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Preface

Plants are exposed to rapid and various unpredicted disturbances in the environ-
ment resulting in stressful conditions. Abiotic stress is the negative impact of
nonliving factors on the living organisms in a specific environment and constitutes
a major limitation to agricultural production. The adverse environmental conditions
that plants encounter during their life cycle disturb metabolic reactions and ad-
versely affect growth and development at cellular and whole plant level. Under
abiotic stress, plants integrate multiple external stress cues to bring about a coordi-
nated response and establish mechanism to mitigate the stress by triggering a
cascade of events leading to enhanced tolerance. Responses to stress are complicat-
ed integrated circuits involving multiple pathways and specific cellular compart-
ments, and the interaction of additional cofactors and/or signaling molecules
coordinates a specified response to a given stimulus. Stress signal is first perceived
by the receptors present on the membrane of the plant cells. The signal information
is then transduced downstream resulting in the activation of various stress-responsive
genes. The products of these stress genes ultimately lead to stress tolerance response
or plant adaptation and help the plant to survive and surpass the unfavorable
conditions. Abiotic stress conditions lead to production of signaling molecule(s)
that induce the synthesis of several metabolites, including phytohormones for stress
tolerance. Phytohormones are chemical compounds produced in one part and exert
effect in another part and influence physiological and biochemical processes.
Phytohormones are critical for plant growth and development and play an important
role in integrating various stress signals and controlling downstream stress
responses and interact in coordination with each other for defense signal network-
ing to fine-tune defense. The adaptive process of plants response imposed by abiotic
stresses such as salt, cold, drought, and wounding is mainly controlled by the
phytohormones. Stress conditions activate phytohormones signaling pathways
that are thought to mediate adaptive responses at extremely low concentration.
Thus, an understanding of the phytohormones homeostasis and signaling is essen-
tial for improving plant performance under optimal and stressful environments.
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Traditionally five major classes of plant hormones have been recognized: auxins,
cytokinins, gibberellins, abscisic acid, and ethylene. Recently, other signaling
molecules that play roles in plant metabolism and abiotic stress tolerance have
also been identified, including brassinosteroids, jasmonic acid, salicylic acid, and
nitric oxide. Besides, more active molecules are being found and new families of
regulators are emerging such as polyamines, plant peptides, and karrikins. Several
biological effects of phytohormones are induced by cooperation of more than one
phytohormone. Substantial progress has been made in understanding individual
aspects of phytohormones perception, signal transduction, homeostasis, or influ-
ence on gene expression. However, the physiological, biochemical, and molecular
mechanisms induced by phytohormones through which plants integrate adaptive
responses under abiotic stress are largely unknown. This book updates the current
knowledge on the role of phytohormones in the control of plant growth and
development, explores the mechanism responsible for the perception and signal
transduction of phytohormones, and also provides a further understanding of the
complexity of signal crosstalk and controlling downstream stress responses. There
is next to none any book that provides update information on the phytohormones
significance in tolerance to abiotic stress in plants.

We extend our gratitude to all those who have contributed in making this book
possible. Simultaneously, we would like to apologize unreservedly for any mistakes
or failure to acknowledge fully.

Aligarh, India Nafees A. Khan, Rahat Nazar, Noushina Igbal
Aveiro, Portugal Naser A. Anjum
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Chapter 1
Signal Transduction of Phytohormones Under
Abiotic Stresses

F. Eyidogan, M.T. Oz, M. Yucel, and H. A. Oktem

Abstract Growth and productivity of higher plants are adversely affected by
various environmental stresses which are of two main types, biotic and abiotic,
depending on the source of stress. Broad range of abiotic stresses includes osmotic
stress caused by drought, salinity, high or low temperatures, freezing, or flooding,
as well as ionic, nutrient, or metal stresses, and others caused by mechanical factors,
light, or radiation. Plants contrary to animals cannot escape from these environ-
mental constraints, and over the course of evolution, they have developed some
physiological, biochemical, or molecular mechanisms to overcome effects of stress.
Phytohormones such as auxin, cytokinin, abscisic acid, jasmonic acid, ethylene,
salicylic acid, gibberellic acid, and few others, besides their functions during
germination, growth, development, and flowering, play key roles and coordinate
various signal transduction pathways in plants during responses to environmental
stresses. Complex networks of gene regulation by these phytohormones under
abiotic stresses involve various cis- or trans-acting elements. Some of the transcrip-
tion factors regulated by phytohormones include ARF, AREB/ABF, DREB, MYC/
MYB, NAC, and others. Changes in gene expression, protein synthesis, modifica-
tion, or degradation initiated by or coupled to these transcription factors and their
corresponding cis-acting elements are briefly summarized in this work. Moreover,
crosstalk between signal transduction pathways involving phytohormones is
explained in regard to transcriptional or translational regulation under abiotic
stresses.

F. Eyidogan (P<)
Baskent University, Ankara, Turkey
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1.1 Introduction

Plants have successfully evolved to integrate diverse environmental cues into
their developmental programs. Since they cannot escape from adverse constraints,
they have been forced to counteract by eliciting various physiological, biochemi-
cal, and molecular responses. These responses include or lead to changes in gene
expression, regulation of protein amount or activity, alteration of cellular metab-
olite levels, and changes in homeostasis of ions. Gene regulation at the level of
transcription is one of the major control points in biological processes, and
transcription factors and regulators play key roles in this process. Phytohormones
are a collection of trace amount growth regulators, comprising auxin, cytokinin,
gibberellic acid (GA), abscisic acid (ABA), jasmonic acid (JA), ethylene,
salicylic acid (SA), and few others (Tuteja and Sopory 2008). Hormone responses
are fundamental to the development and plastic growth of plants. Besides their
regulatory functions during development, they play key roles and coordinate
various signal transduction pathways during responses to environmental stresses
(Wolters and Jirgens 2009).

A range of stress signaling pathways have been elucidated through molecular
genetic studies. Research on mutants, particularly of Arabidopsis, with defects in
these and other processes have contributed substantially to the current understand-
ing of hormone perception and signal transduction. Plant hormones, such as ABA,
JA, ethylene, and SA, mediate various abiotic and biotic stress responses. Although
auxins, GAs, and cytokinins have been implicated primarily in developmental
processes in plants, they regulate responses to stress or coordinate growth under
stress conditions. The list of phytohormones is growing and now includes
brassinosteroids (BR), nitric oxide (NO), polyamines, and the recently identified
branching hormone strigolactone (Gray 2004).

Treatment of plants with exogenous hormones rapidly and transiently alters
genome-wide transcript profiles (Chapman and Estelle 2009). In Arabidopsis,
hormone treatment for short periods (<1 h) alters expression of 10-300 genes,
with roughly equal numbers of genes repressed and activated (Goda et al. 2008;
Nembhauser et al. 2006; Paponov et al. 2008). Not surprisingly, longer exposure to
most hormones (>1 h) alters expression of larger numbers of genes. Complex
networks of gene regulation by phytohormones under abiotic stresses involve
various cis- or trans-acting elements. Some of the transcription factors, regulators,
and key components functioning in signaling pathways of phytohormones under
abiotic stresses are described in this work. Moreover, changes in gene expression,
protein synthesis, modification, or degradation initiated by or coupled to plant
hormones are briefly summarized.
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1.2 Auxins

Application of auxin to plant tissues brings out various responses including
electrophysiological and transcriptional responses, and changes in cell division,
expansion, and differentiation. Rapid accumulation of transcripts of a large
number of genes which are known as primary auxin response genes occurs with
auxin. Auxin gene families include the regulator of auxin response genes, auxin
response factors (ARFs), and the early response genes, auxin/indole-3-acetic acid
(Aux/TAA), GH3, small auxin-up RNAs (SAURs), and LBD (Abel et al. 1994;
Abel and Theologis 1996; Guilfoyle and Hagen 2007; Hagen and Guilfoyle 2002;
Iwakawa et al. 2002; Yang et al. 2006). Although the roles of these factors in
specific developmental processes are not fully understood yet, it was suggested
that many members of these gene families are also involved in stress or defense
responses (Jain and Khurana 2009).

When auxin-treated cells were examined, it was proposed that part of the auxin
response is mediated by modification of gene expression and that it does not require
de novo protein synthesis. It was identified that three main families (Aux/IAA,
GH3, and SAUR) of early auxin response genes were expressed within 5-60 min
after auxin treatment (Tromas and Perrot-Rechenmann 2010).

With the tight cooperation of these genes, plants can properly respond to auxin
signals and environmental stresses, as well as maintain natural growth and devel-
opment. The DNA-binding domains of ARFs bind to auxin response elements
(AuxREs) (TGTCTC) of auxin-responsive genes and regulate their expression
(Fig. 1.1). ARFs bind with specificity to AuxRE in promoters of auxin response
genes and function in combination with Aux/IAA repressors, which dimerize with
AREF activators in an auxin-regulated manner. It was suggested that differences in
AuxRE sequences and abundance may serve as the first level of complexity in the
transcriptional regulation of auxin-responsive genes (Szemenyei et al. 2008).

Northern and reverse transcriptase PCR (RT-PCR) analyses suggested that ARF
genes are transcribed in different tissues and organs in Arabidopsis and rice plants
(Okushima et al. 2005; Wang et al. 2007a). Most ARFs have a DNA-binding
domain at the N-terminal. ARFs are transcription factors involved in the regulation
of early auxin response genes. It was proposed that ARFs act as activators if they
contain a glutamine/serine/leucine-rich (QSL-rich) middle region or as repressors if
they contain a serine or serine/proline/glycine-rich middle domain (Tromas and
Perrot-Rechenmann 2010).

In the literature, it was shown that the expression of ARF genes responds to
environmental or hormonal signals. ARF2, 7, and 19 transcripts increased to some
level, and ARFI1 transcripts decreased slightly in response to dark-induced senes-
cence in leaves (Ellis et al. 2005). Responses of ARF genes to environmental
factors were indicated to be small or negligible; therefore, it was suggested that
unidentified factors should play a key role in regulating expression of these genes
or regulation by environmental factors is highly specific to selected tissue type
(Guilfoyle and Hagen 2007).
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Fig. 1.1 Models for signal transduction pathways of auxin, gibberellic acid (GA), and jasmonoyl
isoleucine (Ile-JA). (a) Upon phytohormone accumulation in a plant cell, repression on expression
of responsive genes is relieved by degradation of transcriptional regulator. (b) In the absence or
low levels of phytohormones, transcriptional regulators bind to certain transcription factors and
repress gene expression. Arrows and T-bars indicate activation and inhibition, respectively

The Aux/TAA genes comprise a large class of auxin-inducible transcripts and
have been identified in many plants. They encode short-lived nuclear proteins and
act as repressors of auxin-regulated transcriptional activation (Berleth et al. 2004).
Genetic and molecular studies showed that these proteins function as negatively
acting transcription regulators that repress auxin response (Fig. 1.1). Aux/IAA
proteins do not bind to AuxREs directly, but they regulate auxin-mediated gene
expression by controlling the activity of ARFs. Aux/IAA proteins negatively
regulate auxin-mediated transcription activity by binding ARFs through conserved
domains (domains III and IV) found in both types of proteins (Ulmasov et al. 1997;
Tiwari et al. 2003; Kim et al. 1997).

The Aux/IAA transcription factor has no DNA-binding domain, but together
with AREF, it coregulates the transcription of auxin-responsive genes (Gray et al.
2001). With interactions between ARF and Aux/IAA proteins, the specific response
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to auxin is generated. Yeast two-hybrid and other physical assays in vivo have
confirmed a number of interactions, such as the ARF—-Aux/IAA interactions and the
AtIAAL, 6, 12, 13, and 14 interactions with ARF5 or ARF7 (Hamann et al. 2004;
Fukaki et al. 2005; Weijers et al. 2005; Wang et al. 2010). It was also reported that
the domain I of Aux/TAA recruits topless (TPL), which acts as a transcriptional
corepressor for ARF-Aux/IAA-mediated gene regulation during the auxin response
(Szemenyei et al. 2008).

Derepression of auxin responses occurs after an increase in the intracellular
auxin level. When auxin levels increase in nucleus, the targeted degradation of the
Aux/IAA repressors by the 26 S proteasome is promoted (Fig. 1.1). Auxin increases
the interaction of the domain II of Aux/IAAs with transport inhibitor response
1/auxin-related F-Box (TIR1/AFBs), F-box proteins of the E3 ubiquitin ligase
complex Skp1/Cullin1/F-box-TIR1/AFBs (SCF™™VAFBS) There is limited infor-
mation about relative affinity of interaction between various Aux/[AAs and the
different TIR1/AFBs F-box proteins. With the presence of Aux/[AA peptides, auxin
binds to TIR1, but the mechanism is not clear.

The SCETRVAFBS quxin signaling pathway is short and controls the auxin-
induced changes of gene expression by targeting the degradation of transcriptional
repressors. It was shown that multiple signaling components such as MAP kinases
(Kovtun et al. 1998), IBRS protein phosphatase (Strader et al. 2008), or RAC
GTPases (Tao et al. 2002) participate in the regulation of early auxin response
genes. Therefore, it is not clear whether the SCFTRVAFES pathway is sufficient to
tightly regulate auxin-regulated gene expression.

It was also shown that two additional proteins were involved in the regulation of
auxin-responsive gene expression. First is the long-standing auxin-binding protein
1 (ABP1) receptor involved in very early auxin-mediated responses at the plasma
membrane in Arabidopsis (Braun et al. 2008). Since TIR1/AFBs and Aux/TAAs are
mainly located in the nucleus, physical interaction with ABP1 is highly unlikely.
Second is the indole-3-butyric acid response 5 (IBRS) phosphatase which promotes
auxin responses through a pathway different from TIR1-mediated repressor degra-
dation (Strader et al. 2008).

The transcription of LBD genes is enhanced in response to exogenous auxin,
indicating that the LBD gene family may act as a target of ARF (Lee et al. 2009).
The LBD genes encode proteins harboring a conserved lateral organ boundaries
(LOB) domain, which constitute a novel plant-specific class of DNA-binding
transcription factors, indicative of its function in plant-specific processes (Husbands
et al. 2007; Iwakawa et al. 2002).

It was reported that the transcription of GH3 genes is also related to ARF
proteins. AtGH3-6/DFL1, AtGH3a, and At1g28130 expression was reduced in a
T-DNA insertion line (arf8-1) and increased in overexpression lines of AtARFS.
This indicates that the three GH3 genes are targets of AtARF8 transcriptional
control. The control of free IAA level by AtARFS in a negative feedback fashion
might occur by regulating GH3 gene expression (Tian et al. 2004). In the atarf7
or atarf7/atarfl9 mutants, downregulation of AtGH3-6/DFL1 and in rice,
downregulation of OsGH3-9 and OsGH3-11 levels under IAA treatment was
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observed (Okushima et al. 2005; Terol et al. 2006). It was shown that multiple
auxin-inducible elements were found in promoters of the GH3 gene family. This
result confers auxin inducibility to the GH3 genes (Liu et al. 1994). GH3 genes
were not only regulated by ARFs but also modulated by plant hormones, biotic and
abiotic stresses, and other transcriptional regulators. Auxin-induced transcription
is also modulated by tobacco bZIP transcription factor, BZI-1, which binds to the
GH3 promoter (Heinekamp et al. 2004). A GH3-like gene, CcGH3, is regulated by
both auxin and ethylene in Capsicum chinense L. (Liu et al. 2005). The
upregulation of the GH3 genes in response to Cd was shown in Brassica juncea
L. (Minglin et al. 2005). A GH3-5 gene in Arabidopsis, WES1, was shown to be
induced by various stress conditions like cold, heat, high salt, or drought and by
SA and ABA (Park et al. 2007). Auxin metabolism was induced by GH3 genes via
R2R3-type MYB transcription factor, MYB96, and optimization of root growth
was observed under drought conditions in Arabidopsis (Seo and Park 2009).
Therefore, GH3-mediated auxin homeostasis is important in auxin actions which
regulate stress adaptation responses (Park et al. 2007).

Accumulation of small auxin-up RNAs (SAURs) occurs rapidly and transiently
with auxin in many plants (Woodward and Bartel 2005). The short half-lives of
SAUR mRNAs appear to be conferred by downstream elements in the 3’ untrans-
lated region of the messages (Sullivan and Green 1996). Arabidopsis mutants that
stabilize downstream element-containing RNAs, and thus stabilize SAUR transcripts,
have no reported morphological phenotype (Johnson et al. 2000), and although their
function is not clearly established, they have been proposed to act as calmodulin-
binding proteins. As in GH3 and Aux/IAA genes, most SAUR genes share a common
sequence in their upstream regulatory regions, TGTCTC or variants, which was first
identified from the promoter region of the pea PS-IAA4/5 gene (Ballas et al. 1993).

A wide variety of abiotic stresses have an impact on various aspects of auxin
homeostasis, including altered auxin distribution and metabolism. Two poss-
ible molecular mechanisms have been suggested for altered distribution of
auxin: first, altered expression of PIN genes, which mediate polar auxin transport;
and second, inhibition of polar auxin transport by phenolic compounds
accumulated in response to stress exposure (Potters et al. 2009). On the other
hand, auxin metabolism is modulated by oxidative degradation of IAA catalyzed
by peroxidases (Gazarian et al. 1998), which, in turn, are induced by different
stress conditions. Furthermore, it has been shown that reactive oxygen species
generated in response to various environmental stresses may influence the auxin
response (Kovtun et al. 2000; Schopfer et al. 2002). Although these observations
provide some clues, the exact mechanism of auxin-mediated stress responses still
remains to be elucidated.

To address whether auxin-responsive genes were also involved in stress
response in rice plants, their expression profile was investigated by microarray
analysis under desiccation, cold, and salt stress. It was indicated that at least 154
auxin-induced and 50 auxin-repressed probe sets were identified that were differ-
entially expressed, under one or more of the stress conditions analyzed. Among the
154 auxin-induced genes, 116 and 27 genes were upregulated and downregulated,



1 Signal Transduction of Phytohormones Under Abiotic Stresses 7

respectively, under abiotic stress conditions. Similarly, among the 50 auxin-
repressed genes, 6 and 41 genes were upregulated and downregulated, respectively.
Moreover, 41 members of auxin-related gene families were found to be differen-
tially expressed under at least one abiotic stress condition. Among these, 18 (two
GH3, seven Aux/IAA, seven SAUR, and two ARF) were upregulated and 18 (one
GH3, five Aux/IAA, eight SAUR, and four ARF) were downregulated under one or
more abiotic stress conditions. However, another five genes (OsGH3-2, OsIAA4,
OsSAUR?22, OsSAUR4S8, and OsSAURS54) were upregulated under one or more
abiotic stress conditions and downregulated under other stress conditions. Interest-
ingly, among the 206 auxin-responsive (154 auxin-induced and 50 auxin-repressed)
genes and 41 members of auxin-related gene families that were differentially
expressed under at least one abiotic stress condition, only 51 and 3 genes, respec-
tively, were differentially expressed under all three stress conditions (Jain and
Khurana 2009).

It was indicated that the expression of Aux/IAA and ARF gene family members
was altered during cold acclimation in Arabidopsis (Hannah et al. 2005). Molecular
genetic analysis of the auxin and ABA response pathways provided evidence for
auxin—ABA interaction (Suzuki et al. 2001; Brady et al. 2003). The role of IBRS, a
dual-specificity phosphatase-like protein, supported the link between auxin and
ABA signaling pathways (Monroe-Augustus et al. 2003).

Promoters of the auxin-responsive genes and members of auxin-related gene
families differentially expressed under various abiotic stress conditions were
analyzed to identify cis-acting regulatory elements linked to specific abiotic stress
conditions. Although no specific cis-acting regulatory elements could be linked to a
specific stress condition analyzed, several ABA and other stress-responsive
elements were identified. The presence of these elements further confirms the stress
responsiveness of auxin-responsive genes. The results indicated the existence of a
complex system, including several auxin-responsive genes, that is operative during
stress signaling in rice. The results of study suggested that auxin could also act as a
stress hormone, directly or indirectly, that alters the expression of several stress-
responsive genes (Jain and Khurana 2009).

It was shown that genes belonging to auxin-responsive SAUR and Aux/IAA
family, ARFs and auxin transporter-like proteins are downregulated in the grape-
vine leaves exposed to low UV-B (Pontin et al. 2010). Similar results were also
found in the study of pathogen resistance responses, where a number of auxin-
responsive genes (including genes encoding SAUR, Aux/IAA, auxin importer
AUXI1, auxin exporter PIN7) were significantly repressed (Wang et al. 2007b),
supporting the idea that downregulation of auxin signaling contributes to induction
of immune responses in plants (Bari and Jones 2009).

Some of the plant glutathione S-transferases (GSTs) are induced by plant
hormones auxins and cytokinins. The transcript level of GST genes was induced
very rapidly in the presence of auxin. OsGSTUS5 and OsGSTU37 were preferen-
tially expressed in root and were also upregulated by auxin and various stress
conditions (Jain et al. 2010).
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1.3 Gibberellins

Gibberellins (GAs) are a large family of tetracyclic, diterpenoid phytohormones,
which regulate plant growth. Bioactive GAs influence various developmental
processes such as seed germination, stem elongation, pollen maturation, and transi-
tion from vegetative growth to flowering (Olszewski et al. 2002). Growth and stress
are often opposed, and a retardation of development is generally observed under
environmental stress conditions. Therefore, components of GA signaling are
candidates for putative integrator of growth and stress signals. Moreover, crosstalk
of GA signaling with various phytohormone signaling events, which function in
response to stress, bestows an important role on GA under stress conditions.
Crosstalk could potentially occur by altering expression levels of GA-signaling
components or modulating their protein activity or stability (Fu and Harberd 2003;
Achard et al. 2003, 2006).

Mutants of rice (Oryza sativa) and Arabidopsis deficient in GA biosynthesis or
signaling were utilized to identify proteins that are essential for GA perception and
signaling. The current model of GA signaling suggests binding of GA to a soluble
GA-insensitive dwarf 1 (GID1) receptor (Ueguchi-Tanaka et al. 2005) (Fig. 1.1).
The GID1-GA complex then interacts with DELLA repressor proteins, resulting in
degradation of DELLA protein through a ubiquitin—proteasome pathway initiated
by SCF (Skip/Cullin/F-box) complex (Sun 2011). The GA-specific F-box proteins,
GID2 in rice (Sasaki et al. 2003), and sleepyl (SLY1) and sneezy (SNE) in
Arabidopsis (McGinnis et al. 2003; Strader et al. 2004) confer specificity to the
SCF-type E3 ubiquitin ligase, SCF'P*-Y! ‘toward the DELLA-GID1-GA com-
plex. SCFE™PZSEYT adds a polyubiquitin chain to the DELLA protein and hence
induces its degradation by the 26 S proteasome complex (Fig. 1.1). The degradation
of DELLA repressors by the 26 S proteasome activates GA action (Ueguchi-Tanaka
et al. 2007).

The GID1 receptor, which encodes a soluble protein with similarity to hormone-
sensitive lipases, was first identified in rice (Ueguchi-Tanaka et al. 2005). Its
homologs GIDla, GID1b, and GIDlc were identified and characterized as the
major GA receptors in Arabidopsis (Nakajima et al. 2006; Griffiths et al. 2006).
Subsequently, GA receptors in various plants such as cotton, barley, and fern have
been identified (Aleman et al. 2008; Chandler et al. 2008; Yasumura et al. 2007).
GID1 is a soluble nuclear-enriched receptor which interacts with DELLA proteins
in a GA-dependent manner (Willige et al. 2007). Structural analysis of GID1 has
revealed basis for GID1-GA and DELLA-GID1-GA interactions as well as evolu-
tionary aspects of the GA receptor (Shimada et al. 2008; Murase et al. 2008;
Ueguchi-Tanaka and Matsuoka 2010).

DELLA repressors are the key regulators of GA signaling (Schwechheimer 2008).
Five DELLA proteins, namely, GA-insensitive (GAI), repressor of gal/-3 (RGA),
RGA-like 1 (RGL1), RGL2, and RGL3, have been identified in Arabidopsis (Bolle
2004). On the other hand, single DELLA protein genes present in rice and barley
genomes are slender ricel (SLR1) (Ogawa et al. 2000; Ikeda et al. 2001) and
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slender 1 (SLN1) (Chandler et al. 2002; Fu et al. 2002), respectively. DELLA
repressor loss-of-function mutants are taller than the wild-type plants and flower
early, whereas transgenic plants overexpressing a DELLA protein are dwarf and
flower late (Fu et al. 2002; Peng et al. 1997). The N-terminal domains of these
repressors containing the DELLA motif play a regulatory role in GA-signal percep-
tion and GA-induced degradation (Dill et al. 2001). The absence of a typical basic
DNA-binding domain suggests that DELLA proteins are more likely to function as
transcriptional regulators instead of as transcription factors (Hussain and Peng 2003)
(Fig. 1.1). Molecular studies showed that dwarf wheat varieties adopted during
“green revolution” are affected in components of GA-signaling pathways, specifi-
cally orthologs of GAI (Peng et al. 1999).

Repressor activity of DELLA proteins might be controlled by mechanisms such
as posttranslational modifications. Though initial studies had indicated phosphory-
lation of DELLA repressors as a prerequisite for GA-dependent degradation (Sasaki
et al. 2003; Gomi et al. 2004), later studies have shown that DELLA proteins are
phosphorylated in a GA-independent manner and phosphorylated as well as
nonphosphorylated DELLA proteins are degraded in response to GA (Itoh et al.
2005). Requirement of DELLA dephosphorylation for subsequent degradation has
been suggested in an Arabidopsis cell-free assay system and in tobacco BY2 cells
(Wang et al. 2009; Hussain et al. 2005). Moreover, it was reported that phosphory-
lation of SLR1 by early floweringl (EL1), encoding a serine/threonine protein
kinase, might be critical for DELLA protein activity (Dai and Xue 2010). The
Arabidopsis spindly (SPY) protein, which is an O-linked N-acetylglucosamine
(GlcNAc) transferase, may function as a negative regulator of GA response.
Though evidence of direct modification is lacking, it was suggested that SPY
increases the activity of DELLA proteins, by adding a GlcNAc monosaccharide
to serine/threonine residues (Silverstone et al. 2007). Thus, posttranslational modi-
fications are clearly important for proper functioning or stability of the DELLA
proteins, although the identities of the factors responsible for these modifications
and modes of regulation remain to be determined.

Several putative direct targets of DELLA in Arabidopsis were identified by
expression microarrays (Zentella et al. 2007; Hou et al. 2008). DELLA has induced
expression of upstream GA biosynthetic genes and GA receptor genes, suggesting
direct involvement of DELLA in maintaining GA homeostasis via a feedback
mechanism. Other DELLA-induced target genes encode transcription factors/
regulators like basic helix-loop-helix (bHLH), MYB-like, and WRKY family
proteins. Among DELLA targets were RING-type E3 ubiquitin ligases including
XERICO which is important for ABA accumulation. Thus, DELLA inhibits GA-
mediated responses in part by upregulating ABA levels through XERICO. This
revealed a role of DELLA in mediating interaction between GA and ABA signaling
pathways (Zentella et al. 2007). Recently, it was reported that in Arabidopsis
scarecrow-like3 (SCL3) and DELLA antagonize each other in controlling both
downstream GA responses and upstream GA biosynthetic genes (Zhang et al. 2011).

DELLA stability is indirectly affected by other phytohormone pathways or
environmental cues through alteration of GA metabolism and bioactive GA levels.
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Auxin induces root and stem elongation, at least in part, by upregulating GA
biosynthetic genes and downregulating GA catabolism genes (Sun 2010). During
cold and salt stresses, AP2 transcription factors such as CBF1 and dwarf delayed-
flowering 1 (DDF1) induce expression of GA catabolism genes (Magome et al.
2004). Similarly, stabilization of DELLA by ABA treatment is achieved by reduc-
tion of GA accumulation (Sun 2010). Integrative role of DELLA repressors in salt
stress, ABA, and ethylene responses was described, and it was stated that salinity
activates ABA and ethylene signaling, two independent pathways whose effects are
integrated at the level of DELLA function (Achard et al. 2006). Growth restraint
conferred by DELLA proteins extends the duration of the vegetative phase and
promotes survival under adverse conditions.

DELLA proteins play critical roles in protein—protein interactions within various
environmental and phytohormone signaling pathways. They are involved in many
aspects of plant growth, development, and adaptation to stresses (Feng et al. 2008;
Harberd et al. 2009; Arnaud et al. 2010; Hou et al. 2010). It was hypothesized that
GA signaling or DELLA proteins enable flowering plants to maintain transient
growth arrest, giving them the flexibility to survive periods of adversity (Harberd
et al. 2009). The binding of DELLA proteins to the phytochrome-interacting factor
(PIF) proteins integrates light and GA-signaling pathways (Fig. 1.1). This binding
prevents PIFs from functioning as positive transcriptional regulators of growth in
the dark. Since PIFs are degraded in light, they can only function in the combined
absence of light and presence of GA (Hartweck 2008). DELLA inhibits hypocotyl
elongation by binding directly to PIF3 and PIF4 and preventing expression of PIF3/
PIF4 target genes (Feng et al. 2008). The transcription factor PIF3-like5 (PILS)
directly promotes the transcription of the GAI and RGA DELLA protein genes
before germination and thereby controls repressor protein abundance. In response
to light, PILS is degraded, and the transcription of GAI and RGA is reduced,
relieving the restraint on germination (Oh et al. 2007). In barley, activation of
a-amylase expression is induced by GAMYB (Gubler et al. 1999). It has been
demonstrated that GA response mediated through GAMYB is dependent on the
DELLA proteins SLN1 and SLR1, in barley and rice, respectively (Gubler et al.
2002), in which the DELLA proteins act as negative regulators of GAMYB-
mediated gene expression.

Recently, two homologous GATA-type transcription factors from Arabidopsis,
namely, GNC (GATA, nitrate-inducible, carbon-metabolism involved) and GNL/
CGA1 (GNC-Like/cytokinin-responsive GATA factor 1), were identified as GA-
regulated genes. It was indicated that GNC and GNL/CGA1 are important down-
stream targets of DELLA proteins and PIF transcription factors and that they might
be direct PIF targets (Richter et al. 2010). In another recent study, role of DELLA as
a transcriptional activator has been revealed. It was shown that the jasmonic acid
(JA) ZIM-domain 1 (JAZ1) protein, a key repressor of JA signaling, interacts
in vivo with DELLA proteins. JAZ proteins inhibit the activity of MYC2, which
regulate target genes including some of JA-responsive genes. Binding of DELLA to
JAZ removes the repression on MYC2 and JA-responsive genes (Hou et al. 2010).
In Arabidopsis, DELLA proteins were implicated in JA signaling or perception, and
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a role of DELLA in the regulation of plant—pathogen interactions was suggested
(Navarro et al. 2008). Consequently, function of DELLA proteins as transcriptional
repressors or activators grants these regulatory proteins a critical role at the
crossroads of phytohormone signaling pathways during development or under
various environmental conditions.

