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CHAPTER 1

General Introduction

1.1 Plant responses to stress

Any unfavorable condition or substance that negatively affects plants
metabolism, growth, development, productive capacity or survival can be
considered as stress. Stress includes a wide range of factors which can be divided
into two main categories: abiotic or environmental stress factors, and biotic or
biological stress factors. Among the environmental conditions that may be
considered as stress factors are drought, waterlogging, high or low solar radiation,
extreme temperatures, ozone, salinity, and inadequate mineral nutrient in the soil.
A stress response is initiated when plant recognizes stress at the cellular level.
Stress triggers plant responses ranging from altered gene expression to changes in
plant metabolism and growth. Stress recognition activates signal transduction
pathways that transmit information within the individual cells and throughout the
plant. To survive with these challenges, plant defense responses rely on signaling
mechanisms of hormones and other plant specific substances (Zhang et al., 2008;

Bostoc, 2005).

1.2 Stomata

Stomata are important organs in leaf surfaces of higher plants to regulate
carbon dioxide (CO;) uptake for photosynthesis and transpiration water loss
(Schroeder et al. 2001; Hetherington et al., 2003). To adapt various environmental

changes including light intensity, humidity, and carbon dioxide (CO,)



concentration, plants tightly regulate own stomatal apertures. The term “stoma”
denotes a mouth in greek and like a mouth, each stoma has a lip surrounding the
pore, which is formed by a pair of highly specialized cells called “guard cells” (Fig.
1.1) Stomatal movements strongly dependent on guard cell volumes. Stomata open
as guard cell volumes increase. In contrast, stomata close as guard cell volume
decrease. Until now, so maney studies have been established to elucidate guard
cell signaling and a large number of factors working in this signaling have been
found. However, detail mechanism of guard cell signaling is not yet fully

understood.

Figure 1.1 Arabidopsis stoma

1.3 Guard cell signaling

Stomatal pores are surrounded by a pair of specialized parenchyma cells
known as guard cells. Most importantly stomata control the exchange of water vapor
and carbon dioxide (CO,) between the leaf interior and the atmosphere, thus
controlling the water and carbon cycles in the world. In drought condition guard
cells reduce stomatal aperture, thereby protecting the plant from transpiration water

loss. Because they regulate stomatal pore apertures via integration of endogenous



hormonal stimuli and environmental signals, guard cells have been highly developed
as a model system to dissect the dynamics and mechanisms of plant-cell signaling
(Kim et al., 2010). A number of environmental factors including light, CO,
concentration, humidity, temperature and plant hormones like abscisic acid (ABA),
methyl jasmonate (MeJA), salicylic acid (SA), elicitors induce stomatal opening and
closing (Schroeder et al., 2001a, b; Hetherington and Woodward, 2003; Suhita et al.,
2004; Young et at., 2006; Munemasa et al., 2007, 2011; Islam et al., 2010a, b;

Khokon et al., 2010 a,b; 2011a).

High CO,,
drought, salinity,
pathogen attack,

—
—

Light, low COs,
high humidity

Figure 1.2 A model showing closing and opening of stoma under various

conditions.

1.4 Abscisic acid

Abscisic acid (ABA) is a plant hormone that controls important
developmental and abiotic stress responses, including seed dormancy, seed
development, growth regulation and stomatal closure. ABA was identified in plants

in 1960s (Ohkuma et al., 1963). ABA has a central role in protecting plant against



water deficiency by regulating the stomatal aperture and minimizing water loss
through stomata. In response to water deficiency, enhanced biosynthesis of ABA
occurs, foliar ABA moves to apoplast and accumulates preferentially in guard cells
where its concentration is increased up to 30-fold (Outlaw, 2003). ABA
accumulation induces stomatal closure and differential gene expression.
Furthermore, ABA inhibits light-induced stomatal opening to prevent water loss by
transpiration (Garcia-Mata and Lamattina, 2007; Schroeder et al., 2001b).

Protein phosphorylation and dephosphorylation are important mediators of
ABA signal transduction (Schroeder et al., 2001a, b). ABA-activated protein kinase
(AAPK), calcium dependent protein kinases CPK3, CPK4, CPK6, and CPK11,
mitogen-activated protein kinases MPK3, MPK9, and MPK12 all mediate ABA
signaling in guard cells (Li et al., 2000; Mori et al., 2006; Zhu et al., 2007; Jammes
et al., 2009; Gudesblat et al., 2007). Protein phosphatase type 2C enzymes ABI1,
ABI2, and HABL1 are all negative regulators of ABA signaling (Leung et al., 1994;
Merlot et al., 2001; Rodriguez et al., 1998; Saez et al., 2004). In contrast, the protein
phosphatase type 2A (PP2A) RCN1 functions as a positive regulator of ABA
signaling (Kwak et al., 2002). It has been proposed that ABA can be perceived both
inside and outside the cell, thus multiple ABA receptors have been proposed to exist
(Bray et al., 1997). The existence of cytosolic ABA receptors was recently
confirmed by the discovery of the PYR/PYL/RCAR proteins (Ma et al., 2009, Park
et al., 2009). After the identification of PYR/PYL/RCAR receptors, the crystal
structure was reported by several groups (Nishimura et al., 2009; Santiago et al.,
2009; Yin et al.,, 2009). Endogenous ABA is required for MeJA signaling in

Arabidopsis (Hossain et al., 2011).



1.5 Methyl jasmonate

The volatile phytohormone methyl jasmonate (MeJA) is a linolenic acid
derivate initially identified from flowers of Jasminum grandiflorum, and has proven
to be distributed ubiquitously in the plant kingdom (Cheong et al., 2003). MeJA
regulates various physiological processes, including pollen maturation, tendril
coiling, and responses to wounding and pathogen attack (Liechti and Farmer, 2002;
Turner et al., 2002). Similar to ABA, MeJA plays a role in the induction of stomatal
closure (Gehring et al., 1997; Suhita et al., 2003, 2004, Munemasa et al., 2007,
Islam et al., 2010a).

MeJA- and ABA-induced stomatal closure comprise of similar events such
as cytosolic alkalization, NADPH oxidase dependent H,O, production, NO
production, [Ca2+]cyt oscillations, activation of Ic, channels, S-type anion channels
and K" outward rectifying channels (Ko.t). However, MeJA as well as ABA induce
stomatal closure with their signaling crosstalk. The jasmonate insensitive
Arabidopsis mutants, jarl-1 (Suhita et al., 2004) and coil (Munemasa et al., 2007)
lack the ability to close stomata in response to MeJA, whereas these mutants possess
responsiveness to ABA. Elevation of ROS, activation of Ic, channels and S-type
anion channels induced by MeJA were not observed in coil mutant (Munemasa et
al., 2007). Meanwhile, MeJA did not increase ROS level in jarl-1 guard cells
(Suhita et al., 2004). On the other hand, ost1-2 guard cells are responsive to MeJA in
stomatal closure and ROS accumulation, but insensitive to ABA (Suhita et al., 2004).
Little is known about the physiological mechanism of stomatal movement by apart

from ABA, other phytohormones including MeJA and about these signaling



interactions in guard cells.

1.6 Salicylic acid

Salicylic acid (SA) (C6H4(OH)COOH) is a monohydroxybenzoic acid, a
type of phenolic acid and a beta hydroxy acid and is widely used in organic
synthesis and functions as a phytohormone. SA plays role in plant growth and
development, photosynthesis, transpiration, ion uptake and transport. SA also
induces specific changes in leaf anatomy and chloroplast structure. SA is involved in
endogenous signaling, mediating in plant defense against pathogens (Hayat et al.
2007). It plays a role in the resistance to pathogens by inducing the production of
pathogenesis-related proteins and involved in the systemic acquired resistance
(SAR) in which a pathogenic attack on one part of the plant induces resistance in
other parts. The signal can also move to nearby plants by salicylic acid being
converted to the volatile ester, methyl salicylate. SA induces stomatal closure
(Manthe et al., 1992; Lee and Raskin, 1998; Mori et al., 2001; Khokon et al., 2011;
Grant and Lamb, 2006). SA-induced stomatal closure is accompanied by
peroxidase-mediated extracellular ROS production and intracellular ROS
accumulation (Mori et al. 2001; Khokon et al. 2011). The detailed mechanism of SA

signaling is not yet well understood.

1.7 Elicitors
Elicitors are chemicals or biofactors that can induce physiological changes
of the target living organism. Elicitors are generally defined as molecules that

stimulate any defense responses of plants. It may include abiotic elicitors such as


http://en.wikipedia.org/wiki/Monohydroxybenzoic_acid
http://en.wikipedia.org/wiki/Beta_hydroxy_acid
http://en.wikipedia.org/wiki/Organic_synthesis
http://en.wikipedia.org/wiki/Organic_synthesis
http://en.wikipedia.org/wiki/Photosynthesis
http://en.wikipedia.org/wiki/Transpiration
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Chloroplast
http://en.wikipedia.org/wiki/Endogenous
http://en.wikipedia.org/wiki/Pathogens
http://en.wikipedia.org/wiki/Pathogenesis-related_protein
http://en.wikipedia.org/wiki/Systemic_acquired_resistance
http://en.wikipedia.org/wiki/Methyl_salicylate

metal ions and inorganic compounds, and biotic elicitors from fungi, bacteria,
viruses or herbivores, plant cell wall components, as well as chemicals that are
released at the attack site by plants upon pathogen or herbivore attack. It is well
known that treatment of plants with elicitors, or attack by incompatible pathogens,
causes an array of defense reactions, including the accumulation of a range of plant
defensive secondary metabolites such as phytoalexins in intact plants or in cell
cultures. However, with regard to signal transduction from elicitor perception to
defense reactions in plants, the term elicitor as used here only refers to fragments
from fungal or plant cell wall components, bacterial, virus or herbivore constituents,

or synthetic analogs with elicitor activity (Zhao et al. 2005).

