997) In vivo phosphorylation of
phosphoenolpyruvate carboxylase in guard cells of Vicia faba L. is

enhanced by fusicoccin and suppressed by abscisic acid. Arch Biochem
Biophys 337: 345-350

Durner J, Klessig DF (2001) Nitric oxide as a signal in plants. Curr Opin Plant
Biol 2: 369-374

Emi T, Kinoshita T, Shimazaki KI. (2001) Specific binding of vf14-3-3a
isoform to the plasma membrane H'-ATPase in response to blue light

and fusicoccin in guard cells of broad bean. Plant Physiol 125: 1115-
125

Evans NH (2003) Modulation of guard cell plasma membrane potassium
currents by methyl jasmonate. Plant Physiol 131: 8-11

Fairchild CD, Quail PQ (1998) The phytochromes: Photosensory perception
and signal transduction. /n Control of plant development. Genes and
signals (ed. A.J. Greenland, E.M. Meyerowitz and M.W. Steer),
Company of Biologists, Cambridge, pp. 85-92

Fairley-Grenot K, Assmann SM (1991 Evidence for G-protein regulation of
inward K* channel current in guard cells of fava bean. Plant Cell 3: 1037-

1044

Fairley-Grenot KA, Assmann SM (1992) Permeation of Ca** through K'
channels in the plasma membrane of Vicia faba guard cells. J Membr

Biol 128: 103-113

Fan LM, Zhao Z, Assmann SM (2004) Guard cells: a dynamic signaling
model. Curr Opin Plant Biol 7: 537-546

Farmer EE, Almeras E, Krisnamurthy V (2003) Jasmonates and related
oxylipins in plant responses to pathogenesis and herbivory. Curr Opin
Plant Biol 6: 372-378

Fedoroff NV (2002) Cross-talk in abscisic acid signaling. Sci STKE 140:RE10

Feys BJF, CE, Benedetti CN, Penfold JG, Turner (1994) Arabidopsis
mutants selected for resistance to the phytotoxin coronatine are male

156



Chapter 10 Literature cited

sterile, insensitive to methyl jasmonate, and resistant to a bacterial
pathogen. Plant Cell 6: 751-759

Finkelstein RR, Gampala SS, Rock CD (2002) Abscisic acid signaling in
seeds and seedlings. Plant Cell 14: S15-S45

Foissner |, Wendehenned D, Langebarels C, Durner J (2000) In vivo

isrgiging of eliciter-induced nitric oxide burst in tobacco. Plant J 23: 817-

Gaedeke N, Klein M, Kolukisaoglu U, Forestier C, Muller A, Ansorge M,
Becker D, Mamnun Y, Kuchler K, Schulz B, Mueller-Roeber B,
Martinoia E (2001) The Arabidopsis thaliana ABC transporter AtMRP5
controls root development and stomata movement. EMBO J 20: 1875-
1887

Garcia-Mata C, Lamattina L (2002) Nitric oxide and abscisic acid cross talk in
guard cells. Plant Physiol 128: 790-792

Theil G, Blatt MR (1994) Phosphatases antagonist okadaic acid inhibits
steady-state K* currents in guard cells of Vicia faba. Plant J 5: 727-733

Garcia-Mata C, Lamattina L (2003) Abscisic acid, nitric oxide and stomatal
closure-is nitrate reductase one of the missing links? Trends Plant Sci 8:
20-26

Gautier H, Vavasseur A, Gans P, Lasceve G (1991) Relationship between
respiration and photosynthesis in guard cell and mesophyll cell
protoplasts of Commelina communis L. Plant Physiol 95: 636-641

Gehring CA, Irving HR, McConchie R, Parish RW (1997) Jasmonates induce
intracellular alkalization and closure of Paphiopedilum guard cell. Ann
Bot 80: 485-489

Gehring CA, Irving HR, Parish RW (1990) Effects of auxin and abscisic acid
on cytosolic calcium and pH in plant cells. Proc Natl Acad Sci USA 87:

9645-9649

Gepstein S, Jacobs M, Taiz L (1982) Inhibition of stomatal opening in Vicia
faba epidermal tissue by vandate and abscisic acid. Plant Sci Lett 28:

63-72

Gilroy S, Fricker MD, Read ND, Trewavas AJ (1991) Role of calcium in signal
transduction in Commelina guard cells. Plant Cell 3: 333-344

Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA (1990)
Apparent hydroxyl radical production by peroxynitrite: implications for

157



Chapter 10 Literature cited

endothelial injury from nitric oxide and superoxide. Proc Natl Acad Sci
USA. 87: 1620-1624 P ' ?

Reiter CD, Teng RJ, Beckman JS (2002) Superoxide reacts with nitric oxide

to nitrate tyrosine at physiological pH via peroxynitrite. J Biol Chem
275:32460-32466

Giraudat J (1995) Abscisic acid signaling. Curr Opin Cell Biol 7: 232-238

Giraudat, J, Parcy F, Bertauche F, Gosti F, Leung J, Morris PC, Bouvier-
Durapd M, Vartanian N (1994) Recent advances in abscisic acid action
and signaling. Plant Mol Biol 26: 1557-1577

Gomez-Cadenas A, Verhey SD, Holappa LD, Shen Q, Ho TH, Walker-
Simmons MK (1999) An abscisic acid-induced protein kinase, PKABA1,
mediates abscisic acid-suppressed gene expression in barley aleurone
layers. Proc Natl Acad Sci USA 96: 1767-1772

Gowing DJG, Jones HG, Davies WJ (1993) Xylem transported abscisic acid:
the relative importance of its mass and its concentration in the control of
stomatal aperture. Plant Cell Environ 16: 453-459

Grabov A, Blatt MR (1997) Parallel control of inward rectifier of K channel by
cytosolic free calcium and pH in Vicia guard cells. Planta 201: 84-95

Grabov A, Blatt MR (1999) A steep dependence of inward-rectifying
potassium channels on cytosolic free calcium concentration increase
evoked by hyperpolarization in guard cells. Plant Physiol 119:277-288

Gray JE, Hetherington AM (2004) Plant development: YODA the stomatal
switch. Curr Biol 14: 488-490

Guan LM, Zhao J, Scandalios JG (2000) Cis-elements and trans-factors that
regulate expression of the maize Cat7 antioxidant gene in response to
ABA and osmotic stress: H,O, is the likely intermediary signaling
molecule for the response. Plant J 22: 87-95

Guern J, Felle H, Mathieu Y, kutkfjian T (1991) Regulation of intracellular pH
in plant cells. Int Rev Plant Cyt 127: 111-173

Hedrich R, Neimanis S, Savchenko G, Felle HH, Kaiser WM, Heber U
(2001) Changes in apoplastic pH and membrane potential in leaves in
relation to stomatal responses to CO;, malate, abscisic acid or
interruption of water supply. Planta 213: 594-601

Hentzen AE, Smart LB, Wimmers LE, Fang HH, Schroeder JI, Bennett AB
(1996) Two plasma membrane H*-ATPase genes expressed in guard

158



Chapter 10 Literature cited

cells of Vicia faba are also expressed throughout the plant. Plant Cell
Physiol 37: 650-659 ¥ ’ pram, T e

Herde 0,_ Peﬁa-portés H, Willmitzer L, Fisahn J (1997) Stomatal responses
to Jasmonic acid, linolenic acid, and abscisic acid in wild type and ABA
deficient tomato plants. Plant Cell Environ 20: 136-141

Hertherington AM (2001) Guard cell signaling. Cell 107: 711-740

Hetherington AM, Brownlee C (2004) The generation of Ca?* signals in
plants. Annu Rev Plant Biol 55: 401-427

Hetherington AM, Woodward FI (2003) The role of stomata in sensing and
driving environmental change. Nature 424: 901-908