It is essential to identify the genes that are the final targets of GA-signaling
pathway. GA function and GA-induced gene transcription in cereal aleurone
cells have been reviewed (Olszewski et al. 2002; Sun and Gubler 2004). DNA
microarrays have been utilized to dissect the transcriptional changes that promote
GA-induced seed germination in Arabidopsis. Identified GA-responsive genes
included the ones encoding for expansins, xyloglucan endotransglycosylase/
hydrolases (XETs), aquaporins, a D-type cyclin, and a replication protein A, which
are implicated in cell elongation and cell division (Ogawa et al. 2003). A cDNA
microarray was employed to understand the molecular mechanisms by which GA and
BRs regulate the growth and development in rice seedlings. Increased expression of
XETs and downregulation of stress-related genes were observed after exogenous
application of GA (Yang et al. 2004). In citrus, effects of GAs on internode
transcriptome were investigated using a cDNA microarray. An overall upregulation
of genes encoding proteins of the photosystems and chlorophyll-binding proteins, as
well as of genes of the carbon fixation pathway, was observed (Huerta et al. 2008).
In maize, transcriptional profiles of immature ears and tassels were investigated with
microarrays at early stage of water stress. Transcripts upregulated in both organs
included those involved in protective functions, detoxification of reactive oxygen
species, nitrogen metabolism, and GA metabolism (Zhuang et al. 2008).

1.4 Cytokinins

Cytokinin signaling is similar to the two-component signal transduction pathways
present in most bacteria and fungi. Hybrid histidine kinase (HK) receptors bind to
cytokinin and then are autophosphorylated. Then phosphate group is transferred to
histidine phosphotransfer proteins (HPs) (Fig. 1.2). The Arabidopsis HPs (AHPs)
are a small family of proteins that act as intermediates in cytokinin signaling. The
AHPs interact directly with various sensor HKs and type A and type B response
regulators (RRs) in yeast two-hybrid assay. It was found that there were 23
Arabidopsis response regulators (ARRs) and nine related proteins (APRRs) in
Arabidopsis (Schaller et al. 2002). The type B or transcription factor-type class
also has 11 members. Each type B protein is composed of an N-terminal receiver
domain and a long C-terminal part containing a single-repeat MYB-type DNA-
binding domain (Sakai et al. 1998) called a GARP domain (Riechmann et al. 2000)
and the proline- and glutamine-rich region frequently observed in eukaryotic
transactivating domains (Tjian and Maniatis 1994). The ARRs are classified
according to their C-terminal domains. Type A and type C have short C-termini,
while type B ARRs have longer C-termini.
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Transcription of type A ARRs is rapidly elevated by exogenous cytokinin
(Brandstatter and Kieber 1998; Jain et al. 2006). In addition to transcriptional
regulation, cytokinin treatment also results in an increase in the half-life of a subset
of type A ARR proteins (To et al. 2007). Type A ARRs which are direct targets of
the type B ARR transcription factors are negative regulators of cytokinin signaling.
Consistent with their role as transcription factors, type B ARRs localize to the
nucleus (Hwang and Sheen 2001; Asakura et al. 2003; Mason et al. 2005). Genetic
and molecular analyses indicate that the type B ARRs are redundant positive
elements in cytokinin signaling and are the immediate upstream activators of type
A ARR gene expression (Hwang and Sheen 2001; Mason et al. 2005; Argyros et al.
2008). It was shown that type B ARRs are positive elements in cytokinin signaling
(Ishida et al. 2008; Mason et al. 2005; Argyros et al. 2008) (Fig. 1.2).
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Fig. 1.2 Models for signal transduction pathways of cytokinin and abscisic acid (ABA). (a, ¢)
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initiates cascades of events involving phosphatases or kinases to induce expression of responsive
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Dashed arrows or T-bars indicate possible interactions
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To determine the target genes of the cytokinin-regulated transcriptional network,
microarray analyses have been performed by different groups (Brenner et al. 2005;
Rashotte et al. 2003; Rashotte et al. 2006). In addition to the type B ARRs, there are
several other transcription factors that have been implicated by microarray analyses
in the response to cytokinin. The cytokinin response factors (CRFs) act, along with
the type B ARRs, to mediate the transcriptional response to cytokinin (Fig. 1.2).
The CRFs have six family members, which are a subset of the AP2-like superfam-
ily. Three of CRFs are transcriptionally upregulated by cytokinin in a type B
ARR-dependent manner (Rashotte et al. 2006). Microarray analysis of cytokinin-
regulated genes in a multiple crf mutant revealed that many genes regulated by type
B ARRs are also regulated by CRFs.

It was indicated that the functions of the cytokinin-regulated genes reflect
processes known to be targets of cytokinin signaling, including genes involved in
cell expansion, other phytohormone pathways (auxin, ethylene, and GA), responses
to pathogens, and regulation by light. Other, more directed approaches have
identified individual genes regulated by cytokinin, including cyclinD3 (Riou-
Khamlichi et al. 1999), which provides a mechanistic link between cytokinin and
the regulation of the cell cycle. Additionally, other clusters of genes suggest
unsuspected targets of cytokinin, including genes involved in trehalose-6-
phosphate metabolism and potential effects in the redox state of the cell. Undoubt-
edly, there are many additional targets that remain to be identified. Moreover, the
transcription factors responsible for the regulation of these targets and how they
interact remain to be determined (Argueso et al. 2010).

It was also known that cytokinin function has been linked to a variety of abiotic
stresses (Hare et al. 1997). When public microarray expression data was examined,
it was revealed that the genes encoding proteins in the cytokinin signaling pathway
were differentially affected by various abiotic stresses. For example, it was shown
that cold stress appears to rapidly upregulate the expression of multiple type A
ARRs and conversely to downregulate the expression of all three cytokinin
receptors. Although there are no reports linking cytokinin to a rapid response to
cold stress, these results can suggest a role for cytokinin in the response to cold
stress (Argueso et al. 2009). After dehydration, the expression of the AHK?2 and
AHK3 genes was found to be induced (Tran et al. 2007), which was shown in the
analysis of public microarray data (Argueso et al. 2009). Exposure of plants to
drought results in a decrease in the level of cytokinins in the xylem sap (Bano et al.
1994; Shashidhar et al. 1996). A recent study has confirmed that isoprene-type
cytokinins (zeatin and zeatin riboside) are decreased in the xylem in response to
drought stress. Surprisingly, in the same study, it was found that the level of the
aromatic cytokinin 6-benzylaminopurine (BAP) was elevated (Alvarez et al. 2008).

It was found that the expression of Agrobacterium isopentenyl transferase (IPT),
rate-limiting enzyme in cytokinin biosynthesis, downstream of a drought/matura-
tion-induced promoter resulted in a remarkable tolerance to extreme drought
conditions in tobacco (Rivero et al. 2007). While wild-type plants died, transgenic
plants had complete recovery after drought conditions. In addition to this, under
water restriction, there was no yield loss (Rivero et al. 2007). This result was
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consistent with the notion that elevated cytokinin levels may promote survival in
drought conditions. Similar results were obtained in another study, which suggested
that endogenous cytokinin may play a role in conferring drought tolerance (Alvarez
et al. 2008).

Especially in roots, the expressions of several of the CRF genes were down-
regulated in response to salt stress. It was suggested that these genes may play an
important role in mediating the input of cytokinin into the salt stress response
pathway (Rashotte et al. 2006). In another study, one out of ten recently described
rice RR genes had shown to be upregulated in seedlings exposed to a high
concentration of salt (Jain et al. 2006). In developing kernels where the cytokinin
role in response to water stress was previously studied (Brugiere et al. 2003), only
specific genes for de novo biosynthesis (e.g., IPT2), degradation (e.g., CKXI1,
CKX4), and signal response (e.g., RR3) were active.

Cytokinins control many aspects of development and responses to the environ-
ment. Recent research highlighted the importance of cytokinin-regulated transcrip-
tional networks in the regulation of these processes. As well as type B ARRS,
additional classes of transcription factors take role in the control of cytokinin-
regulated gene expression in shoot development (e.g., STM, WUS, GL1) and
root development (e.g., SHY2, SCR, PLT1) (Argueso et al. 2010). Thus, it was
suggested that crosstalk between cytokinin and other plant hormones at the tran-
scriptional level is widespread.

1.5 Abscisic Acid

Abscisic acid (ABA) is a major phytohormone that regulates a broad range of
events during development and adaptive stress responses in plants. It plays crucial
roles in responses of vegetative tissues to abiotic stresses such as drought and high
salinity (Zhu 2002). It accumulates in cells under osmotic stress, promotes stomatal
closure, and regulates the expression of various protective or adaptive genes. ABA
and coordinated action of different hormonal signaling pathways control mainte-
nance of root growth, regulation of stress-responsive gene expression, accumula-
tion of osmocompatible solutes, and synthesis of dehydrins and late embryogenesis
abundant (LEA) proteins under environmental stress (Zhu 2002; Sharp et al. 2004;
Verslues et al. 2006). Recently, role of ABA in response to biotic stress has been
reviewed as well (Ton et al. 2009). ABA might be providing resistance to pathogens
and disease via inhibition of pathogen entry through stomata or via increasing
susceptibility by crosstalk with other signaling pathways.

Mutants altered in phytohormone sensitivity have led to identification of physi-
ological receptors for auxin (Dharmasiri et al. 2005; Kepinski and Leyser 2005),
gibberellins (Ueguchi-Tanaka et al. 2005), and other phytohormones. However,
similar genetic screens for mutants have not directly yielded ABA receptors. On the
other hand, ABA perception and signal transduction have been studied extensively.
Microinjection into cytosol or treatment with ABA or its analogs has suggested
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multiple ABA receptors at various locations including cytosol and plasma mem-
brane. Though controversy exists, flowering time control protein FCA (Razem et al.
2006), G-protein-coupled receptor 2 (GCR2) (Liu et al. 2007), GCR-type G-protein
1 (GTG1) and GTG2 (Pandey et al. 2009), and Mg-chelatase H subunit (ChlH)
(Shen et al. 2006) were identified as ABA receptors. Among these putative
receptors, FCA was later shown to be not binding ABA (Risk et al. 2008). It was
indicated that the filter-based ligand-binding assays employed in receptor studies
are prone to artifacts because of incomplete removal of nonprotein-bound ABA.
Similar concerns were raised for ABA-binding ability of ChlH and GCR2 (Risk
et al. 2009; Guo et al. 2008). Alternative techniques like affinity chromatography
were employed to reinforce the hypothesis that ChlH can bind to ABA in
Arabidopsis thaliana (Wu et al. 2009). Although GCRs and ChlH were proposed
to play important roles in ABA responses, their physiological and molecular
connections to well-known signaling factors such as type 2C protein phosphatases
(PP2C) and sucrose nonfermenting (SNF) 1-related protein kinase 2 (SnRK2)
remained unclear.

Negative regulatory system employed in ABA signaling cascade is composed of
PP2C phosphatases and SnRK2 kinases which act as negative and positive
regulators, respectively (Fig. 1.2). Mutants of Arabidopsis, insensitive to ABA,
were used for identification of two genes, ABA-insensitivel (ABIl) and ABI2,
encoding group A PP2Cs (Leung et al. 1994, 1997; Meyer et al. 1994). Discovery of
these phosphatases has led to isolation or characterization of various other
regulators of ABA signaling including protein kinases. Members of SnRK2 family
such as ABA-activated protein kinase (AAPK) from Vicia faba (Li et al. 2000) and
Arabidopsis SRK2E/Open stomata 1 (OST1)/SnRK2.6 (Mustilli et al. 2002;
Yoshida et al. 2002) were determined as positive regulators in ABA signaling.
Gene encoding ABA-induced protein kinase 1 (PKABA1), which is a serine—
threonine type protein kinase, was isolated from wheat (Anderberg and Walker-
Simmons 1992). In the absence of ABA, PP2C inactivates SnRK2 by direct
dephosphorylation. On the other hand, in response to environmental or develop-
mental cues, ABA promotes inhibition of PP2C and accumulation of phos-
phorylated SnRK2. Active SnRK2 subsequently phosphorylates ABA-responsive
element (ABRE)-binding factors (AREBs/ABFs) and initiates ABA-regulated gene
expression.

ABA signaling model was updated with the discovery of pyrabactin resistance
1/pyrabactin resistance 1-like/regulatory component of ABA Receptor (PYR/PYL/
RCAR) proteins as a new type of soluble ABA receptor (Ma et al. 2009; Park et al.
2009). Furthermore, protein phosphatase—kinase complexes (PP2C-SnRK2) were
identified as downstream components of PYR/PYL/RCARs (Umezawa et al. 2009;
Vlad et al. 2009). After these major findings, several studies offered a double-
negative regulatory system for ABA signaling which consists of four components:
ABA receptors (PYR/PYL/RCAR), protein phosphatases (PP2C), protein kinases
(SnRK?2), and their downstream targets (Fujii et al. 2009; Umezawa et al. 2009)
(Fig. 1.2). In the presence of ABA, interaction of PYR/PYL/RCAR and PP2C
is promoted, resulting in PP2C inhibition and SnRK2 activation. Besides direct
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interactions between PYR/PYL/RCARs, PP2Cs, and SnRK2s, the interaction
between other ABA-binding receptors (e.g., GCRs, GTGs, and ChlH) and any
component of signaling (e.g., PP2Cs, SnRK2s, and AREBs/ABFs) is unknown.

The double-negative regulatory system provided by signaling complex of PYR/
PYL/RCARs, group A PP2Cs, and subclass III SnRK2s is very simple yet sophisti-
cated. The system probably varies widely in plant cells, tissues, and organs at
various developmental stages. There are 14 PYR/PYL/RCARs, 9 PP2Cs, 3
SnRK2s, and 9 AREB/ABFs in A. thaliana alone to regulate transcription (Ma
et al. 2009; Park et al. 2009; Umezawa et al. 2009; Uno et al. 2000), increasing
number of possible combinations of the signaling complex to more than 3,000
(Umezawa et al. 2010). Fine tuning of ABA responses in plant cells is probably
provided by multiple determinants, like spatial or temporal limitations, stress-
responsive gene expression patterns, subcellular localization, and preferences in
protein—protein interactions (Umezawa et al. 2010).

Downstream targets of the PYR/PYL/RCAR-PP2C-SnRK2 complex should be
determined to clarify the details of ABA signaling. These include proteins that
interact with PP2C and SnRK2. Several bZIP transcription factors (AREBs/ABFs)
and some membrane proteins have been identified as substrates for SnRK2
phosphorylation. In guard cells SRK2E/OST1/SnRK2.6, homologue of SRK2D/
SnRK2.2 and SRK2I/SnRK2.3 acts as positive regulator of stomatal closure
(Mustilli et al. 2002). It activates anion channel SLAC1 and inhibits cation channel
KAT]1 which is essential for K* uptake during stomatal opening (Geiger et al. 2009;
Raghavendra et al. 2010). ABA- and PYR/PYL/RCAR-mediated inactivation of
PP2C allows activation of SLAC1 which has a central role in guard cells (Fig. 1.2).

It is well known that abiotic stress conditions like drought and salinity activate
ABA-dependent gene expression systems involving various transcription factors
like AREBs/ABFs, MYC/MYB, C-repeat binding factors (CBFs)/drought-
responsive element (DRE)-binding proteins (DREBs), and NAC family proteins.
On the other hand, cold stress regulates gene expression in an ABA-independent
manner through some CBFs/DREBs (Agarwal and Jha 2010). Large-scale
transcriptome analyses, which provided valuable information on ABA-mediated
regulation of transcription, have shown that ABA dramatically alters genomic
expression (Hoth et al. 2002; Seki et al. 2002). These genome-wide expression
studies not only revealed key components of ABA signaling but also contributed in
identification of novel downstream target genes. Key regulators of ABA-mediated
gene expression are AREBs/ABFs with ABIS as a typical representative. Several
SnRK2s regulate AREB/ABFs in ABA signaling in response to water stress (Fujii
and Zhu 2009). Wheat SnRK2 ortholog, PKABAI1, phosphorylates the wheat
AREBI ortholog, TaABF, and the rice SnRK2 orthologs, SAPKS8, SAPK9, and
SAPK10, phosphorylate the AREB1 ortholog TRABI, in vitro (Johnson et al. 2002;
Kagaya et al. 2002; Kobayashi et al. 2005). OsABIS5 from rice showed transcript
upregulation by ABA and high salinity and downregulation by drought and cold. Its
overexpression enhanced salinity tolerance (Zou et al. 2008).

The AREBs/ABFs encode bZIP transcription factors and belong to the group
A subfamily, which is composed of nine homologs in the Arabidopsis genome
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(Jakoby et al. 2002). The AREBs/ABFs were isolated by using ABRE sequences as
bait in yeast one-hybrid screening method (Choi et al. 2000). The bZIP transcription
factors interact as dimers with ABREs (PyACGTGGC), which are ACGT
containing G-box-like cis-elements in promoter regions. ABA response usually
requires a combination of an ABRE with a coupling element (CE), which is similar
to an ABRE or a DRE (Himmelbach et al. 2003). ABRE-binding AREBs/ABFs,
DRE-binding AP2-type transcription factors, and other transcriptional regulators
such as viviparous1 (VP1)/ABI3 also contribute to ABA-mediated gene expression.
ABI3 binds to ABI5 and enhances its action. ABI4, an AP2-type transcription
factor, and a number of additional trans-acting factors including MYC/MYB family
proteins act as positive ABA response regulators (Yamaguchi-Shinozaki and
Shinozaki 2006). ZmABI4 interacts specifically with CE and functions in ABA
signaling during germination and in sugar sensing in maize (Niu et al. 2002).

Among the group A bZIP subfamily, AREB1/ABF2, AREB2/ABF4, and ABF3
are induced by dehydration, high salinity, and ABA treatment in vegetative tissues
(Uno et al. 2000; Kim et al. 2004; Fujita et al. 2005). In Arabidopsis, four cDNA
sequences of ABFs (ABF1, ABF2, ABF3, and ABF4) similar to AREBI1 and
AREB2 were identified. ABF1 expression was induced by cold, ABF2 and ABF3
by high salt and ABF4 by cold, drought, and high salt (Choi et al. 2000). Recently,
an arebl/areb2/abf3 triple mutant was generated (Yoshida et al. 2010).
Transcriptome analysis of triple mutant revealed novel AREB/ABF downstream
genes in response to water stress, including many LEA class and group A PP2C
genes and transcription factors. These results indicate that AREB1, AREB2, and
ABF3 are master transcription factors that cooperatively regulate ABRE-dependent
gene expression in ABA signaling under stress conditions (Yoshida et al. 2010).
Various bZIP transcription factor genes of different groups were identified from
soybean (Glycine max). It was found that GmbZIP44, GmbZIP62, and GmbZIP78
belonging to subgroup S, C, and G, respectively, were also involved in salt and
freezing stresses. These proteins bind to ABRE and couple of other cis-acting
elements with differential affinity and improve stress tolerance in transgenic
Arabidopsis by upregulating ERF5, KIN1, COR15A, COR78A, and P5CS1 and
downregulating DREB2A and COR47 (Liao et al. 2008).

Orthologs of AREBs/ABFs have also been reported in barley (Casaretto and Ho
2003) and rice (Lu et al. 2009; Amir Hossain et al. 2010). OsbZIP72 was shown to
be an ABRE-binding factor in rice using the yeast hybrid systems. Transgenic rice
overexpressing OsbZIP72 was hypersensitive to ABA and showed elevated levels
of expression of ABA response genes such as LEAs. Transgenic rice plants
displayed an enhanced ability of drought tolerance (Lu et al. 2009). Expression of
OsABF1 was found to be induced by various abiotic stress treatments such as
anoxia, salinity, drought, oxidative stress, and cold (Amir Hossain et al. 2010).
In cultivated tomato (Solanum lycopersicum), two members of AREBs/ABFs,
namely, SIAREB1 and SIAREB2, were identified. Expression of SIAREB1 and
SIAREB2 was induced by drought and salinity in both leaves and root tissues.
Microarray and cDNA-amplified fragment length polymorphism (AFLP) analyses
were employed in order to identify SIAREBI1 target genes responsible for the



18 F. Eyidogan et al.

enhanced tolerance in SIAREBI1-overexpressing lines. Genes encoding oxidative
stress-related proteins, lipid-transfer proteins (LTPs), transcription regulators, and
LEA proteins were found among the upregulated genes in transgenic lines
(Orellana et al. 2010). ABA regulation of gene expression in Arabidopsis guard
cells was investigated using microarrays. Global transcriptomes of guard cells were
compared to gene expression in leaves and other tissues, and approximately 300
genes showing ABA regulation unique to guard cells were determined (Wang
et al. 2011).

1.6 Jasmonic Acid

Lipid-derived jasmonic acid (JA) and its metabolites, collectively known as
jasmonates, are important plant signaling molecules that mediate plant responses
to environmental stress and function in various aspects of growth and development
(Wasternack 2007; Balbi and Devoto 2008). Phytohormones regulate development
not via linear pathways, but through complex interconnections between different
signaling pathways. Extensive crosstalk occurs between JAs and salicylic acid
(SA), another signaling molecule with an important function in plant defense
responses (Beckers and Spoel 2006). In higher plants, after synthesis via the
octadecanoid pathway, JA can be conjugated to amino acids, preferentially to
isoleucine (Ile) to form Ile—JA or converted to methyl jasmonate (Me—JA) or
other metabolites (Wasternack 2007). Ile-JA has been proposed to be the active
form of the hormone. Pathogens, mechanical wounding, water deficit, and some
other abiotic stresses trigger a rapid increase in JA levels. In general, JAs help to
modulate the competitive allocation of energy to defense or growth.

Mutants of Arabidopsis were utilized for determination of key components of
JA-signaling pathway. Central roles of an F-box protein, coronatine-insensitive 1
(COI1) (Xie et al. 1998), and negative transcriptional regulators, Jasmonate ZIM-
domain (JAZ) (Thines et al. 2007; Chini et al. 2007) proteins, were defined in
Arabidopsis. Taken together, these results suggested SCF“°"'-dependent degrada-
tion of JAZ repressors via 26 S proteasome following perception of Ile-JA. As in
the case of GA and auxin signaling pathways, Ile-JA, active hormone, relieves the
repression by JAZ, transcriptional regulator (Fig. 1.1). Moreover, coronatine, which
is a phytotoxin that is structurally related to JA, binds to COI1-JAZ complexes with
high affinity, which strongly suggests that COIl functions as a receptor (Melotto
et al. 2008; Katsir et al. 2008; Gfeller et al. 2010). However, direct binding of
Ile-JA to COIl has not been shown yet. Thus, crystal structure analyses of
COI-JAZ complexes, identification of new JAZ targets, and determination of JA-
responsive genes will help to clarify the JA-signaling pathway.

JAZ proteins directly interact with MYC2, repressing its activity in the absence
of Ile-JA (Fig. 1.1). MYC2 encodes a bHLH transcription factor and induces
JA-mediated responses such as wounding, inhibition of root growth, JA biosynthe-
sis, oxidative stress adaptation, and anthocyanin biosynthesis (Boter et al. 2004).
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MYC2 binds to the G-box (CACGTG) or T/G-box (AACGTG) in the promoters of
JA-regulated genes (Chini et al. 2007). Ethylene response factor 1 (ERF1) and other
ERFs integrate JA and ethylene signals and regulate some of the MYC2-modulated
responses in an opposite fashion (Lorenzo et al. 2003). Recently, involvement of
additional transcriptional factors belonging to different families such as NAC (e.g.,
ANACO019, ANACO055) and WRKY (e.g., WRKY70, WRKY18) have been
reported (Bu et al. 2008; Xu et al. 2006; Fonseca et al. 2009).

Research has been concentrated on role of JA and its metabolites in defense
response against biotic stresses. Response often implies changes in the content of
several phytohormones, which correlate with changes in the expression of genes
involved in their biosynthesis and the responses they regulate. Local or systemic
responses at the level of gene expression have been investigated using high-density
microarrays (Lopez-Réez et al. 2010; Schlink 2010; Lewsey et al. 2010). On the
other hand, JA was reported to take part in responses to some abiotic stresses such
as salinity, drought, and boron toxicity. Desiccation response was shown to involve
the regulation of JA-responsive genes in barley leaf segments (Lehmann et al.
1995). Exogenous application of JA to salt-stressed rice seedlings improved recov-
ery, suggesting a role for JA during response to salinity stress (Kang et al. 2005). In
barley, induction of genes involved in JA biosynthesis or known as JA-responsive
genes was reported as a key feature of response to salinity (Walia et al. 2006). JA
was hypothesized to be involved in the adaptation of barley to salt stress. Treatment
with JA before salt application partially alleviated photosynthetic inhibition caused
by salinity stress. Expression profiling after a short-term exposure to salinity stress
indicated a considerable overlap between genes regulated by salinity stress and JA
application. It was suggested that three JA-regulated genes, arginine decarboxylase,
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) activase, and apo-
plastic invertase, were possibly involved in salinity tolerance mediated by JA
(Walia et al. 2007). In a global transcriptome analysis of response to boron toxicity
using microarrays, it was shown that high concentrations of boric acid treatment
resulted in upregulation of JA-biosynthetic and JA-induced genes in barley leaves.
Induction of JA-related genes was found to be an important late response to boron
toxicity (Oz et al. 2009). In maize developing kernels, expression patterns of some
genes in several stress response-associated pathways, including ABA and JA, were
examined, and these specific genes were responsive to drought stress positively
(Luo et al. 2010).

1.7 Ethylene

When key components of ethylene signaling from membrane receptors to nuclear
activators were investigated in Arabidopsis, five membrane receptors, ethylene
response 1 (ETR1), ETR2, ethylene response sensor 1 (ERS1), ERS2, and ethylene
insensitive 4 (EIN4), were determined. These receptors act as negative regulators
through genetically identified negative regulator, constitutive triple response
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Fig. 1.3 Model for ethylene signal transduction pathway. Accumulation of ethylene triggers
cellular events involving kinases or phosphatases to induce transcription of ethylene-responsive
genes. Arrows and T-bars indicate activation and inhibition, respectively. Dashed arrows or
T-bars indicate possible interactions

(CTR1), encoding a putative Raf-like MAPK kinase kinase (MKKK) (Kieber et al.
1993). Another membrane protein EIN2 has a pivotal role by regulating the
availability of key transcription factor, EIN3, in ethylene signaling downstream
of CTR1 (Fig. 1.3). The mechanism how EIN2 regulated the EIN3 is still unknown.

EIN3 is a plant-specific transcription factor mediating ethylene-regulated gene
expression (Chao et al. 1997). It belongs to a multigene family in Arabidopsis,
including EIN3, EIN3-Like 1 (EIL1), EIL2, EIL3, EIL4, and EILS, in which EIN3
and EIL1 are the most closely related homologs. It is supposed that EIN3 and EIL1
are the major transcription factors in mediating ethylene responses.

Biochemical studies showed that EIN3 and EIL1 can directly bind to the
promoter of ERF1 (ethylene response factor 1), which belongs to the EREBP
(ethylene-responsive element-binding protein) family of transcription factors
(Solano et al. 1998).

Ethylene response factors (ERFs), the first member of which was identified in
tobacco, act at the last step of ethylene signaling pathways (Ohme-Takagi and
Shinshi 1995). To date, in different plant species, ERFs have been found to be
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involved not only in growth, development, and regulation of metabolism (van der
Fits and Memelink 2000; van der Graaff et al. 2000; Banno et al. 2001) but also in
the response to biotic and abiotic stresses (Stockinger et al. 1997; Liu et al. 1998;
Yamamoto et al. 1999; Fujimoto et al. 2000; Gu et al. 2000; Berrocal-Lobo et al.
2002; Gu et al. 2002; Dubouzet et al. 2003; Aharoni et al. 2004; Broun 2004; Zhang
et al. 2005).

ERF4, Arabidopsis ERF1, ERF5, CBF1, DREBI1, and DREB2, periwinkle
ORCA?2 and ORCAZ3, and tomato Pti4, Pti5, Tsil, and JERF3 act as transcriptional
activators that, when overexpressed, lead to the activation of downstream genes
(Stockinger et al. 1997; Zhou et al. 1997; Liu et al. 1998; Solano et al. 1998;
Menke et al. 1999; Fujimoto et al. 2000; Ohta et al. 2000; van der Fits and
Memelink 2000; Park et al. 2001; Wang et al. 2004). Ethylene affects the expres-
sion of a group of genes related to pathogen attack, wounding, extreme
temperatures, and drought stress.

It was indicated that overexpression of ERF1 rescued only a subset of ein3
phenotypes. This result suggested that EIN3 regulates additional target genes in
mediating distinct ethylene responses (Solano et al. 1998). Since mRNA levels
were rapidly accumulated upon ethylene treatment, and knockout mutants resulted
in partial ethylene insensitivity, four novel transcription factors EDF1-—4 (ethylene-
responsive DNA-binding factors) were suggested as potential target genes of EIN3
(Alonso et al. 2003). Collectively, a transcriptional cascade from EIN3/EIL1 to
ERF1 and EDF is involved in the ethylene response pathway (Fig. 1.3).

It was demonstrated that EBF1 and EBF2 play a negative role in ethylene
signaling by targeting EIN3 for degradation (Fig. 1.3). Interestingly, ethylene
treatment results in an increase in the transcription level of EBF2, suggesting that
there exists a negative feedback mechanism in ethylene signaling (Guo and Ecker
2003; Potuschak et al. 2003). When the ethylene signal is enhanced, the EIN3
protein becomes stabilized, which, in turn, induces the expression of EBF2. The
accumulation of EBF2 is likely to suppress the high level of EIN3 protein to its
basal level, thus restoring plant responsiveness to ethylene again (Guo and Ecker
2003; Cho and Yoo 2009).

It was shown that EIN2, EINS, and EING are positive regulators of EIN3 action
(Li and Guo 2007). It was shown that ein5 and ein6 mutants were weakened in
ethylene-induced EIN3 accumulation, but in ein2 mutants, EIN3 accumulation was
inhibited (Guo and Ecker 2003).