1.7.1 Yeast elicitor

Yeast elicitor is a fungal elicitor which stimulates the defense responses of
plants (Zhao et al. 2005). Crude extract collected from baker’s yeast
(Saccharomyces cerevisiae) was used in this study. Yeast elicitor induces stomatal
closure in Arabidopsis requiring extracellular Ca®* (Kliisener et al. 2002). Fungal
elicitor like Fusarium oxysporum cell wall preparation has been reported to induce
oxidative burst during defense response in Arabidopsis and conferred resistance to
wide range of pathogens (Bindschedler et al. 2006). Yeast elicitor has been reported
to induce ROS production, [Ca2+]cyt oscillation, and activation of S-type anion
channels in guard cells leading to stomatal closure (Klisener et al. 2002; Khokon et
al. 2010b; Wu et al. 2011; Salam et al., 2013). However, the detailed signaling of

yeast elicitor has not yet been completely elucidated.



1.7.2 Chitosan

Chitosan (B-1,4-linked glucosamine) is a deacylated derivative of chitin
that is a component of the cell walls of many fungi (Bartnicki-Garcia, 1970). It can
be produced by the activity of the enzyme chitinase, one of the pathogenesis-related
proteins that are activated during infection and are toxic to invading pathogens
(Mauch et al. 1988). Chitosan is a linear polysaccharide composed of randomly
distributed B-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit). It has a number of commercial and possible
biomedical uses. Chitosan is produced commercially by deacetylation of chitin,
which is the structural element in the exoskeleton of crustaceans (such as crabs and
shrimp) and cell walls of fungi. Chitosan increases photosynthesis, promotes and
enhances plant growth, stimulates nutrient uptake, increases germination and
sprouting, and boost plant vigors. Chitosan has been reported to induce stomatal
closure in several plant species (Lee et al. 1999; Klisener et al. 2002; Srivastava et
al. 2009; Khokon et al. 2010a; Salam et al., 2012). Chitosan induces ROS
accumulation, cytosolic alkalization, [Ca2+]cyt oscillation, and activation of S-type
anion channels (Lee et al. 1999; Klusener et al. 2002; Srivastava et al. 2009;
Khokon et al. 2010a; Koers et al. 2011; Salam et al., 2012). However, the detailed

signaling of chitosan has not yet been fully understood.

1.8 Second messengers in guard cell signaling
Second messengers such as reactive oxygen species (ROS), cytosolic
alkalization, and Ca®* are crucial mediators in guard cell signaling in response to

different factors regulating the stomatal aperture.
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1.8.1 Reactive oxygen species

Reactive oxygen species (ROS) are important signals mediating stomatal
movements and other physiological processes in plants (Desikan et al., 2004; Foyer
and Noctor, 2005). ROS comprise of singlet oxygen (*O), super oxide anion (O"),
hydrogen peroxide (H.O,) and hydroxyl radical (OH"). Plants accumulate ROS
continuously as a side product from metabolism, which is strictly controlled. During
stress situations the formation of ROS increases and regulates important downstream
signaling events in plant defence reactions. ROS control cell growth and cycle,
program cell death, stress responses, and hormonal signaling (Allan and Fluhr, 1997;
Foreman et al., 2003; Pei et al., 2000; Torres et al., 2002). When the production of
ROS exceeds the degrading capacity, it can lead to oxidative stress and possible
injury (Zhang et al., 2001).

There are different sources of ROS like mitochondria, chloroplasts, plasma
membrane bound NADPH oxidases, cell wall peroxidases, peroxisomes and
glyoxysomes (Asada, 2006; del Rio et al., 2006; Allan and Fluhr, 1997; Pei et al.,
2000; Zhang et al., 2001). ROS function as a second messenger in ABA and MeJA
signal transduction cascade in guard cells (Pei et al., 2000; Murata et al., 2001;
Suhita et al., 2004; Bright et al., 2006; Munemasa et al., 2007; Saito et al., 2008;
Islam et al., 2009; Islam et al., 2010a). NADPH oxidases mediated ROS generation
is considered as major sources for ABA- and MeJA-induced stomatal closure in
Arabidopsis (Kwak et al., 2003; Suhita et al., 2004). H,O, causes an increase in
guard cell cytosolic free Ca?*, anion channel activation and stomatal closure

(McAinsh et al., 1996; Zhang et al., 2001).



1.8.2 Cytosolic alkalization (pH )

Increment of guard cells cytosolic alkalization (pH ) is a common
phenomenon in stomatal closure (Irving et al., 1992; Gehring et al., 1997; Suhita
et al., 2004; Gonugunta et al., 2008). Changes in (pH cy) in guard cells are closely
involved in the modulation of ion mobilization leading to stomatal movement
(Islam et al., 2010). ABA inhibits plasma membrain H+-ATPase activity and
activates vacular H+-ATPase (V-ATPase) activity, resulting in cytosolic
alkalization (Goh et al., 1996; Barklay et al., 1999; Zhang et al., 2004) Cytosolic
alkalization also activates outward K" currents and inactivates inward K* currents

to promote net efflux of K* in guard cells (Blatt and Armstrong, 1993).

1.8.3 Calcium

The calcium ion (Ca®") plays a role in the regulation of cellular function
as a major intracellular messenger. Changes in cytosolic Ca®* concentration take
place in response to a wide variety of abiotic and biotic signals (Sanders et al.,
1999; Sanders et al., 2002). Ca?* is stored both in extra- and intracellular stores.
Inside the cell, the vacuole is the most prominent Ca®* storage place, but its
concentration is higher than in the cytosol also in the endoplasmic reticulum,
mitochondria and chloroplasts. The unequal Ca?* distribution in the cell makes
rapid Ca®* concentration changes and fluxes possible (Kudla et al., 2010).
Different effectors can induce an elevation in cytosolic Ca®* in guard cells.
Cytosolic Ca”* elevation can be achieved by Ca** influx from the apoplast into the

cytosol via hyperpolarization activated Ca®* channels in the plasma membrane of

-10.



guard cells and by its release from intracellular stores, primarily from the vacuole.
Cyclic adenosine 5'-diphosphoribose (CADPR) and cyclic guanosine 3'5'-
monophosphate (¢cGMP) mediate intracellular Ca** release during stomatal closure
(Garcia-Mata et al., 2003). Both ABA and MeJA activate Ca**-permeable cation
channels and elicit [Ca*"]., oscillation of various frequencies and amplitudes
(Allen et al., 2002; Kwak et al., 2003, Munemasa et al., 2007, 2011, Islam et al.,

20104, b).

1.9 Arabidopsis mutants

Arabidopsis is a model plants having a large collection of mutants with
defect in different defense and stress related signaling pathways and use of these
mutants makes it possibility to determine which pathways are controlling an
observed response (Glazebrook, 1997). Genetical, pharmacological, cell
bioliological and electrophysiological studies have elucidated the multiple
regulatory protein components, enzymes and second messengers involved in ABA,
MeJA, and SA signaling and biosynthesis (Schroeder et al., 2001; Munimasa et al.,
2007; Khokon et al., 2011). In my experiment, several Arabidopsis mutants aba2-
2, aos, nahG, sid2, acd6, sizl-2 were used to clarify the involvement of

phytohormons ABA, MeJA or SAin SA, YEL, and CHT, signaling.

1.9.1 aba2-2 mutants
ABA-deficient mutant of Arabidopsis thaliana has been isolated in order
to clarify the physiological role of ABA in seed dormancy and the adaptive

response to dehydration (Nambara et al., 1998). Genetic analysis showed this

.11.



mutation is a new allele of locus aba2, and therefore has been designated aba2-2.
ABA2 encodes a cytosolic short-chain dehydrogenase/reductase involved in the
conversion of xanthoxin to ABA-aldehyde during ABA biosynthesis. The levels of
endogenous ABA in fresh and dehydrated tissues of the aba2-2 mutant were
highly reduced compared to those of wild-type plants (Nambara et al., 1998). As a
consequence, aba2-2 plants wilt and produce seeds with reduced dormancy. In
these experiments, | used aba2-2 mutant to elucidate the involvement of
endogenous ABA in SA, YEL, and CHT, signaling signaling. Arabidopsis genome

initiative numbers for ABA2 gene is AT1G52340.

1.9.2 aos mutants

An Arabidopsis knock-out mutant defective in the jasmonic acid (JA)
biosynthetic gene CYP74A (allene oxide synthase, AOS) has been isolated to
better understand the biosynthetic mechanism of JA (Park et al., 2002). AOS is
critical for the biosynthesis of all biologically active jasmonates and this enzyme
catalyses dehydration of the hydroxypeeroxide to an unstable allene oxide in the
JA Dbiosynthetic pathway. In Arabidopsis AOS is encoded by a single gene
(Luddert and Weiler, 1998).Endogenous JA levels, which increase 100-fold 1 h
after wounding in the wild-type plants, do not increase after wounding in the aos
mutants (Park et al., 2002). The aos mutant shows severe mail sterility due to
defects in anther and pollen development. The mail-sterility phenotype was
completely rescued by exogenous application of MeJA and by complementation
with constitutive expression of the AOS gene (Park et al., 2002). In these

experiments, | used aos mutant to investigate the involvement of endogenous

-12.



MeJAin SA, YEL, and CHT signaling. Arabidopsis genome initiative numbers for

AOS gene is AT5G 42650.

1.9.3 nahG transgenic plants

Transgenic Arabidopsis plants that express the bacterial nahG gene
encoding salicylate hydroxylase can metabolize SA (Lawton et al., 1995). The
bacterial nahG gene encodes salicylate hydroxylase, an enzyme produced by
Pseudomonas putida that metabolizes SA to catechol (You et al., 1991). Salicylate
hydroxylase (E.C. 1.14.13.1), encoded by the nahG gene of Pseudomonas putida,
is a flavoprotein that catalyzes the decarboxylative hydroxylation of salicylate,
converting it to catechol (11 Yamamoto et al., 1965). Salicylate hydroxylase leades
to large decreases in endogenous SA levels in nahG transgenic Arabidopsis plants
(Friedrich et al., 1995). Leaves of nahG transgenic lines show around 25% SA
levels compared with those of wild-type plants (Abreu et al., 2009). Arabidopsis
nahG plants are defective in non-host resistance to pathogen. A DNA fragment
containing the nahG coding sequence from P. putida PpG7 was subcloned from
pSR20 into an expression vector in which transcription is controlled by the
enhanced 35S cauliflower mosaic virus promoter and terminated by the tmnl 3'

terminator.