Hey SJ, Bacon A, Burnett E, Neill SJ (1997) Abscisic acid signal transduction
in epidermal cell of Pisum sativum L. Argenteum: Both dehydrin mRNA
accumulation in stomatal responses require protein phosphorylation and
dephosphorylation. Planta 202 85-92

Hidaka H, Kobayashi R (1999) Use of protein (serine/threonine) kinase
activators and inhibitors to study protein phosphorylation in intact cells.
In DG Hardie, ed., Protein Phosphorylation: A Practical Approach,
Oxford University Press, Oxford, pp. 87-107

Hosy E, Vavasseur A, Mouline K, Dreyer |, Gaymard F, Poree F,
Boucherez J, Lebaudy A, Bouchez D, Very AA, Simonneau T,
Thibaud JB, Sentenac H (2003) The Arabidopsis outward K* channel
GORK is involved in regulation of stomatal movements and plant
transpiration. Proc Natl Acad Sci USA 100: 5549-5554

Huang X, Stettmaier K, Michel C, Hutzler P, Mueller MJ, Durner J (2004)
Nitric oxide is induced by wounding and influences jasmonic acid
signaling in Arabidopsis thaliana. Planta 218: 938-946

Hugouvieux V, Kwak JM, Schroeder JI (2001) A mRNA cap binding protein,
ABH1, modulates early abscisic acid signal transduction in Arabidopsis.

Cell 106: 477-487

Hung KT, Kao CH (1998) Involvement of lipid peroxidation in methyl
jasmonate-promoted senescence in detached rice leaves. Plant Growth

Regul 24: 17-21

Hwang JU, Suh S, Yi H, Kim J, Lee Y (1997) Actin filaments modulate both
stomatal opening and inward K'-channel activities in guard cells of Vicia

faba L. Plant Physiol 115: 335-342

159



Chapter 10 Literature cited
llan N, Schwartz A, Moran N (1996) External protons enhance the activity of

th‘e'hyperpolarization-activated K" channels in guard cell protoplasts of
Vicia faba. J Membr Biol 154:169-181

Incoll LD, Whitelam GE (1977) The effect of kinetin on stomata of the grass,
Anthephora pubescens Nees. Planta 137: 243-245

Irving HR,' Gehring CA, Parish RW (1992) Changes in cytosolic pH and
calcium of guard cells precede stomatal movements. Proc Natl Acad Sci
USA 89: 1790-1794

Jacob T, Ritchie S, Assmann SM, Gilroy S (1999) Abscisic acid signal
transduction in guard cells is mediated by phospholipase D activity. Proc
Natl Acad Sci USA 96: 2192-2197

Jones HD, Smith SJ, Desikan R, Plakidou-Dymock S, Lovegrove A,
Hooley R (1998) Heteromeric G proteins are implicated in gibberllin
induction of a-amylase gene expression in wild oat alueron. Plant Cell
10: 245-253

Jung JY, Kim YW, Kwak JM, Hwang JU, Young J, Schroeder JI, Hwang |,
Lee Y (2002) Phosphatidylinositol 3- and 4-phosphate are required for
normal stomatal movements. Plant Cell 14: 2399-2412

Kaiser WM, Weiner H, Kandlbinder A, Tsai CB, Rockel P, Sonoda M,
Planchet E (2002) Modulation of nitrate reductase: some new insights,
an unusual case and a potentially important side reaction. J Exp Bot 53:
875-882

Kase H, Kazuyuki I, Nakanishi S, Matsuda Y, Yamada K, Takahashi M,
Murakata C, Sato A, Kaneko M (1987) K-252 compounds, novel and
potent inhibitors of protein kinase C and cyclic nucleotide-dependent
protein kinases. Biochem Biophys Res Commun 142: 436-440

Kenton P, Mur LAJ, Draper J (1999) A requirement for calcium and protein
phosphatase in the jasmonate-induced increase in tobacco leaf acid
phosphatase specificity. J Exp Bot 50: 1331-1341

Kim M, Hepler PK, Eun SO, Ha KS, Lee Y (1995) Actin filaments in mature
guard cells are radially distributed and involved in stomatal movement

Plant Physiol 109: 1077-1084

Kinoshita T, Shimazaki K (2002) Biochemical evidence for the requirement of
14-3-3 protein binding in activation of the guard-cell plasma membrane
H*-ATPase by blue light. Plant Cell Physiol 43: 1359-1365

Knight H, Knight MR (2001) Abiotic stress signaling pathways: specificity and
cross-talk. Trends Plant Sci 6: 262-267

160



Chapt
apter 10 Literature cited

Knight1;is(:2ggg_)3(2.‘.2lcium signaling during abiotic stress in plants. Int Rev Cytol

Kohler B, Blatt MR (2002) Protein phosphorylation activates the guard cell

2+ . .
?;15 9cilhannel and is a prerequisite for gating by abscisic acid. Plant J 32:

Kéhler B, Hills A, Blgtt MR (2003) Control of guard cell ion channels by
hydrogen pero_xnde and abscisic acid indicates their action through
alternate signaling pathways. Plant Physiol 131: 385-388

Kojima _H, Nakatsubo N, Kikuchi K, Kawahara S, Kirino Y, Nagoshi H,
Hirata Y, Nagano T (1998) Detection and imaging of nitric oxide with
novel fluorescent indicators: diaminofluoresceins. Anal Chem 70: 2446-
2453

Kolla VA, Suhita D, Raghavendra AS (2004) Marked changes in volume of
mesophyll protoplasts of pea (Pisum sativum) on exposure to growth
hormones. J Plant Physiol 161; 557-562

Kopka J, Provart NJ, Miiller-Réber B (1997) Potato guard cells respond to
dry soil by a complex change in the expression of the genes related to
carbon metabolism and turgor regulation. Plant J 11: 871-882

Kuhn JM, Schroeder JlI (2003) Impacts of altered RNA metabolism on
abscisic acid signaling. Curr Opin Plant Biol 6: 463-469

Kwak JM, Moon JH, Murata Y, Kuchitsu K, Leonhardt N, DeLong A,
Schroeder JI (2002) Disruption of a guard cell-expressed protein
phosphatase 2A regulatory subunit, RCN1, confers abscisic acid
insensitivity in Arabidopsis. Plant Cell 14: 2849-2861

Kwak JM, Mori |, Pei ZM, Leonhardt N, Torres MA, Dangl JLL, Bloom R,
Bodde S, Jones JDG, Schroeder JI (2003) NADPH oxidase AtrbohD
and AtrbohF genes function in ROS-dependent ABA signalling in
Arabidopsis. EMBO J 22: 2623-2633

Lamattina L, Garcia-Mata C, Graziano M, Pagnussat G (2003) Nitric oxide:
the versatility of an extensive signal molecule. Annu Rev Plant Biol 54
109-136

Leckie CP, McAinsh MR, Allen GJ, Sanders D, Hetherington AM (1998)
Abscisic acid-induced stomatal closure mediated by cyclic ADP-ribose
Proc Natl Acad Sci USA 95: 15837-15842

Lee S, Choi H, Suh S, Doo I-S, Oh K-Y, Choi EJ, Taylor SAT, Low PS, Lee
Y (1999) Oligogalacturonic acid and chitosan reduce stomatal aperture
by inducing the evolution of reaction oxygen species from guard cells of
tomato and Commelina communis. Plant Physiol 121: 147-152

161



Chapter 10 Literature cited

Lee Y, Choi YB, Suh_$, Le_e J, Assmann SM, Joe CO, Kelleher JF, Crain
RC (1996) Absc!s!c acid induced phosphoinositide turn over in guard cell
protoplasts of Vicia faba. Plant Physiol 110: 987-996

Lemichez E, Wu Y, Sanchez JP, Mettouchi A, Mathur J, Chua NH (2001)