AP2/EREBP (APETALAZ2/ethylene-responsive element-binding protein) is a
large family of transcription factor genes. The AP2/EREBP gene family has
been divided into four subfamilies: AP2, RAV (related to ABI3/VP1), dehydration-
responsive element-binding protein (DREB), and ERF (Sakuma et al. 2002). After
identification of the ERF domain as a conserved motif in four DNA-binding
proteins from tobacco (Ohme-Takagi and Shinshi 1995), many ERF-like genes
have been identified from various plant species, such as Arabidopsis and rice
(Nakano et al. 2006), tomato (Gu et al. 2000), soybean (Zhang et al. 2008),
sugarcane (Trujillo et al. 2008), and two fruit crops, apple (Wang et al. 2007c)
and plum (El-Sharkawy et al. 2009). To date, different members of plant ERF genes
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have been found to be mainly involved in response to biotic and abiotic stresses
(Kizis et al. 2001; Agarwal et al. 2006; Trujillo et al. 2008; Zhang et al. 2009).
Transcription factors encoded by genes in the DREB subfamily play an important
role in the resistance of plants to abiotic stresses by recognizing the dehydration-
responsive element (DRE), which has a core motif of A/GCCGAC (Liu et al. 1998).
ERF and DREB subfamily transcription factors have been identified in various
plant species, including rice (Cao et al. 2006), Arabidopsis (Liu et al. 1998), and
cotton (Jin and Liu 2008). The roles of ERF and DREB proteins in the plant
response to biotic and abiotic stresses have also been extensively documented
(Agarwal et al. 2006, 2010).

Both DREB1 and DREB2 factors are induced by water stress or cold. Their
transcripts accumulate at high levels shortly after initiation of the stress treatment. It
was shown that DREB1 genes are induced by low temperature, whereas the DREB2
homologues are induced by drought and high salt stresses (Kizis et al. 2001). The
increase in ethylene production occurred after wounding of tomato leaves
(O’Donnell et al. 1996). Some genes, including ACC oxidase (ACOL1, formerly
TOM13) and PR genes, were induced by mechanical wounding (Pastuglia et al.
1997). Although ethylene alone is not sufficient to induce wound-responsive gene
expression, it is required for activation of proteinase inhibitor genes by the wound
response pathway (O’Donnell et al. 1996, 1998). Environmental stresses including
drought, desiccation, and low temperature increased significantly the expression
level of putative repressor LeERF3b, but markedly reduced the expression level of
putative activator Pti4 (Chen et al. 2008).

Tobacco plants expressing JERF3 showed enhanced adaptation to drought, freez-
ing, and osmotic stress during germination and seedling development. JERF3
activates the expression of genes through transcription, resulting in decreased accu-
mulation of ROS and, in turn, enhanced adaptation to drought, freezing, and salt
in tobacco (Wu et al. 2008).

A global analysis of transcriptional regulation in ethylene responses was
performed with DNA microarrays. RNA levels of more than 22,000 genes in
response to exogenous ethylene treatment or in various ethylene response mutants
in Arabidopsis were examined. The expression levels of 628 genes were signifi-
cantly altered by ethylene treatment, among which, 244 were induced and 384
were repressed (Alonso et al. 2003). When an EST-based microarray containing
about 6,000 unique Arabidopsis genes has been examined, nearly 7% of the genes
have been identified as ethylene-regulated (Zhong and Burns 2003). A kinetic
analysis of the early response to ethylene using a cDNA microarray uncovered
significant differences in gene expression among wild-type, ctr/-1, and ein2-1
mutants (De Paepe et al. 2004). It was also found from these studies that overlap
of genes regulated by ethylene and other signals, including JA, auxin, ABA, and
sugar, suggested that many hormonal and signaling interactions might lie in
the coordinated regulation of gene expression and ultimately will form a com-
plex regulatory network (Schenk et al. 2000; De Paepe et al. 2004; Li and
Guo 2007).
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1.8 Salicylic Acid

Salicylic acid (SA), a phenolic secondary metabolite, plays a central role in defense
response. It regulates both local disease resistance mechanisms, including host cell
death and defense gene expression, and systemic acquired resistance (SAR) (Vlot
et al. 2009). SA or its derivates function in diverse plant processes such as seed
germination, seedling establishment, respiration, stomatal responses, senescence,
thermotolerance, nodulation, and abiotic stress (Rajjou et al. 2006; Alonso-Ramirez
et al. 2009; Norman et al. 2004; Manthe et al. 1992; Rao et al. 2002; Clarke et al.
2004; Stacey et al. 2006; Metwally et al. 2003). Moreover, genetic mutant studies in
Arabidopsis suggest that SA is involved in modulating cell growth and trichome
development (Rate et al. 1999; Traw and Bergelson 2003). However, its effects on
most of these processes are minor and may be indirect because SA is excessively
involved in crosstalk with other phytohormones or alter their biosynthesis (Pieterse
et al. 2009).

Infection of the plants by viral, bacterial, or fungal pathogens results in an
increase in SA levels. Accumulation of SA or its derivatives, mainly methyl
salicylate (Me—SA) has been observed both at the site of infection and in distant
tissues. Recognition of pathogen-associated molecular patterns (PAMPs) results in
PAMP-triggered immunity (PTI, formerly called basal resistance) that prevents
pathogen colonization. However, during the competition between pathogen and
plants, pathogens have evolved effectors to suppress PAMP-triggered signals, and
host plants, in turn, have evolved resistance (R) proteins to detect the presence of
pathogen effectors and induce effector-triggered immunity (ETI, formerly termed R
gene-mediated resistance) (Vlot et al. 2009; An and Mou 2011). One of the most
important aspects of SA signaling is its role in SAR (Durrant and Dong 2004). SAR
is a defense pathway that provides systemic protection to a broad range of
pathogens. Pathogen attack results in an increase in SA levels both at the site of
infection and at distant tissues. The response appears to require the synthesis of the
volatile compound Me—SA at the infection site. Me—SA moves to other parts of the
plant, where it is converted to SA by the protein SA-binding protein 2 (SABP2)
(Durrant and Dong 2004; Santner et al. 2009).

Many components of SA signaling, including signal perception, have not been
revealed yet (Santner et al. 2009). However, it is known that SA or its signaling is
associated with the accumulation of reactive oxygen species (ROS) and the
activation of diverse groups of defense-related genes, including those encoding
pathogenesis-related (PR) proteins (Vlot et al. 2009). Moreover, nonexpresser of
PR genes 1 (NPR1) protein and transcription factors such as TGACG-motif-
binding factors (TGAs) and WRKY's have been identified as key components of
SA response (Dong 2004; Boyle et al. 2009). NPR1 contains an ankyrin-repeat
motif and a BTB/POZ domain. In the absence of SA or pathogen challenge,
NPR1 is retained in the cytoplasm as an oligomer which is held together by
intermolecular disulphide bridges. Increase in SA levels shifts the cellular redox
state, and as a result, two cysteine residues (Cys82 and Cys216) are reduced
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by thioredoxin-H5 (TRX-HS) or TRX-H3 (Tada et al. 2008). NPR1 monomers
are subsequently translocated into the nucleus where they promote the trans-
cription of a large family of PR genes. Some PR proteins have antimicrobial
activity, but in general, the function of these proteins has not been clearly
defined. Besides redox state-controlled regulation of NPR1, regulation by protein
degradation was also proposed for SA signaling. Since NPR1 is a member of the
BTB domain family of proteins, it was suggested to be a subunit in an E3 ligase,
which implies that SA action also involves regulated protein degradation
(Gingerich et al. 2005).

NPR1 itself does not have DNA-binding capability (An and Mou 2011).
However, it regulates transcription through interaction with TGA transcription
factors. The TGA family of bZIP transcription factors can directly interact with
the SAR marker gene PR-1 through binding to the activation sequence-1 (as-1) in
its promoter region (Lebel et al. 1998). TGA factors that interact with NPR1
differentially regulate PR-1 expression in Arabidopsis (Kesarwani et al. 2007).
TGA2 and NPRI1 are activators of SAR and PR-1 in A. thaliana. TGA2 is a
transcriptional repressor required for basal repression of PR-1, but during SAR,
TGAZ2 recruits NPR1 as part of an enhanceosome (Boyle et al. 2009). Interaction
between NPR1 and TGA1 or TGA4 was detected only upon SA treatment of
leaves. The interaction depends on SA-induced changes to the redox environment
that results in the reduction of two cysteine residues (Cys260 and Cys266) that are
conserved in TGA1 and TGA4 (Despres et al. 2003). NPR1 and TGA1 are key
redox-controlled regulators where NPR1 monomers interact with the reduced
form of TGAI1. Nitric oxide, another important messenger in plant defense
signaling, was suggested to be a redox regulator of the NPR1/TGA1 system
(Lindermayr et al. 2010). Besides TGAs, WRKY transcription factors have
been suggested to play negative or positive regulatory roles in controlling PR
gene expression. WRKY is a large family of proteins with up to 100 members in
Arabidopsis. Overexpression of WRKY70 leads to constitutive PR gene expres-
sion, indicating that this transcription factor might be a positive regulator of PR
genes. Expression of WRKY70 was shown to be activated by SA and repressed by
JA (Li et al. 2004).

Microarray analysis was used to examine the role of NPR1 in the overall defense
network. Hierarchical clustering of microarray data revealed that the expression of
SA-mediated genes and of a much larger group of genes, whose expression requires
JA and ethylene signaling, was affected in the npr/-I mutant (Glazebrook et al.
2003). NPR1 is a key regulatory component that is positioned at the crossroads of
multiple defense pathways. Vlot et al. (2009) emphasized that induction of cell
death by SA is in close cooperation with ROS and NO. Furthermore, the SA defense
signal is potentiated by positive feedback loops of SA with NO, ROS, and couple of
related gene products.
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1.9 Brassinosteroids

The presence of brassinosteroids (BRs) in almost all tissues of a plant and in almost
every species of plant kingdom has been demonstrated. BRs occur in free form and
conjugated to sugars and fatty acids. They play critical roles in a range of develop-
mental processes and in responses to environmental stress including abiotic
constraints (Krishna 2003; Bajguz and Hayat 2009). Coordinated regulation of
development in response to the stress requires an extensive crosstalk between
phytohormones. Different components in the signaling network involving tran-
scription, protein—protein interactions, and targeted protein destruction are nodes
in crosstalk. One of the key players in a complex network of crosstalk is BRs.
Crosstalk includes alternation in the expression of hormone biosynthetic genes and
various signaling components (Bajguz and Hayat 2009).

It was shown that BRs increased ethylene production in mung bean epicotyl
segments and increased effects of GA in azuki bean epicotyls (Arteca et al. 1983;
Mayumi and Shibaoka 1995). Synergistic interaction of BRs with GA and auxin has
been shown in A. thaliana seedlings during hypocotyl elongation (Tanaka et al.
2003). Furthermore, ABA is a known antagonist of BR signaling. Expression of
proteins named BR enhanced expression (BEE1, BEE2, and BEE3) was repressed
by ABA treatment. BEEs are members of bHLH transcription factors required for
BR response in Arabidopsis (Friedrichsen et al. 2002). Stimulation of proline
synthesis by ABA and salt stress was correlated with increase in expression of
P5CS1, rate-limiting enzyme in proline biosynthesis. Both ABA and salt induction
of P5CSI1 transcription were inhibited by BRs in light-grown Arabidopsis plants.
Thus, it was suggested that BRs might be negatively regulating proline accumula-
tion which is a common salt and ABA response pathway (Abraham et al. 2003).
Expression of 12-oxo-phytodienoic acid reductase 3 (OPR3) gene, encoding an
enzyme functioning in JA biosynthesis, was induced by BR treatment. This
indicates a potential link between BR action and JA biosynthesis (Miissig et al.
2000). It was shown that exogenous application of BRs modified activities of
antioxidant enzymes and cellular levels of nonenzymatic antioxidants in plants
under different stress conditions (Nunez et al. 2003; Ozdemir et al. 2004).

BRs had a stimulatory effect on the growth of drought-tolerant and drought-
susceptible wheat varieties under stress conditions. Application of BR resulted in
increased relative water content, nitrate reductase activity, chlorophyll content, and
photosynthesis under both conditions (Sairam 1994). BR application relieved the
salinity-induced inhibition of seed germination and seedling growth in rice. More-
over, BRs restored the level of chlorophylls and increased nitrate reductase activity
under salt stress (Anuradha and Rao 2003).

Genetic screening for BR-signaling mutants in Arabidopsis resulted in the
identification of BR-insensitive 1 (BRI1), encoding a leucine-rich repeat (LRR)
receptor-like kinase (RLKs) (Li and Chory 1997). BRI, localized to the plasma
membrane, was demonstrated to be a critical component of a receptor complex
for BRs. Direct binding of active BRs to BRI1 was shown using a biotin-tagged
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photoaffinity castasterone, a biosynthetic precursor of BR. Furthermore, minimal
binding domain of BRIl was determined using binding assays and recombinant
BRI fragments (Kinoshita et al. 2005). In other plant species, it was also shown
that mutations in BRI1 homologs were responsible for the BR-insensitive dwarf
phenotype (Yamamuro et al. 2000; Bishop and Koncz 2002). The Arabidopsis
BRI1-associated receptor kinase 1 (BAK1) was identified by a yeast two-hybrid
assay. It was hypothesized that BRI1 and BAK1 function together, most likely
through heterodimerization, to initiate BR signaling (Nam and Li 2002). Several
other LRR-RLKs have been identified in Arabidopsis (Zhou et al. 2004; Cano-
Delgado et al. 2004).

Other BR-signaling components including the cytoplasm-localized BR-
insensitive 2 (BIN2) and three nuclear proteins, brassinazole-resistant 1 (BZR1),
bril-EMS-suppressor 1 (BES1), and bril suppressor 1 (BSU1), are all members of
different gene families. Binding of BRs to the extracellular domain of receptor
kinase, BRI1 activates the receptor. Kinase activity of BRI1 releases the inhibitory
BRI kinase inhibitor 1 (BKI1) protein from the plasma membrane and increases
the affinity of BRI1 to BAK1 (Kinoshita et al. 2005; Wang and Chory 2006). Then
BRII1 phosphorylates the BR-signaling kinases (BSKs), which, in turn, activate the
downstream signaling cascades (Nam and Li 2002; Wang et al. 2008; Tang et al.
2008). The interaction between BRI1 and BAK1 leads to the dephosphorylation,
dimerization, and consequent DNA binding of nuclear-localized BES1/BZR1 tran-
scriptional factors, which, in turn, control the genomic response of BRs (Yin et al.
2005). The dephosphorylation of BES1/BZR1 is brought out by combination
of inactivation of the BIN2 and activation of the phosphatase BSU1. In addition,
14-3-3 protein is required for the regulation of nucleocytoplasmic shuttling of
phosphorylated BR transcription factors. It was also indicated that endocytosis of
BRI is essential for the BR signaling (Russinova et al. 2004).

To identify genes that are subject to direct BR regulation, expression profiles of
genes have been investigated with microarray analysis in either BR-deficient or
BR-treated plants. Oxidative stress-related genes encoding monodehydroascorbate
reductase and thioredoxin, the cold and drought stress response genes COR47 and
COR?78, and the heat stress-related genes HSP83, HSP70, HSF3, Hsc70-3, and
Hsc70-G7 have been identified in transcriptome analysis (Missig et al. 2002).
Enhanced oxidative stress resistance was demonstrated in det2 mutant, which is
blocked in the biosynthetic pathway of BRs and has a loss-of-function mutation in
DET2 gene (Cao et al. 2005).

1.10 Nitric Oxide

Nitric oxide (NO) has been shown to be involved in several plant functions,
including defense response (Delledonne et al. 2001), growth and development
(Beligni and Lamattina 2000), iron homeostasis (Murgia et al. 2002), and
response to stresses such as drought (Garcia-Mata and Lamattina 2001), salt
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(Zhao et al. 2004, 2007), and heat (Uchida et al. 2002). Both biotic and abiotic
stresses alter NO production, additionally external application of NO donors
enhances plant tolerance to specific stresses (Delledonne et al. 1998; Zhao et al.
2009). Another important role of NO in abiotic stress responses relies on its
properties as a signaling molecule. NO is involved in the signaling pathway
downstream of JA synthesis and upstream of H,O, synthesis and regulates the
expression of some genes involved in abiotic stress tolerance (Wendehenne et al.
2004).

Considerable efforts have been made to understand the response to NO at the
molecular level. The physiological effects of NO signaling are tightly correlated to
the modification of gene expression through NO-dependent processes. Several
medium- and large-scale transcriptomic analyses have provided the identity of
hundreds of putative NO-regulated genes (Huang et al. 2002; Polverari et al.
2003; Palmieri et al. 2008; Badri et al. 2008; Besson-Bard et al. 2009). Inhibitor
of NO synthesis was helpful to understand the processes underlying NO signaling in
plant cells and gene transcript accumulation. It was shown in the report of Palmieri
et al. (2008) that NO in Arabidopsis induces several transcripts involved in signal
transduction and basic metabolism. They have performed an in silico search for
common transcription factor binding sites (TFBS) in the promoter regions of the
selected genes. Eight families of TFBS occurred at least 15% more often in the
promoter region of the candidate genes. Most of the TFBS correspond to the
binding elements of stress-related transcriptional activators such as bZIP, WRKY
transcription factors, strengthening a role of NO as a component of biotic or abiotic
stress-related signaling pathways.

Parani et al. (2004) showed that EREBPs were induced by NO up to 13-fold over
control expression. NO has also been reported to affect the DNA-binding property
of transcription factors with zinc finger motifs (Kroncke et al. 2001). Most NO-
modulated genes were also shown to be affected in abiotic stress-related conditions
(Polverari et al. 2003). In the study of Parani et al. (2004), upregulation of
transcripts of zinc finger proteins after treatment with 1.0 mM SNP, a donor of
NO, was observed. NO treatment also induced transcripts coding for DREBI,
DREB2, and LEA. These proteins are related to cold and drought tolerance in
plants. It was also reported that MYB-related transcription factor, NAC domain
protein, and WRYK-type transcription factor WRYK46 were upregulated. Other
interesting transcripts induced were coding for oxidative stress-related proteins
such as GSTs, ABC transporters, iron homeostasis proteins, and signal transduction
factors (Parani et al. 2004). The activities of a variety of nuclear regulatory proteins
are affected dramatically by NO. The formation of S-nitrosylated proteins seems to
be an important mechanism in the regulation of the function/activity of transcrip-
tion factors. In the case of the transcription factor AtMYB2, nitrosylation of Cys53
inhibits DNA binding, providing a functional link between S-nitrosylation and NO-
dependent gene expression (Serpa et al. 2007).
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1.11 Polyamines

Polyamines, including putrescine, spermidine, and spermine, are group of
phytohormone-like aliphatic amine natural compounds with aliphatic nitrogen
structure. Polyamines have been involved in many physiological processes, such
as organogenesis, embryogenesis, and abiotic and biotic plant stress responses
(Kumar et al. 1997; Walden et al. 1997; Bouchereau et al. 1999; Alcazar et al.
2006b; Kusano et al. 2008). It was shown that in response to a variety of abiotic
stresses, changes in polyamine metabolism occur in plants (Bouchereau et al. 1999;
Alcazar et al. 2006b; Groppa and Benavides 2008). Moreover, it has been noted that
genetic transformation with polyamine biosynthetic genes encoding arginine decar-
boxylase (ADC), ornithine decarboxylase (ODC), S-adenosylmethionine decarbox-
ylase (SAMDC), spermine synthase (SPMS), or spermidine synthase (SPDS)
improved environmental stress tolerance in various plant species (Gill and Tuteja
2010). Polyamines could also inhibit DNA methylation, which permits expression
of specific genes responsible for the synthesis of stress proteins (Kuznetsov and
Shevyakova 2007).

Although it was indicated that, the levels of putrescine may account for 1.2%
of the dry matter, representing at least 20% of the nitrogen in stressed plants
(Galston 1991), the physiological significance of increased polyamine levels in
abiotic stress responses is still unclear (Alcazar et al. 2006b; Kusano et al. 2008;
Gill and Tuteja 2010).

Studies in the literature indicated that polyamines may act as cellular signals in
complex crosstalk with hormonal pathways, including ABA regulation of abiotic
stress responses. Transcript profiling by using quantitative real-time RT-PCR has
revealed that the expression of ADC2, SPDS1, and SPMS genes was induced under
water stress (Alcazar et al. 2006a). ABA treatment induced the expression of some
of these genes (Perez-Amador et al. 2002; Urano et al. 2003). When the expression
of ADC2, SPDS1, and SPMS was analyzed in the ABA-deficient (aba2-3) and
ABA-insensitive (abil-1) mutants subjected to water stress (Alcazar et al. 2006a),
these three genes displayed reduced transcriptional induction compared to the wild
type, indicating that ABA modulates polyamine metabolism at the transcription
level by upregulating the expression of ADC2, SPDS1, and SPMS genes under
water stress conditions (Alcazar et al. 2006a).

In addition, putrescine accumulation in the aba2-3 and abil-1 mutants occurred
under drought conditions when compared to wild-type plants. Metabolomic studies
supported this result by showing polyamine responses to dehydration are also
impaired in nced3 mutants (Urano et al. 2009). These results brought the conclusion
that upregulation of polyamine biosynthetic genes and accumulation of putrescine
under water stress are mainly ABA-dependent responses.

Under salt stress conditions, it was indicated that there was a rapid increase in
the expression of ADC2 and SPMS, resulting an increase in putrescine and
spermine levels (Urano et al. 2003). The induction of both ADC2 and SPMS
brings the idea that polyamine responses to salt stress are also ABA dependent.
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It was also shown that stress-responsive, low temperature-responsive (LTR),
drought-responsive (DRE), and ABA-responsive elements (ABRE- and/or
ABRE-related motifs) are present in the promoters of the polyamine biosynthetic
genes (Alcazar et al. 2006b). These results indicate that the expressions of some of
the genes involved in polyamine biosynthesis are regulated by ABA under
drought and salt treatments.

Transcript profiling has also revealed that cold enhances the expression of
ADCI1, ADC2, and SAMDC2 genes (Urano et al. 2003; Cuevas et al. 2008,
2009). While the levels of free spermidine and spermine remain constant or even
decrease in response to cold treatment, free putrescine levels are increased on cold
treatment with the induction of ADC genes (Cuevas et al. 2008). The adc! and adc2
mutations caused higher sensitivity to freezing conditions, in both acclimated and
nonacclimated plants, while addition of putrescine complemented this stress sensi-
tivity (Cuevas et al. 2008, 2009). It was suggested that putrescine and ABA are
integrated in a positive feedback loop, in which ABA and putrescine reciprocally
promote biosynthesis in response to abiotic stress. When transcriptomic analysis of
an ADC2 overexpressor line was performed, downregulation of several genes
encoding transcription factors belonging to the AP2/ERF domain family, which
are involved in salt, cold, and dehydration responses, (e.g., DREB1C, DREB2A)
was observed (Alcazar et al. 2005).

The effect of polyamines on gene expression at transcriptional level was
demonstrated, and it was proposed that this effect is determined by the direct inter-
action of polyamines with DNA and/or trans-acting protein factors (Lindemose et al.
2005). It was shown that polyamines activate protein phosphorylation and increase
activities of certain protein kinases in plants (Tassoni et al. 1998). It was indicated
in the report of Takahashi et al. (2004) that when spermine was exogenously
applied, the expression of five hypersensitive response marker genes (e.g.,
SR203J, HMGR, HSR201, HSR515, and harpin-induced 1) was increased in
tobacco leaves. On the other hand, spermine induces mitochondrial dysfunction
and activation of SA-induced protein kinase (SIPK) and wound-induced protein
kinase (WIPK). These two kinases are involved in the regulation of both defense
gene expression and hypersensitive response-like cell death. Taken together,
it might be suggested that all these components might be part of the same
signaling pathway, or they might be key components of crosstalk between various
pathways.

1.12 Crosstalk

Plants are frequently exposed to diverse biotic and abiotic stresses throughout their
life cycle. In stress-induced growth processes, the initial stimulus seems to be
translated into a hormone response that changes the hormonal regime in specific
tissues or even in the whole plant. Because of intensive crosstalk, the increase in
one hormone level can decrease the response to another; for example, stress
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hormones such as JA, ABA, and ethylene seem to negatively affect the levels of
growth-promoting hormones, such as auxin and GA. Conversely, increased auxin
levels during favorable conditions can reduce stress responses (Wolters and
Jirgens 2009). One phytohormone regulates various developmental processes or
stress responses, whereas a specific process may be coordinated by multiple
phytohormones. In general, phytohormones modulate the competitive allocation
of energy to stress response or growth in a complex network with a high degree of
crosstalk.

Common themes in phytohormone signaling have emerged with the characteri-
zation of critical components involved in the phytohormone signaling. These
themes are ubiquitin-dependent protein degradation by the 26 S proteasome, feed-
back regulatory loops for precise control of phytohormone response, and complex
network of crosstalk between signaling pathways (Xiong et al. 2009). One of the
most important routes, phytohormones exert their effects, is through the regulation
of gene expression. A set of responsive downstream genes are induced or repressed
upon perception of a specific hormone. However, these groups of genes are not
unique. An important feature of hormone-responsive data sets is the frequent
occurrence of genes associated with other hormone signaling pathways. A given
physiological process can be regulated by different phytohormones through
controlling the expression of a common set of downstream genes. Transcriptional
repression on some of JA-responsive genes is relieved by DELLA proteins, the key
negative regulator of GA signaling (Hou et al. 2010). Binding of DELLA to JAZ
removes the repression on MYC2, and subsequently, the downstream JA-
responsive genes are expressed.

Another node of crosstalk is at the level of biosynthesis, metabolism, or trans-
port. Response of one phytohormone might affect the metabolism of another.
Cytokinin-treated Arabidopsis seedlings displayed decreased expressions of GA
biosynthetic genes (Brenner et al. 2005). It was also shown that GA metabolism
genes were regulated by auxin signaling in Arabidopsis (Frigerio et al. 2006).
Putative transcription factor BREVIS RADIX (BRX) provides molecular details
for a negative feedback loop to maintain homeostasis between the BR and auxin
pathways (Mouchel et al. 2006). Moreover, different signaling pathways could
share common signaling components, leading to a more complicated phytohormone
signaling than expected. It has been shown that the LRR kinase from tomato not
only perceives BRs and initiates BR signaling but also binds to systemin and
triggers the systemic wound responses (Montoya et al. 2002). Recent studies
showed that BAK1 is able to interact with the bacterial flagellin receptor, flagellin-
sensitive 2 (FLS2) and induce the burst of ROS and plant defense response to
bacterial pathogens (Chinchilla et al. 2007). Molecular studies revealed that the
crosstalk between different phytohormones represents a precisely coordinated web
of nodes and lines. Considering the crosstalk among different hormone signaling
pathways, the roles of hormone signaling in regulating expression of the genome
seem very complex.
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1.13 Conclusion

Recently, scientific understanding of the molecular mechanisms of phytohormone
biosynthesis, perception, and signaling has been improved dramatically. Receptors,
regulators, transcription factors, as well as downstream responsive genes and
proteins have been identified. However, there are still major challenges and
questions concerning interactions or crosstalk between different phytohormones
and fine tuning of gene expression, especially in crops, under various environmental
conditions. It is also crucial to address how phytohormone signaling and changes in
gene expression are integrated into phenotype and specific agronomic traits. Further
integration of molecular, biochemical, and physiological studies will help us
answer these questions. Understanding phytohormone signaling in molecular and
cellular details in crop plants will provide innovative tools for improving agricul-
tural practices.
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Chapter 2

Cross-Talk Between Phytohormone Signaling
Pathways Under Both Optimal and Stressful
Environmental Conditions

Marcia A. Harrison

Abstract The perception of abiotic stress triggers the activation of signal
transduction cascades that interact with the baseline pathways transduced by
phytohormones. The convergence points among hormone signal transduction
cascades are considered cross-talk, and together they form a signaling network.
Through this mechanism, hormones interact by activating either a common second
messenger or a phosphorylation cascade. This chapter reviews kinase cascades as
cross-talk points in hormonal networks during abiotic stress conditions. These
transduction cascades lead to the regulation of gene expression that directly affects
the biosynthesis or action of other hormones. Examples of stress-related hormone
transduction networks are provided for drought and wounding conditions. The
expression of specific genes associated with drought and wounding stress will
be compared with expression changes that occur during other abiotic stress
conditions. This evaluation will be used to construct a model of abiotic stress
signaling that incorporates the signaling components that are most common across
all abiotic stress conditions and are, therefore, relevant to developing stress toler-
ance in crop plants.
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1-Aminocyclopropane-1-carboxylic acid synthase
Argonautel

Arabidopsis Ser/Thr phosphatase of type 2C
Arabidopsis histidine kinase 1
Calcium-dependent protein kinase

Cytokinin oxidase/dehydrogenase
Calcium-dependent protein kinase gene/protein abbreviation
Ethylene insensitive

Ethylene-responsive element-binding protein
Ethylene-response factor

Guard cell outward-rectifying K*
Glutathione-S-transferase 1

B-glucuronidase

Histidine kinase

Inositol trisphosphate

Jasmonic acid

K+ channel in Arabidopsis thaliana
Mitogen-activated protein kinase

Methyl JA

MicroRNA

MAPK kinase

MAPK gene/protein abbreviation

Nitric oxide
12-oxophytodienoat-10,11-reductase

Protein phosphatase 2C

Pyrabactin (4-bromo-N-[pyridin-2-yl methyl] naphthalene-1-sulfon-
amide) resistance

Regulatory component of ABA receptor
Reactive oxygen species

Rapid stress response element

Rapid wound response

Senescence-associated protein 1

Slow anion channel-associated 1

Sucrose nonfermenting 1-related protein kinase
Touch-induced 3

2.1 Introduction

In plants, the perception of abiotic stress triggers the activation of signal trans-
duction cascades that interact with the baseline pathways transduced by
phytohormones. The convergence points among hormone signal transduction
cascades are considered cross-talk, and together they form a signaling network.
Through this mechanism, hormones interact by activating either a common second
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messenger or a phosphorylation cascade. This chapter reviews kinase cascades as
cross-talk points in hormonal networks during abiotic stress conditions. These
transduction cascades lead to the regulation of gene expression that directly affects
the biosynthesis or action of other hormones, a process that represents an additional
layer of hormonal cross-talk also addressed here.