1.9.4 acd6 mutants
A dominant gain-of-function Arabidopsis mutant, accelerated cell death
(acd6), reveals novel regulation and function of the SA signaling pathway in

controlling cell death, defenses, and cell growth (Rate et al., 1999). ACD6 encodes

-13.



a novel protein with putative ankyrin and transmembrain region (Lu et al., 2003).
Plants overexpressing ACD6 shows modestly increased SA levels, increased
resistance to P. syringae. These plants show small spontaneous patches of cell
death and high level of resistance to P. syringae. acd6 plants have high levels of
defenses that require SA as a sole activator as well as defenses that require SA as a
coactivator. acd6 acts partially through a NON EXPRESSOR OF PR1 (NPR1)
gene-independent pathway that activates defenses and confers resistance to P

syringae (Rate et al., 1999).

1.9.5 siz1 mutants

AtSIZ1 is a plant small ubiquitin-like modifier (SUMO) E3 ligase and is
a focal controller of Pi starvation-dependent responses. AtSIZ1 has SUMO E3
ligase activity in vitro, and immunoblot analysis revealed that the protein
sumoylation profile is impaired in sizl plants. It has been reported that the sizl
mutation, which is impaired in the S1Z-type small ubiquitin-like modifier (SUMO)
E3 ligase in Arabidopsis (Miura et al., 2005), conferred ABA hypersensitivity
(Miura et al., 2009; Miura and Hasegawa, 2009) and enhanced the accumulation of
SA and SA-inducible gene transcripts (Lee et al., 2007). Sumoylation functions in
plant development, stress responses and flowering (Miura et al., 2007a; Miura and
Hasegawa, 2010), and S1Z1 SUMO E3 ligase plays an important role in the
regulation of these functions (Miura et al., 2005, 2007b, 2009, 2010, 2011a,b; Yoo
et al., 2006; Catala et al., 2007; Lee et al., 2007; Jin et al., 2008). SIZ1 negatively
affects stomatal apertures through the SA-induced ROS accumulation,

independent of ABA hypersensitivity.

-14-



1.9.6 sid2 mutants

SA induction-deficient ( sid2 ) mutant is more susceptible to P. syringae
and Peronospora parasitica and show a reduced SAR response. Contrary to our
extensive knowledge concerning SA-mediated signal transduction, little is known
about the control of SA biosynthesis. The biosynthesis of SA is strongly induced
upon pathogen infection. This pathogen-induced SA biosynthesis is controlled by
SID2, which encodes isochorismate synthase 1 (ICS1; Wildermuth et al., 2001).
Arabidopsis sid2 mutants are defective in pathogen-induced SA accumulation and
are severely compromised in disease resistance to biotrophic pathogens (Nawrath
and Metraux, 1999; Wildermuth et al., 2001). Thus, the regulation of SID2

expression is fundamental to plant immunity.

1.10 Purpose of the study
The aim of this study is to obtain novel information about the regulation

of SA, YEL, and CHT signaling in the model plant Arabidopsis thaliana.

Specific aims were as follows:
1. To investigate involvement of endogenous ABA or JA in SA, YEL, and
CHT signal transduction.
2. To investigate involvement of endogenous SA in YEL- and CHT-induced

stomatal closure.
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Chapter 2

Neither endogenous abscisic acid nor endogenous jasmonate is
involved in salicylic acid-, yeast elicitor-, or chitosan-induced

stomatal closure in Arabidopsis thaliana

2.1 Abstract

Salicylic acid (SA), yeast elicitor (YEL), and chitosan (CHT) induced
stomatal closure in Arabidopsis wild-type and aba2-2 plants, induced stomatal
closure in fluridon-treated wild-type plants, and induced stomatal closure in aos
mutants. These results suggest that neither endogenous abscisic acid nor
endogenous jasmonic acid is involved in SA-, YEL-, or CHT-induced stomatal

closure.

2.2 Introduction

SA is a phenolic plant hormone that induces stomatal closure in several
plant species and plays a crucial role in plant defense (Lee et al., 1998; Mori et al.,
2001; Khokon et al., 2011a). YEL induces stomatal closure in Arabidopsis
thaliana (Klusener et al., 2002; Khokon et al., 2010b; Salam et al., 2012), and a
fungal elicitor, CHT (B-1,4-linked glucosamine), a deacetylated derivative of
chitin, induces stomatal closure in several plant species (Lee et al., 1999;
Srivastava et al., 2009; Khokon et al., 2010a).

We have found that methyl jasmonate (MeJA)-induced stomatal closure

required endogenous abscisic acid (ABA), and that allyl isothiocyanate (AITC)-
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induced stomatal closure required endogenous jasmonates (JAs) in Arabidopsis
(Hossain et al., 2011; Khokon et al., 2011b), but it remains to be clarified whether
ABA or JAis involved in SA-, YEL-, or CHT-induced stomatal closure.

Short-chain alcohol dehydrogenase, ABA2, is critical to the biosynthesis
of ABA. In aba2 mutants, endogenous ABA levels are lower than in wild-type
plants (Nambara et al., 1998). Fluridon (FLU: 1-methyl-3-phenyl-5-[3-
trifluromethyl (phenyl)]-4-(1H)-pyridinone) is an inhibitor of ABA biosynthesis
(Gamble and Mullet, 1986), and it decreases endogenous ABA levels (Moore and
Smith, 1984). Allene oxide synthase (AOS) is essential to the biosynthesis of Jas
(Park et al., 2002). In aos mutants, the levels of JAs are lower than in wild-type
plants (Park et al., 2002).

In order to determine whether endogenous ABA or JAs is involved in
SA-, YEL-, or CHT-induced stomatal closure, we examined SA-, YEL-, and CHT-
induced stomatal closure in aba2-2 and aos mutants and the effects of FLU on SA-,

YEL-, and CHT-induced stomatal closure in wild-type plants and aos mutants.

2.3 Materials and Methods
2.3.1 Plant materials and growth conditions

Arabidopsis thaliana L. ecotype Columbia-0 (Col-0) was used in this
study. Col-0 plants and transgenic Col-0 plants expressing Ca®* reporter Yellow
Cameleon 3.6 (YC3.6) were grown in pots containing a mixture of 70% (v/v)
vermiculite (Asahi-kogyo, Okayama, Japan) and 30% (v/v) kureha soil (Kuhera
chemical, Tokyo, Japan) in a growth chamber (80 umol m? s under a 16-h-

light/8-h-dark regime) as described previously (Islam et al.,, 2010a). The
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temperature and relative humidity in the growth chamber were 22+2°C and
60+£10%, respectively. Twice or three times a week, 0.1% Hyponex solution

(Hyponex, Osaka, Japan) was provided to plants.

2.3.2 Measurement of stomatal aperture

Stomatal aperture measurements were performed as described previously
(Murata et al., 2001). Excised rosette leaves were floated on medium containing 5
mM KCI, 50 uM CaCl, and 10 mM MES-Tris (pH 6.15) for 2 h in the light (80
umol m? s™) to induce stomatal opening. Then the SA, YEL, and CHT solution
was added to the medium to give the desired concentration. After 2-h incubation
on supplemented medium, stomatal apertures were measured. Leaves were
shredded in a blender for 30 s and remaining epidermal tissues were collected
using nylon mesh (pore size: 30 um). Stomatal apertures in the epidermal tissues
were observed under a microscope. Twenty stomatal apertures were measured for

each sample.

2.3.3 Chemicals

SA and CaCl, was purchased from Wako Pure Chemical Industries (Osaka,
Japan), KCl, 2-(N-morpholino)ethanesulfonic acid (MES), and
tris(hydroxymethyl)aminomethane (Tris) from Nacalia Tesque (Kyoto, Japan), FLU
from Sigma-Aldrich (St. Louis, MO, USA). Chitosan was purchased from Sigma-
Aldrich (St. Louis, MO, USA), prepared as previously described (Walker-Simmons
et al., 1984), and then dissolved in stomatal opening solution. Yeast elicitor was

prepared from commercial bakers as previously described (Schumacher et al., 1987).
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The elicitor precipitate was lyophilized and stored at -20°C until use.

2.3.4 Statistical analysis
The significance of differences between mean values and stomatal
apertures were assessed by one-way analysis of variance (ANOVA) with Tukey’s

test. Differences were considered significant for p values of < 0.05.

2.3.5 Accession numbers
The Arabidopsis Genome Initiative numbers for the genes discussed in

this thesis as follows: ABA2-2, AT1G52340, and AOS, AT5G42650.

2.4 Results
2.4.1 SA-, YEL-, and CHT-induced stomatal closure in the wild-
type and aba2-2 mutants

SA at 200 pM, 500 uM, and 1000 puM significantly induced stomatal
closure in the wild-type plants (Fig. 1A), in accord with previous results (Khokon
et al.,2011a). SA at 200 pM, 500 pM, and 1000 uM also significantly induced
stomatal closure in the aba2-2 mutants (Fig. 1B). There were no differences in
SA-induced stomatal closure as between the wild-type plants and the aba2-2
mutants.

YEL at 10 pg/mL and at 50 pg/mL induced stomatal closure in the wild-
type plants (Fig. 1C), in accord with previous results (Khokon et al., 2010b). YEL
at 10 pg/mL and at 50 pg/mL elicited stomatal closure in the aba2-2 mutants (Fig.

1D). There were no significant differences in YEL-induced stomatal closure as
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between the wild-type plants and the aba2-2 mutants.