Inactivation of AtRac1 by abscisic acid is essential for stomatal closure.
Genes Dev 15: 1808-1816

Lemtiri-Chlieh F, MacRobbie EA, Webb AA, Manison NF, Brownlee C,
Skepper JN, Chen J, Prestwich GD, Brearley CA (2003) Inositol
hexakisphosphate mobilizes an endomembrane store of calcium in
guard cells. Proc Natl Acad Sci USA 100: 10091-10095

Leon J, Rojo E, Sanchez-Serrano JJ (2001) Wound signaling in plants. J Exp
Bot 52: 1-9

Leon J, Rojo E, Titarenka E, Sanchez-Serrano JJ (1998) JA-dependent
wound signal transduction pathways are differentially regulated by
Ca?*/calmodulin in Arabidopsis thaliana. Mol Gen Genet 258: 412-419

Leonhardt N, Kwak J, Waner D, Robert N, Leonhardt G, Schroeder JI
(2004) Microarray expression analyses of Arabidopsis guard cells and
isolation of a recessive ABA hypersensitive PP2C mutant. Plant Cell 16:
596-615

Leung J, Bouvier-Durand M, Morris PC, Guerrier D, Chefdor F, Giraudat J
(1994) Arabidopsis ABA response gene ABI/1: features of a calcium-
modulated protein phosphatase. Science 264: 1448-1452

Leung J, Giraudat J (1998) Abscisic acid signal transduction. Annu Rev Plant
Physiol Plant Mol Biol 49: 199-222

Leung J, Merlot S, Giraudat J (1997) The Arabidopsis ABSCISIC ACID-
INSENSITIVE2 (ABI2) and ABI1 genes encode homologous protein
phosphatases 2C involved in abscisic acid signal transduction. Plant Cell

9: 759-71

Li J, Assmann SM (1996) An abscisic acid activated and calcium independent
protein kinase from guard cells of fava bean. Plant Cell 8: 2359-2368

Li J, Wang XQ, Watson MB, Assmann SM (2000) Regulation of abscisic acid-
induced stomatal closure and anion channels by guard cell AAPK
kinase. Science 287: 300-303

Li J, Lee YR, Assmann SM (1998) Guard cells possess a CDPK that
phosphorylates the KAT1 K channel. Plant Physiol 116: 785-795

162



Chapter 10 Literature cited

Ling V, Assn_*nann 'SM (1992) Cellular distribution of calmodulin and
calmodulin-binding proteins in Vicia faba L. Plant Physiol 100: 970-978

Lipton SA (1993) Prospects for clinically tolerated NMDA antagonists: open-

channel blockers and alternative redox states of nitric oxide. Trends
Neurosci 16: 527-532

Luan $ (2002) Signaling drought in guard cells. Plant Cell Environ 25: 229-237

MacRobbie EAC (2(_)02) Evidence for a role for protein tyrosine phosphatase in
the control of ion release from the guard cell vacuole in stomatal closure.
Proc Natl Acad Sci USA 99:11963-11968

MacRobbie EAC (1983) Effects of light /dark on cation fluxes in guard cells of
Commelina communis L. J Exp Bot 34; 1695-1710

MacRobbie EAC (1998) Signal transduction and ion channels in guard cells.
Phil Trans R Soc Lond B Biol Sci 353: 1475-1488

MacRobbie EAC (2000) ABA activates multiple Ca®* fluxes in stomatal guard
cells, triggering vacuolar K* (Rb*) release. Proc Natl Acad Sci USA 97:
12361-12368

MacRobbie, EAC (1987) lonic relations of guard cells. /n Stomatal Function
(Zeiger, E., Farquhar, G.D. and Cowan, |.R., eds.) Stanford, CA:
Stanford University Press.

Maier-Maercker U (1983) The role of peristomatal transpiration in the
mechanism of stomatal movement. Plant Cell Environ 6: 369-380

Mansfield TA, Hetherington AM, Atkinson CJ (1990) Some current aspects
of stomatal physiology. Annu Rev Plant Physiol 41: 55-75

Mason HS, Mullet HE (1990) Expression of two soybean vegetative storage
protein genes during development and in response to water deficit,
wounding, and jasmonic acid. Plant Cell 2: 569-579

Maurel C, Kado RT, Guern J, Chrispeels MJ (1995) Phosphorylation
regulates the water channel activity of the seed-specific aquaporin
alpha-TIP. EMBO J 14: 3028-35

McAinsh MR, Brownlee C, Hetherington AM (1997) Calcium ions as second
messengers in guard cell signal transduction. Physiol Plant 100: 16-29

McAinsh MR, Brownlee C, Hetherington AM (1990) Abscisic acid induced
elevation of guard cell cytosolic Ca’* precedes stomatal closure. Nature

343: 186-188

163



Chapter 10 .
ed Literature cited

McAinsh MR, Brownlee C, Hetherington AM (1992) Visualizing changes in

cytos.ollic-frt_-:‘e Ca* during the response of stomatal guard cells to
abscisic acid. Plant Cell 4: 1113-1122

McAinsh MR, Clayton H, Mansfield TA, Hetherington AM (1996) Changes in

stqmajcal behavior and guard cell cytosolic free calcium in response to
oxidative stress. Plant Physiol 111:1031-1042

McAinsh MR, Gray JE, Hetherington AM, Leckie CP, Ng C (2000) Ca®*
signaling in stomatal guard cells. Biochem Soc Trans 28: 476-481

Medrano H, Escalqna JM, Bota J, Gulais J, Flexas J (2002) Regulation of
photosynthesis of Cs plants in response to progressive drought: stomatal
conductance as a reference parameter. Ann Bot 89: 895-905

Meinhard M, Schnabl H (2001) Fusicoccin- and light-induced activation and in
vivo phosphorylation of phosphoenolpyruvate carboxylase in Vicia guard
cell protoplasts. Plant Sci 160: 635-646

Merlot S, Gosti F, Guerrier D, Vavasseur A, Giraudat J (2001) The ABI1 and
ABI2 protein phosphatases 2C act in a negative feedback regulatory
loop of the abscisic acid signaling pathway. Plant J 25: 295-303

Merlot S, Mustilli AC, Genty B, North H, Lefebvre V, Sotta B, Vavasseur A,
Giraudat J (2002) Use of infrared thermal imaging to isolate Arabidopsis
mutants defective in stomatal regulation. Plant J 30: 601-609

Meyer K, Leube MP, Grill E (1994) A protein phosphatase 2C involved in ABA
signal transduction in Arabidopsis thaliana. Science 264: 1452-1455

Miedema H, Assmann SM (1996) Membrane-delimited effect of internal pH on
the K* outward rectifier of Vicia faba guard cells. J Membr Biol 154: 227-
237

Mori IC, Muto S (1997) Abscisic acid activates a 48-kilodalton protein kinase in
guard cell protoplasts. Plant Physiol 113: 833-839

Mori IC, Pinontoan R, Kawano T, Muto S (2001) Involvement of superoxide
generation in salicylic acid-induced stomatal closure in Vicia faba. Plant

Cell Physiol 42:1383-1388

Murata Y, Pei Z-M, Mori IC Schroeder J (2001) Abscisic acid activation of
plasma membrane Ca®'-channels in guard cells requires cytosolic
NAD(P)H and is differentially disrupted upstream and downstream of
reactive oxygen species production in abi1-1 and abi2-1 protein
phosphatase 2C mutants. Plant Cell 13: 2513-2523

164



Chapter 10 Literature cited
Mustilli AC, Merlo_t S,'Vavasseur A, Fenzi F, Giraudat J (2002) Arabidopsis
OST1 protein kinase mediates the regulation of stomatal aperture by

abscisic acid and acts upstream of reactive oxygen species producti
Plant Cell 14: 3089-3099 YGen Species proguction.