Examples of stress-related hormone transduction networks are provided for
drought and wounding conditions. The expression of specific genes associated
with drought and wounding stress will be reviewed and compared with expression
changes that occur during other abiotic stress conditions. This evaluation will be
used to construct a basic model of abiotic stress signaling that incorporates the
signaling components that are most common across all abiotic stress conditions and
are, therefore, relevant to developing stress tolerance in crop plants.

2.2 Drought Stress

Information regarding the regulation of drought stress comes from experiments
that directly examine either drought (induced by dehydration causing loss of
turgor) or osmotic stress (induced by increasing extracellular solute concentra-
tion, which also results in turgor loss), and from inferences based on experiments
involving the functions of hormones and other signals. In a meta-analysis of more
than 450 papers concerning the role of drought in photosynthesis, the authors
conclude that experimental data are often disjointed or not comparable, making it
difficult to discern general trends (Pinheiro and Chaves 2011). However, changes
in gene expression induced by drought stress certainly overlap with hormone-
regulated gene expression. Therefore, this discussion will present data from
studies of hormone action as well as from those that focus on events that occur
during drought stress.

Stomatal closure is a rapid response to drought stress and is regulated by a
complex network of signaling pathways. During drought stress, abscisic acid
(ABA) is considered to be the primary phytohormone that triggers short-term
responses such as stomatal closure (Zhang et al. 2006). ABA controls longer-term
growth responses through the regulation of gene expression that favors mainte-
nance of root growth, which optimizes water uptake (Zhang et al. 2006). As part of
the regulation of drought stress responses, ABA may interact with jasmonic acid
(JA) and nitric oxide (NO) to stimulate stomatal closure, while its regulation of
gene expression includes the induction of genes associated with response to ethyl-
ene, cytokinin, or auxin. ABA-mediated regulation of signal transduction pathways
during drought stress is presented here as an example to illustrate the signal
transduction elements that may play roles in cross-talk associated with the response
to drought stress.
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2.2.1 Stomatal Closure in Response to Drought Stress

ABA undergoes a dramatic increase in concentration after drought stress (Hoad
1975), and studies indicate that ABA is the major regulatory hormone that controls
drought stress-induced stomatal closure (Finkelstein and Rock 2002).

The increase in ABA concentration in guard cells is trigged by the reduction in
the amount of water around the roots. During drought conditions, dehydration of
root tissue is sensed by a drought-specific histidine kinase (HK) osmoreceptor.
In Arabidopsis plants grown under normal conditions, ATHK1, a transmembrane,
two-component histidine kinase, is expressed at a higher level in the roots than in
the stems and leaves. Loss-of-function athk! mutants produced lower levels of
endogenous ABA, indicating that the increase in ABA synthesis during osmotic
stress is dependent upon sensing of drought conditions by ATHK1 (Wohlbach et al.
2008). ATHK expression greatly increases, and its protein accumulates to a high
level, in root tissue experiencing drought stress conditions (Urao et al. 1999).
ATHKI is a positive regulator of the drought stress response and activates many
downstream targets, including ABA biosynthetic enzymes (Wohlbach et al. 2008)
and ABA-responsive transcription factors (Tran et al. 2007).

2.2.1.1 ABA Accumulation in Guard Cells Regulates Stomatal Closure

Changes in ABA concentration in response to drought stress vary dramatically from
tissue to tissue. Using an ABA-dependent reporter construct, Christmann et al.
(2005) demonstrated a basic time course for drought-induced ABA accumulation in
tissues of Arabidopsis seedlings whose roots were subjected to a —1.0 MPa water
stress treatment. An increase in ABA concentration in the vascular tissue of the
cotyledons was observed by 4 h after treatment (Christmann et al. 2005). After 4 h,
ABA was relatively uniformly distributed in the leaf tissue, but by 8 h posttreat-
ment, a higher concentration of ABA was present in guard cells than in other leaf
tissue. However, within this 8-h time frame, virtually no change in ABA concen-
tration was detected in the roots. Therefore, the activation of ATHK1 in root tissue
may trigger a hydraulic signaling system, proposed by Christmann et al. (2007),
that acts as a long-distance signal to stimulate ABA production in the vascular
parenchyma and guard cells. Other studies confirm that vascular parenchyma cells
contain the enzymes associated with ABA synthesis, which thus leads to the high
concentration of ABA in the vascular tissue after drought stress (Koiwai et al. 2004;
Endo et al. 2008).

From the vascular tissue, a specific type of ATP-binding cassette transporter
exports ABA (Kuromori et al. 2010), while another transporter imports ABA into
leaf tissue, including guard cells (Umezawa et al. 2010). In addition, the increase in
ABA concentration may in part originate from the release of active ABA from its
ABA-—glucose ester conjugate, which is stored in the vacuoles of leaf cells and can
also circulate in the plant (Wasilewska et al. 2008; Seiler et al. 2011).
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2.2.1.2 ABA Regulates the Activity of Ion Channels

ABA regulates several types of ion channels, causing anion efflux, K* efflux, and
the inhibition of K* import (Fig. 2.1). One mechanism of ABA action begins when
ABA binds to receptors belonging to a protein family known as PYR/RCARs, the
pyrabactin (4-bromo-N-[pyridin-2-yl methyl]naphthalene-1-sulfonamide) resis-
tance (PYR)/regulatory component of ABA receptor (RCAR) (Hubbard et al.
2010). In Arabidopsis, 14 highly conserved PYR/RCARs have been identified.
Upon binding to ABA, PYR/RCARs inhibit the activity of specific protein phos-
phatase 2Cs (PP2Cs), which are negative regulators of ABA signaling (Hubbard
et al. 2010). The inactivation of PP2C allows for the phosphorylation and activation
of three sucrose nonfermenting 1-related protein kinase 2s (SnRK2s), which belong

~—JA Ethylene
Cell Wall .'_’J,‘: . :

Plasma Mem brane 1

Cytopl f Guard Cell \_J
ytoplasm of Guard Cell \__ Stomatal closure

ca?

Vacuole

Fig. 2.1 This model illustrates the interactions between phytohormone signal pathways during
ABA-induced stomatal closure as a result of drought stress. Drought triggers an increase in ABA
concentration in guard cells, where it becomes bound to its receptor complex, in which SnRK2 is
activated. The SnRK?2 phosphorylates and inactivates a potassium import channel and activates an
anion efflux channel, which in turn simulates K* efflux. SnRK?2 also activates enzymes involved in
H,0, production; the resultant H,O, activates NO that then triggers the influx of Ca®* from the
vacuole into the cytoplasm. The Ca** activates CDPKs, which then stimulate anion efflux and
inhibit K* influx. The resulting ion loss causes water efflux, loss of turgor, and stomatal closure. In
addition, Ca®* influx from the vacuole into the cytoplasm is induced by ABA-mediated production
of IP3. Stress-induced JA production interacts with ABA-mediated stomatal closure by stimulating
the influx of extracellular Ca®** and/or by activating H,O,/NO signaling. Ethylene acts as a
negative regulator of ABA, and thus, of this pathway. Steps inferred from experiments exploring
ABA function using turgid cells are indicted with dashed lines
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to the SnRK2 subfamily, whose members are associated with the regulation of
abiotic stress (Fujita et al. 2009). While the precise mechanism of SnRK2 activation
is unknown, it has been shown to autophosphorylate. SnRK?2 acts as a positive
regulator of several targets on the plasma membrane, including the anion exporter
slow anion channel-associated 1 (SLAC1) and the K* channel in Arabidopsis
thaliana (KAT1) in guard cells (Hubbard et al. 2010). SnRK2 activates SLACI1
through phosphorylation, while phosphorylation of KAT1 by SnRK2 inhibits its
function, thus decreasing the influx of K* into the cell (Fig. 2.1). Increased SLAC1
activity causes an efflux of anions, which depolarizes the membrane and results in
the loss of K* through the depolarization-activated K* efflux channel called guard
cell outward-rectifying K* (GORK ) (Jeanguenin et al. 2008) (Fig. 2.1). The
collective loss of anions and K™ ions from the guard cells causes water to move
out of these cells, which results in the reduction in turgor that triggers stomatal
closure in response to ABA.

2.2.1.3 ABA Activates Ca** Signaling Pathways

Ca** influx into the cytoplasm of guard cells has been observed within minutes after
ABA treatment (Schroeder and Hagiwara 1990). This influx may occur through the
release of the second messenger inositol 1, 4, 5-trisphosphate (IP3), which activates
Ca”* channels located in the vacuole and endoplasmic reticulum (Krinke et al.
2007; Kwak et al. 2008) (Fig. 2.1). The influx of Ca”" into the cytoplasm initiates a
number of Ca®*-dependent events associated with ABA signal transduction.

Numerous Ca®*-dependent protein kinases (CDPKs) are activated during
drought stress conditions and control stomatal closure through the regulation of
ion channels (Fig. 2.1). In ABA-associated regulation of SLAC1, SnRK2 inhibits
the phosphatase ABA insensitive 1 (ABI1), a negative regulator of CPK21. There-
fore, ABII inactivation allows the activation of CPK21, which phosphorylates
SLACI, and thus activates anion efflux (Geiger et al. 2010). In Arabidopsis leaves,
the concentration of another CDPK, CPK10, increases within 30 min after drought
stress begins and causes the inhibition of inward K* currents (Zou et al. 2010).
These results indicate that an increase in the cytoplasmic concentration of Ca®*
stimulates Ca**-dependent pathways that inhibit K* import while activating SLACI,
triggering the membrane depolarization that activates K" efflux (Fig. 2.1). CDPK
pathways thus contribute to the loss of ions from guard cells, which in turn results in
the loss of turgor, and ultimately to stomatal closure.

2.2.1.4 H,0, and NO Are Associated with ABA in the Regulation
of Stomatal Closure

An increase in oxidative stress is a common result of most abiotic stress conditions,
including drought (Jaspers and Kangasjarvi 2010), and is often associated with an
increase in NO production (Neill et al. 2008). While there is considerable evidence
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for the roles of H,O, and NO in ABA-mediated stimulation of stomatal closure,
their roles in signaling associated with drought stress remains unclear (Neill et al.
2008; Sirichandra et al. 2009). Studies of ABA action demonstrate that ABA-
mediated regulation of stomatal closure requires NO and H,0, (Bright et al.
2006). In these studies, both H,O, and ABA treatments stimulated NO synthesis
within 25 min after drought induction and resulted in stomatal closure in leaf tissue
within 2.5 h (Bright et al. 2006). ABA-stimulated stomatal closure was reduced
when NO was removed, and in mutants with impaired NO biosynthesis. Likewise,
mutants that lack a key enzyme for H,O, production demonstrated reduced NO
production and reduced stomatal closure. In addition, an ABA-induced SnRK2
activates a guard cell NADPH oxidase that releases H,O, (Sirichandra et al. 2009;
Hubbard et al. 2010). These results demonstrate both the complex interactions
between these molecules and that ABA regulation requires the production of
H,O0, to stimulate NO production (Fig. 2.1).

2.2.1.5 Cross-Talk Between ABA and Ethylene Involves H,O, and NO

An active interaction between ethylene and ABA has been shown to control the
regulation of stomatal closure. For instance, an elevated ethylene concentration in
leaves inhibits ABA-induced stomatal closure (Tanaka et al. 2005). In drought-
stressed Arabidopsis ethylene overproducer I mutants, stomata closed more slowly
and were less sensitive to ABA; in addition, ethylene applied to ABA-treated
epidermal peels from wild-type Arabidopsis leaves inhibited stomatal closure
(Tanaka et al. 2005). When ethylene was applied independently of ABA, it induced
H,0, synthesis within 30 min after treatment (Desikan et al. 2006). Using ethylene-
response mutants, Desikan et al. (2006) provided evidence that stomatal closure by
ethylene is regulated through its signal transduction pathway, which both stimulates
production and requires H,O, synthesis.

Direct evidence that ethylene production increases as a result of drought stress
has been inconsistent, with reports of both increased ethylene production and
ethylene inhibition after drought or osmotic treatment (Abeles et al. 1992). How-
ever, most studies that report increased ethylene production use detached leaves,
and thus may not reflect the response in intact plants under drought conditions
(Morgan et al. 1990). In studies using intact cotton plants, ethylene production was
consistently lower in drought-exposed plants than in plants that were watered daily
(Morgan et al. 1990). In addition, ABA appears to inhibit ethylene production, and
ABA-deficient maize seedlings have greatly increased ethylene production (Sharp
2002). Therefore, the dramatic increase in ABA concentration that occurs under
drought stress probably causes a reduction in ethylene production. Conversely,
ethylene concentration may increase in response to other stress conditions, which
could interfere with ABA-regulated stomatal closure. Wilkinson and Davies (2009)
propose that the impact of the interaction between ethylene and ABA is dependent
upon the oxidative stress load of the plant. In their model, ethylene and ABA can act
independently to induce the formation of reactive oxygen species (ROS), such as
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H,0,, which then stimulate NO production and stomatal closure. However, when
ethylene is present in combination with high ABA levels, ABA-regulated stomatal
closure is inhibited (Fig. 2.1). Therefore, as part of the stress response, ethylene
may act as a feedback mechanism to allow the influx of some CO, for photosyn-
thesis, even during extreme stress conditions (Tanaka et al. 2005; Neill et al. 2008).

2.2.1.6 JA Cross-Talk Involves Protein Kinase Phosphorylation Cascades

JA biosynthesis is induced by stress conditions such as wounding and herbivory
(Wasternack 2007), and many JA-associated signaling genes are regulated by
drought stress (Huang et al. 2008). JA interacts with ABA-regulated stomatal
closure by increasing Ca** influx, which stimulates CDPK production and the
resultant signal cascade. Treatment of turgid, excised Arabidopsis leaves with
either ABA or methyl JA (MeJA) results in stomatal aperture reduction within
10 min (Munemasa et al. 2007). Inhibition of ABA biosynthesis by using chemical
inhibitors or ABA-deficient mutants suppresses MeJA-induced Ca** oscillations in
guard cells and also impairs stomatal closure (Hossain et al. 2011). Therefore,
MeJA-mediated regulation of stomatal closure interacts with ABA-mediated regu-
lation of Ca®* signal transduction pathways (Fig. 2.1).

Studies involving the interactions of ABA with MeJA in guard cells reveal that
both induce the formation of ROS and NO, and that both are present at reduced
concentrations in MeJA-insensitive plants (Munemasa et al. 2007). Munemasa et al.
(2011) demonstrated that CPK6 acts downstream of NO and ROS signaling, and
therefore may be a target of NO-stimulated Ca** influx into the cytoplasm. CPK6 is
also required for ABA activation of cytoplasmic Ca** channels (Ca”*-permeable
cation channels) (Munemasa et al. 2011) and slow-type anion currents in guard
cells (Munemasa et al. 2007). Therefore, JA-induced Ca®* influx into the cytoplasm
initiates CPK6 activation, which in turn activates slow-type anion channels, there-
fore interacting with ABA-induced stomatal closure NO, ROS, ethylene and JA
(Munemasa et al. 2011) (Fig. 2.1).

2.2.1.7 A Comparison of ABA- and Drought-Mediated Stomatal Closure

Studies of ABA- and drought-associated regulation of stomatal closure demonstrate
the complexity of overlapping transduction pathways. As indicated by Neill et al.
(2008), signaling mechanisms may not necessarily be the same under both optimum
and environmentally stressful conditions. Many of the studies that investigate the
regulation of stomatal aperture rely on the responses displayed by turgid cells
(Bright et al. 2006; Desikan et al. 2006; Hossain et al. 2011; Munemasa et al.
2007, 2011; Tanaka et al. 2005). These studies present strong evidence to support a
role for NO in ABA-mediated regulation of stomatal closure (Bright et al. 2006).
However, the use of turgid cells in studies that explore the interactions of JA and
ethylene with ABA relative to the regulation of stomatal closure may mean that
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those results do not translate to situations where physiological stress is occurring.
Interestingly, Garcia-Mata and Lamattina (2001) showed that an increase in NO
concentration improves drought tolerance in wheat.

2.2.2 ABA-Mediated Regulation of Gene Expression

A continually elevated ABA concentration initiates changes in gene expression that
inhibit shoot growth and maintain root growth, thus increasing the root-to-shoot
ratio. In a whole-genome microarray study using Arabidopsis, more than 1,900
genes were found to be drought-responsive, 1,300 of which are also regulated by
ABA (Huang et al. 2008). Expression of these drought-responsive genes overlapped
with expression profiles of genes regulated by hormones such as JA, auxin, cytoki-
nin, or ethylene (Huang et al. 2008). In addition, numerous microRNAs (miRNAs)
are upregulated in response to osmotic stress (Liu et al. 2008).

2.2.2.1 ABA-Dependent Gene Expression During Drought Stress

Longer-term physiological responses to abiotic stress conditions are caused by
changes in gene regulation through ABA-mediated regulation of transcription
factors that bind to ABA-responsive elements (ABREs) on ABA-regulated genes
(Fig. 2.2). In addition to signaling stomatal closure, phosphorylation cascades also
lead to changes in ABA-regulated transcription factors. For example, the ABA-
responsive transcription factors (ABFs) ABF1 and ABF4 are activated when they
are phosphorylated by CPK4 or CPK11 (which are ABA-inducible kinases) (Zhu
et al. 2007).

Zhu et al. (2007) also demonstrated that other kinases can phosphorylate
ABF1 and ABF4. For example, ABF1 was reported to be a target of some SnRK2
members (Fujita et al. 2009), and CPK32 phosphorylates ABF4 (Choi et al. 2005).
Therefore, these transcription factors are probably affected by several signals and
pathways (Zhu et al. 2007) and are thus important cross-talk points.

2.2.2.2 MAPK-Directed Phosphorylation Cascades Also Act as Cross-Talk
Points

Osmosensing and subsequent signal transduction require phosphorylation of key
intermediates through the activity of mitogen-activated protein kinases (MAPKs)
(Boudsocq and Lauriére 2005). Current models indicate that NO is a central
signaling molecule that triggers phosphorylation events through MAPKs as an
early response to drought stress (Courtois et al. 2008; Neill et al. 2008) (Fig. 2.2).
In drought-stressed wheat seedlings, elevated NO concentrations enhance the
transcription of specific drought-induced genes (Garcia-Mata and Lamattina 2001).
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Fig. 2.2 This model illustrates drought-induced gene regulation that controls root growth and
architecture. Elevated ABA concentration activates H,O,, NO, and Ca®* signaling as discussed
in Fig. 2.1. As shown, specific CDPKs and MAPKs activate ABA-regulated transcription
factors, which control the expression of ABA-responsive genes. These genes inhibit the ethylene
response via the downregulation of several ethylene-responsive and ethylene biosynthetic genes;
they also reduce cytokinin levels by triggering an increase in the expression of enzymes that
oxidize cytokinin. An increase in the expression of miRNAs associated with auxin signaling
downregulates auxin responses. Collectively, these interactions favor the maintenance of the
root primordia of primary roots and existing lateral roots while inhibiting lateral root elongation
and adventitious root formation. Steps inferred from experiments exploring ABA function using
turgid cells are indicted with dashed lines

In Arabidopsis, MPK6 and its associated MAPK cascade components are
activated by drought stress (Boudsocq and Lauriere 2005). MPK6 targets two
ethylene biosynthetic enzymes, 1-aminocyclopropane-1-carboxylic acid [ACC]
synthase 2 (ACS2) and ACS6 (Liu and Zhang 2004; Jaspers and Kangasjarvi
2010), and is also involved in ethylene signaling that leads to the regulation of
ethylene-responsive genes (Hahn and Harter 2009). In addition, both ACS2 and
ACS6 contain ABRE on their promoters (PlantCARE, Lescot et al. 2002). Expres-
sion profiles from the roots of 18-day-old wild-type Arabidopsis plants show that
ACS2 expression increases within 30 min of 300 mM mannitol treatment to the
roots (Arabidopsis eFP Browser, Winter et al. 2007). ACS2 is highly induced by
osmotic stress by 3 h of treatment and remains elevated for 24 h. However, when
osmotic treatment is compared to drought caused by exposing roots to a 15-min
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stream of air, causing the plant a water loss that totals 10% of the fresh weight,
a different ACS2 expression pattern emerges. Under drought conditions, ACS?2
expression is transiently upregulated in the roots for 6-12 h after dehydration,
and shoots displayed no expression change from the control level (eFP Browser,
Winter et al. 2007). In addition, evaluation of the promoter regions of other
ethylene biosynthetic genes shows that in addition to ACS2 and ACS6, ACS7,
ACS11, and ACC oxidase 4 (ACO4) have at least one ABRE on their promoters
and therefore are candidates for ABA-mediated regulation (PlantCARE, Lescot
et al. 2002). Thus, ethylene production may be differentially regulated by various
stress conditions, and the responses to water loss and osmotic stress are likely to
have differing regulatory components. While drought conditions may transiently
upregulate specific ACS genes in root tissue, genes involved in ethylene biosynthe-
sis and/or the response to ethylene tend to be downregulated in response to drought
stress (Huang et al. 2008). For example, Huang et al. (2008) noted that ACC
oxidase (ACO), which regulates the final step in ethylene biosynthesis, is down-
regulated by dehydration; its expression increased after rehydration. Therefore,
these studies support a reduced, but perhaps transient, expression of ethylene during
drought stress (Fig. 2.2).

The negative regulation of the MAPKs may serve as an essential feedback
component of ABA-mediated signaling. Two forms of MAP kinase phosphatase,
PP2C5 and each its related homolog, Arabidopsis Ser/Thr phosphatase of type 2C
(AP2C1), each acts as negative regulators of MPK3 and MPK6 by dephosphory-
lation and each is upregulated by treatment with ABA (Schweighofer et al. 2007;
Brock et al. 2010). Interestingly, Brock et al. (2010) provide evidence that these
phosphatases are positive regulators of ABA-mediated signaling. Loss-of-function
mutants (ap2cl or pp2cS5) displayed reduced expression of selected ABA-
responsive genes. Huang et al. (2008) also reported the increased expression of
several PP2Cs during drought stress. Thus, increased dephosphorylation of MAPKs
may provide a feedback mechanism for multiple regulatory pathways associated
with drought responses.

2.2.2.3 Maintenance of Primary Root Growth During Water Stress

When Arabidopsis plants are exposed to osmotic (100400 mM sorbitol) stress,
mutants deficient in the osmotic sensor ATHK1 have shorter primary roots com-
pared to wild-type plants, indicating that root growth regulation involves perception
by an osmoreceptor (Wohlbach et al. 2008). This hypothesis is supported by studies
in which mutants that overexpress ATHKI maintain root elongation under osmotic
conditions (Wohlbach et al. 2008). Under drought conditions, the region near the
root tip continues to grow, while regions away from the tip are inhibited or cease to
grow (Sharp 2002). The tip region of the primary root is also the area where ABA
and ROS accumulate and where a decrease in ethylene production is noted 3.5 h
after drought stress (Yamaguchi and Sharp 2010). Therefore, during drought stress,
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an increase in ABA concentration inhibits ethylene production and downregulates
genes that respond to the presence of ethylene, thus maintaining root growth (Sharp
2002) (Fig. 2.2).

Cytokinin is considered to be a negative regulator of root growth and branching,
and root-specific degradation of cytokinin may also contribute to the primary root
growth and branching induced by drought stress (Werner et al. 2010). Using
Arabidopsis plants that display increased expression of cytokinin oxidase/dehydro-
genase (CKX) genes under the control of a root-specific reporter, Werner et al.
(2010) demonstrated that an increase in cytokinin degradation in the roots results in
an increase in both primary root length and lateral root formation during drought
conditions. An analysis of the Arabidopsis CKX promoter indicates that the region
contains three ABREs (PlantCARE, Lescot et al. 2002), which implies potential
ABA-based regulation of cytokinin degradation in the roots (Fig. 2.2). This activity
would stimulate root growth and lateral root production; thus, increasing the root-
to-shoot is associated with drought conditions and with increased drought tolerance
(Werner et al. 2010).

2.2.2.4 Regulation of Lateral and Adventitious Root Development
During Water Stress

While auxin is considered to be the primary hormone involved in the initiation and
growth of lateral and adventitious roots, ABA may play a role in regulating lateral
root growth under stress conditions (De Smet et al. 2006). During drought
conditions, Arabidopsis produces specialized, short lateral roots that remain in a
dormant or nongrowing condition while the plant is under stress (Wasilewska et al.
2008). These roots replace dehydrated lateral roots once drought conditions are
relieved. Therefore, for Arabidopsis, the additional ABA produced in response to
drought stress inhibits the outgrowth of lateral roots from existing meristems
(De Smet et al. 2006).

Several miRNAs that are associated with auxin signaling are upregulated by
drought or osmotic stress and may play important roles in the regulation of root
architecture. For example, in Arabidopsis, both miR167 and miR168 are involved in
the regulation of auxin response factors and both contain ABREs, indicating their
own regulation by ABA signaling (Liu et al. 2008). miR167 targets auxin response
factors ARF6 and ARF'8, which act redundantly to regulate responses to auxin, and
are positive regulators of adventitious root development from shoot tissue
(Gutierrez et al. 2009). miR168 targets ARGONAUTEI (AGO1), which encodes a
RNA Slicer enzyme that downregulates the expression of ARFI7, which is a
negative regulator of root formation. Arabidopsis plants that overproduce ARF17
or are deficient in ARF6 or ARF8 have fewer adventitious roots than wild-type
plants (Gutierrez et al. 2009). Interestingly, miR167 and miR168 are differentially
regulated after osmotic stress treatment (Liu et al. 2008). miR168 expression is
upregulated in Arabidopsis seedlings 2—6 h after stress induced by 200 mM manni-
tol, while miR167 expression increases 624 h after this treatment (Liu et al. 2008).
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Data from the Arabidopsis eFP Browser indicate that osmotic (300 mM mannitol)
treatment to roots downregulates ARFS at 3, 12, and 24 h after treatment (Winter
et al. 2007). A microarray analysis supports the overall downregulation of genes
involved in auxin-regulated responses as a consequence of root dehydration (Huang
et al. 2008).

Gutierrez et al. (2009) proposed a model in which miRNAs fine-tune auxin-
mediated regulation of adventitious rooting by controlling ARF transcription. In
this case, during drought stress, ABA-induced production of miR167 (which targets
ARF6 and ARF8) would inhibit adventitious root growth, and increased expression
of miR168 reduces AGO] expression, which would result in an increase in ARF17
concentration, again leading to a decrease in adventitious root production. Consid-
ering that these miRNA genes appear to be differentially controlled, the level of
auxin production could be nimbly up- or downregulated in response to changing
stress conditions, particularly through the regulation of these transcription factors.
Such a system would allow a dynamic response, where, for instance, under drought
conditions, it would transiently favor decreased adventitious rooting while also
increasing overall primary root growth.

In contrast to the adjustment in adventitious rooting, there were no changes in
either the length or number of lateral roots for either loss-of-function mutants or
overexpressers of ARF6, ARFS8, or ARFI17 (Gutierrez et al. 2009). In a separate
study, miR167 was found to regulate the elongation, but not the initiation, of lateral
roots in Arabidopsis (Gifford et al. 2008). Current models support the differential
regulation of lateral and adventitious roots by miRNAs and their associated targets
(Meng et al. 2010).

2.2.2.5 A Summary of Drought Regulation of Root Growth
and Development

Drought-associated changes in root architecture are directed by cross-talk between
ABA with ethylene, auxin, and cytokinin (Fig. 2.2). When Arabidopsis is exposed
to drought stress, an increase in ABA in the roots inhibits ethylene production and
stimulates cytokinin degradation, which together result in the maintenance of
primary root growth. ABA-controlled regulation of genes (such as those that
encode ARFs and miRNAs) associated with auxin-regulated root production
inhibits the formation of adventitious roots and the outgrowth of lateral roots
from existing primordia. However, research on other species demonstrates that
the regulation of lateral root formation is highly adaptive, and in rice, for instance,
ABA stimulates lateral root formation (Chen et al. 2006). Thus, the complex
balance between stimulation and feedback inhibition produced by interacting
hormone signaling pathways may result in different scenarios that are fine-tuned
by the specific stress conditions and plant species.
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2.3 Hormonal Cross-Talk Associated with Wounding

Mechanical wounding of leaf tissue is associated with increases in ethylene, JA,
and ABA, which collectively trigger cellular senescence at the wounding site.
Cross-talk points that affect gene regulation after wounding also trigger defense
mechanisms associated with biotic signaling.

2.3.1 Ethylene Production Increases After Mechanical Wounding

Mechanical wounding causes a transient increase in ethylene production above the
normally low, basal level in most plant tissues (Saltveit and Dilley 1978). While
there is considerable variation between the levels of basal and peak wound-induced
ethylene production based on species and tissue types, the timing of the induction
and peak rate of wound-induced ethylene production remain consistent within
tissues of a given species (Saltveit and Dilley 1978). For example, in etiolated
corn seedlings, wound-induced ethylene increases after a lag of 20 min, with peak
production occurring at 58 min, while light-grown plants such as Forsythia had a
30-min lag and peak ethylene production at 133 min (Saltveit and Dilley 1978).
This transient increase in ethylene production is considered to be a short-term
response to wounding that leads to subsequent long-term growth and developmen-
tal responses (Ledn et al. 2001; Telewski 2006).

Many ethylene biosynthetic enzymes, including ACS and ACO, are wound
inducible (Reymond et al. 2000; Tsuchisaka and Theologis 2004). Analysis of the
Arabidopsis ACS isoforms composed of ACS promoters fused to a reporter gene
demonstrates that ACS2, ACS4, ACS6, ACS7, and ACS8 are each locally
upregulated in tissue around the site of wounding (Tsuchisaka and Theologis
2004) (Fig. 2.3), and an increase in phosphorylation of both ACS2 and ACS6 by
MPKG6 has been measured within 15 min after wounding of Arabidopsis seedlings
(Liu and Zhang 2004). This indicates that in addition to stimulating expression of
ACS genes, wounding activates a MAPK kinase cascade, which activates and
stabilizes ACS2 and ACS6, resulting in an increase in ethylene production
(Liu and Zhang 2004).

2.3.2 Rapid Signaling Events Associated with Mechanical
Wounding

The most rapid cellular change associated with wounding or mechanical stimula-
tion (e.g., by touch) is the increase in concentration of cytoplasmic Ca** that occurs
within seconds of stimulation (Haley et al. 1995; Monshausen et al. 2009).
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This cytosolic Ca®* interacts with Ca**-binding or Ca**-responsive proteins whose
expression is also rapidly upregulated after wounding (Walley et al. 2007).