CHT at 10 pg/mL and at 50 pg/mL induced stomatal closure in the wild-
type plants (Fig. 1E), in accord with previous results (Khokon et al., 2010a).5)
CHT at 10 pg/mL and at 50 pg/mL induced stomatal closure in the aba2-2 mutants
(Fig. 1F). There were no significant differences in CHT-induced stomatal closure

as between the wild-type plants and the aba2-2 mutants.
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pg/mL (black bars). Averages for three independent experiments (60 stomata in
total per bar) are shown. Error bars represent standard deviations. Values indicated
by the same letter do not differ significantly at the 5% level, as determined by

ANOVA with Tukey’s test.

2.4.2 Effects of FLU on SA-, YEL-, and CHT-induced stomatal
closure in the Arabidopsis wild-type plants

SA at 200 um induced stomatal closure in wild-type plants in the absence
and presence of 50 um FLU (Fig. 2A). YEL at 50 pg/mL and CHT at 50 pg/mL
induced stomatal closure in wild-type plants in the absence and presence of 50 pm
FLU (Fig. 2B and C). These results suggest that the biosynthesis of ABA is not

involved in SA-, YEL-, or CHT-induced stomata closure.
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Fig. 2. Effects of FLU on SA-, YEL-, and CHT-Induced Stomatal Closure in the

Wild-Type Plants.
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A, Rosette leaves were treated with SA at 0 um (white bars) or 200 pum
(black bars) in the absence of FLU, or treated with SA at O um (ash bars) or 200 pum
(white bars with right-slanting black lines) in the presence of 50 um FLU. B,
Rosette leaves were treated with YEL at 0 pg/mL (white bars) or 50 pg/mL (black
bars) in the absence of FLU, or treated with YEL at 0 pg/mL (ash bars) or 50
pg/mL (white bars with right-slanting black lines) in the presence of 50 um FLU.
C, Rosette leaves were treated with CHT at O pg/mL (white bars) or 50 pg/mL
(black bars) in the absence of FLU, or treated with CHT at 0 pg/mL (ash bars) or
50 pg/mL (white bars with right-slanting black lines) in the presence of 50 um
FLU. FLU was added 30 min prior to SA, YEL, or CHT application. Averages for
three independent experiments (60 stomata in total per bar) are shown. Error bars
represent standard deviations. Values indicated by the same letter do not differ

significantly at the 5% level, as determined by ANOVA with Tukey’s test.

2.4.3 SA-, YEL-, and CHT-induced stomatal closure in the aos
mutants

SA at 200 pm, 500 pm, and 1000 pm induced stomatal closure in the aos
mutants (Fig. 3A). There were no significant differences in SA-induced stomatal
closure as between the wild-type plants and the aos mutants.

YEL at 10 pg/mL and 50 pg/mL and CHT at 10 pg/mL and 50 pg/mL
elicited stomatal closure in the aos mutants (Fig. 3B and C). There were no
significant differences in YEL- or in CHT-induced stomatal closure as between the
wild-type plants and the aos mutants. SA at 200 pm, YEL at 50 pg/mL, and CHT

at 50 pg/mL induced stomatal closure in aos mutants treated with 50 um FLU (Fig.
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3D), but 50 um FLU alone did not induce stomatal closure in the aos mutants (Fig.

3D).
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(black bars). B, Rosette leaves were treated with YEL at O pg/mL (white bars), 10
pg/mL (ash bars), or 50 pg/mL (black bars). C, Rosette leaves were treated with
CHT at 0 pg/mL (white bars), 10 pg/mL (ash bars), or 50 pg/mL (black bars). D,
Effects of FLU on SA-, YEL-, and CHT-induced stomatal closure in the aos
mutants. Averages for three independent experiments (60 stomata in total per bar)
are shown. Error bars represent standard deviations. Values indicated by the same
letter do not differ significantly at the 5% level, as determined by ANOVA with

Tukey’s test.

2.5 Discussion
2.5.1 Endogenous ABA is not required for SA-, YEL-, and CHT-
induced stomatal closure

Endogenous ABA is required for MeJA-induced stomatal closure
(Hossain et al., 2011) but not for AITC- or methylglyoxal (MG)-induced stomatal
closure (Khokon et al., 2011B; Hoque et al., 2012). SA, YEL, and CHT induced
stomatal closure in ABA deficient mutant aba2-2 (Fig. 1), and in the wild-type
plants treated with the ABA biosynthesis inhibitor FLU (Fig. 2). This suggests that
ABA priming due to the presence of endogenous ABA is not required for SA-,
YEL-, and CHT-induced stomatal closure. Moreover, SA-, YEL-, and CHT-
induced stomatal closure was accompanied by the production of reactive oxygen
species (ROS) mediated by salicylhydroxamic acid (SHAM)-sensitive peroxidases
(Khokon et al., 2011a; 2010a; 2010b), whereas MeJA-induced stomatal closure
was accompanied by ROS production mediated by NADPH oxidases (Munimasa

et al., 2007). Hence, endogenous ABA might be involved in the activation of
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NADPH oxidases.

2.5.2 Endogenous JAs is not required for SA-, YEL-, and CHT-
induced stomatal closure

Endogenous JAs are required for AITC-induced stomatal closure
(Khokon et al., 2011b) but not for MG-induced stomatal closure (Hoque et al.,
2012). SA, YEL, and CHT induced stomatal closure in JAs-deficient mutant aos
regardless of application of FLU (Fig. 3), suggesting that JAs priming, which is
associated with endogenous JAs, is not required for SA-, YEL-, or CHT-induced

stomatal closure.

2.5.3 Conclusion
From the above results it can be concluded that neither endogenous ABA
nor endogenous JAs are required for SA-, YEL-, or CHT-induced stomatal closure

in Arabidopsis.
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CHAPTER 3

Involvement of Endogenous Salicylic Acid in Yeast Elicitor- and

Chitosan-Induced Stomatal Closure in Arabidopsis

3.1 Abstract

In this study, we examined involvement of endogenous salicylic acid in yeast
elicitor (YEL)- and chitosan (CHT)-induced stomatal closure using Arabidopsis
(Arabidopsis thaliana) SA-deficient nahG transgenic lines. We found that YEL-
and CHT-induced stomatal closures were impaired in nahG plants. On the other
hand, SA at 50 uM after the YEL or CHT application induced stomatal closure in
the nahG plants. We investigated YEL- and CHT-induced extracellular reactive
oxygen species (ROS) production in the whole leaves and intracellular ROS
accumulation in the guard cells of nahG plants. We observed that YEL- and CHT-
induced extracellular ROS production and intracellular ROS accumulation were
impaired in the nahG plants. However, SA at 50 uM in the presence of YEL or
CHT induced ROS production and accumulation in the nahG plants. We also
investigated YEL- and CHT-induced cytosolic alkalization and [Ca2+]cyt elevation
in the nahG guard cells. We observed that YEL- and CHT-induced cytosolic
alkalization and [Ca’*]c,: elevation were impaired in the nahG guard cells. In
contrast, SA at 50 pM just after YEL or CHT application induced cytosolic
alkalization and [Ca2+]cyt elevation in the nahG guard cells. SA at 50 pM, which is
not enough concentration to evoke SA responses in the wild-type, had no effect on

the nahG plants. These results suggest that endogenous SA could be synthesized
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by the both elicitors and is involved in YEL and CHT signal transduction leading

to stomatal closure in Arabidopsis.

3.2 Introduction

Stomata are natural pores in the epidermis, and are surrounded by a pair
of guard cells that regulate the size of stomatal apertures (Bergmann and Sack,
2007). Guard cells respond to a variety of external and internal stimuli such as
light, drought, external Ca®*, pathogen attack, phytohormones, and elicitors and
regulate CO, uptake into leaves for photosynthesis, control of transpirational water
loss, and innate immunity (Schroeder et al., 2001; Hetherington and Woodward,
2003; Suhita et al., 2004, Israelsson et al., 2006; Melotto et al., 2006; Munemasa
et al., 2007; Shimazaki et al., 2007; Islam et al., 2009, 2010a, b; Khokon et al.,
2010a, 2011; Salam et al., 2012, 2013).

Elicitors are chemical or biological molecules that mimic pathogen attack
leading to physiological changes in plants (Zhao et al., 2005). Elicitor-induced
stomatal closure is accompanied by reactive oxygen species (ROS) production (Lee
et al., 1999; Allégre et al., 2009). Elicitors derived from fungal or plant cell walls
induce defense responses in plants by means of complex signaling mechanisms that
include ion fluxes across the plasma membrane, reversible protein phosphorylation,
and the generation of reactive oxygen and nitrogen species (Lamb and Dixon, 1997;
Durner and Klessig, 1999). Yeast elicitor (YEL) induces stomatal closure, hydrogen
peroxide (H,O,) production, superoxide (O%) generation, nitric oxide (NO)
production, cytosolic alkalization, and cytosolic free Ca®* ([Ca®].yr) oscillations in

Arabidopsis (Klisener et al., 2002; Khokon et al., 2010b; Salam et al., 2013). YEL
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induces ROS production mediated by salicylnydroxamic acid (SHAM)-sensitive
peroxidase leading to stomatal closure (Khokon et al., 2010b). YEL activates Ic,
currents and induces [Ca“]cyt oscillation in guard cells (Klusener et al., 2002;
Khokon et al., 2010b).

A fungal elicitor, Chitosan (CHT) (B-1,4-linked glucosamine),
deacetylated derivative of chitin, induces stomatal closure in several plant species
(Lee et al., 1999; Srivastava et al., 2009; Khokon et al., 2010a; Salam et al., 2012).
CHT induces ROS production, cytosolic alkalization, and [Ca2+]cyt oscillations in
Arabidopsis (Khokon et al., 2010a; Salam et al., 2012, 2013). In Arabidopsis,
CHT-induced ROS production is mediated by salicylhydroxamic acid (SHAM)-
sensitive peroxidase leading to stomatal closure (Khokon et al., 2010a). Barley
mildew and its elicitor chitosan promote stomatal closure by activating S-type
anion channels in guard cells (Koers et al., 2011). Cytosolic alkalization and
[Caz‘”]cyt oscillation coordinately function in guard cell signaling in Arabidopsis
(Islam et al., 2010b). YEL and CHT induce cytosolic alkalization and [Ca2+]cyt
oscillation in Arabidopsis guard cells (Khokon et al., 2010b; Salam et al., 2012,
2013). However, YEL and CHT signaling response to SA in guard cells are not
well studied.