Nakajima N, Saji H, Aono M, Kondo N (1995) Isolation of cDNA for a plasma

membrane H'-ATPase from guard cells of Vicia faba L. Plant Cell
Physiol 36: 919-924

Neill SJ, Desikan R, Clarke A, Hancock JT (2002) Nitric oxide is an novel

component of abscisic acid signaling in stomatal guard cells. Plant
Physiol 128: 13-16

Neill Sq, De_sikan R, Hancock JT (2003) Nitric oxide as a mediator of ABA
signaling in stomatal guard cells. Bulg J Plant Physiol (Special Issue):
124-132

Netting AG (2000) pH, abscisic acid and the integration of metabolism in
plants under stressed and non-stressed conditions: cellular responses to
stress and their implication for plant water relations. J Exp Bot 51:147-
158

Netting AG (2002) pH, abscisic acid and the integration of metabolism in
plants under stressed and non-stressed conditions. Il. Modifications in
modes of metabolism induced by variation in the tension on the water
column and by stress. J Exp Bot §3:151-173

Ng CK, Kinoshita T, Pandey S, Shimazaki K, Assmann SM (2004) Abscisic
acid induces rapid subnuclear reorganization in guard cells. Plant
Physiol 134: 1327-1331

Ng CK, McAinsh MR (2003) Encoding specificity in plant calcium signalling:
hot-spotting the ups and downs and waves. Ann Bot 92: 477-485

Ng CK, Carr K, McAinsh MR, Powell B, Hetherington AM (2001) Drought-
induced guard cell signal transduction involves sphingosine-1-
phosphate. Nature 410: 596-599

O'Donnell BV, Tew DG, Jones OT, England PJ (1993) Studies on the
inhibitory mechanism of iodonium compounds with special reference to
neutrophil NADPH oxidase. Biochem J 290: 41-49

Orozco-Cardenas M, Ryan CA (1999) Hydrogen peroxide is generated
systemically in plant leaves by wounding and systemin via the
octadecanoid pathway. Proc Natl Acad Sci USA 96: 6553-6557

Outlaw W H Jr (2003) Integration of cellular and physiological functions of
guard cell. Crit Rev Plant Sci 22: 503-529

165



Chapter 10 Literature cited

Outlaw WH Jr (1983) Current concepts on the role of potassium in stomatal
movements. Physiol Plant 59: 302-311

Outlaw WH Jr (199_0) Kinetic properties of guard-cell phosphoenolpyruvate
carboxylase. Biochem Physiol Pflanz 186: 317-325

Palmgren !VIG (2001) Plant plasma membrane H+-ATPases: Powerhouses for
Nutrient Uptake. Annu Rev Plant Physiol Plant Mol Biol 52: 817-845

Pandey S, Assmann SM (2004) The Arabidopsis putative G protein-coupled
receptor GCR1 interacts with the G protein alpha subunit GPA1 and
regulates abscisic acid signaling. Plant Cell 16: 1616-32

Pandey S, Wang XQ, Coursol SA, Assmann SM (2002) Preparation and
application of Arabidopsis thaliana guard cell protoplasts. New Phytol
153; 517-526

Parchmann S, Gundlach H, Mueller MJ (1997) Induction of 12-oxo-
phytodienoic acid in wounded plants and elicited plant cell cultures.
Plant Physiol 115: 1057-1064

Park KY, Jung JY, Park J, Hwang JU, Kim YW, Hwang |, Lee Y (2002) A
role for phosphatidylinositol 3-phosphate in abscisic acid-induced
reactive oxygen species generation in guard cells. Plant Cell 14: 2787-
2797

Parvathi K, Raghavendra A S (1997a) Blue light promoted stomatal opening
in abaxial epidermis of Commelina benghalensis is maximal at low

calcium. Physiol Plant 101: 861-864

Parvathi K, Raghavendra AS (1995) Bioenergetic processes in guard cells
related to stomatal function. Physiol Plant 93: 146-154

Parvathi K, Raghavendra AS (1997b) Both rubisco and phosphoenolpyruvate
carboxylase are beneficial for stomatal function in epidermal strips of
Commelina benghalensis. Plant Sci 124: 153-157

Pei ZM, Kuchitsu K, Ward JM, Schwarz M, Schroeder JI (1997) Differential
abscisic acid regulation of guard cell slow anion channels in Arabidopsis
wild-type and abi1 and abi2 mutants. Plant Cell 9: 409-423

Pei ZM, Murata Y, Benning G, Thomine S, Klusener B, Allen GJ, Grill E,
Schroeder JL (2000) Calcium channels activated by hydrogen peroxide
mediate abscisic acid signaling in guard cells. Nature 406: 731-734

Pei ZM, Ward JM, Harper JF, Schroeder JI (1996) A novel chloride channel in
Vicia faba guard cell vacuoles activated by the serine/threonine kinase,

CDPK. EMBO J 15: 6564-6574
166



h
Chapter 10 Literature cited

Pieterse CM, van Loon LC (1999) Salicylic acid-independent plant defense
pathways. Trends Plant Sci 4: 52-58

Prasad TK, Anderson MD, Martin BA, Stewart CR (1994) Evidence for

chilling-induced oxidative stress in maize seedlings and a regulatory role
for hydrogen peroxide. Plant Cell 6: 65-74

Raghavendra AS, Padmasree K, Saradadevi K (1994) Interdependence of
photosynthesis and respiration in plant cells: interactions between
chloroplasts and mitochondria. Plant Sci 97: 1-14

Raghavendra AS, Reddy B (1987) Action of proline on stomata differs from
that of abscisic acid, G-substances or methyl jasmonate. Plant Physiol
83:732-734

Raghavendra AS, Vani T (1989) Respiration in guard cells; pattern and
possible role in stomatal function. J Plant Physiol 135: 3-8

Reddy AR, Das VSR (1986) Stomatal movements and sucrose uptake by
guard cell protoplasts of Commelina benghalensis L. Plant Cell Physiol
27: 1565-1570

Ritte GJ, Rosenfeld K, Rohrig, Raschke K (1999) Rates of sugar uptake by
guard cell protoplasts of Pisum sativum L. related to the solute
requirement for stomatal opening. Plant Physiol 121: 647-656

Rockel P, Strube F, Rockel A, Wildt J, Kaiser WM (2002) Regulation of nitric
oxide (NO) production by plant nitrate reductase in vivo and in vitro. J

Exp Bot 63: 103-110

Rodriguez AA, Cordoba AR, Ortega L, Taleisnik E (2004) Decreased
reactive oxygen species concentration in the elongation zone contributes
to the reduction in maize leaf growth under salinity. J Exp Bot §5: 1383-

1390

Roger C, Sharpe PJH, Powell RD, Spence RD (1981) High-Temperature
disturuption of guard cells of Vicia faba effect on stomatal aperture. Plant

Physiol 67: 193-196

Romano LA, Jacob T, Gilroy S, Assmann SM (2000) Increase in cytosolic
Ca’" are not required for abscisic acid-inhibition of inward K" currents in

guard cells of Vicia faba L. Planta 211: 209-217

Rossato L, MacDuff JH, Laine P, Le Deunff E, Ourry A (2002) Nitrogen
storage and remobilization in Brassica napus L. during the growth cycle:
effects of methyl jasmonate on nitrate uptake, senescence, growth, and

VSP accumulation. J Exp Bot §3: 1131-1141

167



Chapter 10 Literature cited
Ryu CM, Murphy JF, Myspre KS, Kloepper JW (2004) Plant growth-
promotmg rhizobacteria systemically protect Arabidopsis thaliana
against Cucumber mosaic virus by a salicylic acid and NPR1-

independent and jasmonic acid-dependent signalin th P|
39: 381-392 P gnaling pathway. Plant J