An increase in ROS production occurs within 2 min of wounding of Arabidopsis
leaf tissue (Miller et al. 2009). ROS production rapidly increases after treatment
with Ca®* ionophores that release Ca®* ions, and is inhibited by Ca®*-transport
inhibitors (Monshausen et al. 2009). Monshausen et al. (2009) propose that
the influx of Ca’* into the cytoplasm stimulates NADPH oxidation to form
superoxide in the cell wall. Superoxide is rapidly converted to H,O,, which can
easily enter the cell and trigger the regulation of gene expression (Monshausen et al.
2009) (Fig. 2.4).

Microarray studies have revealed that numerous genes are expressed within
minutes of wounding; for instance, Walley et al. (2007) found that 162 genes
were induced within 5 min of wounding of Arabidopsis rosette leaves. The
promoters of 47 of these rapid wound-responsive (RWR) genes contain a rapid
stress response element (RSRE) (Walley et al. 2007). In transgenic Arabidopsis
plants containing four RSREs fused to a reporter, wound-induced reporter expres-
sion occurred within 5 min in an area local to the wound site, indicating that the
response element is capable of detecting wounding stimulus in a manner similar to
that observed for the RWR genes (Walley et al. 2007). Ca®* and ROS are both
considered candidates for the regulation of RSRE-containing genes, but currently
there is no direct evidence confirming that they regulate proteins that bind to RSREs
(Walley and Dehesh 2010) (Fig. 2.4). However, a number of RWRs, such as
calmodulin-related protein and touch-induced 3 (TCH3), are Ca**-activated genes
(Walley et al. 2007), and the RSRE sequence is similar to one which binds a
calmodulin-binding transcription activator, thus supporting a role for Ca** in the
regulation of RWR genes (Walley and Dehesh 2010).
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Fig. 2.4 This model illustrates wound-induced changes in gene expression that result in increased
leaf senescence. Wounding causes rapid Ca”* oscillations in the cell, which stimulate H,0,
production. Ca®* and H,0, regulate the expression of rapid wound-responsive (RWR) genes
through the activation of transcription factors (RSRE binding proteins, RSREBPs), which include
MAPKSs associated with the activation of the ethylene signaling component, EIN3. EIN3 regulates
the expression of ethylene-responsive element-binding proteins (EREBPs), including ERF1 and
GST1, which trigger ethylene-mediated stimulation of senescence. ERF4, which is also an
EREBP, is a negative regulator of both ABA- and ethylene-mediated responses. Other RWRs
include the ethylene biosynthetic enzyme ACS6, senescence-associated gene SEN1, and CPK32.
CPK32 activates the ABA transcription factor ABF4 to initiate ABA-mediated responses. Another
RWR, the phosphatase PP2C, acts to dephosphorylate and inactivate other RWRs such as MAPKs
and TCH3. Wound-induced JA synergistically interacts through its activation of ERF1 and SEN1.
Rapid wound-responsive genes products are indicated by shaded symbols with white lettering

Early signaling events include rapid upregulation of components of the ethylene-
response pathway. Transcription profiles show rapid upregulation of kinase cascade
components, including the MAPK kinase, MKK®9, and its target MPK3, supporting
an important role for increased phosphorylation in the early responses to wounding
(An et al. 2010). MPK3 phosphorylation targets transcription activator ethylene
insensitive 3 (EIN3) (An et al. 2010). EIN3 binds to promoter regions of ethylene-
responsive element-binding proteins (EREBPs) and regulates transcription of both
the senescence-associated gene glutathione-S-transferase 1( GST1) and ethylene-
response factor 1 (ERF1), a RWR that regulates the secondary gene targets of
ethylene signaling such as those involved in the defense response and cellular
inhibition (Schaller and Kieber 2002). Therefore, the phosphorylation and stimula-
tion of EIN3 activity would explain the rapid increase in the expression of primary
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ethylene-responsive genes, such as ERF1 and ERF4 (Fig. 2.4). In addition, MPK3
also phosphorylates ACS6 (a RWR), which stimulates ethylene biosynthesis (An
et al. 2010) (Fig. 2.4). Therefore, the expression of many of the RWR genes serves
to initiate early tissue senescence at the wound site.

Interestingly, PP2C-type phosphatases (including AP2C1) that dephosphorylate
MAPKSs are also identified as RWRs (Walley et al. 2007). Plants carrying the
AP2C1 promoter fused to a GUS (B-glucuronidase) reporter gene demonstrate an
increase in AP2C1 expression localized around the site of wounding (Schweighofer
et al. 2007). Transgenic Arabidopsis plants that overexpress AP2C1 display both
greatly reduced MPK6 activity and reduced ethylene production after wounding
(Schweighofer et al. 2007). In addition, TCH3 is also negatively regulated by
dephosphorylation, and may be a target of the RWR PP2C-type phosphatases
(Wright et al. 2002). Therefore, feedback regulation by dephosphorylation is also
a rapid response to wounding (Fig. 2.4)

2.3.3 Gene Expression Patterns Associated with Mechanical
Wounding

Expression studies of wound-induced genes in Arabidopsis demonstrated the
upregulation of many genes associated with JA and with ethylene biosynthesis
and response (Cheong et al. 2002). Microarray studies that profiled gene expression
in wounded Arabidopsis leaves revealed that many genes have a similar expression
pattern, in which induction occurs by 15 min and expression peaks at 1-2 h after
wounding; this pattern is similar to the ethylene profile described above (Reymond
et al. 2000). Genes that display this type of expression pattern include JA- and
ethylene-associated genes as well as several RWRs, including calmodulin (TCH1),
calmodulin-related proteins (TCH2 and TCH3), MPK3, and GSTI (Reymond et al.
2000).

ABA also accumulates in the tissue around a wound site, probably in response to
dehydration associated with the damage caused by wounding (Le6n et al. 2001).
The expression of CPK32, which phosphorylates (and thus activates) the ABA-
responsive transcription factor ABF4 (Choi et al. 2005), greatly increases from 5 to
30 min after wounding (Chotikacharoensuk et al. 2006). ABA is known to promote
leaf senescence (Finkelstein and Rock 2002), and thus, the increase in ABA-
responsive transcription factors suggests that ABA may contribute to the stimula-
tion of senescence around a wound area.

JA production is also wound inducible and stimulates leaf senescence in plant
tissues (Wasternack 2007). JA synthesis follows a similar pattern of transient increase
as that of ethylene and wound-induced gene expression (Chotikacharoensuk et al.
2006; Schweighofer et al. 2007). JA is activated independently from ethylene,
but JA treatment upregulates numerous ERF genes (McGrath et al. 2005). These
include the transcriptional activator ERF1 and transcriptional repressor ERF4, both
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of which are RWR proteins (Walley et al. 2007). Interestingly, ERF4 is a negative
regulator of ABA and ethylene responses (Yang et al. 2005) (Fig. 2.4). Senescence-
associated protein 1 (SEN1) is also potentially regulated by JA (The Arabidopsis
Information Resource, Swarbreck et al. 2008) (Fig. 2.4).

2.3.4 Hormonal Responses to Mechanical Wounding Are Rapid
and May Also Be Involved in Biotic Stress Response

Mechanical wounding stimulates rapidly induced events that involve increases
in both Ca>* and ROS, which then activate the expression of MAPK and CDPK
cascade components. These protein kinases activate transcription factors and
proteins that are part of response pathways that involve the phytohormones ethyl-
ene, JA, and ABA (Fig. 2.4). Thus, the response pathways can be stimulated
downstream of the point where an increase in the hormone itself would be neces-
sary for inciting a response. Subsequent increases in hormone production may act
to sustain the wound-induced response.

Many RWR genes are known to be upregulated under both abiotic and biotic
stress conditions (Walley et al. 2007). Walley et al. (2007) examined both abioti-
cally induced RWR expression as well as profiles for various biotic stresses and
found considerable overlap in the expression of genes associated with early
responses to pathogenic infections, indicating that RWR genes may participate
in the regulation of the initial defense mechanism. JA is a key regulatory signal
associated with both the local and systemic response to pathogen attack
(Wasternack 2007). It is known that mechanical wounding stimulates JA bio-
synthesis (Ledn et al. 2001), and it has been proposed that JA also contributes
to the systemic response that stimulates immunity to subsequent herbivory
(Wasternack 2007).

2.4 Signaling During Abiotic Stress Conditions

Several signaling components discussed earlier are common across many abiotic
stress conditions. ABA is considered the primary hormone involved in the signaling
of many abiotic stresses, including drought, salt, and cold. Therefore, the stress
conditions that result in elevated ABA concentrations may be part of a general
stress-regulation network that shares many of the same signaling components
described for the regulation of drought stress. Likewise, mechanical stresses
would stimulate the production of RWRs and follow a common mechanosensory-
regulated response mechanism. RWR genes are also associated with several abiotic
responses. Therefore, rapid gene expression changes may be characteristic to
most abiotic stress responses. In addition, wounding damage to tissue causes
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dehydration around the wound, so some aspects of that pathway will converge with
the drought-stress response.

While many components of the pathways act in a similar manner, and many of
the same genes are induced by several abiotic stresses, it should be noted that the
expression pattern of any specific gene varies in its timing and level of expression
within specific tissues and under different experimental conditions. For example,
MKKO9, which is upregulated by osmotic stress, dehydration, salt, wounding, and
cold treatments (Ma and Bohnert 2007), is highly upregulated in roots from 1 to
24 h when salt-stressed but during this same time period is expressed most strongly
in the shoots during osmotic stress (eFP Browser, Winter et al. 2007). While the
variation may occur because the treatments vary in their severity and duration, the
hormonal status of the plants under the different stress conditions may also affect
cross-talk and the complex feedback regulatory mechanisms associated with the
interacting pathways.

2.4.1 Common Regulatory Elements of Abiotic Stress Responses

Many of the genes that are affected by wounding are associated with several abiotic
stressors, such as cold, drought, heat, salt, and ABA treatment (Cheong et al. 2002).
For example, several RWR genes (e.g., ACS6, ERF1, and several other ERF's, Ca%*-
signaling components, TCH3, and MPK3) are rapidly induced in roots not only by
wounding but also by salt stress (Ma and Bohnert 2007) (Fig. 2.5). In addition, 47%
of the RWR genes are also activated by cold stress, and other genes associated with
several abiotic responses are RWRs, providing evidence that the rapid regulation
of these genes is a common component of abiotic stresses (Walley et al. 2007)
(Fig. 2.5).

Cellular dehydration is a result of many abiotic stress conditions, especially
drought, salt, and cold stress, but also occurs in wounded tissue. Microarray studies
have provided substantial evidence of overlapping gene expression associated with
abiotic stress conditions that involve dehydration. For example, a comparison of
changes in gene expression caused by drought or high salt conditions found that 154
genes were upregulated and 104 were downregulated, indicating a high correlation
with gene regulation during the same two stress conditions in Brassica rapa (Chen
et al. 2010). In another study, 197 genes were identified as being induced by several
different stress conditions (wounding, cold, salt, osmotic, biotic, and chemical)
(Ma and Bohnert 2007). The functions of the gene products include signaling
components that are involved in ROS metabolism, Ca®* signaling (such as
CPK32, which regulates ABF4), ethylene signaling (including ACS6 and numerous
ERFs), and MAPK cascade components (e.g., MKK9, which leads to ACS6 activa-
tion). Therefore, Ma and Bohnert (2007) concluded that both ROS and ethylene
signaling pathways are central to the coordination of stress signals while ABF4
binds to promoter regions of ABA-responsive genes, thereby regulating them
(Zhu et al. 2007).
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Kinase cascades are associated with several abiotic stress conditions, and
certain components may serve as hubs. In Arabidopsis, MPK4 and MPK6
(which activate ACS2 and ACS6) are induced by cold, salt, and osmotic stress
conditions, indicating that these MAPK forms are central hubs in abiotic stress
conditions (Boudsocq and Lauriere 2005). Jaspers and Kangasjarvi (2010) note
that conditions (drought, cold, salt, temperature extremes, etc.) that lead to oxidative
stress and subsequent H,O, production activate a key MAP kinase cascade whose
targets include transcription factors involved in ABA and ethylene signaling. There-
fore, ROS such as H,O, convey information from a variety of upstream signals
and transduce the information to targeted genes to generate a response.

Stress conditions often increase the expression of certain miRNAs, including
miR167, miR168, and miR393, which are involved in auxin regulation. miR168 is
upregulated during cold, osmotic, and salt stresses, and miR167 is upregulated by
cold and salt (Liu et al. 2008), while miR393 expression increases during cold,
drought, salt, and UV irradiation conditions (Martin et al. 2010). The promoters of
both miR167 and miR168 contain response elements for both auxin and ABA (Liu
et al. 2008). As discussed previously, miR167 and miR168 have been shown to
control the regulation of auxin-mediated responses.

The miR393 gene contains an ABRE (Liu et al. 2008) and regulates the expres-
sion of the auxin-binding protein transport inhibitor response 1 (TIRI), which
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enables the expression of auxin-regulated genes. Increased levels of TIR1 favor
lateral root formation (Pérez-Torres et al. 2008); therefore, the degradation of TIR/
transcripts would result in less lateral root formation under abiotic stress conditions
(Martin et al. 2010). This is consistent with a general downregulation of auxin-
responsive genes found in microarray studies of plants experiencing abiotic stress
(Cheong et al. 2002). In addition to the ABRE, miR393’s promoter also contains
response elements for ethylene, auxin, and JA, indicating potential regulation by
several hormones (Liu et al. 2008).

As with the histidine kinase osmoreceptor, AHKI1, the cytokinin receptors
AHK?2 and AHK3 were induced within 10 min of stress treatment in Arabidopsis
plants (Tran et al. 2007). AHK2 was upregulated after dehydration, and AHK3
production was stimulated by multiple abiotic stresses (dehydration, salt, and cold,
as well as by ABA treatment) (Tran et al. 2007). Loss-of-function mutants ahk2
and ahk3 exhibit an increased tolerance to drought and salt, which indicates
that AHK2 and AHK3 act as negative regulators of osmotic stress responses
(Tran et al. 2007).

As previously discussed, JA biosynthesis is induced by wounding (Figs. 2.1 and
2.2). In addition, the expression of a JA biosynthetic enzyme, 12-oxophytodienoat-
10,11-reductase (OPR3), increased by 3 h after treatment with salt or Ca*t
(Chotikacharoensuk et al. 2006). Ludwig et al. (2005) found that abiotic stress
conditions stimulated Ca** signaling and CDPK2 activity resulting in elevated
levels of OPR3 and JA. In addition, the expression of 197 genes was found to
be common to both drought and JA-associated signaling (Huang et al. 2008). An
analysis of transcription regulation sites determined that several genes involved in
the JA biosynthetic pathway are upregulated after NO treatment, indicating a
potential regulation of JA signaling through the ROS/NO pathway (Palmieri et al.
2008). However, the role of NO in the signaling of abiotic stresses remains unclear.
While NO may play a role in ABA regulation of stomatal closure during non-
stressed conditions, and may be involved in JA signaling, abiotic stress conditions
may preferentially trigger a Ca>* pulse and ROS burst that both activate RWRs,
inducing the rapid stress-responsive pathway (Fig. 2.5).

2.4.2 Cross-Talk Between Abiotic and Biotic Stresses

A model by Ludwig et al. (2005) indicates that both abiotic and biotic stress
conditions stimulate CDPK and MAPK pathways and that ethylene acts as a critical
cross-talk point between the two pathways. Many of the RWRs are also associated
with biotic stress conditions and may also be considered part of the pathogen
defense response, especially in association with tissue wounding and through the
activation of ethylene biosynthetic and signaling components (Walley et al. 2007)
(Fig. 2.5). In addition, JA synthesis results from both wounding and biotic stresses
(Ledn et al. 2001), thus indicating its involvement in ethylene regulation and the
regulation of stress responses such as senescence (Fig. 2.5).
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2.4.3 Stress Tolerance

The breeding of plants to increase their tolerance to abiotic stress is an ongoing and
important agricultural effort. Plants tolerant to abiotic stress conditions would
possess such desirable traits as an increase in sensitivity to ABA, which would
result in drought-tolerant traits such as increases in stomatal closure, root growth,
and lateral branching of roots. Current laboratory methods used to produce trans-
genic plants allow researchers to manipulate genes much more precisely than by
traditional breeding methods. However, the complexity of native stress regulation,
which involves numerous proteins and cross-talk with phytohormone pathways,
makes precise regulation difficult. Understanding the hormonal cross-talk that
occurs during the regulation of stress conditions may provide insight into useful
gene targets that would allow the production of stress-tolerant plants. Unfortu-
nately, current public and political opinion of transgenic plants blunts the effective-
ness of this approach. Nonetheless, specific genes could be targeted using strategies
that involve miRNAs or transcription factors, which might be more acceptable to
the general public. The combination of traditional breeding with modern genetic
approaches could be used to improve screening for stress-tolerant cultivars.

2.4.3.1 Gene Targets

Evaluation of loss-of-function and gain-of-function mutants has identified numer-
ous genes that confer stress tolerance to several abiotic conditions. Loss-of-function
mutants associated with components of ABA signaling generally result in plants
with increased sensitivity to abiotic stress conditions. Overexpression of these
genes often results in tolerance. For example, plants that overexpress the
osmoreceptor ATHK1 demonstrate increased tolerance to drought (Tran et al.
2007). Specific types of CDPKs (e.g., CPK10 in Arabidopsis and OsCDPK7 in
Oryza) have been found to increase stress tolerance in plants in which they are
overexpressed (Saijo et al. 2001; Zou et al. 2010). Conversely, loss-of-function
mutants of the negative regulators of ABA signaling tend to result in increased
stress tolerance. For example, loss-of-function mutants for the cytokinin receptors
AHK?2 and AKH3 display increased tolerance to salt and drought (Tran et al. 2007).
Mutants of miRNA genes have also been shown to alter the regulation of transcrip-
tion factors as well as other signaling components, making them potential targets
for engineering stress-tolerant crops.

2.4.3.2 Strategies for Developing Stress Tolerance in Plants

The major cross-talk points that involve both ABA and ethylene signaling pathway
components have been considered as primary targets for manipulation to improve
the response of crops to multiple stress conditions. Other important targets include
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the gene products that protect plants from the increased oxidative stress created by
many abiotic stressors (Neill et al. 2008). However, given the complexity of
interactions associated with abiotic and biotic stress responses, a targeted strategy
is preferred.

One strategy that provides a more targeted approach involves manipulating the
expression of transcription factors, which would only affect a subset of stress-
responsive genes (Umezawa et al. 2006). For example, the overexpression of an
ethylene-responsive element-binding protein (EREBP) increases ROS detoxifica-
tion and ROS-induced cell death (Ogawa et al. 2005). In a shared response to
various stresses, many RWR genes that are transcription factors are upregulated
early and in a transient manner; this feature may be useful in identifying plants
resistant to multiple stress conditions. Walley et al. (2007) suggested that using
RSREs to drive expression of specific genes could be a useful tool in engineering
stress tolerance in plants. Interestingly, Capiati et al. (2006) demonstrated that
wounding induces salt tolerance in tomatoes, indicating that focusing on the rapid
responses to wounding that show significant cross-talk with other abiotic stress
conditions could be a useful approach. The regulation of specific miRNAs may also
provide a method for more precisely modulating the stress response through the
regulation of specific transcription factors. However, transcription factors and
miRNAs have multiple targets, and altered regulation that improves certain aspects
of plant growth may also result in unfavorable traits.

Another approach to improve the targeting of specific regulatory components is
to direct expression through the use of tissue-specific or stress-inducible promoter
constructs (Hardy 2010). For example, the overexpression of OsCDPK?7 in rice is
localized to the root primordial and vascular tissues and may protect those tissues
during abiotic stress conditions (Saijo et al. 2001). Another target could be the root-
specific reduction of cytokinin levels through overexpression of cytokinin oxidase/
dehydrogenase, which increases stress tolerance while maintaining adequate shoot
growth and development in both Arabidopsis and tobacco (Werner et al. 2010). The
use of stress-inducible promoters allows for normal plant growth and development
since the gene(s) will only be expressed under stress conditions (Hardy 2010).

Gene expression profiles of Arabidopsis transcripts have led to a wealth of
knowledge concerning the genes associated with that plant’s response to abiotic
stress. Increased computational capability, such as the clustering methods used by
Ma and Bohnert (2007) have allowed more sophisticated data analysis, including an
improved ability to sort genes into functional groups. Data from Arabidopsis is
useful for identifying key components but is not readily transferable to crops,
especially the cereal species (Tester and Bacic 2005). As pointed out by Langridge
et al. (2006), a functional genomic approach can help improve our knowledge of
stress tolerance in cereal species, but the application of this information to field use
will require additional time. As more crop genomes are sequenced, it will be
determined whether the approaches used for Arabidopsis may be effectively
applied to crop species. Identification of the key regulatory components involved
in tissue specificity and in the responses to various stressors could provide a
mechanism for identifying important genes and critical components of stress-related
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signaling pathways. Such information could be used to develop transgenic plants or
to identify natural variants, perhaps by using improved molecular-based screening
methods (Tester and Bacic 2005).
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Chapter 3

Phytohormones in Salinity Tolerance: Ethylene
and Gibberellins Cross Talk

Noushina Igbal, Asim Masood, and Nafees A. Khan

Abstract Plants are severely affected by salinity due to its high magnitude of
adverse impacts and worldwide distribution. Phytohormones are thought to be the
most important endogenous substances involved in the mechanisms of tolerance or
susceptibility of plants to salinity stress. The role of phytohormones under salinity
stress is critical in modulating physiological responses that will eventually lead to
adaptation to an unfavorable environment. Ethylene and gibberellins (GAs) are
involved in mitigating the adverse effects of salinity stress by initiating a set of
defense response or increasing plants’ growth. However, both these phytohormones
influence each other’s action. On the one hand, GA is known to increase ethylene
synthesis, and on the other hand, its signaling is itself affected by ethylene, and
therefore, this interaction opens a cross talk between them. The present study
focuses on both individual and interactive effect of the two in salinity tolerance
to find out whether they have independent action or their action is dependent on
each other.

3.1 Introduction

Agricultural crops face different types of biotic and abiotic stresses. Among abiotic
stresses, salinity is very harmful and adversely affects the agricultural production
(Syeed et al. 2010; Khan et al. 2010; Nazar et al. 2011a, b). It has been estimated
that soil salinization affects about 7% of the global total land area and 20-50% of
the global irrigated farmland (Koyro et al. 2008). It is expected to result in the loss
of up to 50% fertile land by the middle of the twenty-first century (Manchanda and
Garg 2008). Maintenance of ionic and water homeostasis is necessary for plant
survival; however, salinity decreases crop productivity both by reducing leaf
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growth and inducing leaf senescence. This lowers the total photosynthetic capacity
of the plant, thus limiting its ability to generate further growth or harvestable
biomass and also to maintain defense mechanisms against the stress (Yeo 2007).
Salinity stress leads to the production of reactive oxygen species (ROS), such as the
superoxide anion radical (O, "), hydroxyl radical (OH"), and hydrogen peroxide
(H,0,) (Liu et al. 2007). Singha and Choudhuri (1990) reported that H,O, and O,
were mainly responsible for NaCl-induced injury in Vigna catjang and Oryza sativa
leaves. To minimize the ROS damage, plants have evolved the antioxidant defense
system, comprised of enzymes that are responsible for scavenging excessively
accumulated ROS under stress conditions such as superoxide dismutase (SOD),
catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX) (Jung et al.
2000). Other strategies employed to overcome the adverse effects of salinity stress
involve the application of phytohormones (Siddiqui et al. 2008). Reduced plant
growth under stress conditions could result from an altered hormonal balance, and
phytohormone application provides an attractive approach to cope with stress. The
response of plants to salinity stress depends on multiple factors, but phytohormones
are thought to be the most important endogenous substances involved in the
mechanisms of tolerance or susceptibility of plants (Velitcukova and Fedina 1998).

The root, by sensing environmental constraints of the soil, may influence root-to-
shoot signaling to control shoot growth and physiology, and ultimately agricultural
productivity. Hormonal regulation of source—sink relations during the osmotic
phase of salinity (independent of specific ions) affects whole-plant energy avail-
ability to prolong the maintenance of growth, root function, and ion homeostasis
and could be critical to delay the accumulation of Na* or any other ion to toxic
levels (Pérez-Alfocea et al. 2010). Plant hormones, including abscisic acid (ABA;
Mauch-Mani and Mauch 2005), brassinosteroids (Nakashita et al. 2003), and auxin
(Navarro et al. 2006; Wang et al. 2007), have been implicated in plant defense, but
their significance is less well studied.

Ethylene is involved in various stress-related processes in plant. It plays a
distinct role in response to biotic and abiotic forms of stress and can therefore be
viewed as a stress hormone and mandatory participant in the development and
expression of oxidative damage (Abeles et al. 1992; Kendrick and Chang 2008). In
plants exposed to various types of abiotic and biotic stresses, increased ethylene
levels correspond to increased damage, implying that stress ethylene is deleterious
to plants. However, it was also reported that transcriptional activation of ERF
(ethylene response factor) in ethylene-signaling process enhances stress tolerance
in tobacco seedlings by decreasing ROS accumulation in response to salt, drought,
and freezing (Wu et al. 2008). It may be that these discrepancies are due to
differences in the amount of endogenous ethylene production, and in the period
of stress treatment, in addition to the plant tissue studied (Wi et al. 2010). There-
fore, ethylene, regarded as a ripening or senescence hormone, needs further consid-
eration. Although stress leads to the production of stress ethylene, it interacts to
send signals to initiate a set of defense response for stress tolerance.

Similarly, gibberellic acid (GAj3) is also involved in tolerance to salinity
stress. An intimate relationship has been suggested to exist between gibberellin
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(GA) levels and the acquisition of stress protection in barley (Hordeum vulgare)
(Vettakkorumakankav 1999). Achard et al. (2006) reported that salt-treated
Arabidopsis plants contain reduced levels of bioactive GAs, supporting the idea
that salt slows down the growth by modulating the GA metabolism pathway.
Exogenous application of GAs overcomes the effect of salinity stress and improves
seed germination under saline conditions (Kaya et al. 2009). GA3 has also been
shown to alleviate the effects of salt stress on pigment content, Hill activity
(Aldesuquy and Gaber 1993), and water-use efficiency (Shah 2007).

Further, the previously isolated abiotic signaling network that is controlled by
ABA and the biotic network that is controlled by salicylic acid (SA), jasmonic acid
(JA), and ethylene are interconnected at various levels. Whether all of the potential
connections and shared nodes are actually used for cross talk remains to be
determined. However, the present study deals with the role of ethylene in salinity
tolerance and its cross talk with GA in bringing about tolerance.

3.2 Brief Overview of Plant Response to Salinity Stress
and Methods of Its Alleviation

Salinity is one of the most deleterious abiotic stresses that affect plant growth by
adversely affecting its photosynthetic potential. Salinity of soil and water is caused
by the presence of excessive amounts of salts, and most common among them are
high amounts of Na* and C1~. The deleterious effects of salinity on plant growth are
associated with (1) low water potential of soil solution (water stress), (2) nutritional
imbalance, (3) specific ion effect (salt stress), or (4) a combination of these factors
(Ashraf et al. 1994; Marschner 1995). All of these factors cause adverse pleiotropic
effects on plant growth and development at cellular (Gorham et al. 1985; Munns
2002) and at the molecular level (Mansour 2000; Tester and Davenport 2003). The
toxic effect of salinity is through oxidative stress caused by enhanced production
of ROS (Zhu et al. 2007; Giraud et al. 2008). The presence of high concentration of
ROS can damage photosynthetic pigments, proteins, lipids, and nucleic acids by
oxidation (Halliwell and Gutteridge 1985). Surviving such stresses led plants to
acquire mechanisms by which they can sensitively perceive incoming stresses and
regulate their physiology accordingly over a long evolutionary scale. Deciphering
the mechanism by which plants perceive environmental signal is of critical impor-
tance for the development of rational breeding and transgenic strategies.

One of the methods by which plants respond directly and specifically to Na*
within seconds is by increasing cytosolic (Ca”") (Munns and Tester 2008). One of the
best-characterized signaling pathways specific to salinity involves sensing calcium
by the calcineurin B-like protein (CBL) CBL4/SOS3 and its interacting protein
kinase CIPK24/SOS2 (Zhu et al. 2007; Munns and Tester 2008; Luan et al. 2009).
Lima-Costa et al. (2010) reported that proline may act on osmotic adjustment, as a
free radical scavenger, protecting enzymes and avoiding DNA damages. The addi-
tion of external proline to salt-sensitive Citrus sinensis “Valencia late” cell line
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which has a smaller growth rate and accumulates proline in the presence of NaCl
(>200 mM) was studied, and a positive influence on the relief of salt stress symptoms
due to the presence of exogenous proline 5 and 100 mM NaCl was obtained, with
increased growth of this salt-sensitive citrus cell line. Abbas et al. (2010) reported
that the foliar-applied pure glycine betaine (GB) or GB-enriched sugar beet extract
effectively minimized salt-induced harmful effects on growth of eggplant.

Ling et al. (2009) suggested that carbon monoxide might be involved in plant
tolerance against salinity stress, and its alleviation of programmed cell death and
inhibition of root growth was related to the decrease of superoxide anion overpro-
duction partially via upregulation of SOD and downregulation of NADPH oxidase
expression. Xu et al. (2011) reported that hemin, an inducer of heme oxygenase-1
(HO-1), could alleviate salinity damage during wheat seed germination in compari-
son with the pretreatment of a well-known nitric oxide (NO) donor sodium
nitroprusside (SNP). Hemin and SNP could increase antioxidant enzyme activities,
thus resulting in the alleviation of oxidative damage, as indicated by the decrease of
thiobarbituric acid reactive substances content.

Manipulation of small RNA-guided gene regulation represents a novel and
feasible approach to improve plant stress tolerance (Sunkar et al. 2006). Tiirkan
and Demiral (2009) have studied the involvement of numerous small RNAs in
salinity tolerance. High salt stress causes accumulation of H,0O,, and both salt and
H,0, induce the expression of SROS protein. Work on the founding member of nat-
siRNAs, which is derived from a cis-NAT gene pair of SROS5 and PSCDH genes,
demonstrated an important role of nat-siRNAs in osmoprotection and oxidative
stress management under salt stress in Arabidopsis (Borsani et al. 2005).