Salicylic acid (SA) is a phenolic plant hormone that induces stomatal
closure in several plant species and plays a crucial role in plant defense (Manthe et
al., 1992; Lee 1998; Mori et al., 2001; Khokon et al., 2011; Grant and Lamb, 2006).
SA regulates various physiological processes like defense against harmful
microorganisms, growth and ion uptake (Hayat et al., 2007). SA induces stomatal

closure accompanied with extracellular ROS production and intracellular ROS
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accumulation mediated by SHAM-sensitive peroxidase (Mori et al., 2001; Khokon
et al., 2011). SA induces an elevation of [Caz"]cyt ion concentration (Kawano et al.,
1998). An influx of extracellular Ca** to the guard cells is required for SA-induced
stomatal closure (Mori et al., 2001). SA does not induce [Ca2+]cyt oscillations but
suppresses K'i, channel currents (Khokon et al., 2011). SA is a key endogenous
signal involved in plant defense responses (Dempsey et al., 1999). However,
functions of endogenous SA in guard cells are not fully understood.

The bacterial nahG (naphthalene hydroxylase G) gene encodes a SA-
degrading enzyme, salicylate hydroxylase, and its expression in transgenic plants
prevents the accumulation of SA and completely eliminates the onset of systemic
acquired resistance (Gaffney et al., 1993). Plants expressing nahG in the
chloroplasts are unable to accumulate SA (Fragniére et al., 2011). nahG transgenic
line shows SA deficiency (Abreu and Munné-Bosch, 2009). The Arabidopsis nahG
transgenic line is intensely used to establish the essential role of SA in plant
responses to abiotic stresses.

SA signaling mutant accelerated cell death 6 (acd6) is an over expressed
line having a high level of defenses that require SA as a sole activator as well as
defenses that requires SA as a coactivator (Rate et al., 1999). acd6 acts partially
through a NONEXPRESSOR OF PR1 (NPR1) gene-independent pathway but SA-
dependent pathway that activates defenses and confers resistance to pathogen
(Rate et al., 1999). The SA accumulating mutant siz1 is a deficient line that causes
reduction of stomatal aperture in Arabidopsis (Miura et al., 2013). siz1 mutation
enhances the accumulation of SA and SA-inducible gene transcripts (Lee et al.,

2006). SIZ1 encodes an Arabidopsis SUMO E3 ligase and regulates innate
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immunity (Lee et al., 2006). This pathogen-induced SA biosynthesis is controlled
by SID2, which encodes isochorismate synthase 1 (ICS1; Wildermuth et al., 2001).
Arabidopsis SA induction-deficient (sid2) mutants are defective in pathogen-
induced SA accumulation and are severely compromised in disease resistance to
biotrophic pathogens (Nawrath and Metraux, 1999; Wildermuth et al., 2001). Thus,
the regulation of SID2 expression is fundamental to plant immunity.

However, there is no report whether endogenous SA requires for YEL- and
CHT-induced stomatal closure in Arabidopsis. To address the physiological and
biochemical functions of the plants response to YEL and CHT, we use the
Arabidopsis mutants, nahG, sid2, acd6, and sizl-2, to investigate the role of
endogenous SA. Here, we found that YEL and CHT did not induce stomatal closure
in the nahG plants and from this view point we hypothesized that endogenous SA
could be involve in YEL- and CHT-induced stomatal closure.

I examined (i) YEL- and CHT-induced stomatal closure in WT and nahG
mutants. (ii) YEL- and CHT-induced H,0, production in the whole leaves of the
WT and nahG plants. (iii) YEL- and CHT-induced O* generation in the whole
leaves of the WT and nahG plants. (iv) YEL- and CHT-induced intracellular ROS
accumulation in the guard cells of the WT and nahG plants. (v) YEL- and CHT-
induced cytosolic alkalization in the WT and nahG guard cells. (vi) YEL- and
CHT-induced cytosolic free Ca** oscillations in the WT and nahG guard cells. vii)
Effect of 50 uM SA on YEL- and CHT-induced stomatal closure, extracellular
ROS production, intracellular ROS accumulation, cytosolic alkalization, and
[Ca2+]cyt oscillation in nahG mutants. (viii) YEL- and CHT-induced stomatal

closure in the sid2 mutants. (ix) YEL- and CHT-induced stomatal closure in acd6
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and siz1-2 mutants. (X) SA-induced stomatal closure in WT and nahG mutants.
Our results indicate that endogenous SA might be involved in YEL and CHT

signal transduction leading to stomatal closure in Arabidopsis.

3.3 Materials and Methods
3.3.1 Plant materials and growth conditions

In this study, | used the Arabidopsis (Arabidopsis thaliana) ecotype
Columbia as the WT plant, nahG transgenic lines (Lawton et al., 1995) and sid2
(stock no. CS16438 in the Arabidopsis Biological Resource Center at Ohio State
University, http://abrc.osu. edu) as the SA deficient mutant, and acd6 (Rate et al.,
1999) and siz1-2 (Miura et al., 2005) as the SA accumulating mutants. In the guard
cells, cytosolic free Ca®* concentration, [Caz"]cyt, was measured using a Ca>*-sensing
fluorescent protein, Yellow Cameleon 3.6 (YC3.6) (Nagai et al., 2004; Mori et al.,
2006). To obtain YC3.6-expressing plants, nahG plants were crossed with a
Columbia-0 plant that had previously been transformed with YC3.6. All the plants
including the WT (Col-0) and nahG expressing Ca** reporter YC3.6 were grown on
soil as previously describe (Hossain et al., 2011). The temperature and relative
humidity in the growth chamber were 22°C + 2°C and 60% + 10%, respectively.
Water was applied two to three times per week with Hyponex solution (0.1%) on the

plant growth tray.

3.3.2 Measurement of stomatal aperture
Stomatal aperture measurements were performed as previously described

(Murata et al., 2001; Munemasa et al., 2007). Briefly, excised rosette leaves were
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floated on a stomatal assay solution containing 5 mM KCI, 50 mM CacCl,, and 10
mM MES-Tris (pH 6.15) for 2 h in the light (80 umol m?s™) to induce stomatal
opening, followed by the addition of SA, YEL, or CHT. The pre- or post-treated SA
was added 30 min before or 30 min after the SA, YEL, or CHT applications. After
2-h incubation, the leaves were shredded in a commercial blender for 30 s and the
remaining epidermal tissues were collected using nylon mesh. Twenty stomatal

apertures were measured per epidermal peel.

3.3.3 Measurement of Extracellular ROS Production in Whole
Leaves

The Hydrogen peroxide (H,O,) and superoxide (O%) production in the
whole leaves were visualized using 3,3'-diaminobenzidine tetrahydrochloride
hydrate and nitro blue tetrazolium as previously described (Khokon et al., 2011;
Salam et al., 2013). The rosette leaves of Arabidopsis plants were excised, floated
on stomata assay solution supplemented with 0.05% Tween 20 and incubated for 2
h in the light. Then the leaves were transferred in the stomata assay solution
supplemented with 1 mg mL™ of DAB and gently infiltrated in a vacuum for 2 h.
Then, 50 mg mL™ YEL or 50 mg mL™ CHT was added and infiltrated for 3 h. 50
MM SA was added 30 min after YEL or CHT application. After incubation, the
leaves were cleared in boiling ethanol for 5 min. Localization of H,O, was
visualized as a reddish-brown coloration. For detection of O%, nitro blue
tetrazolium (NBT) (1 mg mL™) was used in lieu of DAB. Localization of O was
visualized as blue coloration. In both cases, after clearing the leaves in ethanol, the

leaves were mounted on cover glass and pictures were taken. The intensity of
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coloration was quantified using Adobe Photoshop CS2 (Adobe System Inc.; Jan

Jose, CA, USA) software.

3.3.4 Measurement of Intracellular ROS Accumulation in Guard
Cells

ROS accumulation in guard cell was examined using 50 uM of 2', 7'-
dichlorodihydrofluorescein diacetate (H,DCF-DA) (Sigma, St. Louis, MO, USA)
(Murata et al., 2001; Suhita et al., 2004; Munemasa et al., 2007; Saito et al., 2008;
Islam et al., 2010a). In case of ROS detection, epidermal tissues were incubated for
3 hin the light in a stomatal assay solution containing 5 mM KCI, 50 mM CacCl,, 10
mM MES-Tris, pH 6.15 and then 50 uM H;DCF-DA was added to this medium.
The epidermal tissues were incubated for 30 min at room temperature, and then the
excess dye was washed out with distilled water. The dye-loaded tissues were treated
with 50 mg mL™ YEL or 50 mg mL™ CHT for 30 min. 50 pM SA was added just
after YEL or CHT application and then fluorescence of guard cells were imaged
using a fluorescence microscope (Biozero BZ-8000, Keyence, Osaka, Japan) with
filter: OP-66835BZ filter GFP (excitation wavelength, 510 nm; and dichroic mirror
wavelength, 505 nm). The fluorescence intensity was analyzed using ImageJ 1.42q

softwere (NIH, Bethesda, MD, USA).

3.3.5 Measurement of Cytosolic Alkalization in Guard Cells
A pH-sensitive  fluorescent dye  2',7'-bis-(2-carboxyethyl)-5,(6)-
carboxyfluorescein acetoxymethyl ester (BCECF-AM; Rink et al., 1982) were used

to analyze cytosolic alkalization in guard cells as previously described (Islam et al.,
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2010a ).The epidermal tissues were collected in the assay solution containing 50
mM KCI and 10 mM MES-KOH (pH 6.5) and incubated for 3 h in light. After
incubation, 20 uM BCECF-AM was added to the sample and were incubated for 30
min in the dark at room temperature to load the dye. Then the tissues were rinsed
several times with the buffer solution in order to remove excess dye. The dye-loaded
epidermal tissues were treated with 200 uM SA, 50 g mL? YEL, or 50 ug mL*?
CHT for 20 min. 50 pM SA was added just after YEL or CHT application. Then

images were captured and analyzed as described before.