Saitoh M, Ishikawa T, Matsushima S, Naka M, Hidaka H (1987) Selective

inhibition of catalytic activity of smooth muscle myosin light chain kinase.
J Biol Chem 262: 7796-7801

Sanders D, Brownlee C, Harper JF (1999) Communicating with calcium. Plant
Cell 11: 91-706

Saradadevi K, Padmasree K, Raghavendra AS (1995) Correlation between
the inhibition of photosynthesis and decrease in leaf discs or
volume/absorbance of protoplast under osmotic stress in pea (Pisum
sativum). Physiol Plant 96: 395-400

Saradadevi K, Raghavendra AS (1992) Dark respiration protects
photosynthesis against photoinhibition in mesophyll protoplasts of pea
(Pisum sativum). Plant Physiol 99: 1232-1237

Saradadevi K, Raghavendra AS (1994) Inhibition of photosynthesis by
osmotic stress in pea (Pisum sativum) mesophyll protoplasts is
intensified by chilling or photoinhibitory light: intriguing responses of
respiration. Plant Cell Environ 17: 739-746

Schauf CL, Wilson KJ (1987) Effects of abscisic acid on K+ channels in Vicia
faba guard cell protoplasts. Biochem Biophys Res Commun 145: 284-
290

Schroeder JI, Allen GJ, Hugouvieux V, Kwak JM, Waner D (2001) Guard
cell signal transduction. Annu Rev Plant Physiol Plant Mol Biol §2: 627-

658

Schroeder JI (2003) Knockout of the guard cell K" out channel and stomatal
movements. Proc Natl Acad Sci USA 100: 49764977

Schroeder JI, Hagiwara S (1989) Cytosolic calcium regulates ion channels in
the plasma membrane of Vicia faba guard cells. Nature 338: 427-43

Schroeder JI, Hagiwara S (1990) Repetitive increase in cytosolic calcium of
guard cells by abscisic acid: activation of nonselective calcium
permeable channels. Proc Natl Acad Sci USA 87: 9305-9307

Schroeder JI, Hagiwara S (1990) Repetitive increases in cytosolic Ca®* of
guard cells by abscisic acid activation of nonselective Ca®* permeable
channels Proc Natl Acad Sci USA 87: 9305-9309

168



Chapter 10 Literature cited

Schroeder Ji, Hedrich R, Fernandz JM (1984) Potassium-selective single
channels in guard cell protoplasts of Vicia faba. Nature 312: 361-362

Schroeder Ji (1988)‘}(.+ transport properties of K* channels in the plasma
membrane of Vicia faba guard cells. J Gen Physiol 92: 667-683

Schroeder JI,.Kwa.k JM, Allen GJ (2001) Guard cell abscisic acid signaling
and engineering drought hardiness in plants. Nature 410: 327-330

Schwartz A (1.985) Role of calcium and EGTA on stomatal movements in
Commelina communis. Plant Physiol 79: 1003-1005

Schwartz A, llan N, Grantz DA (1988) Calcium effects on stomatal movement
in Commelina communis L. Plant Physiol 87: 583-587

Sembdner G, Parthier B (1993) The biochemistry and the physiological and
molecular actions of jasmonates. Annu Rev Plant Physiol Plant Mol Biol
44: 569-589

Seo HS, Song JT, Cheong JJ, Lee YH, Lee YW, Lee JS, Choi YD (2001)
Jasmonic acid carboxyl methyltransferase: A key enzyme for jasmonate-
regulated plant responses. Proc Natl Acad Sci USA 98: 4788-4793

Sheen J (2001) Signal transduction in maize and Arabidopsis mesophyll
protoplasts. Plant Physiol 127: 1466-1475

Shimazaki K, Kinoshita T, Nishimura M (1992) Involvement of calmodulin
and calmodulin dependent myosin light chain kinase in blue light
dependent H" pumping by guard cell protoplast from Vicia faba L. Plant
Physiol 99: 1416-1421

Shimazaki K, Terada J, Tanaka K, Kondo N (1989) Calvin-Benson cycle
enzymes in guard-cell protoplasts from Vicia faba L. Plant Physiol 90:
1057-1064

Stadler R, Buttner M, Ache P, Hedrich R, Ivashikina N, Melzer M, Shearson
SM, Smith SM, Sauer N (2003) Diurnal and light-regulated expression
of AtSTP1 in guard cells of Arabidopsis. Plant Physiology 133: 528-537

Starling AP, Hughes G, East JM, Lee AG (1994) Mechanism of stimulation
of the calcium adenosinetriphosphatase by jasmone. Biochemistry 33:

3023-3031
Staswick PE, Su W, Howell SH (1992) Methyl jasmonate inhibition of root

growth and induction of a leaf protein are decreased in an Arabidopsis
thaliana mutant. Proc Natl Acad Sci USA 89: 6837-6840

169



Chapter 10 Literature cited

Staswick PE, Su W, H_owell SH (1992) Methyl jasmonate inhibition of root
growth and induction of a leaf protein are decreased in an Arabidopsis
thaliana mutant. Proc Natl Acad Sci USA 89: 6837-6840

Staswick PE, Tiryaki I, Rowe ML (2002) Jasmonate response locus JAR1 and
se\{eral related Arqbidopsis genes encode enzymes of the firefly
luciferase superfamily that show activity on jasmonic, salicylic, and

i1n4d1osle-3-acetic acids in an assay for adenylation. Plant Cell 4: 1405-

Staxen |, Pical C, Montgomery LT, Gray JE, Hetherington AM, McAinsh
MR (1999) Abscisic acid induces oscillations in guard cell cytosolic free
calcium that involve phosphoinositide-specific phospholipase C. Proc
Natl Acad Sci USA 96: 1779-1784

Suhita D, Kolla V A, Vavasseur A, Raghavendra AS (2003) Different
signaling pathways involved during the suppression of stomatal opening
by methyl jasmonate or abscisic acid. Plant Sci 164: 481-488

Suhita D, Raghavendra AS, Kwak JM, Vavasseur A (2004) Cytosolic
alkalinization precedes reactive oxygen species production during
methyl jasmonate- and abscisic acid- induced stomatal closure. Plant
Physiol 134: 1536-1545

Suzuki K, Fukuda Y Shinshi H (1995) Studies on elicitor signal transduction
leading to differential expression of defense genes in cultured tobacco
cells. Plant Cell Physiol 36: 281-289

Swiatek A, Lenjou M, Van Bockstaele D, Inze D, Van Onckelen H (2002)
Differential effect of jasmonic acid and abscisic acid on cell cycle
progression in tobacco BY-2 cells. Plant Physiol 128: 201-211

Talbott LD, Shmayevich IJ, Chung Y, Hammad JW, Zeiger E (2003) Blue
light and phytochrome-mediated stomatal opening in the npq1 and phot1
phot2 mutants of Arabidopsis Plant Physiol 133: 1522-1529

Talbott LD, Zeiger E (1996) Central Roles for Potassium and Sucrose in
Guard-Cell Osmoregulation. Plant Physiol 111: 1051-1057

Talbott LD, Zeiger E. (1998) The role of sucrose in guard cell osmoregulation.
J Exp Bot 49: 329-337

Tallman G (2004) Are diurnal patterns of stomatal movement the result of
alternating metabolism of endogenous guard cell ABA and accumulation
of ABA delivered to the apoplast around guard cells by transpiration? J

Exp Bot 55: 1963-1976

170



Chapter 10 Literature cited

Tarczynski MC, Outlaw WH Jr (1990) Partial characterization of guard-cell
phosphoenolpyruvgt-e. carboxylase: kinetic datum collection in real time
from single-cell activities. Arch Biochem Biophys 280: 153-158

Tarczynski MC, Outlaw WH Jr (1993) The interactive effects of pH, L-malate,

and  glucose-6-phosphate on  guard-cell phosphoenolpyruvate
carboxylase. Plant Physiol 103: 1189-1194