Nazar et al. (2011a) reported that S nutrition may provide a novel strategy to
reduce the adverse effect of salinity through increased N utilization and synthesis
of reduced S compounds such as Cys and GSH. Adaptation of sulfate uptake and
assimilation is assumed to be a crucial determinant for plant survival in a wide
range of adverse environmental conditions since different sulfur-containing
compounds are involved in plant responses to both biotic and abiotic stresses
(Rausch and Wachter 2005).

Besides, phytohormones are also involved in salinity tolerance, and the next
section deals with their role in salinity tolerance.

3.3 Phytohormones in Salinity Tolerance

Plants have evolved a number of adaptive strategies to cope with salt stresses, and
key to their operation is the ability to perceive stress and then to relay this informa-
tion to allow the triggering of appropriate physiological and cellular responses.
Many of the proteins produced by the plant under abiotic stress are induced by
phytohormones (Hamayun et al. 2010). Salinity reduces the root/shoot ratio (an
important adaptive response) due to the rapid inhibition of shoot growth (which
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limits plant productivity), while root growth is maintained and both processes may
be regulated by changes in plant hormone concentrations (Albacete et al. 2008). The
major physiological processes believed to be involved in the control of plant growth
under salinity have been water relations, hormonal balance, and carbon supply, with
their respective importance depending on the timescale of the response (Munns
2002). It is thought that the repressive effect of salinity on germination could be
related to a decline in endogenous levels of plant growth hormones or phyto-
hormones (Jackson 1997). Indeed, the exogenous application of plant growth
regulators, for example, gibberellins (Prakash and Prathapasenan 1990; Afzal
et al. 2005), auxins (Gul et al. 2000), and cytokinins (Dhingra and Varghese 1985;
Gul et al. 2000) produced some benefit in alleviating the adverse effects of salt stress
and they also improved germination, growth, fruit setting, fresh vegetable and seed
yields, and yield quality (Saimbhi 1993). Similarly, presowing wheat seeds with
plant growth regulators like IAA and GA alleviated the growth inhibiting effect of
salt stress (Sastry and Shekhawa 2001; Afzal et al. 2005).

Salinity increased plant ABA concentration in all plant compartments (Wolf
et al. 1990; Kefu et al. 1991); however, its role in growth regulation has been
equivocal as different studies have suggested it can inhibit (Dodd and Davies 1996)
or maintain growth by restricting the evolution of ethylene, another potential
growth inhibitor (Sharp and LeNoble 2002). ABA acts as a major internal signal,
enabling plants to survive adverse environmental conditions such as salt stress
(Keskin et al. 2010). It has been reported that exogenous application of ABA
reduces ethylene release and leaf abscission under salt stress in citrus, probably
by decreasing the accumulation of toxic Cl™ ions in leaves (Gomez et al. 2002). In
addition, Cabot et al. (2009) reported that salt-induced ABA mediated the inhibi-
tion of leaf expansion and limited the accumulation of Na* and Cl™ in leaves.
Mutation analysis has demonstrated that the salt overly sensitive (SOS) pathway is
important for the maintenance of intracellular ionic homeostasis and salt tolerance
in Arabidopsis thaliana. Qiu et al. (2002) described three of the genetic components
of this pathway, namely, SOS1 (a plasma Na*/H" antiporter), SOS2 (a protein
kinase), and SOS3 (an EF and Ca** sensor). SOS3 transduces the Ca*t signal via the
activation of SOS2, whereupon the SOS3—-SOS2 complex activates SOS1 (Mahajan
et al. 2008). SOS2 appears to interact with ABI2 (Ohta et al. 2003), suggesting the
existence of some cross talk between the SOS and ABA pathways. Farhoudi and
Saeedipour (2011) reported that the foliar application of ABA (15 pmol/l) under
salinity condition improved shoot dry matter, photosynthesis rate, peroxidase,
catalase activity, and shoot K* concentration, while decreased shoot Na* concen-
tration in Okamer, thereby increasing salinity tolerance, but the high level of ABA
treatments (30 pmol/l) reduced growth in this cultivar.

Cytokinins (CKs) are often considered as ABA antagonists and auxin
antagonists/synergists in various processes in plants (PospiSilova 2003) and could
increase salt tolerance in wheat plants by interacting with other plant hormones,
especially auxins and ABA (Igbal et al. 2006). It was suggested that the decrease
in CK content was an early response to salt stress, but that the effects of NaCl on
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salt-sensitive varieties are not mediated by CKs since the reduction in growth rate
preceded any decline in CK levels (Walker and Dumbroff 1981).

It has been reported that jasmonate treatments (or endogenous of these
compounds) are accompanied by the synthesis of abundant proteins in response
to abiotic stress, called JIPs (Sembdner and Parthier 1993). JA levels in tomato
cultivars changed in response to salt stress, and JA increase was observed in salt-
tolerant cultivar HF (Hellfrucht Fruhstamm) from the beginning of salinization,
while in salt-sensitive cultivar Pera, JA level decreased after 24 h of salt treatment
(Pedranzani et al. 2003). Kramell et al. (2000) found a rapid increase in endogenous
JA content in barley leaf segments subjected to osmotic stress with sorbitol or
mannitol; however, endogenous jasmonates did not increase when they were treated
with a high NaCl concentration (Kramell et al. 1995). The changes of endogenous
JA levels in rice plants under various salt stresses were investigated. Kang et al.
(2005) reported that the concentrations of JA in salt-sensitive cultivar plants were
lower than in salt-tolerant cultivar plants. In addition, MeJA levels in rice roots
increased significantly in 200 mM NaCl (Moons et al. 1997). Therefore, high levels
of JA in salt-tolerant plants accumulated after salt treatments can be an effective
protection against high salinity.

Similar role of brassinosteroids in salt tolerance was reported by Kagale et al.
(2007) in Brassica napus. They reported that epibrassinlide (EBR) helped to
overcome inhibition of seed germination by salt. Divi et al. (2010) reported that
24-EBR increased thermotolerance and salt tolerance of Arabidopsis mutants.
Using a collection of Arabidopsis mutants that are either deficient in or insen-
sitive to ABA, ethylene, JA, and SA, they studied the effects of 24-EBR on
thermotolerance and salt tolerance of these mutants. The positive impact of EBR
on thermotolerance in mutant proportion to wild type was evident in all mutants
studied, with the exception of the SA-insensitive nprl-1 mutant. EBR could rescue
the ET-insensitive ein2 mutant from its hypersensitivity to salt stress-induced
inhibition of seed germination, but remained ineffective in increasing the survival
of etol-1 (ET-overproducer) and nprl-1 seedlings on salt. The positive effect of
EBR was significantly greater in the ABA-deficient abal-1 mutant as compared to
wild type, indicating that ABA masks BR effects in plant stress responses. Treat-
ment with EBR increased expression of various hormone marker genes in both
wild-type and mutant seedlings, although to different levels. They concluded that
BR shares transcriptional targets with other hormones.

Another phytohormone involved in salt tolerance is salicylic acid (Zahra et al.
2010; Hussain et al. 2010; Nazar et al. 2011). This alleviation effect could be due to
SA-induced increase in proline or glycine betaine content (Misra and Saxena 2009;
Palma et al. 2009), or SA may upregulate the antioxidant system (Syeed et al. 2010;
Khan et al. 2010; Nazar et al. 2011b).

Amor and Cuadra-Crespo (2011) studied the foliar application of urea or methyl-
jasmonate (MeJA) on the salinity tolerance of broccoli plants (Brassisca oleracea
L. var. italica). Plant dry weight, leaf CO, assimilation, and root respiration were
reduced significantly under moderate saline stress (40 mM NaCl), but application of
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either urea or MeJA maintained growth, gas exchange parameters, and leaf
N-NO;3™~ concentrations at values similar to those of nonsalinized plants.

Besides the role of these phytohormones in salinity tolerance, the role of
ethylene and gibberellins in stress tolerance is gaining increasing concern.
Although ethylene is known as a senescing hormone, its definition needs elabora-
tion. It is being recognized as a signal for inducing stress tolerance, and its high
concentration under stress is probably a means to initiate a set of defense response.
Similarly, much work is available on the role of the gibberellins in salinity
tolerance. However, since phytohormone interaction is not independent and the
network is interconnected, the interaction between ethylene and gibberellins in
salinity tolerance needs further investigation (Fig. 3.1).

3.4 Ethylene in Salt Tolerance

Ethylene has long been regarded as a stress-related hormone, but only recently, the
link between ethylene-signaling pathway and salt stress was primarily established.
The production of ethylene is induced by many stresses (Morgan and Drew 1997),
and variation in the ability of rice genotypes to generate it is regarded as a
diagnostic for salt tolerance (Khan et al. 1987). Overexpression of the ethylene
receptor ETR2 is associated with sensitivity to salinity stress, and similarly,
reduced function mutants of a positive ethylene regulator were less tolerant than
the wild type from which the mutants were derived (Cao et al. 2006). Cao et al.
(2007) reported that ethylene signaling might be required for plant salt tolerance, as
evidenced by the fact that ethylene-insensitive mutants etrl-1 and ein2-1 were more
sensitive to salt stress. The salt-resistant cultivar Pokkali produced higher amounts
of ethylene than the salt-sensitive cultivar IKP, and exogenous putrescine increased
ethylene synthesis in both cultivars, suggesting no direct antagonism between
polyamine and ethylene pathways in rice. Li et al. (2010) studied the expression
of TaDil9A (a salt-responsive gene) and reported that this gene not only responded
transcriptionally to exogenous ethylene but also reduced ethylene sensitivity in
transgenic A. thaliana. This indicates that it is involved in ethylene-signaling
pathway and may further affect the salinity tolerance. Zhu et al. (2005) reported
that A. thaliana plants transformed with an ethylene-responsive factor (ERF)-like
regulation factor hos10-1 gene accumulated more Na* than wild plants but had
lower sensitivity to NaCl, implying that salt sensitivity was not directly associated
with the change in Na* accumulation. Li et al. (2008) reported that expression
of tomato jasmonic ethylene-responsive factor (JERFs) gene that encodes the
ethylene-responsive factor (ERF)-like transcription factor to the genome of a hybrid
poplar (Populus alba x Populus berolinensis) enhanced their salt tolerance.
Ethylene signaling modulates salt response at different levels, including mem-
brane receptors, components in cytoplasm, and nuclear transcription factors in the
pathway (Cao et al. 2008). It is involved not only in plant growth and development
but also in plant responses to biotic stress such as pathogen attack and abiotic
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( f ) sign indicate increase and (‘) indicate decrease

Exogenous GA Salinity stress Exogenous ethephon
GA4
DELLA ‘ Increases
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GA 4 Ethylene receptors 4
Growth*
J, I Ethylene f
Salt-tolerance t DELLA < l
1 Cross-talk Ethylene binds to
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Growth reduction inactivate them
(Adaptive mechanism l
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EIN-1 (active)
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Ethylene response
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increase uptake increase growth
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Fig. 3.1 Diagrammatic representation of the role of ethylene and gibberellins (GA) in salinity
tolerance. Salinity stress increases GA which increases growth by decreasing DELLA and thus salt
tolerance. Similarly, ethylene released under salinity stress increases salinity tolerance by enhanc-
ing antioxidants and root growth for nutrient uptake. Ethylene and GA also interact for salinity
tolerance. Under salinity stress increased ethylene might act independently to bring salinity
tolerance or might decrease GA or increase DELLA to cause growth reduction and this act as an
adaptive mechanism for energy conservation and salt-avoidance. GA might act downstream of
ethylene signaling to bring about salt tolerance via ethylene

stresses such as wounding, ozone, and salt (Abeles et al. 1992; Cao et al. 2007;
Wang et al. 2009). ETR1 and EIN2 are two well-characterized ethylene-signaling
molecules (Buer et al. 2006). It has been reported that plant responses to salt stress
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are modulated by changes in the expression level of ethylene receptor ETR1
(Zhao and Schaller 2004). Mutations in the ETR1 gene resulted in reduced
ethylene responses (O’Malley et al. 2005). Besides, it has been reported that the
salt-resistant rice cultivars produce higher amounts of ethylene than salt-sensitive
cultivars (Khan et al. 1987; Lutts et al. 1996). It is interesting to find that 1-amino
cyclopropane 1-carboxylic acid synthase (ACC, an ethylene precursor) sup-
presses the salt sensitivity conferred by NTHKI in transgenic Arabidopsis plants,
suggesting that ethylene is required for counteraction of receptor function to
improve salt tolerance. Ethylene receptors may function in stress response
through regulation of salt-responsive gene expressions. Salt stress induces ethyl-
ene-biosynthesis genes and ethylene production (Cao et al. 2007; Achard et al.
2006); ethylene may then inhibit its receptors, suppress salt sensitivity conferred
by ethylene receptors, and promote ethylene responses including salt tolerance.
Negative regulation between ethylene and its receptors has been established (Hua
and Meyerowita 1998).

Ethylene-responsive factors, within a subgroup of the AP2/ERF transcription
factor family, are involved in diverse plant reactions to biotic or abiotic stresses.
Seo et al. (2010) reported that overexpression of an ERF gene from Brassica rapa
species pekinensis (BrERF4) led to improved tolerance to salt and drought stress in
Arabidopsis. The role of BrERF4 in responses to salt and drought by those plants
could result from cross talk between different pathways for activating multiple
stress responses, and that various stress pathways can be linked by certain tran-
scriptional regulators, for example, Tsil acting in ethylene-signaling and salt stress-
signaling pathways (Park et al. 2001).

Recently, ethylene was reported to alter Arabidopsis salt tolerance by
interfering with other hormone pathways and NO signals (Achard et al. 2006;
Cao et al. 2007; Wang et al. 2009). Ethylene-signaling pathways have been well
characterized especially in Arabidopsis, and the pathway involves ethylene
receptors, CTR1 (Constitutive Triple Response), EIN2 and EIN3, and other
components (Bleecker and Kende 2000; Chen et al. 2005). The receptors activate
a Raf-like protein kinase, CTR 1, which negatively regulates downstream ethylene
signaling. The loss of function of receptor CTR1 generates Arabidopsis mutant
ctrl-1, which shows constitutive ethylene responses (Guo and Ecker 2004).
Downstream of EIN2, EIN3 transcription factor stimulates the expression of
ethylene response target genes, and the loss-of-function ethylene mutants ein2-5
and ein3-1 show entirely or partly ethylene insensitivity (Alonso et al. 2003; Chen
et al. 2005). These ethylene mutants and the wild-type plant Col-0 provide useful
genetic tools to dissect the role of ethylene in plant salt responses. Yang et al.
(2010) studied Arabidopsis ein2-5, ein3-1, and ctrl-1 mutants and Col-0 plants to
analyze the regulation of the salt response by altered ethylene signaling. The
ethylene entirely or partly insensitive mutant plant (ein2-5 or ein3-1) increased
Arabidopsis salt sensitivity than the wild-type plant (Col-0). On the contrary, the
ethylene constitutively sensitive mutant (ctrl-1) largely improves plant salt toler-
ance with respect to biomass accumulation, photosystem function. The exogenous
supply of ethephon (an ethylene precursor) to salt-stressed Col-0 plants also
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improved Arabidopsis salt tolerance. The analysis on the Na* and K* homeostasis
found that ethylene could help plants to retain higher K* nutrition in the short- or
long-term salt-stressed plants and improve salt tolerance. The ROS redox,
sucrose, and antioxidant system were found to be regulated by ethylene to
improve salt tolerance. Additionally, ethylene was reported to stimulate PM H™-
ATPase activity to modulate ion homeostasis and salt tolerance in Arabidopsis
(Wang et al. 2009).

3.5 Gibberellins in Salinity Tolerance

The biosynthesis of GAs is regulated by both developmental and environmental
stimuli (Yamaguchi and Kamiya 2000; Olszewski et al. 2002). Gibberellic acid
accumulates rapidly when plants are exposed to both biotic (McConn et al. 1997)
and abiotic stresses (Lehmann et al. 1995). In order to alleviate deleterious effects
of salinity, different types of phytohormones have been used. Among them,
gibberellins have been the main focus of some plant scientists (Basalah and
Mohammad 1999; Hisamatsu et al. 2000). For instance, GA3 has been reported to
be helpful in enhancing wheat and rice growth under saline conditions (Parasher
and Varma 1988; Prakash and Prathapasenan 1990). Plant growth of wheat decreased
with increasing salinity levels but was increased by seed treatment with GA;
(Kumar and Singh 1996). Gibberellic acid signaling is involved in adjustment of
plants under limiting environmental conditions and maintains source—sink relation
(Igbal et al. 2011) since salinity causes a reduction in sink enzyme activities,
leading to an increase in sucrose in source leaves, with a decrease in photosynthesis
rate by feedback inhibition (Poljakoff-Mayber and Lerner 1994) responses. How-
ever, the mechanisms by which GA;-priming could induce salt tolerance in plants
are not yet clear. Salinity perturbs the hormonal balance in plants; therefore,
hormonal homeostasis under salt stress might be the possible mechanism of
GAjz-induced plant salt tolerance (Igbal and Ashraf 2010).

Hamayun et al. (2010) reported that GA3 application significantly promoted
plant length and plant fresh/dry biomass which was markedly hindered by NaCl-
induced salt stress in soybean plants. Phytohormonal analysis of soybean showed
that the level of bioactive gibberellins (GA; and GA,4) and jasmonic acid increased
in GA;-treated plants, while the endogenous ABA and SA contents declined under
the same treatment. GA; mitigated the adverse effects of salt stress by regulating
the level of phytohormones, thus aiding the plant in resuming its normal growth and
development.

Maggio et al. (2010) analyzed the functional role of GA in stress adaptation and
reported that exogenous GA applications may benefit plant growth and yield at low
to moderate salinity, whereas it may enhance stress sensitivity at moderate to high
salinity levels. Few studies have previously demonstrated the ability of GAj to
mitigate the adverse effects of salt stress (Chakraborti and Mukherji 2003). GA3 has
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been shown to alleviate the effects of salt stress on pigment content, Hill activity
(Aldesuquy and Gaber 1993), and water-use efficiency (Aldesuquy and Ibrahim
2001). Exogenous application of GA alleviates the effect of salinity stress on the
growth of Sorghum (Amzallag et al. 1992), wheat (Naqvi et al. 1982), and rice
seedlings (Prakash and Prathapasenan 1990). The GA;-mediated increase in grain
yield in the salt-intolerant cultivar of wheat was due to the increased number of
fertile tillers per plant and grain weight rather than number of grains per year
particularly when under salt stress. The beneficial effects of GAj-priming can be
attributed to its effect on hormonal homeostasis and ionic uptake and partitioning
(within shoots and roots) in the salt-stressed wheat plants (Igbal et al. 2011).

Gibberellic acid may increase growth under salinity stress by increasing both
nitrogen and magnesium contents in the leaves and roots (Tuna et al. 2008).
Overexpression of dwarf and delayed flowering 1 (DDF1) caused a reduction in
GA, content and dwarfism in Arabidopsis (Magome et al. 2004). There is a
correlation among the survival of salt toxicity and the function of DELLA proteins
(Achard et al. 2006). These results suggest that the salt-inducible DDF1 gene is
involved in growth responses under high salinity conditions in part through altering
GA levels and improves seed germination (Kaya et al. 2009). Kumar and Singh
(1996) reported increased growth and grain yield under saline condition on GA
treatment. Achard et al. (2006) reported that salt-treated Arabidopsis plants contain
reduced levels of bioactive GAs, supporting the idea that salt slows down the
growth by modulating the GA metabolism pathway. However, exogenous GA
treatment of salt-stressed wheat plants resulted in an increased photosynthetic
capacity, which was discussed as a major factor for greater dry matter production
(Igbal and Ashraf 2010). The increase in pigment content, photosynthetic capacity,
and growth through GA treatment under salinity stress indicates its potential in the
regulation of source—sink metabolism. Mohammed (2007) suggested that the mul-
tiple effects of GA3; which could be involved in alleviating the adverse effect of
salinity on mung-bean seedlings include the stimulation of growth parameters;
increase in photosynthetic pigments concurrent with the marked increase in reduc-
ing sugars and sucrose; increase in protein synthesis, including de novo synthesis of
proteins and accumulation of certain existing proteins; increase in the activities of
catalase and peroxidase; and decreases in the activities of the ribonuclease and
polyphenol oxidase.

Thus, GA; counteracts with salinity stress by improving membrane permeability
and nutrient levels in leaves which ultimately leads to better seedling growth and
shoot, root, and total biomass. Further, it may also improve salinity tolerance by
maintaining antioxidant enzyme activities. It is, therefore, possible that foliar GA;
could be a useful tool in promoting good seedling growth and establishment under
saline soil conditions. Exogenous application of growth hormones may be useful to
return metabolic activities to their normal levels. At a certain concentration, GA3 has
been shown to be beneficial for the physiology and metabolism of many plants under
abiotic stress since it may provide a mechanism to regulate the metabolic process as
a function of sugar signaling and antioxidative enzymes (Igbal et al. 2011).
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3.6 Ethylene and Gibberellin Acid in Salt Tolerance:
Cross Talk

Both ethylene and gibberellins are involved in salinity tolerance individually, but
their interaction to bring about salinity tolerance is still not detailed out. Transcript
meta-analysis showed that GA and ethylene metabolism genes are expressed in the
majority of plant organs. Both GAs and the ethylene precursor ACC may thus be
synthesized ubiquitously (Dugardeyn et al. 2008). Bialecka and Kepczynski
(2009) clearly demonstrate the ability of exogenous ethephon and GAj; to alleviate
inhibition of Amaranthus caudatus seed germination under salinity. The stimula-
tory effect of ethephon in the presence of NaCl was seen earlier than that of GA3,
and ethephon was found to be more effective than GAj3. Alleviation of the detri-
mental effects of salinity on seed germination by ethylene and/or GA; has been
shown (Khan and Huang 1988; Kumar and Singh 1996; Mohammed 2007). Inter-
action between the two was reported by Foo et al. (2006) for pea where the
phytochromes negatively controlled ethylene production, which in turn lowered
GA synthesis. In the Arabidopsis hypocotyl, ethylene and GA have a synergistic
effect on elongation in the light (De Grauwe et al. 2007).

De Grauwe et al. (2008) reported that a functional GA response pathway is
required for the increased ethylene biosynthesis in eto2-1 (ethylene overproducing
mutant) since the gai eto2-1 (gibberellins insensitive; ethylene overproducing)
double mutant does not overproduce ethylene, suggesting that the stability of the
ACSS protein is dependent on GA. More recently, it was demonstrated that active
ethylene signaling results in decreased GA content, thus stabilizing DELLA
proteins (Vandenbussche et al. 2007). Proteins from the DELLA family, which
comprises five members in Arabidopsis (GAL repressor of gal-3 (RGA), RGA-like
(RGL1/2/3)), are rapidly destabilized after GA treatment through degradation by
the 268 proteasome (Dill and Sun 2001; Fu et al. 2002). In addition, ethylene affects
DELLA stability primarily via changes in GA concentration, supposedly by post-
transcriptional control of GA200x/GA30x/GA20x genes (Achard et al. 2007,
Vandenbussche et al. 2007). Furthermore, analysis of microarray data using
Genevestigator has shown that in 28-day-old plants, none of the genes encoding
DELLA proteins, neither the F-box protein SLEEPY (SLY), are transcriptionally
affected by ethylene. The only gene from the GA-signaling cascade which appears
to be regulated by ethylene is GIBBERELLIN INSENSITIVE DWARF1 (GIDlc)
(more than twofold induction after ethylene treatment) (Dugardeyn et al. 2008;
Zimmermann et al. 2004). GA-promoted destabilization of DELLA proteins is
modulated by environmental signals (such as salt and light) and other plant hor-
mone signaling (such as auxin and ethylene), which reveals the mechanisms of
this cross-talking at the molecular level (Achard et al. 2006). Cross talk between
ethylene and GA during the transition from seed dormancy to germination has been
postulated from the hormonal regulation of a GA 20-oxidase in Fagus sylvatica
(Calvo et al. 2004). GA treatment induces ACO expression in imbibed gal-3 seeds
(Ogawa et al. 2003). An excess of ethylene can bypass the GA requirement and
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induce germination of Arabidopsis gal mutant seeds imbibed in the light, the effect
being much weaker in darkness (Karssen et al. 1989; Koornneef and Karssen 1994).
The GA—ethylene interaction seems reciprocal because high GA concentrations
restore the germination of etrl mutant seeds to wild-type levels (Bleecker et al.
1988).

Steffens et al. (2006) reported that GA is ineffective on its own but acts in a
synergistic manner together with ethylene to promote the number of penetrating
roots and the growth rate of emerged roots. The effects of GA and ethylene are
not additive but synergistic, and therefore, sharing signaling components must be
predicted. GA by itself was nearly ineffective in promoting root penetration or
growth, and when roots were treated with NBD, an inhibitor of ethylene perception,
neither ethylene (Lorbiecke and Sauter 1999) nor GA was able to promote root
penetration or growth. Therefore, it appeared that GA activity on adventitious roots
required ethylene signaling, GA acts downstream of the ethylene receptor, and GA
activity requires activated ethylene signaling achieved through ethylene binding
to its receptor.

Additional examples come from studies of the relationship between GA-
GID1-DELLA, the phytohormones ethylene, and plant stress responses. The molec-
ular characterization of various GA-response mutants led to the discovery of
the GID1 and DELLA proteins, key components of the molecular GA-GID1-
DELLA mechanism that enables plants to respond to GA (Harberd et al. 2009).
GA-GID1-DELLA mechanism enables plants to maintain transient growth arrest
and thus to survive periods of adversity. Initial investigations of the relationship
between ethylene signaling and the GA-GID1-DELLA mechanism showed that
ethylene inhibits DELLA-deficient mutant Arabidopsis seedling root growth less
than that of the wild type, and that ethylene inhibits the GA-induced disappearance
of GFP-RGA via CTR1-dependent signaling (Achard et al. 2003). In addition, the
maintenance of the exaggerated apical hook structure typical of dark-grown
ethylene-treated seedlings was shown to be dependent on loss of DELLA-
mediated growth inhibition (Achard et al. 2003; Vriezen et al. 2004). Thus, there
is a connection between ethylene response and the GA-GID1-DELLA mecha-
nism and a correlation between ethylene-mediated growth inhibition and DELLA
accumulation. The conclusion from these studies is that ethylene inhibits growth
(at least in part) via a DELLA-dependent mechanism. However, there are
circumstances in which ethylene promotes (rather than inhibits) the growth of
light-grown hypocotyls, and in this case, promotion interestingly is also
accompanied by an accumulation (rather than a depletion) of GFP-RGA in hypo-
cotyl nuclei (Vandenbussche et al. 2007). It seems that in this case ethylene still
promotes GFP-RGA accumulation, but this accumulation is not translated into
growth inhibition. Thus, the frequently observed negative correlation between
growth and DELLA accumulation is not absolute and can be broken in specific
circumstances.

Salt-activated DELLA-dependent growth inhibition presumably has adaptive
significance because plants lacking DELLAs are more susceptible, whereas plants
in which DELLAs accumulate (e.g., gal-3) are more resistant to the lethal effects
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of extreme salt (Achard et al. 2006). These observations indicate that the
GA-GID1-DELLA mechanism provides plants with a means of regulating growth
appropriate to environmental conditions, enabling a slowing of growth and reduced
energetic commitment during periods of environmental adversity. The interaction
between GA and the stress-related gaseous hormone ethylene is rather complex, as
both negative and positive reciprocal effects have been demonstrated. Ethylene
inhibits growth in a GA-antagonistic manner. Achard et al. (2003) have shown that
at least part of the inhibitory effect of ethylene on growth and its interaction with
GA in this regard are mediated by the DELLA proteins. GA promotes seedling root
elongation in Arabidopsis, and this effect is inhibited by ethylene. However, in
gai-rga double mutants, GA stimulated root elongation also in the presence of
ethylene, suggesting that ethylene acts through these DELLA proteins in this
process. A synergistic promotive effect of GA and ethylene was also shown in
light-grown Arabidopsis seedlings (Saibo et al. 2003).

During submergence, SUB1A dampens ethylene production and enhances
mRNA and protein accumulation of two negative regulators of GA signaling,
SLENDER RICE1 (SLR1) and SLR1-like 1 (SLRL1), resulting in the suppression
of the energy-consuming escape response (Fukao et al. 2006; Fukao and Bailey-
Serres 2008). Consistently, global-scale transcriptome analysis revealed that
SUBIA regulates the abundance of mRNAs associated with ethylene and GA
production and signaling during submergence (Jung et al. 2010). SUB1A, an ERF
transcription factor found in limited rice accessions, dampens ethylene production
and GA responsiveness during submergence, economizing carbohydrate reserves
and significantly prolonging endurance (Fukao et al. 2011). Induction of PCD is
dependent on ethylene signaling and is further promoted by GA. Ethylene and GA
act in a synergistic manner, indicating converging signaling pathways. Treatment of
plants with GA alone did not promote PCD. Treatment with the GA biosynthesis
inhibitor paclobutrazol resulted in increased PCD in response to ethylene and GA
presumably due to an increased sensitivity of epidermal cells to GA (Steffens and
Sauter 2005).

Previous studies have suggested that ethylene may increase the level of GAs
during internode elongation of deepwater rice upon submergence (Hoffmann-
Benning and Kende 1992). Ethylene was shown to delay Arabidopsis flowering
by reducing bioactive GA levels (Achard et al. 2007). In addition, the ctr1-1 loss-of-
function mutation, which confers constitutive ethylene responses, causes later
flowering, especially in short-day photoperiods. All these ethylene-stimulated
late-flowering phenotypes are rescued by exogenous GA treatment. The levels of
GA1 and GA4 are substantially reduced in the ctrl-1 mutant, suggesting that the
ethylene signal is initially targeted to the GA metabolism pathway and then to
DELLA proteins as a consequence of altered GA content. In the ctrl-1 mutant,
transcript abundance of AtGA3ox1 and AtGA20ox1 genes is elevated, presumably
through the negative feedback mechanism caused by the decreased bioactive GA
levels. Further studies are required to clarify how the ctrl-1 mutation alters bioac-
tive GA levels (Yamaguchi 2008).
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Perhaps the two hormones interact with each another; however, their interaction
is not clear. The available literature suggests that both these hormones may interact
synergistically or antagonistically. However, under stress, the decreased GA is due
to ethylene action on DELLA. This has been explained through a model which
shows that ethylene increases DELLA protein and reduces GA action, whereas GA
might work downstream of ethylene signaling and does not influence ethylene
action or may increase ethylene synthesis. However, the exact mechanism of
interplay of both hormones under salt stress remains to be elucidated.