3.3.6 Measurement of [Ca2+]cyt Oscillations in Guard Cell

Four- to 6-week-old WT and nahG plants expressing YC3.6 were used for
the measurement of guard cell [Ca2+]cyt oscillations, as previously described (Islam
et al., 2010a, b; Hossain et al., 2011). The abaxial side of the excised leaf was softly
attached on a glass slide using medical adhesive (stock no. 7730; Hollister), and then
adaxial epidermis and mesophyll tissues were removed carefully with a razor blade
to keep the intact lower epidermis on the slide. Isolated abaxial epidermal peels were
incubated in the stomatal assay solution containing 5 mM KCI, 50 mM CaCl,, and
10 mM MES-Tris (pH 6.15) under light for 2 h at 22°C to promote stomatal opening.
The turgid guard cells were used to measure the guard cell [Ca2+]cyt oscillations.
Guard cells were treated with 50 mg mL™ YEL, 50 mg mL™ CHT solutions by using
a peristaltic pump in the 5 min after monitoring. 50 UM SA was added just after
YEL or CHT application. For dual-emission ratio imaging of YC3.6, a 440AF21
excitation filter, a 445DRLP dichroic mirror, and two emission filters, 480DF30 for

cyan fluorescent protein (CFP) and 535DF25 for yellow fluorescent protein (YFP),
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were used. The CFP and YFP fluorescence intensities of guard cells were imaged
and analyzed using AQUA COSMOS software (Hamamatsu Photonics). Note that

we used the same exposure time for both CFP and YFP.

3.3.7 Chemicals

H,DCF-DA and NBT were purchased from Sigma-Aldrich (St. Louis, Mo),
SA from Wako Pure Chemical Industries (Osaka, Japan), DAB from Tokyo
Chemical Industries (Tokyo, Japan), BCECF-AM from Invitrogen Molecular Probes
(Eugene, Oregon, USA).

3.3.8 Accession number
Arabidopsis Genome Initiative numbers for the genes discussed in this
manuscript are as follows: NAHG (X83926), SID2 (AT1G74710), ACD6

(AT4G14400), and SIZ1-2 (AT5G60410).

3.3.9 Statistical Analysis

The significance of differences between mean values of stomatal apertures,
ROS production, ROS accumulation, and cytosolic alkalization were assessed by
Student’s t-test, and the frequency of [Ca2+]cyt oscillations was assessed by chi-

squared (xz) test. Differences at P value < 0.05 were considered significant.

3.4 Results
3.4.1 Impairment of YEL- and CHT-Induced Stomatal Closure in the nahG

Plants
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To clarify the involvement of endogenous SA in YEL- and CHT-induced stomatal
closure, I examined YEL- and CHT-induced stomatal closure in the WT and nahG
plants. Exogenous application of YEL at 50 pg mL™* and CHT at 50 pg mL™
induced stomatal closure in the WT plants (Fig. 1. A). On the other hand, YEL at
50 pg mL™* and CHT at 50 pg mL™ did not induced stomatal closures in the nahG

plants (Fig. 1. B).
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Figure 3.1 YEL- and CHT-induced stomatal closure in the Arabidopsis WT and
nahG plants. A, YEL- and CHT-induced stomatal closure in the WT plants. B,
YEL- and CHT- induced stomatal closure in the nahG plants. C, Effect of 50 uM
SA on the YEL-induced stomatal closure in nahG plants. SA was applied 30 min
after the YEL application. D, Effect of 50 uM SA on the CHT-induced stomatal
closure in nahG plants. SA was applied 30 min after the CHT application.
Averages for three independent experiments (60 stomata in total per bar) are

shown. Error bars represent standard deviations.

3.4.2 Effect of 50 uM SA on YEL- and CHT-induced stomatal closure in the
nahG plants

To obtain more clear evidence for the involvement of endogenous SA in YEL and
CHT signaling, 1 examined effect of 50 uM SA on YEL- and CHT-induced
stomatal closure in the nahG plants. | found that SA at 50 uM after the YEL or
CHT application induced stomatal closure in the nahG plants (Fig. 1. C and D).
On the other hand, SA at 50 uM alone did not induce stomatal closure in the WT
(Figure 9 A) and nahG plants (Fig. 1. B). These results indicate that endogenous

SA is required for YEL- and CHT-induced stomatal closure in Arabidopsis.

3.4.3 Impairment of YEL- and CHT-Induced extracellular H,O, Production
in the Whole Leaves of nahG plants

To confirm the involvement of endogenous SA in the YEL- and CHT-induced
stomatal closure, we examined YEL- and CHT-induced extracellular H,0,

production in the whole leaves of WT and nahG plants using histochemical

-38-



approaches. Formation of H,O, was visualized by using DAB staining (Thordal-

Christensen et al., 1997). DAB staining demonstrated that YEL at 50 pg mL™ and

CHT at 50 pg mL™ induced H,O, production in the whole leaves of WT plants

(Fig. 2. A). On the other hand, YEL at 50 ug mL™* and CHT at 50 ug mL™ did not

induce H,O, production in the whole leaves of nahG plants (Fig. 2. B). DAB

staining also demonstrated that SA at 50 yuM in the presence of YEL or CHT

induced H,O; production in the whole leaves of nahG plants (Fig. 3. B). On the

other hand, SA at 50 uM alone did not induce H,O; production in the whole leaves

of nahG plants (Fig. 3. B). These results indicate that YEL- and CHT-induced

extracellular H,O, productions were might be due to endogenous SA.
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Figure 3.2 YEL- and CHT-induced H,0O, production in the whole leaves of WT

and nahG plants. A, YEL- and CHT-induced H,O; production in the whole leaves

of WT nahG plants. B, YEL- and CHT-induced H,O, production in the whole
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leaves of nahG plants. DAB staining were quantified based on arbitrary value of
the stained area of leaves. Effect of 50 uM SA in presence of YEL or CHT
application on the H,O, production are presented. Averages for three independent
experiments (12 leaves in total per bar) are shown. Error bars represent standard

deviations.

3.4.4 Impairment of YEL- and CHT-Induced extracellular O* generation in
the Whole Leaves of nahG plants

To clarify the involvement of endogenous SA in the YEL- and CHT-induced
stomatal closure, | examined YEL- and CHT-induced extracellular O*" generation
in the whole leaves of WT and nahG plants using histochemical approaches. O
generation was examined by using NBT staining (Doke, 1983). NBT staining
demonstrated that YEL at 50 pg mL™ and CHT at 50 pg mL™ induced O*
generation in the whole leaves of WT plants (Fig. 3. A). By contrast, YEL at 50 pg
mL™ and CHT at 50 ug mL™ did not induce O* generation in the whole leaves of
nahG plants (Fig.3. B). NBT staining also demonstrated that SA at 50 UM in the
presence of YEL or CHT induced O? generation in the whole leaves of nahG
plants (Fig.3. B). On the other hand, SA at 50 uM alone did not induce O%
production in the whole leaves of nahG plants (Fig. 3. B). These results indicate
that YEL- and CHT-induced O generation were might be due to increment of
endogenous SA, suggesting that endogenous SA is required for YEL- and CHT-

induced extracellular ROS production.
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Figure 3.3 YEL- and CHT-induced O% generation in the whole leaves of WT and
nahG plants. A, YEL- and CHT-induced O% generation in the whole leaves of WT
plants. B, YEL- and CHT-induced O® generation in the whole leaves of nahG
plants. NBT staining was quantified based on arbitrary value of the stained area of
leaves. Effect of 50 pM SA in presence of YEL or CHT application on the O
generation are presented. Averages for three independent experiments (12 leaves in

total per bar) are shown. Error bars represent standard deviations.

3.4.5 Impairment of YEL- and CHT-Induced intracellular ROS accumulation

in the nahG guard cells

To clarify the requirement of endogenous SA in the YEL- and CHT-induced
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stomatal closure in Arabidopsis, | examined YEL- and CHT-induced intracellular
ROS accumulation in the WT and nahG guard cells. | found that YEL at 50 pg
mL™* and CHT at 50 pg mL™ induced ROS accumulation in the WT guard cells
(Fig. 4. A). By contrast, YEL at 50 ug mL™* and CHT at 50 pug mL™ did not induce
ROS accumulation in the nahG guard cells (Fig. 4. B). However, SA at 50 uM in
the presence of YEL or CHT induced ROS accumulation in the nahG guard cells
which was completely abolished by a peroxidase inhibitor SHAM (Fig. 4. B).
Moreover, SA, YEL, and CHT induced stomatal closure in the NADPH oxidase
knockout mutants, atrbohD atrbohF (Fig. 5. B and D). On the other hand, 50 uM
SA alone did not induce ROS accumulation in the nahG guard cells (Fig. 4. B).
These results indicate that YEL- and CHT-induced ROS accumulation in the guard
cells were might be due to increment of endogenous SA levels, suggesting that
endogenous SA is required for YEL- and CHT-induced ROS accumulation in

Arabidopsis.
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Figure 3.4 YEL- and CHT-induced ROS accumulation in the WT and nahG guard
cells. A, YEL- and CHT-induced ROS accumulation in the WT guard cells. B,

YEL- and CHT-induced ROS accumulation in the nahG guard cells. Effect of 50
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MM SA in the presence of YEL and CHT application on the ROS accumulation are

shown. Effect of 1 mM SHAM on (YEL+SA)- and (CHT+SA)-induced ROS

accumulation are presented. Averages for three independent experiments (12

leaves in total per bar) are shown. Error bars represent standard deviations.
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atrbohF mutants. A, SA-induced stomatal closure in the WT plants. B, SA-
induced stomatal closure in the atrbohD atrbohF mutants. C, YEL- and CHT-
induced stomatal closure in the WT plants. D, YEL- and CHT-induced stomatal
closure in the atrbohD atrbohF mutants. Averages for three independent

experiments (60 stomata in total per bar) are shown. Error bars represent standard

deviations.
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Figure 3.6 SA-, YEL-, and CHT-induced cytosolic alkalization in the Arabidopsis
WT and nahG plants. A, SA-, YEL-, and CHT-induced cytosolic alkalization in
the WT guard cells. B, SA-, YEL-, and CHT-induced cytosolic alkalization in the
nahG guard cells. Effect of 50 uM SA in presence of YEL and CHT application on

the ROS accumulation in nahG guard cells are presented. Averages for three

-45-



independent experiments (12 leaves in total per bar) are shown. Error bars

represent standard deviations.