Thaler JS, Owen B, Higgins VJ (2004) The role of the jasmonate response in

plant susceptibility to diverse pathogens with a range of lifestyles. Plant
Physiol 135: 530-538

Torres MA, Dangl JL, Jones JD (2002) Arabidopsis gp91”"™ homologues
AtrbohD and AtrbohF are required for accumulation of reactive oxygen
intermediates in the plant defense response. Proc Natl Acad Sci USA
99: 517-522

Torsethaugen G, Pell EJ, Assmann SM (1999) Ozone inhibits guard cell K*
channels implicated in stomatal opening. Proc Natl Acad Sci USA 96:
13577-13582

Turner JG, Ellis C, Devoto A (2002) The jasmonate signal pathways Plant
Cell 14: S153-S164

Ueda J, Kato J, Yamane H, Takahashi N (1981) Inhibitory effect of methyl
jasmonate and its related compounds in kinetin induced retardation of
oat leaf senescence. Physiol Plant 52: 305-309

Van der Veen R, Heimovaara-Dijkstra S, Wang M (1992) Cytosolic
alkalization mediated abscisic acid is necessary, but not sufficient, for
abscisic acid-induced gene expression in barley aleurone protoplasts.
Plant Physiol 100: 699-705

Vani T, Raghavendra AS (1994) High mitochondrial activity but incomplete
engagement of the cyanide-resistant alternative pathway in guard cell
protoplasts of pea. Plant Physiol 105: 1263-1268.

Walker DA (1988) The use of oxygen electrode and fluorescence probes in
simple measurements of photosynthesi. 2nd edition. Oxygraphic Ltd.,

Sheffield, UK

Wang SY (1999) Methyl jasmonate reduces water stress in strawberry. J Plant
Growth Regul 18: 127-134

Wang XQ, Ullah H, Jones AM, Assmann SM (2001) G protein regulation of
ion channels and abscisic acid signaling in Arabidopsis guard cells.

Science 292; 2070-2072

171



Chapter 10
P Literature cited

Wang Y, Holroyd G, Hetherington AM, Ng CK (2004) Seeing 'cool' and 'hot'-
infrared thermography as a tool for non-invasive, high-throughput

screening of Arabidopsis guard cell signalin :
1187-1193 gnaling mutants. J Exp Bot 55:

Ward ‘_IM, Schroed_er JI (1984) Calcium-activated K* channels and calcium-
induced calcium release by slow vacuolar ion channels in guard cell

;gguoles implicated in the control of stomatal closure. Plant Cell 6: 669-

Wasternack C, Hause B (2002) Jasmonates and octadecanoids: signals in

plant stress responses and development. Prog Nucleic Acid Res Mol
Biol 72:165-221

Webb AAR, McAinsh MR, Mansfield TA, Hetherington AM (1996) Carbon

dioxide induces increases in guard cell cytosolic free calcium. Plant J 9:
297-304

Webb AAR, Hetherington AM (1997) Convergence of abscisic acid, CO, and
extracellular calcium signal transduction pathways in stomatal guard
cells. Plant Physiol 114: 1557-1560

White PJ, Broadley MR (2003) Calcium in Plants. Ann Bot 92: 487-511

Wiedhase RA, Kramell HM, Lehmann J, Liebisch W, Lerbs W, Parthier B
(1987) Methyl jasmonate-induced changes in polypeptide pattern of
senescing barley leaf segments. Plant Sci 51: 177-186

Wilkinson S, Clephan AL, Davies WJ (2001) Rapid low temperature-induced
stomatal closure occurs in cold-tolerant Commelina communis leaves
but not in cold-insensitive tobacco leaves, via a mechanism that involves
apoplastic calcium but not abscisic acid. Plant Physiol 126: 1566-1578

Willmer CM, Fricker MD. (1996) In "Stomata", Chapman and Hall (eds.) -
Edition, London, pp 1-375

Willmer CM, Padmasree K, Raghavendra AS (1999) A novel method of
measuring volume changes of mesophyll protoplasts and the effect of
mercuric chloride on their osmotically-induced swelling. J Exp Bot 50:

401-406

Wu WH, Assmann SM (1995) Is ATP required for K* channel activation in
Vicia guard cells? Plant Physiol 107: 101-109

Yamasaki H, Sakihama Y (2000) Simultaneous production of nitric oxide and

peroxynitrite by the plant nitrate reductase in vitro evidence for the NR-
dependent formation of active nitrogen species. FEBS Lett 468: 89-92

172



Chapter 10 Literature cited

Yamasaki H, Sakihama Y, Takahashi S (1999) An alternative pathway for

nitric oxide production in plants: new features of an old enzyme. Trends
Plant Sci 4: 128-129

Yoon GM, Cho HS, Hg Hq (1999) Characterization of NtCDPK1, a calcium-
Flependent protein kinase gene in Nicotiana tabacum and the activity of
its encoded protein. Plant Mol Biol 39: 991-1001

Yorio T, Royce R, Mattern J, Oakford LX, Mia AJ, Tarapoom N (1985)
Inhibition of the hydro-osmotic response to vasopressin and
hypertonicity by phenothiazines and W7, calmodulin antagonists. Gen
Pharmacol 16: 347-53

Zeiger E (1983) The biology of stomatal guard cells. Annu Rev Plant Physiol
34: 441-475

Zeiger E, Farquhar GD, Cowan IR (1987) Stomatal function, Stanford
University Press, California

Zeiger E, Zhu J (1998) Role of zeaxanthin in blue light photoreception and the
modulation of light-CO; interactions in guard cells. J Exp Bot 49: 433-
442

Zhang X, Dong FC, Gao JF, Song CP (2001a) Hydrogen peroxide-induced
changes in intracellular pH of guard cells precede stomatal closure. Cell
Res 11: 37-43

Zhang X, Miao YC, An GY, Zhou Y, Shangguan ZP, Gao JF, Song CP
(2001b) K" channels inhibited by hydrogen peroxide mediate abscisic
acid signaling in Vicia guard cells. Cell Res 11: 195-202

Zhao P, Sun G, Zeng X, Peng S, Mo X, Li Y (2000) A comparative study on
chlorophyll content, chlorophyll fluorescence and diurnal course of leaf
gas exchange of two ecotypes of banyan. Ying Yong Sheng Tai Xue
Bao 11: 327-332

Zheng ZL, Nafisi M, Tam A, Li H, Crowell DN, Chary SN, Schroeder JI,
Shen J, Yang Z (2002) Plasma membrane-associated ROP10 small
GTPase is a specific negative regulator of abscisic acid responses in
Arabidopsis. Plant Cell 14: 2787-2797

e o ke e

173



Appendix: Research Papers Published
(First page of the article is attached)



List of Publications/Under Preparation in Referred Science Journals

1. Kolla VA, Suhita D, VavasseU( A and Raghavendra AS (2004) Reevaluation
of stomatal responses to bicarbonate in abaxial epidermis of Commelina

benghalfensis in comparison to the effects of abscisic acid. Journal of
Plant Biology 31: (In Press)

2. Kolla VA, Suhita D, Raghavendra AS (2004) Marked changes in volume of

mesophyll protoplasts of pea (Pisum sativum) on exposure to growth
hormones Journal of Plant Physiology 161: 557-562.

3. Suhita D, Raghavendra AS, Kwak JM and Vavasseur A (2004) Cytoplasmic
alkalization precedes ROS production during methyl jasmonate-
and abscisic acid-induced stomatal closure. Plant Physiology 134:
1536-1545.

4. Suhita D, Kolla VA, Vavasseur A and Raghavendra AS (2003). Different

signaling pathways involved during the suppression of stomatal opening
by methyl jasmonate or abscisic acid. Plant Science 164: 481-488.