3.7 Conclusion

Plants are continuously exposed to various biotic and abiotic stresses that adversely
affect their growth, and among these stresses predominant is salinity stress. In order
to survive under these abiotic stress conditions, plants activate their defense mech-
anism. Phytohormone signaling is one such defense response that is activated
in response to stress. Whether there is increase or decrease in the level of these
hormones, it is an adaptive mechanism to tolerate stress. Ethylene increases under
stress, whereas GA decreases; however, both these are involved in salinity tolerance
or avoidance. Exogenous application of both ethylene and GA is involved in
inducing salt tolerance in plants, but whether they act independently or are depen-
dent on each other is debatable. In fact, phytohormones are integrated at several
levels during plant growth and development, and cross talks between hormonal and
defense signaling pathways should reveal new potential targets for the development
mechanisms against stress.
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Chapter 4
Function of Nitric Oxide Under Environmental
Stress Conditions

Marina Leterrier, Raquel Valderrama, Mounira Chaki, Morak Airaki,
José M. Palma, Juan B. Barroso, and Francisco J. Corpas

Abstract Nitric oxide (NO) is a key signaling molecule in different physiological
processes of plants. However, under adverse stress conditions, plants can undergo a
deregulation in its production which can provoke a process of nitrosative stress. In
addition, the exogenous application of NO seems to alleviate or even prevent
cellular damage under some specific environmental stresses, suggesting the
involvement of this molecule in the mechanism of defense against abiotic stresses.
In this article, the current knowledge of the implication of NO under environmental
stresses is briefly reviewed with a special emphasis in its interaction with some
phytohormones.

4.1 Introduction

Nitric oxide is one of the molecules which have received much attention during the
last decade from plant researchers. The main reason is that this free radical is
involved as signal molecule in many physiological processes during plant growth
and development including seed germination, primary and lateral root growth,
flowering, pollen tube growth regulation, fruit ripening, and senescence, among
others (Wojtaszek 2000; Corpas et al. 2001, 2004; Lamattina et al. 2003; Magalhaes
et al. 2005; Shapiro 2005; Besson-Bard et al. 2008a, b), as well under different
environmental stress conditions including heavy metal, salinity, wounding, extreme
temperature, etc. (Corpas et al. 2011). However, the real significance of NO and
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related molecules designated as reactive nitrogen species (RNS) is only at the
beginning of this attractive research area of plant physiology since many aspects
of its biochemistry and physiology are still to be elucidated. Here, it will give a
general overview of the basic biochemistry of NO and its interaction with some
classical phytohormones. Then, it will summarize briefly the implication of NO
under environmental stress conditions taking in consideration that NO depending of
its cellular concentration could be a plant regulator (low concentration) or be part of
the mechanism of defense as toxic molecule (high concentration).

4.2 Basic Biochemistry of NO

Nitric oxide is a free radical because the nitrogen has an unpaired electron in its ©
orbital (NO) which determinates its biochemistry. Moreover, NO has a family of
related molecules designated as reactive nitrogen species (RNS). Table 4.1
summarizes the main RNS including radical and nonradical molecules. Among
the different RNS, peroxynitrite (ONOO™) which is produced by the reaction
between NO and superoxide radical (O, ") has a relevant significance because it
is a powerful oxidant that can mediate nitration process and provokes cellular injury
(Szab6 et al. 2007; Corpas et al. 2009a; Arasimowicz-Jelonek and Floryszak-
Wieczorek 2011).

Nitric oxide can interact with different biomolecules including lipids, nucleic
acids, and proteins affecting its functions. However, the interaction with proteins
has been the most studied. In this sense, NO directly or indirectly can react with
proteins in different ways: (1) with transition metals present in the protein to give
complexes called metal nitrosyls, (2) with sulfhydryl groups to render a process of
S-nitrosylation, and (3) by adding a nitro (—NO,) group in a process of nitration. So
far, the analysis of NO binding to plant metal-containing protein has been done
mainly with plant hemoglobins (Besson-Bard et al. 2008a, b); however, there are
some experimental data showing that certain enzyme activities such as cytochrome
¢ oxidase, catalase, or ascorbate peroxidase can be modulated by this mechanism
(Millar and Day 1996; Clark et al. 2000). Protein S-nitrosylation is a posttransla-
tional modification of cysteine residues produced by NO which can modify the

Table 4.1 Reactive nitrogen R, gicals

species (RNS) including — - - - - -
radicals and nonradicals Nitric oxide (NO) Nitroxyl anion (NO ™)

molecules Nitrogen dioxide (NO,) Nitrosonium cation (NO™)
Nitrous acid (HNO,)
Dinitrogen trioxide (N,O3)
Dinitrogen tetroxide (N,O,)
Peroxynitrite (ONOO ™)
Peroxynitrous acid (ONOOH)
Alkyl peroxynitrite (RNOONO)

Nonradicals
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function of a broad spectrum of proteins (Stamler et al. 2001; Lindermayr et al.
2005; Wang et al. 2006; Lindermayr and Durner 2009). Special attention must be
given in the process of S-nitrosylation of the tripeptide glutathione (GSH) to form
the S-nitrosoglutathione (GSNO) since this molecule can function as mobile reser-
voir of NO (Durner and Klessig 1999; Barroso et al. 2006) and it can regulate the
equilibrium between GSNO and S-nitrosylated proteins by a process of transnitro-
sylation. In this sense, the enzyme GSNO reductase seems to be a key element
because it catalyzes the NADH-dependent reduction of (GSNO) to GSSG and NH3.
Consequently, this enzyme controls the intracellular level of GSNO and, as a result,
the effects of NO in cells (Leterrier et al. 2011). Protein nitration is another process
that introduces a nitro group, (—NO,) and there are several amino acids which are
preferentially nitrated, such as tyrosine(Y), tryptophan (W), cysteine (C), and
methionine (M). However, in plants, most studies are focused in tyrosine nitration
(Corpas et al. 2009a, b; Chaki et al. 2009). Figure 4.1 shows a straightforward
model of NO metabolism in plant cells under environmental stress conditions.
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Fig. 4.1 Schematic model of nitric oxide (NO) metabolism in plant cells under environment stress
conditions. Under a specific environmental stress, L-arginine-dependent nitric oxide synthase
(NOS) and/or nitrate reductase (NR) can generate NO which can react with reduced glutathione
(GSH) in the presence of O, to form S-nitrosoglutathione (GSNO). This metabolite can be
converted by the enzyme GSNO reductase (GSNOR) into oxidized glutathione (GSSG) and
NH;. Alternatively, GSNO by a process of transnitrosylation can mediate protein S-nitrosylation
or diffuse out to the cell where it can act a signal molecule with adjacent cells. On the other hand,
NO can react with superoxide radicals (O,") to generate peroxynitrite (ONOO™), a powerful

oxidant molecule that can mediate the rise of protein tyrosine nitration which can be considered as
a marker of nitrosative stress
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4.3 Nitric Oxide: A New Hormone?

Independent of the name, plant hormones, phytohormones, or plant growth
regulators are molecules produced inside of plant cells that at low concentrations,
in the range nM to pM, promote and influence the growth, development, and
differentiation of cells and tissues (Davies 1995; Beligni and Lamattina 2001).
Thus, the biosynthesis of plant hormones within plant tissues is often diffuse and
not always localized. Classically, there are five groups of plant hormones including
auxin (indole-3-acetic acid), cytokinin, gibberellins, ethylene, and abscisic acid
(ABA). However, there are also other compounds that have important growth-
regulating activities including jasmonic acid (JA), salicylic acid (SA), and
brassinosteroids which are considered to function as phytohormones. In this frame-
work, NO could be considered a new member of this group of molecules. However,
even when arguments in both directions can be presented, the relevance of NO in
physiological processes such as germination, growth, senescence, photosynthesis,
stomatal movement, etc. is clear, even though more research must be done in this
direction.

4.4 Cross Talk Between NO and Other Hormones
Under Stress Conditions

Such as it has been mentioned, NO is implied in numerous plant functions which
are also regulated by others phytohormones. So, interactions between NO and other
hormones through synergy or antagonism permit a finest level of control depending
on the situation of environmental stress.

4.4.1 Abscisic Acid

One of the main roles of ABA is to regulate plant response to drought by inducing
stomatal closure, therefore reducing water loss via transpiration (Davies and Zhang
1991; Zhu 2002). It is well known that NO is involved in ABA-induced stomatal
closure (Garcia-Mata and Lamattina 2002; Desikan et al. 2004; Bright et al. 2006).
Moreover, cross talk between ABA and NO also enhances activities of antioxidant
enzymes such as catalase and superoxide dismutase. Thus, ABA induces H,O,
accumulation, leading to NO generation which in turn activates mitogen-activated
protein kinase (MAPK) and upregulates gene expression of antioxidant enzymes
(Zhang et al. 2007; Lu et al. 2009). Recently, it has also been shown that cGMP acts
downstream of H,O, and NO in the signaling pathway by which ABA induces
stomatal closure (Dubovskaya et al. 2011).
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NO is also part of the signaling cascade mediating the brassinosteroid-induced
ABA biosynthesis in maize leaves under water stress (Zhang et al. 201 1b). In maize
leaves under UV-B, stress induces ABA production which triggers NO synthesis
(Tossi et al. 2009). So, there are some clear interactions between ABA and NO, but
the exact nature of this interaction appears to depend on the system studied (plant
species and stress).

4.4.2 Ethylene

Ethylene is involved not only in plant growth and senescence but also in plant
response to abiotic stress such as salinity, iron deficiency, ozone, and UV-B
(Romera and Alcantara 1994; Mackerness et al. 1999; Romera et al. 1999; Vahala
et al. 2003; Cao et al. 2007; Ahlfors et al. 2009; Wang et al. 2009).

NO is known to have a protective effect on salt stress (Zhao et al. 2004; Zhang
et al. 2006). In fact, in Arabidopsis callus under 100 mM NaCl, NO accumulation
greatly stimulates ethylene emission, which in turn induces expression of the
plasma membrane H*-ATPase genes (Wang et al. 2009). The higher activity of
the plasma membrane H*-ATPase modulates ion homeostasis for a better salt
tolerance. Under salt stress, NO-induced ethylene also stimulates the alternative
respiratory pathway (Wang et al. 2010a, b).

Ethylene and NO also cooperate in iron homeostasis as it was determined that
Fe-related genes upregulated by ethylene were also responsive to nitric oxide
(Garcia et al. 2010). Moreover, under iron deficiency, NO induces expression of
genes involved in ethylene synthesis, and conversely, ethylene enhances NO
production. Hence, both NO and ethylene are necessary for the upregulation of
Fe-acquisition genes, and each one influences the production of the other (Garcia
et al. 2011). Ethylene and NO also cooperate in ozone stress: both NO- and
ethylene-dependent pathways are required for Oz-induced upregulation of alterna-
tive oxidase (AOX) in ozone-treated tobacco plants (Ederli et al. 2006). In Vicia
faba, ethylene participates to UV-B-induced stomatal closure and acts upstream of
NO generation (He et al. 2011a, b).

4.4.3 Salicylic Acid

Salicylic acid (SA) induces tolerance to various abiotic stresses such as salinity,
heavy metals, and drought (through regulation of stomatal closure) (Manthe et al.
1992; Metwally et al. 2003; Horvath et al. 2007; Szepesi et al. 2009).

NO is involved in the mechanism of salt tolerance generated by SA pretreatment
in tomato. Thus, salt stress increases NO content in tomato roots, but pretreatment
of the plants with SA changes that response and prevents NO accumulation (Gémes
et al. 2011). In Arabidopsis roots, SA triggers the NO production thorough
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NOS-dependent pathways where calcium and protein phosphorylation are essential
components (Zottini et al. 2007).

SA and NO are both known to reduce heavy metal toxicity separately (Metwally
et al. 2003; Arasimowicz and Floryszak-Wieczorek 2007). However, a synergic
effect occurs when exogenous applications of both products are combined in canola
plants under nickel stress (Kazemi et al. 2010). SA can also induce stomatal closure
(Manthe et al. 1992). NO and ROS are both required in SA-induced stomatal
closure; in consequence, a model has been proposed where SA activates a peroxi-
dase (sensitive to the inhibitor salicylhydroxamic acid) to produce extracellular
ROS, leading to ROS accumulation and NO production in guard cells, and
inactivates K;," channels, causing stomatal closure (Khokon et al. 2011).

4.5 Nitric Oxide and Abiotic Stresses

Such it has been mentioned, under stress conditions, there are many reports
demonstrating the participation of different phytohormones. For example, under
wounding, the participation of several hormones including abscisic acid, ethylene,
and jasmonic acid is well recognized (Stratmann 2003), but they are also involved
under other stresses such as cadmium or aluminum stress where the production of
jasmonic acid, ethylene, gibberellins (GA), or ABA is affected (Sanita di Toppi and
Gabbrielli 1999; Rodriguez-Serrano et al. 2009; He et al. 2011a, b). In this context,
there are also accumulating data showing the participation of NO in different types
of environmental stresses.

4.5.1 Heavy Metal

In plant biology, the term heavy metal is used to design a series of metals and also
metalloids that can be toxic to plants even at very low concentrations being for that
reason these phytotoxic elements (Corpas et al. 2010; Xiong et al. 2010; Rascio and
Navari-Izzo 2011). Thus, heavy metals can also distinguish two categories: (1)
essential elements required for normal growth and metabolism such as Co, Cu, Fe,
Mn, Mo, Ni, and Zn (micronutrients); and (2) not essential element since they do
not perform any known physiological such as Cd, Hg, Se, Pb, or As. Although
during the last 10 years, certain numbers of studies have been done in how NO
could be involved in the mechanism of response against heavy metals. It must be
mentioned that the basic biochemical mechanism is very rudimentary.

4.5.1.1 Cadmium

This is one of the most commonly found heavy metal in soil (Arasimowicz-Jelonek
et al. 2011). There are some reports showing the participation of NO under
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cadmium stress. For example, in roots of Pisum sativum and Brassica juncea in the
presence of 100 uM Cd, there was a time-dependent endogenous NO production
(Bartha et al. 2005). These data contrast with the results observed in leaves and
roots of P. sativum grown with 50 pM CdCl,, which produced growth inhibition
and oxidative damages (Romero-Puertas et al. 2004), and a drastic reduction of
the NO content (Barroso et al. 2006; Rodriguez-Serrano et al. 2006). In addition, the
lower NO content in leaves was accompanied by a reduction of GSH, GSNO, and
GSNO reductase activity and transcript (Barroso et al. 2006). In contrast, pre-
treatment of sunflower seedlings with 100 uM sodium nitroprusside (SNP) protected
leaves against Cd-induced oxidative stress (Laspina et al. 2005). In Lupinus roots
grown with 50 uM Cd, a similar behavior has been observed, and it was proposed that
the protective effect of NO could involve the stimulation of superoxide dismutase
activity to counteract the overproduction of superoxide radicals (Kopyra and Gwézdz
2003). In the case of rice (Oryza sativa) plantlets subjected to 0.2 mM CdCl, and
treated with 0.1 mM SNP, the toxicity of Cd is alleviated. Accordingly, the authors
proposed that the NO-induced increase of Cd tolerance is produced by a rise in pectin
and hemicellulose content in the cell wall of rice roots, and this provoked a dimin-
ished distribution of Cd in the soluble fraction of leaves and roots but with the
concomitant increases of Cd in the cell walls of roots (Xiong et al. 2009). Addition-
ally, the treatment with SNP induces the antioxidant system including ascorbate,
catalase, glutathione reductase, and peroxidase which counteracts the oxidative stress
provoked by Cd (Hsu and Kao 2004; Panda et al. 2011).

4.5.1.2 Arsenic

It is a metalloid constituent of a wide range of minerals which has become in an
important environmental contaminant that can provoke health problems to humans
by its accumulation in food crops or in drinking water (Tripathi et al. 2007; Zhao
et al. 2010). Under arsenic stress conditions, plants suffer alteration at different
levels including elements’ uptake and transport, metabolism, and gene expression
(Abercrombie et al. 2008; Verbruggen et al. 2009; Zhao et al. 2009). Accumulating
data indicate that metabolism of reactive oxygen species (ROS) can be involved
and can cause an oxidative stress (Dwivedi et al. 2010). However, there are only
few reports analyzing the NO function under arsenic toxicity in higher plants, and
they have been done by the exogenous application of NO with sodium nitroprusside
(SNP). Thus, in roots of O. sativa, the application of SNP provides resistance
against As toxicity and has an ameliorating effect against As-induced stress
(Singh et al. 2009). Similar observation has been reported in tall fescue where the
application of 100 pM SNP reduced arsenic-induced oxidative damage in leaves
(Jin et al. 2010). In Arabidopsis seedlings exposed to 0.5 mM arsenate, a significant
reduction in growth parameters such as length of roots affecting its membrane
integrity and provoking an increase of lipid oxidation has been observed. These
changes were accompanied by an alteration of antioxidative enzymes (catalase and
glutathione reductase) and nitric oxide metabolism with a significant increase of
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NO content, S-nitrosoglutathione reductase (GSNOR) activity, and protein tyrosine
nitration, which the concomitant reduction of GH and GSNO content. Thus, in this
case, arsenate seems to provoke both oxidative and nitrosative stress being the
glutathione reductase and GSNOR activities key components in the mechanism of
response (Leterrier et al. 2010).

4.5.1.3 Aluminum
Aluminum (AI**) is not a heavy metal, but it makes up about 8% of the surface of
the earth and is the third most abundant element being a major factor limiting crop
growth and yield in acid soils since it inhibits cell division, cell extension, and
transport (Ma et al. 2001). Thus, Hibiscus moscheutos exposed to100 pM AICl3
induced inhibition of root growth. This is accompanied by inhibition of nitric oxide
synthase activity and reduced NO content (Tian et al. 2007). In Arabidopsis
thaliana roots, the cells of the distal portion of the transition zone emitted large
amounts of NO, but the treatment with 90 uM aluminum blocked this NO emission
(Tl1és et al. 2006).

In the same way with that of cadmium and arsenic, the treatment with NO donors
seems to alleviate the aluminum toxicity. In Cassia tora plants pretreated for 12 h
with 0.4 mM SNP and subsequently exposed to 10 pM aluminum treatment for 24 h
exhibited a significantly greater root elongation and a decrease in AI** accumula-
tion in root apexes as compared with plants without SNP treatment (Wang and
Yang 2005). More recently, it has been also shown that SNP treatment in rice (O.
sativa) provoked an enhancement of Al tolerance in roots. Thus, the mechanism of
tolerance is because NO induced a decrease in the contents of pectin and hemicel-
lulose, an increase in the degree of methylation of pectin, and a decrease in the Al
accumulation in root cell walls (Zhang et al. 2011a). In the cases of rye (Secale
cereale L) and wheat(Triticum aestivum), Al treatment provoked an inhibition in
root growth that was accompanied by a reduction in gibberellin (GA) content and
an increase in the values of IAA/GA and ABA/GA. However, treatment with SNP
reversed Al toxicity due to an alteration of endogenous hormones in the roots. Thus,
SNP reduced the inhibition of root elongation by increasing GA content and
decreasing the values of IAA/GA and IAA/zeatin riboside under Al stress (He
et al. 2011a, b).

4.5.2 Wounding

Different types of stresses, for example, herbivores, wind, or rain, can produce
mechanical injury in plants. To avoid the potential infection by opportunistic
microorganisms in the damage zone, plants respond with a cascade of signal that
provokes the induction of numerous genes (Schilmiller and Howe 2005). In this
sense, there are also data indicating that NO metabolism is also involved.
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For example, in A. thaliana, mechanical wounding induced a rapid accumulation of
NO that could be involved in jasmonic-acid-associated defense responses and
adjustments (Huang et al. 2004). In the case of pea (P. sativum L) seedlings,
mechanical wounding in leaves provoked an accumulation of NO content after
4 h, and this was accompanied by an increase in the content of S-nitrosothiols
(SNOs) and a general induction of nitric oxide synthase (NOS) and GSNO reduc-
tase activities, although the pattern of proteins that undergo tyrosine nitration did
not appear to be affected (Corpas et al. 2008). In sunflower (Helianthus annuus)
hypocotyls, mechanical wounding apparently did not affect the NO content, but it
triggered the accumulation of SNOs, specifically GSNO, due to a downregulation
of GSNOR activity, while protein tyrosine nitration increases. Consequently, a
process of nitrosative stress is induced, and S-nitrosothiols seem to be a new
wound signal in plants (Chaki et al. 2011). In other cases, the application of
exogenous NO has been reported to modulate the response against wounding.
Thus, in tomato (Lycopersicon esculentum) plants, the application of NO donors
such as SNP or SNAP inhibited the expression of wound-inducible proteinase
inhibitors (Orozco-Cardenas and Ryan 2002).

4.5.3 Salinity

Salinity stress takes place when soluble salts (usually NaCl) are elevated in soil, and
this affects plant productivity due to its negative effects on plant growth, ion
balance, and water relations (Munns and Tester 2008).

One more time, the application of NO donors has been used as tool to study the
involvement of NO in plants exposed to salinity stress. For example, in the calluses of
reed (Phragmites communis) exposed to 200 mM NaCl, the addition of SNP
stimulated the expression of the plasma membrane H*-ATPase, indicating that NO
serves as a signal-inducing salt resistance by increasing the K*-to-Na* ratio (Zhao
et al. 2004). Similar results have been reported to be found in maize, where the
addition of exogenous NO also booted the salt-stress tolerance by elevating the
activities of the proton pump and the Na*/H" antiport of the tonoplast (Zhang et al.
2006). An 8-day-old rice (O. sativa) plant treated with 1 tM SNP or 10 uM H,O, and
then exposed to salinity stress has been shown to present an increased tolerance since
it is induced by both antioxidant enzymes and some stress-related genes (Uchida
et al. 2002). In the case of orange (Citrus aurantium L.) trees, similar behavior has
been observed suggesting that the induction of antioxidant enzymes as consequence
of SNP pretreatment provided a major resistance to salinity (Tanou et al. 2009).

However, there are also reports indicating that salinity affects the endogenous
metabolism of NO. Hence, in olive (Olea europaea L.) plants grown under in vivo
salt stress (200 mM NaCl), biochemical analyses demonstrated a general increase in
the production of NO, S-nitrosothiols, and protein nitration. These data seem to
indicate that salinity induced a nitrosative stress (Valderrama et al. 2007). Similar
data have been reported in A. thaliana with 100 mM NaCl, where using genetic



108 M. Leterrier et al.

strategies, it was reported that peroxisomes are responsible for the NO accumula-
tion observed in the cytosol of root cells under this salinity stress conditions (Corpas
et al. 2009b).

4.5.4 Atmospheric Pollutants (Ozone and Ultraviolet Radiation)

Ozone (O3) layer located in the upper atmosphere is a natural component that
protects Earth against potential cellular damage by ultraviolet radiation. However,
air pollutants resulted in industrial and vehicle emissions such as hydrocarbons and
nitrogen oxides found in the troposphere (the lowest layer of the atmosphere) can
produce ozone by photochemical reactions, and this ozone negatively affects plants
and animals. In plants, the effects of ozone depend of the concentration and exposure
time. Low level of ozone reduces photosynthesis and growth and triggers premature
leaf senescence in sensitive plant species and cultivars. On the other hand, high
concentration of ozone induces cell death with visible injuries in the leaves.

Thus, the interaction of NO with some phytohormones in response to O;
treatments has been reported. In Arabidopsis, ozone induces the production of
NO which is preceded by an accumulation of salicylic acid and then cell death.
Interestingly, the application of exogenous NO increased the levels of ozone-
induced ethylene production and leaf injury (Rao and Davis 2001). In addition,
the accumulation of NO observed after ozone treatments provoked also the induc-
tion of genes involved in salicylic acid biosynthesis in Arabidopsis (Ahlfors et al.
2009) and ethylene in tobacco plants (Ederli et al. 2006).

As mentioned before, the increase of atmospheric pollution by compounds such
as chlorofluorocarbon used as refrigerants, propellants (in aerosol applications), and
solvents contributes also to the destruction of the O5 layer located in the upper
atmosphere which protects against UV radiation. Consequently, its destruction
provokes an increase of UV-B radiation (280-320 nm) which affects plant growth
and usually induces oxidative stress (reduced photosynthesis, increased damage to
DNA). The involvement of NO has also been studied under UV-B radiation. For
example, in maize leaves, the treatment with UV-B induced a rise in the content of
NO, H,0,, and ABA, being this ABA required for the NO-mediated attenuation of
deleterious effect of this stress (Tossi et al. 2009). On the other hand, the application
of NO donors in bean seedlings subjected to UV-B radiation reduced the UV-B
effect characterized by a decrease in chlorophyll contents and oxidative damage to
the thylakoid membrane (Shi et al. 2005).

4.6 Perspectives

Many environmental stresses as excess salts, extreme temperatures, toxic metals,
air pollutants, etc. constitute a major limitation to agricultural production. To
palliate this negative effect is important to progress and integrate different disciples
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such as plant physiology, plant breeding, biochemistry, genetics, molecular biol-
ogy, agricultural engineering, among others. Considering that NO is involved in a
plethora of plant functions under physiological and stress conditions, basic research
in plant NO metabolism can be a new piece to contribute and make progress in this
direction. So far, there are some promising experimental data which support the
relevance of NO in plants under stress conditions. For example, the application of
exogenous NO to plants seems to active different biochemical pathways that
provide some resistance against several types of stresses (salinity, heavy metal,
ozone, etc.). Therefore, to elucidate NO metabolism in plants can contribute, in
coordination with other disciplines, to establish biotechnological strategies against
abiotic stresses, which are responsible for important losses in plant yield and crop
productivity.
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Chapter 5
Auxin as Part of the Wounding Response
in Plants

Claudia A. Casalongué, Diego F. Fiol, Ramiro Paris, Andrea V. Godoy,
Sebastian D‘Ippolito, and Maria C. Terrile

Abstract In plants, different types of injury and physical damage are commonly
referred as wounding. Some organs such as leaves and shoots have cutin as a
protective barrier, but once a wound occurs, putative pathogens may gain entrance
into the plant through the injured tissue. Consequently, plants have developed
orchestrated responses to wounding at the histological, genetic, and biochemical
levels resulting in a complex defense mechanism. Therefore, the response to
wounding is aimed at restoring the physiological status of the damaged tissue and
is critical to prevent further lesions.

Interestingly, the classical growth regulator auxin has been implicated in the
wounding response. Even though initial reports showed an apparent antagonism
between auxin and wounding, novel findings suggest a more intricate relationship
between auxin, stress, and other plant defense pathways. Transcriptomic studies
carried out in Arabidopsis and solanaceous have offered a wider comprehensive
picture on the regulation of auxin-related genes by wounding.

In this chapter, we reviewed the participation of auxin-related genes as part of
the complex mechanism that takes place during wounding in plants particularly in
Arabidopsis thaliana and solanaceous. In addition, we also raised a discussion,
about the participation of small molecules downstream wound signal such as NO,
ROS, and eATP.
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5.1 How Do Plants Integrate Wounding and Auxin Signals?

Wounding commonly refers to different types of injury and physical damage
caused by herbivory, wind, hail and other environmental stresses. The plant
response to wounding has been studied since the early 1970s when Green and
Ryan (1972) discovered that a chymotrypsin inhibitor (Pin2) was accumulated in
tomato leaves in response to wounding. Since chymotrypsin-like proteins are
common in insect digestive tracts, the expression of this protein was considered
as part of a defense system. To this date, a very high number of genes and
proteins have been identified as being wound inducible giving a more comprehen-
sive view of the functional response to such mechanical injury. The types of genes
and their activation timings have led to the recognition of different phases, includ-
ing a mechanical barrier formation, wounded tissue sealing and the defensive
compound activation. Thus, all these events are orchestrated to avoid pathogen
invasion and to keep metabolic integrity at the wounded site. Hence, wound healing
is aimed at restoring the physiological status of damaged tissue and is critical to
prevent further lesions.

In plants, it had been reported the activation of several signal transduction
pathways upon mechanical stress. For example, jasmonic acid (JA), an endogenous
chemical produced in wounded tissue has been proposed as a long-distance signal
of wounding (Glauser et al. 2009). The phytohormones ethylene, salicylic acid
(SA), and abscisic acid (ABA) were all largely associated to the induction of plant
gene expression upon wounding (Hildmann et al. 1992; O’Donnell et al. 1996;
Pena-Cortes et al. 1991). More recently, auxin widely recognized as a key growth
regulator hormone has also emerged as a player in the defense response against
biotic and abiotic stresses (Iglesias et al. 2010; Kazan and Manners 2009; Park
et al. 2007).

Briefly, we intended to provide a discussion about the participation of auxin
and other small related molecules such as nitric oxide (NO), reactive oxygen
species (ROS), and extracellular ATP (eATP) associated with wounding, rather to
present a comprehensive compilation of the extensive literature on wounding
responses.

5.2 Auxin-Related Gene Expression Is Modulated
by Wounding

Many studies showed that exogenous auxin application can downregulate a number
of wound-induced responses, including the well-characterized chymotrypsin inhib-
itor, Pin2 (Kernan and Thornburg 1989), and two methyl jasmonate-induced genes
such as S-adenosylmethionine synthase and putrescine N-methyltransferase
(Imanishi et al. 1998a, b). More recently, a transcriptional analysis has suggested
an antagonism between wounding and auxin responses (Cheong et al. 2002).
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Table 5.1 Summary of auxin-related genes regulated in A. thaliana and S. tuberosum by

wounding
Description Accession no. Regulation Time after References
wounding

Auxin biosynthesis

Nitrilase (A.t.) n.i Up n.i Cheong et al. (2002)

Auxin homeostasis

IAA glucosyltranferase (A.t.) n.i Up n.i Cheong et al. (2002)

IAA-Ala hydrolase (IAR3) (S.t.) GT888414 Up 24 h Unpublished data

Regulation of auxin signaling

Similar to NPK1 protein At2g30040 Up 0.5h Cheong et al. (2002)
kinase (A.t.)

Auxin-responsive genes

Auxin-responsive GH3-like At2g46370 Up 6h Cheong et al. (2002)
protein (JAR1) (A.t.)

StIAAL1 protein (S.t.) AY098938 Up 8h Zanetti et al. (2003)

SAUR-like auxin-responsive At2g45210 Up 6h Cheong et al. (2002)
protein (A.t.)