3.4.6 Impairment of SA-, YEL- and CHT-induced cytosolic
alkalization in the nahG guard cells

To get more clear evidence in the involvement of endogenous SA in
YEL- and CHT-induced stomatal closure, | carried out SA-, YEL-, and CHT-
induced cytosolic alkalization in the WT and nahG guard cells. | found that SA at
200 uM, YEL at 50 pg mL?, and CHT at 50 ug mL™ induced cytosolic
alkalization in the WT guard cells (Fig. 6. A). By contrast, SA at 200 uM, YEL at
50 pg mL™, and CHT at 50 pg mL™ did not induce cytosolic alkalization in the
nahG guard cells (Fig. 6. B). However, application of SA at 50 uM in the presence
of YEL or CHT induced cytosolic alkalization in the nahG guard cells. This result
suggests that endogenous SA is involved in YEL- or CHT-induced cytosolic

alkalization leading to stomatal closure.

3.4.7 Impairment of YEL- and CHT-induced [Ca®*].,: oscillations
in the nahG guard cells

In order to clarify the involvement of endogenous SA in YEL- and CHT-
induced stomatal closure, we examined YEL- and CHT-induced [Ca2+]cyt
oscillations using WT and nahG plants expressing the Ca** reporter Yellow
Cameleon 3.6. In the WT plants, without any treatment 29% of guard cells showed
[Ca2+]cyt oscillations (n = 8 of 28 cells; three or more oscillations, 14%; one or two

oscillations 15%; no oscillation 71%; Fig. 7 A and C, Control). In the nahG plants,
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without any treatment 32% of guard cells showed [Ca2+]cyt oscillations (n =9 of 28
cells; three or more oscillations, 11%; one or two oscillations 21%; no oscillation
68%; Fig. 7 B and C, Control). In the WT plants, 100% of guard cells treated with
50 pg mL™ YEL showed [Ca2+]cyt oscillations (n = 28 of 28 cells; three or more
oscillations, 64%; one or two oscillations 36%; Fig. 7 D and F, YEL). In the nahG
plants, 47% of guard cells treated with 50 pg mL™ YEL showed [Ca®]y
oscillations (n = 17 of 36 cells; three or more oscillations, 17%; one or two
oscillations 31%; no oscillation 53%; Fig. 7 E and F, YEL). In the WT plants, 80%
of guard cells treated with 50 ug mL™ CHT showed [Ca®*]cy: oscillations (n = 24
of 30 cells; three or more oscillations, 37%; one or two oscillations 43%; no
oscillation 20%; Fig. 7 G and I, CHT). In the nahG plants, 28% of guard cells
treated with 50 ug mL™ CHT showed [Caz"]cyt oscillations (n = 6 of 30 cells; three
or more oscillations, 10%; one or two oscillations 10%; no oscillation 80% Fig. 7
H and I, CHT). These results indicate that endogenous SA might be required for
YEL- and CHT-induced [Ca2+]cyt oscillations suggesting that endogenous SA is

involved in YEL- and CHT-induced stomatal closure in Arabidopsis.
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Figure 3.7 YEL- and CHT-induced [Ca2+]cyt oscillations in the WT and nahG guard

cells. Representative data of fluorescence emission ratio (535/480 nm) showing

[Ca“]cyt oscillations in A, untreated WT guard cells (n = 8 of 28 cells; 29%), B,

untreated nahG guard cells (n = 9 of 28 cells; 32%), C, Stack column representation

of untreated [Ca2+]cyt oscillations (%) in WT guard cells (n = 28) and nahG guard
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cells (n = 28). Representative data of fluorescence emission ratio (535/480 nm)
showing [Ca”™*]ey oscillations in D, 50 ug mL™ YEL-treated WT guard cells (n = 28
of 28 cells; 100%), E, 50 g mL™* YEL-treated nahG guard cells (n = 17 of 36 cells;
47%), F, Stack column representation of YEL-induced [Ca2+]cyt oscillations (%) in
WT guard cells (n = 28) and nahG guard cells (n = 36). Representative data of
fluorescence emission ratio (535/480 nm) showing [Ca2+]cyt oscillations in G, 50 ug
mL™* CHT-treated WT guard cells (n = 24 of 30 cells; 80%), H, 50 ug mL™ CHT-
treated nahG guard cells (n = 10 of 36 cells; 28%), I, Stack column representation of
CHT-induced [Ca2+]cyt oscillations (%) in WT guard cells (n = 30) and nahG guard

cells (n = 36).

3.4.8 Effect of 50 um SA on the YEL- or CHT-induced [Ca2+]Cyt
oscillations in the nahG guard cells

To get more solid evidence on the involvement of endogenous SA in
YEL- and CHT-induced stomatal closure, | examined the effect of 50 UM SA on
the YEL- and CHT-induced [Ca2+]cyt oscillations in the nahG guard cells. In the
nahG plants, 100% of guard cells treated with 50 uM SA in the presence of YEL
showed [Caz‘”]cyt oscillations (n = 44 of 44 cells; three or more oscillations, 75%;
one or two oscillations 25%; 8 A and C). Moreover, in the nahG plants, 100% of
guard cells treated with 50 UM SA in the presence of CHT showed [Ca2+]cyt
oscillations (n = 30 of 30 cells; three or more oscillations, 37%; one or two
oscillations 63%; 8 B and C). This result suggests that endogenous SA is involved

in YEL- or CHT-induced [Ca2+]cyt oscillations leading to stomatal closure.
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Figure 3.8 Effect of 50 uM SA on the YEL- and CHT-induced [Ca2+]cyt
oscillations in nahG guard cells. A, Representative data of fluorescence emission
ratio (535/480 nm) showing [Ca2+]cyt oscillations in 50 uM SA-treated nahG guard
cells in the presence of 50 pg mL™ YEL (n = 44 of 44 cells, 100%;). B,
Representative data of fluorescence emission ratio (535/480 nm) showing [Ca2+]cyt
oscillations in 50 pM SA-treated nahG guard cells in the presence of 50 pg mL™
CHT (n = 30 of 30 cells, 100%;). C, Stalk column representation of (YEL+SA)-
and (CHT+SA)-induced [Ca2+]cyt oscillations (%) in the nahG guard cells. SA was

applied just after YEL or CHT application.
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Figure 3.9 SA-induced stomatal closure in Arabidopsis WT and nahG plants. A,
SA-inducd stomatal closure in the WT plants. B, SA-induced stomatal closure in
the nahG plants. C, Effect of pre- and post-treated SA (500 uM) on the SA-
induced stomatal closure in nahG plants. Averages for three independent
experiments (60 stomata in total per bar) are shown. Error bars represent standard

deviations.

3.4.9 Degradation of Exogenous SA in the nahG plants

To confirm the SA degradation in the nahG plants that express the nahG gene
encoding salicylate hydroxylase, effect of SA on the WT and nahG transgenic
Arabidopsis guard cells were examined. SA at 200 pM, at 500 pM, and at 1000
MM but not at 50 puM induced stomatal closure in the WT plants (Fig. 9. A). SA up
to 1000 uM did not induce stomatal closure in the nahG plants (Fig.9. B). Even

though post-treated with 500 UM SA had no effect on the SA (500 uM SA)-
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induced stomatal closure indicating that nahG transgenic Arabidopsis could not

accumulate endogenous SA.
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Figure 3.10 YEL- and CHT-induced stomatal closure in the acd6 and sizl1-2
mutants. Rosette leaves of WT, acd6, and siz1-2 plants were treated with 50 pg
mL™ YEL and 50 pg mL™ CHT. Averages for three independent experiments (60

stomata in total per bar) are shown. Error bars represent standard deviations.

3.4.10 YEL- and CHT-induced stomatal closure in acd6 and siz1-2
mutants

To justify the role of YEL and CHT on endogenous SA accumulation in
the guard cells in Arabidopsis, we examined YEL- and CHT-induced stomatal
closure on the SA accumulating mutants, acd6é and siz1-2. acdé and sizl-2
mutation increased the accumulation of endogenous SA leading to stomatal
closure. YEL and CHT induced stomatal closure both in the WT and in the acd6
and siz1-2 mutants. YEL- and CHT-induced stomatal closure in the mutants is

significantly higher than the WT plants. These results suggest that SA biosynthesis
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might be induced by YEL and CHT.
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Fig. 3.11 Effect of sid2 mutation on YEL- and CHT-induced stomatal closure. A,
YEL- and CHT-induced stomatal closure in the sid2 mutants. B, Effect of 50 uM
Sa on YEL- and CHT-induced stomatal closure in the sid2 mutants. Averages for
three independent experiments (60 stomata in total per bar) are shown. Error bars

represent standard deviations.

3.4.11 YEL- and CHT-induced stomatal closure in the sid2 mutants

YEL and CHT did not induce stomatal closure in the sid2 mutants. SA at 50 uM
after the YEL and CHT application also did not induced stomatal closure in the
sid2 mutants. Moreover, 50 uM SA alone have no effect on stomatal closure in the
sid2 mutants. These results indicating that YEL and CHT might be induced SA

biosynthesis.