Articles under preparation

5. Suhita D, Vavasseur A and Raghavendra AS. The reactive oxygen species
and pH changes are common signaling elements during ABA or MJ-
induced shrinking of guard cell and mesophyll protoplasts of Arabidopsis
thaliana and Pisum sativum.

6. Suhita D, Kolla VA and Raghavendra AS. NO production is a common event
during the transduction by guard cells of both MJ and ABA.

ok dokok



J. Plant Biol.. Vol. 31 (2), August, 2004, pp. 1-7.
© Society for Plant Physiology and Biochemistry

Reevaluation of Stomatal Responses to Bicarbonate in
Abaxial Epidermis of Commelina benghalensis in
Comparison to the Effects of Abscisic Acid
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Stomatal opening in abaxial epidermis of Commelina benghalensis L. was monitored at varied concentrations of bicarbonate (10 uM to 5 mM)
and ABA (1 pM to 1 mM). Stomatal opening was progressively suppressed by increasing concentrations of ABA. In contrast, bicarbonate
stimulated stomatal opening at low concentrations (< 0.5 mM) and caused stomatal closure at concentrations above 2 mM. At low levels of
external caleium (< up to 10 pM), the stimulation by bicarbonate was evident, whereas the suppression of stomatal opening was pronounced
at higher calcium (above 50 uM). Thus, stimulation by bicarbonate required low calcium and suppression by bicarbonate preferred high
calcium. The effect of bicarbonate was reduced in the presence of ABA. Experiments using pharmacological compounds revealed that the
Ca™ channels mediate bicarbonate-induced stomatal closure, whereas calmodulin or phospholipases appears to be important during ABA-
induced stomatal closure. These observations suggest that the inhibition of stomatal opening by ABA was more pronounced than that by

HCO. and that the signalling components during bicarbonate-induced stomatal closure differ partly from that of ABA.

Keywords:  Stomatal response, bicarbonate, abscisic acid, calcium, signal transduction, secondary messenger, pharmacological compounds.

Introduction

The stomata offer an attractive model system for inves-
tigating the mechanism of responses to different envi-
ronment signals. The stomatal guard cells respond 1o
an array of stimuli, such as CO,, or light or hormones,
by an alteration in their cell turgor, which in turn results
in change in stomatal aperture (Willmer and Fricker,
1996 Assmann, 1999; Cousson, 2000; Outlaw, 2003).

Stomatal movements are regulated by internal and ex-
ternal factors. The most important external/environment
factors are light, CO, and temperature (Willmer and
Fricker, 1996). The stomatal opening is stimulated by
light while stomata close in response to hormone such
as ABA or atmospheric levels or higher CO,. Depend-
ing on the ambient concentration, CO; can either stimu-
late opening or cause a closure of stomata (Assmann,
1999). Such contrasting effects of CO, are highly intrigu-
ing and interesting, but are not examined in detail.

*For correspondence. (e-mail; asrsl@uohyd ernet.in)

Abscisic acid (ABA), & hormone and signal of water
stress in plants, also causes marked stomatal closure.
During the past two decades extensive work has been
done to study various aspects of stomatal closure induced
by ABA (Assmann, 1993; Giraudat, 1995; Schroeder et
al., 2001). In contrast to studies with ABA, only lim-
ited information is available on the mechanism of recep-
tion and participation of various signalling components
during stomatal closure induced by CO,.

There has been a debate on the interaction between
ABA and COj; in the regulation of stomatal movements.
An interdependence of CO, and ABA was reported during
stomatal closure in Xanthium stromarium (Raschke,
1975). However, no significant interaction between
CO; and ABA was found in stomatal responses of X.
stromariwn (Mansfield, 1976) and in Commelina (Wil-
son, 1981). Experiments with Arabidopsis thaliana and
ABA-insensitive mutants have also been ambiguous.
Leymarie er al. (1998) reported lack of complete con-
vergence of the effects of ABA and CO;, while Webb
and Hetherington (1997) suggested a convergence of
signalling components during the stomatal responses
to CO,, ABA and external calcium.
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sativum) on exposure to growth hormones

Venkat Apparao Kolla, Dontamala Suhita, Agepati S. Raghavendra*
Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad 500046, India

Received February 10, 2003 - Accepted April 15, 2003

Summary

The present study reports quick and significant changes induced by plant hormones in the volume of
mesophyll protoplasts of pea (Pisum sativun). Four plant hormones: gibberellic acid (GA3), indole
3-acetic acid (IAA), abscisic acid (ABA)(+) and methy! jasmonate (MJ), caused marked changes in
the volume of mesophyll protoplasts. GAz and IAA increased the volume of the protoplasts (up to
90 %) whereas the ABA and MJ decreased (by about 40 %) the volume. Aguaporins or water chan-
nels appear to play an important role in swelling/shrinkage of the protoplasts as indicated by the sup-
pression of volume changes by HgCl, and reversal by mercaptoethanol. The possible role of second-
ary messengers in volume changes induced by GAs was investigated by using selected pharmaco-
logical reagents. The GA; induced swelling was restricted by GDP-f-S (G-protein antagonist),
U73122 (phospholipase C inhibitor), and TFP (calmodulin antagonist), but was not affected by 1-bu-
tanol (phospholipase D inhibitor), GTP-y-S (G-protein agonist), or verapamil (calcium channel
blocker). The results suggest that the mesophyll protoplasts can be a simple and useful system for
further studies on volume changes in plant tissues.

Key words: abscisic acid - gibberellic acid - indole 3-acetic acid — methyl jasmonate - plant hormo-
nes - shrinkage - swelling

Abbreviations: GDP-B-S = Guanosine 5-O-(2-thiodiphosphate), - GTP-y-S = Guanosine 5-0-(3-
thiotriphosphate). - PLC = phospholipase C. - PLD = phospholipase D. - TFP = Trifluoperazine. -
U73122 = 1-(6-[([17B])-3-methoxyestra-1,3,5(10]-trien-17-yl)amino] hexyl)-1H-pyrrole-2,5-dione

Introduction bined use of cellulase and macerozyme (Evans 1976,
Schlangstedt et al. 1992, Devi et al. 1992). Protoplasts have
been extensively used for plant regeneration and genetic
engineering, e.g. including tissue culture (Takeuchi et al.
1998, Maurel et al. 1995) and generation of somatic hybrids
(Cai 1988). Besides their use in plant biotechnology, proto-
* E-mail corresponding author: asrsl@uohyd.ernet.in, plasts have been model systems to study various aspects of
as_raghavendra@yahoo.com plant metabolism, such as photosynthesis, respiration and

Plant protoplasts can be prepared from a wide range of tis-
sues (e.g., cells, suspension cultures, epidermis, coleoptiles,
or root tips) by simple enzymatic methods involving the com-

0176-1617/04/161/05-557 § 30.00/0



Cytoplasmic Alkalization Precedes Reactive Oxygen

Species Production during Methyl Jasmonate- and
Abscisic Acid-Induced Stomatal Closure’
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Signaling events during abscisic acid (ABA) or methyl jasmonate (M])-induced stomatal closure were examined in Arabidopsis
wild type, ABA-insensitive (0st1-2), and MJ-insensitive mutants (jar1-1) in order to examine a crosstalk between ABA and M]
signal transduction. Some of the experiments were performed on epidermal strips of Pisum sativum. Stomata of jarl-1 mutant
plants are insensitive to MJ but are able to close in response to ABA. However, their sensitivity to ABA is less than that of wild-
type plants. Reciprocally, the stomata of 0st1-2 are insensitive to ABA but are able to close in response to M] to a lesser extent
compared to wild-type plants. Both MJ and ABA promote H,0, production in wild-type guard cells, while exogenous
application of diphenylene iodonium (DPI) chloride, an inhibitor of NAD(P)H oxidases, results in the suppression of ABA- and
MJ-induced stomatal closure. ABA elevates H,0, production in wild-type and jari-1 guard cells but not in 0st1-2, whercas M|
induces H,0, production in both wild-type and ost1-2 guard cells, but not in jar1-1. MJ-induced stomatal closing is suppressed
in the NAD(P)H oxidase double mutant atrbohD/F and in the outward potassium channel mutant gorkl. Furthermore, M]
induces alkalization in guard cell cytosol, and MJ-induced stomatal closing is inhibited by butyrate. Analyses of the kinetics of
cytosolic pH changes and reactive oxygen species (ROS) production show that the alkalization of cytoplasm precedes ROS
production during the stomatal response to both ABA and M]. Our results further indicate that JARI, as OST1, functions
upstream of ROS produced by NAD(P)H oxidases and that the cytoplasmic alkalization precedes ROS production during M|

or ABA signal transduction in guard cells.

Methyl jasmonate (M]), a linolenic acid derivative, is
involved in plant development and defense and is
overproduced during wounding, fruit ripening, and
drought stress (Creelman and Mullet, 1997). M] affects
plant transpiration (Lee et al., 1996; Wang, 1999) by
promoting stomatal closure (Raghavendra and Reddy,
1987; Gehring et al., 1997; Suhita et al., 2003). MJ-
induced stomatal closure is accompanied by an alkali-
zation of the guard cell cytoplasm in Paphiopedilum
spp. (Gehring et al., 1997). A recent study has shown
that this response to MJ requires external calcium and
involves a calmodulin-like domain, obviously of a pro-
tein kinase (Suhita et al., 2003). Interestingly, Evans
(2003) demonstrated that M] activates the outward
potassium channel from guard cell protoplast of Vicia

"This work was supported by grants from the Indo-French
Centre for the Promotion of Advanced Research (grant no. 2203-1 to
AS.R.and A.V.) and the Council of Scientific and Industrial Research
[grant no. 38(0949)/99/EMR-II to A.S.R.], both from New Delhi.
JMK. was supported by a fellowship from the Human Frontier
Science Program.
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Article, publication date, and citation information can be found at
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faba, the main conductance allowing K* efflux and loss
of turgor. These steps of cytoplasmic pH modification
(Irving et al., 1992) and modulation of potassium chan-
nels at the guard cell plasma membrane (Armstrong
et al., 1995) are also involved in abscisic acid (ABA)-
induced stomatal closure.

In addition, cytoplasmic calcium waves (Allen et al.,
2000), protein (de)phosphorylation (Leung et al., 1994,
1997; Meyer et al., 1994; Li et al., 2000; Merlot et al.,
2001; Kwak et al., 2002; Mustilli et al.,, 2002) and
reactive oxygen species (ROS) have all been identified
to participate in ABA signaling (Gomez-Cadenas et al.,
1999; Guan et al., 2000; Pei et al., 2000; Zhang et al.,
2001a, 2001b; Kliisener et al., 2002). In guard cells, ABA
induces ROS production, which in turn activates Ca®*
channels at the plasma membrane (Pei et al., 2000;
Murata et al., 2001). Further, ABA-induced elevation
in cytosolic Ca®* leads to activation of slow anion
channels and inactivation of inward rectifying K"
channels. The consequences are K" efflux, guard cell
turgor reduction, and stomatal closure. Interestingly,
M] together with various elicitors also induces an
accumulation of H,0, in leaves (Orozco-Cardenas and
Ryan, 1999). Thus, it is likely that ABA and M] trans-
duction pathways leading to stomatal closure involve
overlapping signaling elements. Such interaction has
already been suggested by Herde et al. (1997) who

1536 Plant Physiology, April 2004, Vol. 134, pp. 15361545, www.plantphysiol.org © 2004 American Society of Plant Biologists



Available online at www.sciencedirect.com
SCIENCE @om.c'r-

Plant Science 164 (2003) 481488

plANgCENCE

www.clsevier.com/locate/plantsci

Different signaling pathways involved during the suppression of
stomatal opening by methyl jasmonate or abscisic acid

Dontamala Suhita®, Venkat Apparao Kolla? Alain Vavasseur o Agepati
S. Raghavendra **

* Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad 500046, India
b CEA/Cadarache-DSV-DEVM, Laboratoire des Echanges Membranaires et Signalisation, UMR 163 C. NRS-CEA, 13108 St. Paul lez Durance Cedex,
France

Received 19 August 2002; received in revised form |1 December 2002; accepted 11 December 2002

Abstract

The stomatal opening in abaxial epidermal strips of Nicotiana glauca is suppressed by the presence of abscisic acid (ABA) or
methyl jasmonate (MJ). The role of calcium and related secondary messengers/signaling compounds during the restriction of
stomatal opening by ABA or MJ was assessed. External calcium promoted, while EGTA prevented the process of stomatal closure,
in case of both ABA and MJ. However, the effect of EGTA was more pronounced in the case of MJ than that of ABA. These
observations established that the intracellular calcium is an important factor during stomatal closure induced not only by ABA but
also by MJ. Lanthanum, verapamil, ruthenium red (Ca** channel blockers), trifluoperazine and W7 (calmodulin (CaM)
antagonists) prevented MJ-induced stomatal closure but had only a partial effect on ABA-mediated stomatal closure, In contrast,
U73122, 1-butanol (phospholipase C/D inhibitors) and phorbol myristate acetate (PMA, protein kinase C activator) reversed the
stomatal closure caused by ABA but not that by MJ. Thus, the suppression of stomatal opening by ABA appears to be more
dependent on phospholipases and protein kinase C than that by MJ. Similarly, the action of MJ on stomata seems to be crucially
dependent on CaM and calcium channels of the guard cells. We suggest that MJ could be a useful tool, besides ABA, 1o analyze the

sequence and pattern of signal transduction in stomatal guard cells.

© 2003 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Stomatal movement is regulated markedly by plant
hormones. Abscisic acid (ABA) and methyl jasmonate
(MJ) suppress stomatal opening, while cytokinins and
IAA promote stomatal opening [1-4]. The mechanism
of ABA effects on guard cells has been studied
extensively [5,6]. The modulation of cytosolic free

Abbreviations: ABA, abscisic acid, CaM, calmodulin; DAG,
diacylglycerol; InsP;, inositol-1,4,5-triphosphate; MJ, methyl
jasmonate; PIP,,  phosphatidylinositol-4,5-bisphosphate;  PKC,
protein kinase C; PLC, phospholipase C; PLD, phospholipase D,
PMA, phorbol myristate acetate; TFP, trifluoperazine; U73122, 1-[6-
[17B-3-methoxyestra-1,3,5(10)-trien-17-ylJaminohexyl]- 1 H-pyrrole-2,5-
dione; W7, N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide.
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calcium (Ca’*) in guard cells seems to be a major
factor during ABA-induced restriction of stomatal
opening [5-7]. ABA induces an increase in cytosolic
free calcium of guard cell possibly by the influx as well
as the release from internal ‘stores such as vacuole or
endoplasmic reticulum [8-10].

The involvement of Ca®* during signal transduction
pathway in guard cell responses has been of great
interest. Elevated levels of extracellular Ca’* lead to
stomatal closure even in the presence of high K* or low
CO; [11-14]. Similarly, stomatal closure in response to
darkness, or elevated CO, or ABA is prevented by the
presence of EGTA, a Ca®* -chelator [11-13]. Ca’* may
act on guard cells in several ways: inhibition of inward
K™* channels, stimulation of Cl~ efflux leading to
depolarization of plasma membrane, and interaction
with calmodulin (CaM) [6,14,15].

0168-9452/03/8 - see front matter © 2003 Elsevier Science Ireland Ltd. All rights reserved.
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