3.5 Discussion

3.5.1 Involvement of endogenous SA in YEL- and CHT-induced
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stomatal closure

Phytohormons and elicitors are regulated stomatal apertures in higher
plants. SA, YEL, and CHT induce stomatal closure in Arabidopsis (Manthe et al.,
1992; Lee and Raskin, 1998; Mori et al., 2001; Khokon et al., 2011a; Grant and Lamb, 2006;
Klusener et al., 2002; Khokon et al., 2010a, b; Salam et al., 2013). YEL- and
CHT-induce stomatal closures are accompanied with ROS production mediated by
salicylhydroxamic acid (SHAM)-sensitive peroxidase (Lee et al., 1999; Allégre et
al., 2009; Khokon et al., 2010a, b). In this study, YEL and CHT did not induce
stomatal closure (Fig 1 B) in the nahG plants. However, SA treatment after the
YEL or CHT application induced stomatal closure in the nahG plants (Fig. 2, B),
indicating that YEL- and CHT-induced stomatal closure are closely related with
endogenous SA. The SA (50 uM), which was used in this study, are not enough
concentration for stomatal closure in the WT plants. YEL or CHT with SA induced
stomatal in the nahG plants indicating that YEL and CHT induce SA biosynthesis.
These results suggest that endogenous SA is required for YEL- and CHT-induced

stomatal closure in Arabidopsis.

3.5.2 Involvement of endogenous SA in YEL- and CHT-induced
extracellular ROS production in the whole leaves and intracellular
ROS accumulation in the guard cells

ROS production is an early event in the stomatal closure (Mori et al.,
2001). YEL and CHT induce extracellular ROS production and intracellular ROS
accumulation (Salam et al., 2012; Salam et al., 2013). YEL- and CHT-induce ROS

production is mediated by salicylhydroxamic acid (SHAM)-sensitive peroxidase
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(Lee et al., 1999; Allégre et al., 2009; Khokon et al., 2010a, b). YEL and CHT did
not induce ROS production (Fig. 3, A and B) in the whole leaves and ROS
accumulation (Fig. 4) in the guard cells of nahG plants. However, application of
SA in the presence of YEL or CHT induced the production and accumulation of
ROS in the nahG plants (Fig. 3, A, B, and Fig. 4). (YEL + SA)- and (CHT + SA)-
induced ROS accumulation in the nahG guard cells was mediated by SHAM-
sensitive peroxidase, in agreement with the SA-induced ROS accumulation
(Khokon et al., 2011). These results indicate that the production and accumulation
of ROS might be regulated by endogenous SA. These results suggest that
endogenous SA is required for YEL- and CHT-induced extracellular ROS
production and intracellular ROS accumulation resulting stomatal closure in

Arabidopsis.

3.5.3 Involvement of endogenous SA in YEL- and CHT-induced
cytosolic alkalization in guard cells

Increment of guard cells cytosolic alkalization is a common phenomenon
in stomatal closure (Irving et al., 1992; Gehring et al., 1997; Suhita et al., 2004;
Gonugunta et al., 2008). YEL and CHT induce cytosolic alkalization resulting to
stomatal closure (Salam et al., 2013; Salam et al., 2012). Changes in cytosolic
alkalization are closely involved in the modulation of ion mobilization leading to
stomatal movement (Islam et al.,, 2010). Cytosolic alkalization also activates
outward K™ currents and inactivates inward K* currents to promote net efflux of K*
in guard cells (Blatt and Armstrong, 1993). In this study, SA, YEL, and CHT

induced cytosolic alkalization in the WT guard cells (Fig. 5, A) and expression of
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the bacterial salicylate hydroxylase (nahG) inhibited the cytosolic alkalization (Fig.
5, B), indicating that the YEL- and CHT-induced cytosolic alkalization were closely
related with endogenous SA. On the other hand, SA in the presence of YEL or CHT
induced cytosolic alkalization in the nahG guard cells (Fig. 5, B), indicating that the
YEL- or CHT-induced cytosolic alkalization might be due to endogenous SA. This
result suggests that endogenous SA is required for YEL- and CHT-induced cytosolic

alkalization resulting stomatal closure in Arabidopsis.

3.5.4 Involvement of endogenous SA in YEL- and CHT-induced
[Ca2+]Cyt oscillations in guard cells

Changes in guard cells [Ca2+]cyt are act as an early second messenger in
signal transduction pathways that regulate stomatal aperture (Allen et al., 1999,
2000; Murata et al., 2001; Kwak et al., 2002; Islam et al., 2010a, b). [Ca2+]cyt
oscillations is attributed to Ca®* influx from the extracellular space mediated by
Ca®* permeable channels (Pei et al., 2000; Siegel et al., 2009; Islam et al., 2010b ).
GFP-based Ca?* indicator YC3.6 technique is used as a novel tool for direct
monitoring of guard cell [Ca*"].: oscillations (Allen et al., 1999, 2000). YEL and
CHT induce elevations in the concentration of [Ca2+]cyt and oscillations of [Ca2+]cyt
(Klvsener et al., 2002; Khokon et al., 2010b; Salam et al., 2013). YEL-induced
[Caz‘”]cyt oscillation is elicited by ROS production mediated by SHAM-sensitive
peroxidases (Khokon et al., 2010b). ROS activation of Ic, channels is regulated
elicitor-induced [Ca2+]cyt increment (Klbsener et al., 2002). SA induces an
elevation in [Ca*]. ion concentration (Kawano et al., 1998). An influx of

extracellular Ca** to guard cells is required for SA-induced stomatal closure (Mori
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et al., 2001). In this study, YEL and CHT did not show [Ca**].,: oscillations in the
nahG guard cells (Fig. 6 E, F, H, and I). On the other hand, SA treatment just after
the YEL or CHT application induced [Ca2+]cyt oscillations in the nahG guard cells
(Fig. 7 A, B, and C), indicating that guard cell [Ca2+]cyt elevation was induced by
SA, suggesting that endogenous SA is required for YEL- and CHT-induced

[Ca2+]cyt oscillations resulting stomatal closure.

3.6 Conclusion

Taken together, my results indicate that endogenous SA is required for
YEL- and CHT-induced stomatal closure, extracellular ROS production,
intracellular ROS accumulation, cytosolic alkalization, and [Ca2+]cyt oscillations.
These findings suggest that endogenous SA might be involved in YEL and CHT

signal transduction leading to stomatal closure in Arabidopsis.
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General summary

Guard cells, which form stomatal pores in the leaf epidermis of higher
plants, can respond to various environmental stimuli, including light, drought, and
pathogen infection. To regulate carbon dioxide uptake for photosynthesis,
transpirational water loss, and innate immunity adequately, plants have developed a
fine-tuned signal transduction in guard cells. The volatile phytohormone SA and
elicitors, YEL and CHT, induce stomatal closure similar to ABA and MeJA. Both
elicitors share some signal components with ABA signaling in guard cells. YEL,
CHT, and ABA induce the cytosolic alkalization and elevation of cytosolic free
calcium concentration ([Ca2+]cyt) in guard cells, resulting in stomatal closure. So far,
ABA signal transduction has been extensively studied, but little is known about SA,
YEL, and CHT signal transduction.

In Chapter 2, | investigated involvement of endogenous ABA and MeJA in
SA, YEL, and CHT-induced stomatal closure in Arabidopsis. | examined SA-, YEL-,
and CHT-induced stomatal closure in wild-type and aba2-2 mutants. SA, YEL, and
CHT induced stomatal closure in the wild-type plants and aba2-2 mutants. FLU did
not inhibit SA-, YEL-, and CHT-induced stomatal closure in wild-type plants. FLU
alone has no effect on stomatal closure in the wild-type plants. | also investigated
SA-, YEL-, and CHT-induced stomatal closure in the wild-type and aos mutants. SA,
YEL, and CHT induced stomatal closure in the wild-type and aos mutants. FLU did
not inhibit SA-, YEL-, and CHT-induced stomatal closure in the aos mutants. FLU
alone also has no effect on stomatal closure in the aos mutants. These results suggest
that neither endogenous abscisic acid nor jasmonates is involved in SA-, YEL-, and

CHT-induced stomatal closure in Arabidopsis.
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In Chapter 3, | examined involvement of endogenous salicylic acid in
yeast elicitor (YEL)- and chitosan (CHT)-induced stomatal closure using
Arabidopsis (Arabidopsis thaliana) SA-deficient nahG transgenic lines. 1 found
that YEL and CHT did not induce stomatal closure in the nahG transgenic lines.
On the other hand, SA at 50 puM after the YEL or CHT application induced
stomatal closure in the nahG plants. | investigated YEL- and CHT-induced
extracellular reactive oxygen species (ROS) production in the whole leaves of
nahG plants. | found that YEL and CHT did not induce extracellular ROS
production in the whole leaves of nahG plants. 1 also investigated YEL- and CHT-
induced intracellular reactive oxygen species (ROS) accumulation in the nahG
guard cells. I found that YEL and CHT did not induce intracellular reactive oxygen
species (ROS) accumulation in the nahG guard cells. However, SA at 50 uM in the
presence of YEL or CHT induced extracellular ROS production in the whole
leaves and intracellular ROS accumulation in the guard cells of nahG plants. | also
examined YEL- and CHT-induced cytosolic alkalization in nahG guard cells. |
observed that YEL and CHT did not induce cytosolic alkalization in the nahG
guard cells. In contrast, SA at 50 uM just after YEL or CHT application induced
cytosolic alkalization in the nahG guard cells. SA at 50 uM, which is not enough
concentration to evoke SA responses in the wild-type, had no effect on the nahG
plants. Finally, I examined YEL- and CHT-induced [Ca2+]cyt elevation in the nahG
guard cells. | found that YEL and CHT did not induce [Ca®*]cy elevation in the
nahG guard cells. In contrast, SA at 50 uM just after YEL or CHT application
induced [Ca2+]cyt elevation in the nahG guard cells. Taken together my results

suggest that endogenous SA could be involved in YEL and CHT signal
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transduction leading to stomatal closure in Arabidopsis.
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