Similar to auxin-induced protein GT888928 Up 24 h Unpublished data
SAUR-ACI (S.t.)

Auxin-regulated protein (S.t.) GT888976 Up 24 h Unpublished data

Putative GH3-like protein At4g03400 Down 0.5h Cheong et al. (2002)
(DFL2) (A.t)

Auxin-responsive protein At3g23030 Down 6h Cheong et al. (2002)
(IAA2) (A.t)

Indole-3-acetic acid inducible 3  At1g04240 Down 6h Cheong et al. (2002)
(IAA3) (A.t)

Auxin-induced protein At2g46990 Down 6h Cheong et al. (2002)
(TAA20) (A.t)

SAUR-ACI (A.t.) At4g38850 Down 0.5h Cheong et al. (2002)

SAUR-like auxin-responsive At2g46690 Down 0.5h Cheong et al. (2002)
protein (A.t.)

SAUR-like auxin-responsive At4g38840 Down 0.5h Cheong et al. (2002)
protein (A.t.)

SAUR-like auxin-responsive At4g38860 Down 0.5h Cheong et al. (2002)
protein (A.t.)

SAUR-like auxin-responsive At4g00880 Down 6h Cheong et al. (2002)
protein (A.t.)

Putative auxin-regulated At2g21210 Down 6h Cheong et al. (2002)

protein (A.t.)

n.i not identified, A.t. A. thaliana, S.t. S. tuberosum

The authors found that wounding downregulates a number of genes positively
associated with the response to auxin, including synthesis, availability, signaling
and transport (Table 5.1). Among them, a nitrilase gene which is involved in auxin
biosynthesis, a number of transcripts encoding auxin-responsive genes, such as
IAA2, IAA3, IAA20, and some other transcripts encoding putative auxin-induced
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proteins are downregulated by wounding. In addition, two genes encoding IAA
glucosyltransferases, which reduce endogenous active IAA levels through the
formation of IAA-sugar conjugates are also highly induced by wounding
(Cheong et al. 2002). Interestingly, in a study aimed to identify genes upregulated
upon wounding and Fusarium solani f. sp. eumartii infection in potato tubers, we
identified several auxin-related genes (Godoy et al. 2000)

Table 5.1 shows an IAA-amino acid hydrolase (JAR3), an Aux/IAA protein
(StIAAI), a gene belonging to SAUR family, and an auxin-regulated protein
upregulated in wounded potato tubers.

Apparently, other aspect of wounding and auxin regulation is articulated through
a negative crosstalk of the hormone signaling pathway. This hypothesis may be
demonstrated by the upregulation of NPKI-like gene, which is proposed to nega-
tively regulates IAA-responsive genes (Kovtun et al. 1998; Cheong et al. 2002).
Thus, this crosstalk between wounding and auxin was also evidenced by the study
of a wound-induced protein kinase (WIPK) from tobacco plants (Chung and Sano
2007). WIPK is a MAPK which plays a central role in stress responses being
activated within a few minutes after wounding (Seo et al. 1995). Then, WIPK itself
activates a transcription factor, NtWIF homolog to the auxin-responsive factors
ARF1 and ARF9, which is able to recognize and activate genes containing the
auxin-responsive element (TGTCTC) in their promoter regions (Yap et al. 2005).

Taking advantage of the gene expression databases and tools available at
Genevestigator (http://www.genevestigator.com) (Zimmermann et al. 2004), we
analyzed the expression of the full amount of genes interlinked with auxin regula-
tion and wounding. A total of 181 transcripts with available probesets were
examined, including the auxin-responsive gene families Aux/I[AA, SAUR, and
GH3 and other gene involved in auxin synthesis, auxin-amino acid conjugation
and hydrolysis, transport and sensing. From this set, 22 transcripts resulted
upregulated and 10 downregulated by wounding in experiments carried out either
in green tissues or in root samples. Interestingly, Fig. 5.1 shows that induced and
repressed transcripts include members of ARF, Aux/IAA, GH3, and SAUR
families. On the other hand, other families were only represented in the set of
upregulated genes, as IAA-amido synthases and IAA-amino acid conjugate
hydrolases. In addition, genes identified as wounding responsive may be modulated
in diverse ways by auxin. This particular fact occurs even into the same gene
family, describing a complex picture for the relationships between auxin and
wounding (Fig. 5.1). In general, many components of the auxin regulation network
belong to multiprotein families, opening the possibility for a combinatorial interac-
tion with their coregulator partners, e.g. ARFs and Aux/IAAs or Aux/IAAs and
TIR1/AFBs. Hence, taking into account all these facts and the putative crosstalk
with other different hormone signaling pathways, the analysis of auxin-related
genes upon wounding seems to be indeed very complex.

In addition, evidences on several auxin-related genes that are regulated by
wounding and a variety of stresses suggest that their gene products may be part
of a general stress regulator node and/or may influence the action of detoxifying or
repairing enzymes in damaged tissue (Pickett and Lu 1989). In conclusion, the
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Fig. 5.1 Analysis of auxin-related genes. Transcripts up- or downregulated by wounding treat-
ment were included in the figure. A threshold of twofold induction/repression was set.
Experiments included the following: for wounding treatments, AT-00120 (early 0.5, 1, and 3 h;
late 6, 12, and 24 h after treatment) and for auxin treatments, AT-00110, AT-00164, and AT-
00167. ABCG37 is an auxin transporter; UGT74E2 is a UDP-glucosyltransferase (http://www.
genevestigator.com)

molecular basis for such versatility seems to be the highly complex nature of the
networks regulating auxin metabolism, transport, and response (Del Bianco and
Kepinski 2011).

5.3 Auxin Involvement on Wounding Response Is Spatially
Limited

As it is expected, the metabolic response to wounding is also spatially modulated.
An early report showed that apically applied auxin stimulated xylem regeneration
in okra and pea wounded areas. However, basal application did not have effect,
suggesting that auxin transport is important for tissue regeneration upon wounding
(Thompson 1970). Similarly, the polar movement of IAA in the cut surface of sweet
potato roots was described by Tanaka and Uritani (1979). In support of these old
evidences, new reports advert that many aspects of plant development, such as
organogenesis or tissue regeneration, require the coordinated polarization of indi-
vidual cells, which at the end leads to the establishment of a new axis of polarity for
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the whole tissue or organ. Fabbri et al. (2000) showed an increase of the mitotic
activity limited to procambium and the cells of the axillary bud domes upon
wounding. It has been assumed that the coordination between polarizing cells
occurs via a feedback mechanism by which auxin influences the directionality of
its own transport (Sauer et al. 2006).

Therefore, we propose that several regulatory networks and nodes in which
auxin takes place may operate during wounding and wound-healing response in
plant tissues. Indeed, this fact may depend on plant genetic background, plant
organ or tissue, combinatorial environmental conditions, and time window upon
wounding.

5.4 Other Downstream Signaling Molecules in the Wound
Signal Transduction Pathway

Among the earliest responses associated to wounding, it is noteworthy to mention a
transient NO burst. NO production increases from minutes to a few hours after
wounding, returning to basal levels afterwards (Arasimowicz et al. 2009; Garcés
et al. 2001; Huang et al. 2004; Paris et al. 2007). The source of NO at the wounded
site has not been defined yet. However, NO production can be attributed to
nonenzymatic or enzymatic sources (Chaki et al. 2011; Cooney et al. 1994). For
this former, the conversion of nitrate by nitrate reductase (Rockel et al. 2002;
Yamasaki et al. 1999) or the oxidation of L-arginine by NO synthase as in mammals
was described (Corpas et al. 2004, 2008a). Certainly, the NO production is
accompanied by a ROS burst, and both, together, could act as modulators of the
cell-redox status (Beligni and Lamattina 1999; Corpas et al. 2008b; de Pinto et al.
2002), and a proper cell-redox balance is of great importance to establish an
efficient wound-healing response in plants (Arasimowicz et al. 2009; Chaki et al.
2011; Corpas et al. 2008b). The action of NO after wounding could follow diverse
paths, among them we summarize the following: (1) hormone-like signaling
through second messengers like Ca** and cyclic GMP, MAPK, and phospholipase
D (Lanteri et al. 2008; Pagnussat et al. 2004); (2) specific posttranslational protein
modifications as metal nitrosylation of metalloproteins, S-nitrosylation, and nitra-
tion (reviewed by Besson-Bard et al. 2008); (3) gene expression regulation, as
demonstrated by high-throughput expression experiments (Parani et al. 2004;
Polverari et al. 2003); and (4) crosstalk with hormones and endogenous signals
(Lamattina et al. 2003; Wendehenne et al. 2004). Initial evidences on NO action
indicated that it might share common steps with auxin because both signals could
elicit a similar physiological response (Gouvea et al. 1997). More recently, NO
dependence was demonstrated for several auxin-associated processes such as
adventitious root promotion (Pagnussat et al. 2002), lateral root formation
(Correa-Aragunde et al. 2004), and root hair development (Lombardo et al.
2006). Despite a positive association between NO and auxin, in tobacco, the
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endogenous levels of IAA decline two- to threefold within 6 h after wounding
(Kernan and Thornburg 1989; Thornburg and Li 1991). However, we found that
endogenous TAA did not drastically change when we analyzed IAA level after 24 h
of wounding in potato tubers (Terrile et al. 2006). Our interpretation is that at earlier
times after wounding, when transient accumulation of ROS and NO is maximal,
auxin level may decrease (Orozco-Cardenas and Ryan 1999). Alternatively, when
ROS and NO levels decline, the auxin homeostasis is gradually reestablished.
Moreover, the recovery of the initial levels of active auxin was proposed as a
mechanism to limit the duration of the response to wounding (Leé6n et al. 2001). In
addition, auxin and NO were demonstrated to be transiently modulated after
wounding and eventually to take part during the adequacy of wound-healing
response in plants (Arasimowicz et al. 2009; Paris et al. 2007).

Thereafter, as a consequence of wounding, NO could exert its action throughout
any of the above mentioned mechanisms. Otherwise, we cannot discard that other
unknown NO-mediated mechanism may operate upon wounding in plant tissues.
Recently, eATP was described as a wound signal. Extracellular ATP mediates H,O,
accumulation (Jeter et al. 2004; Song et al. 2006) and NO production (Foresi et al.
2007; Sueldo et al. 2010). Moreover, eATP was described as an inhibitor of auxin
transport in roots (Tang et al. 2003). In addition, we have demonstrated that eATP-
mediated NO production counteracts the redox imbalance in etiolated seedlings
(Tonén et al. 2010). All these findings allowed us to hypothesize that NO may control
cell-redox status, as a signal itself and/or as a second messenger of signal transduction
pathways that operate during development and plant defense against stress. However,
it still remains elusive how eATP, NO, and ROS interplay with auxin to coordinate
plant development and wound signal transduction pathway.

5.5 Conclusions

In summary, we have a glimpse of the components that interplay in the auxin and
wounding pathways. Future understandings of the still unraveled network involving
wounding, auxin, and the small related molecules such as NO, ROS, and eATP
will shed light to new and interesting questions. The postgenomic era and new
technologies will offer decisive progress in this subject. Thus, it is an exciting time
for hormone research and its crosstalk with other signaling in plants.
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Chapter 6

How Do Lettuce Seedlings Adapt to Low-pH
Stress Conditions? A Mechanism for
Low-pH-Induced Root Hair Formation in
Lettuce Seedlings

Hidenori Takahashi

Abstract Plants are always surrounded by various environmental factors that may
act as stressors. Acid rain and acid soil are serious environmental problems that
inhibit plant growth. Most studies on acid stress have focused on the toxicity of
aluminum (Al) solubilized from the soil by low pH; studies on the effect of low pH
alone, however, are limited.

Recently, the H -hypersensitive mutant stop! was identified. The STOPI gene is
predicted to be involved in signal transduction of H* and Al tolerance. Analysis of
the stopl mutant facilitated our understanding of the molecular basis of H" toler-
ance in plants and the linkage between the H* and Al toxicity signaling pathways.

Low-pH-induced root hair formation in lettuce seedlings is an excellent model
for studying adaptation of plants to low-pH stress. Lettuce seedlings form many
root hairs at pH 4.0, whereas no root hairs are formed at pH 6.0. Root hairs increase
the absorption of water and nutrients from the growth-inhibited main root at pH 4.0.
Various key factors in root hair formation have been identified: medium pH, auxin,
ethylene, light, cortical microtubule (CMT) randomization, manganese (Mn),
sugar, and chlorogenic acid (CGA), all of which interact within a complex network.
Light signals are mediated by auxin and ethylene and induce CMT randomization
and root hair elongation. Expression of the 1-aminocyclopropane-1-carboxylic acid
(ACC) synthase (ACS), ACC oxidase (ACO), and ethylene receptor gene families
is differentially regulated by pH, auxin, ethylene, and light. General opinions on
microtubule reorganization and its protection against biotic/abiotic stresses are also
reviewed.
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Abbreviations

ACC 1-Aminocyclopropane-1-carboxylic acid
ACO ACC oxidase

ACS ACC synthase

AVG Aminoethoxyvinylglycine

CGA Chlorogenic acid

CMT Cortical microtubule

TIAA Indole-3-acetic acid

MAPK Mitogen-activated protein kinase

PA Phosphatidic acid

PCIB 2-(p-chlorophenoxy)-2-methylpropionic acid
PLD Phospholipase D

ROS Reactive oxygen species

SAM S-adenosylmethionine

SIMK  Stress-induced MAPK

6.1 Introduction

Unlike animals, plants cannot move if their surrounding environment is unsuitable.
Although stress factors such as injury, disease, temperature extremes, drought,
salinity, and low pH sometimes adversely affect plants, they cannot escape these
unfavorable conditions. Instead, plants modify their physiological conditions and
ultimately change their shape to adapt to environmental conditions.

Acid rain and acid soil are serious environmental problems that damage forests
and agricultural crops around the globe; soil acidity is thought to limit plant growth
in more than 40% of the world’s arable land (von Uexkiill and Mutert 1995). Acid
rain is mainly a mixture of sulfuric and nitric acids. The interaction of these acids
with other constituents of the atmosphere releases protons, which cause increased
soil acidity. Lowering soil pH mobilizes and leaches away nutrient cations, causing
increased availability of toxic heavy metals. Aluminum (Al) is the most well-
known and well-studied heavy metal solubilized under low-pH conditions. When
the soil pH is below 5.0, Al is solubilized in the form of the toxic trivalent cation
AI’* because of its pH-dependent solubility. The first Al toxicity symptom is
inhibition of root growth, leading to a damaged and reduced radicular system that
results in limited absorption of water and mineral nutrients (Zheng et al. 2005).
Micromolar concentrations of Al** reportedly inhibit root growth in many impor-
tant crop species within a very short time (Kochian 1995). Such changes in soil
chemical characteristics due to soil acidification reduce soil fertility, which ulti-
mately inhibits growth and productivity of forest and crop plants.

For more than 100 years, numerous genetic, physiological, biochemical, and
proteomic research efforts have been devoted to understanding the mechanisms of
Al toxicity and Al tolerance in plants (Miyake 1916 and literature cited therein).



6 How Do Lettuce Seedlings Adapt to Low-pH Stress Conditions? 127

Plants possess two distinct tolerance mechanisms against soil Al toxicity. One is
external detoxification of Al, which protects the root apex against Al penetration.
The other is intracellular compartmentalization of Al**. The former is well studied
and is via exudation of organic acids from the root, such as citric, malic, and oxalic
acids (Ma et al. 1998; Ma 2000; Ryan et al. 2001; Kochian et al. 2004). These form
stable complexes with AI** in the rhizosphere, reducing or even annulling its toxic
effects, since such complexes cannot pass through the plasmatic membrane
(Kochian et al. 2004). Since there are many excellent reviews available on the
toxicity of and tolerance to Al (e.g., Kochian et al. 2004; Jardim 2007
Poschenrieder et al. 2008; Panda et al. 2009; Horst et al. 2010), I do not intend to
recompile a century of intense research here. For details on the mechanisms of Al
toxicity and Al tolerance, refer to these references.

The main focus of this chapter is the effect of low pH itself and how plants adapt
to acidic conditions. The effect of low pH can be classified into direct and indirect
aspects. The former includes the toxicity of H* itself, and the latter refers to the
toxicity of heavy metals solubilized from the soil by low pH, as mentioned above.
Compared with the latter secondary stress factors in acid soils such as Al toxicity,
our knowledge of the molecular basis of the effect of H* itself is limited, although it
is also highly toxic to plants (Koyama et al. 1995; Yokota and Ojima 1995;
Kinraide 2003; Watanabe and Okada 2005). Recently, Tuchi et al. (2007) isolated
the Arabidopsis stopl mutant, which is sensitive to H* toxicity. STOP/ is assumed
to be involved in the signal transduction pathway of not only H™ but also Al
tolerance. Isolation of sfop/ mutant therefore facilitated our understanding of the
molecular basis of H* tolerance in plants and linkage of the signaling pathways of
H* and Al toxicity. In this chapter, I first summarize research on the STOP! gene.

Following the summary of STOPI, most of the chapter is dedicated to the
adaptation response of lettuce seedlings to low-pH stress. About a decade ago,
Inoue et al. (2000) found an interesting response to low pH in lettuce (Lactuca
sativa L. cv. Grand Rapids) seedlings. When the medium pH of hydroponically
cultured lettuce seedlings was lowered, it induced the formation of root hairs
(Fig. 6.1). Main root growth was inhibited at low pH, and therefore, absorption

pHB6.0—pH6.0  pHB.0—pH4.0

Fig. 6.1 Binocular
microscopy images of
seedling roots. Seedlings
were precultured at pH 6.0
for 24 h, transferred to the
indicated media, and
harvested 24 h later.
Seedlings were cultured
throughout in the light.
Scale bar = 5 mm
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Fig. 6.2 Regulatory factors with known roles in low-pH-induced root hair formation in lettuce
seedlings

through the root seemed to decrease; however, this decrease was compensated for
by the development of root hairs, and ultimately, the shoot growth occurs. Thus,
root hair formation is recognized as an adaptive response to low-pH stress (Inoue
et al. 2000). Since the discovery of this response, various factors, including plant
hormones, have been identified that regulate low-pH-induced root hair formation
(Fig. 6.2). The latest information on these factors is introduced here, with emphasis
on the crosstalk between them.

6.2 The STOPI Gene in H" and Al Tolerances

Under acid soil conditions, Al causes severe yield loss in food and biomass
production via inhibition of root growth. Since the root contributes to water
absorption, its growth inhibition further enhances the sensitivity to drought stress.
Because of such widespread agricultural problems, the mechanism of Al tolerance
has been studied, and a number of genes responsible for Al tolerance have been
isolated from various plant species, such as genes encoding a malate transporter in
Arabidopsis (AtALMTI; Hoekenga et al. 2006) and wheat (Triticum aestivum;
TaALMT]; Sasaki et al. 2004), a citrate transporter in sorghum (Sorghum bicolor;
Magalhaes et al. 2007), a type of multidrug and toxic compound exclusion protein
in Arabidopsis (AtMATE; Liu et al. 2009), and an ABC-transporter-like protein in
Arabidopsis (ALS3; Larsen et al. 2005). H* toxicity also causes severe root growth
inhibition in wheat, Arabidopsis, and spinach (Kinraide 1998, 2003; Koyama et al.
2001; Yang et al. 2005). However, identification of genes that regulate H* tolerance
awaits an improved understanding of the molecular basis of H" tolerance in plants.
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In contrast to the accumulating information on Al tolerance, little is known about
the genes controlling H™ tolerance.

It has been postulated that H" and Al toxicities induce damage by different
processes (Koyama et al. 1995; Kinraide 2003). In fact, the knockout mutant of
AtALMT is not sensitive to H" (Kobayashi et al. 2007). On the other hand, there are
studies showing that H" and Al tolerances are genetically linked (Rangel et al.
2005; Yang et al. 2005). This discrepancy suggests that H and Al tolerances are
regulated in part by factors common to both pathways.

Recently, Iuchi et al. (2007) found an Arabidopsis mutant named stop! (sensi-
tive to proton rhizotoxicity), whose root growth is hypersensitive to H*. The STOP
gene encodes a Cys2/His2-type zinc-finger protein. When the gene was fused with
GFP, fluorescence of the product was observed only in the nucleus, suggesting that
STOPI may regulate transcription in the nucleus, either as a transcription factor
or by affecting other members of the H* signal transduction pathway (Sawaki
et al. 2009).

Interestingly, the stopl mutant showed hypersensitivity to Al, but normal sensi-
tivity to other toxic ions, such as cadmium, copper, sodium, manganese, and
lanthanum. The expression of genes for Al tolerance, namely, AtALMTI and
AtMATE, is suppressed in the stop! mutant, even when the mutant is subjected to
Al stress, whereas expression of these genes increases in the wild type (Sawaki et al.
2009; Liu et al. 2009). However, these Al-tolerance genes may not be involved in H*
tolerance because the T-DNA inserted knockout mutant of Ar”ALMT] is not sensitive
to H" (Kobayashi et al. 2007). These results suggest that, although STOPI may be
involved in the signal transduction pathway not only in H" tolerance but also in Al
tolerance, H* tolerance-specific genes may exist under the control of STOPI.

Microarray analyses revealed that several genes responsible for H* tolerance in
other organisms were also downregulated in the stop/ mutant, including CIPK23
and AfTDT (Sawaki et al. 2009). CIPK23 encodes the regulatory kinase of the major
K* transporter AKT1 (Lee et al. 2007). K* transport and homeostasis is a major pH-
regulating mechanism in various organisms (Zhang and Kone 2002). Thus, STOP1
may contribute to pH regulation through control of CIPK23. On the other hand,
AtTDT encodes a tonoplast dicarboxylate transporter (a kind of malate transporter)
and is also annotated as the gene for pH homeostasis in Arabidopsis (Hurth et al.
2005). Furthermore, Sawaki et al. (2009) revealed that dysfunction of STOPI
downregulated biochemical pathways of the pH stat (Roberts et al. 1992; Sakano
1998) and the y-aminobutyric acid (GABA) shunt (Bown and Shelp 1997; Bouché
and Fromm 2004). Both metabolic pathways have been assumed to regulate
cytosolic pH in the plant. These findings suggest that STOP! provides H tolerance
through activating these pathways together with the regulation of ion homeostasis
and transport. It is known that ion homeostasis and pH-regulating metabolism also
play important roles in low pH resistance in other organisms, such as Escherichia
coli (Castanie-Cornet et al. 1999; Yohannes et al. 2004), fish (Hirata et al. 2003),
and possibly in higher plants (Yan et al. 1992). Downregulation of genes involved
in ion homeostasis and transport may be a cause of the H*-hypersensitivity of the
stopl mutant.
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It has not yet been clarified whether expression of the STOPI gene and/or the
STOP1 signaling pathway is regulated by plant hormones. Recent research by
Sawaki et al. (2009) suggests their plausible interaction. In the sfop/ mutant,
some genes in the defense system are downregulated. It is well known that the
local and systemic defense responses triggered by microorganisms are controlled
through a signaling network in which the plant hormones ethylene, salicylic acid,
and jasmonic acid play important roles (Glazebrook 2005; Kachroo and Kachroo
2007). Furthermore, Rudrappa et al. (2008) reported that expression of AtALMT]I,
which is under the control of STOPI, was induced in leaf pathogenic interactions.
These observations suggest that STOP/ is a pleiotropic gene that belongs to defense
systems for both biotic and abiotic stresses and that its signaling pathway may be
regulated by plant hormones.

Other than the STOP1 gene itself, a homolog that closely resembles it was found
in the Arabidopsis genome, and also in rice (Oryza sativa) and maize (Zea mays)
(Tuchi et al. 2007). In the future, it will be interesting to examine whether these
STOP 1 homologs regulate the expression of genes involved in H" and Al tolerance
and whether their expressions are regulated by plant hormones.

6.3 Effects of Low pH on Hydroponically Cultured
Lettuce Seedlings

Like other plant species, low-pH stress inhibits the root growth of lettuce seedlings.
When lettuce seeds were sown and precultured on liquid medium at pH 6.0, transfer
to fresh pH 4.0 medium led to formation of shorter roots compared to seedlings
transferred to pH 6.0 medium (Inoue et al. 2000). Since the root is an important
organ that absorbs water and nutrients (Clarkson 1985; Dolan et al. 1994; Hofer
1996; Peterson and Farquhar 1996; Ridge 1996), root growth inhibition should
prevent shoot growth. However, interestingly, shoot growth was not affected by the
acidity of the medium: Shoot fresh weight of the pH 4.0 seedlings was comparable
to that of pH 6.0 seedlings. This discrepancy is explained by the presence of many
root hairs formed on pH 4.0 seedlings.

Root hairs are long lateral tubular extensions of root epidermal cells. Their
formation comprises at least two discrete phases: the initiation phase, which is
characterized by the appearance of a small bulge in the outer periclinal cell wall,
and the elongation phase, which is characterized by root hair development by tip
growth from a selected site on the bulge. Many root hairs on pH 4.0 seedlings
increase the surface area of the shorter root and hence compensate for the reduced
absorption of water and nutrients from the root at pH 4.0 (Inoue et al. 2000). In fact,
the pH 4.0 and pH 6.0 seedling roots showed similar water permeability per root
despite the difference in their length (Azegami et al. 2000). When water permeabil-
ity per 1 mm root was calculated, the pH 4.0 root had a twofold higher value than
the pH 6.0 root. The pH of the medium is not a cause of this difference because a
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root-hairless mutant showed similar water permeability, regardless of the pH of the
medium. Furthermore, when a fluorescent dye, which is water soluble but imper-
meable to the plasma membrane, was added to the medium, fluorescence localized
at the surface of root hairs, especially at their tips. In contrast, at pH 6.0, fluores-
cence was observed at the boundary of epidermal cells (Azegami et al. 2000).
These results indicate that the root hair has higher water permeability and surely
compensates for absorption from a shorter root at pH 4.0. Therefore, we can
recognize low-pH-induced root hair formation as one adaptation mechanism of
lettuce seedlings to H” stress.

Plant response to low pH varies among species. Low pH also inhibits the root
growth of Arabidopsis seedlings but does not induce formation of root hairs. Due to
the reduced water absorption from the root, Arabidopsis shoot growth is suppressed
at low pH. Reductions of density and length of root hairs under acidic conditions
have also been observed across a range of perennial grasses and cereals (Haling
et al. 2010a, b). On the other hand, the responses of Corchorus olitorius L. and
Malva verticillata L. var. crispa (L.) Makino are similar to those of lettuce
seedlings, in which the loss of absorption is compensated for by the development
of root hairs and ultimately shoot growth occurs (Tamai et al. unpublished data).
Therefore, although not universal, induction of root hair formation and its compen-
sation for water absorption are surely a tolerance mechanism of plants against low-
pH stress.

The root hair distribution pattern in the root epidermis varies among vascular
plants (Clowes 2000; Dolan and Costa 2001; Kim et al. 2006). All lettuce root
epidermal cells have the potential to form root hairs (Inoue and Hirota 2000). This
feature contrasts with that of Arabidopsis roots, whose root epidermis has hair cells
(trichoblasts) and non-hair cells (atrichoblasts) (Dolan et al. 1994; Galway et al.
1994). In the case of lettuce seedlings, the future hair-forming zone is located
approximately 1.0 mm from the root tip at the time of transfer of seedlings to pH 4.0
medium. Hair formation initiates in the 1.5-2.0 mm area from the root tip in a
highly synchronized manner 4 h after acidification, and then saturates 7 h after the
transfer (Inoue and Hirota 2000). Because no root hairs form on seedlings at pH 6.0,
we can regulate root hair formation in an “all or none” manner by controlling the pH
of the medium. This morphological information and the high synchrony of root hair
formation provide much help in investigating the kind of genetic, physiological,
and morphological events that occur during root hair formation, even before root
hair primordia are identified.

6.4 Role of Plant Hormones in Root Hair Formation

Genetic and physiological studies have demonstrated that the plant hormones
ethylene and auxin promote root hair formation in Arabidopsis. Application of
the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) induces root
hair formation at ectopic positions. In contrast, aminoethoxyvinylglycine (AVG),
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an ethylene biosynthesis inhibitor, or Ag*, an ethylene action inhibitor, prevents
root hair development (Masucci and Schiefelbein 1994; Tanimoto et al. 1995).
Phenotypic analyses of the ethylene-signaling mutants ein2, etr! (Pitts et al. 1998),
and ctr/ (Dolan et al. 1994) support the positive effect of ethylene on root hair
formation. On the other hand, the auxin response mutants aux/, axrl, axr2, and
axr3 (Leyser et al. 1996; Lincoln et al. 1990; Okada and Shimura 1994; Wilson
et al. 1990) and the auxin homeostasis mutant iar4 (Quint et al. 2009) affect root
hair growth, suggesting that auxin also promotes the formation of root hairs.

Besides hormonal control studies, many genes have been identified that play a
role in the formation of root hairs, including CPC (Wada et al. 1997), GL2 (Masucci
etal. 1996), RHD?2, 6 (Schiefelbein and Somerville 1990; Masucci and Schiefelbein
1994), WER (Lee and Schiefelbein 1999), and TTG (Galway et al. 1994). Masucci
and Schiefelbein (1996) revealed that ethylene triggers root hair morphogenesis
downstream from the patterning process regulated by the TTGI/GL2 pathway.

As in the case of Arabidopsis, ethylene and auxin also participate in the low-pH-
induced root hair formation in lettuce seedlings (Takahashi et al. 2003c). At pH 4.0,
lettuce seedlings produce more ethylene than at pH 6.0. Addition of the ethylene
inhibitors AVG or Ag*, or the auxin competitive inhibitor 2-(p-chlorophenoxy)-
2-methylpropionic acid (PCIB), to pH 4.0 medium suppressed root hair initiation.
In contrast, addition of ACC or indole-3-acetic acid (IAA) to pH 6.0 medium
induced root hair initiation. Furthermore, interaction between ethylene and auxin
was studied, and it became clear that auxin is essential for root hair formation and
that the increased amount of ethylene produced at pH 4.0 may promote the
induction by auxin in hair-forming cells.

6.5 Role of Light in Root Hair Formation

Light perception is essential for plants to appropriately grow and develop through-
out their life cycle. Studies with phytochrome-deficient mutants have revealed
important roles for individual phytochromes in a range of light responses
(Whitelam et al. 1993; van Tuinen et al. 1995; Neff et al. 2000; Takano et al.
2001; Weller et al. 1995, 2000, 2001). Although root hair formation occurs in roots
in the soil in nature, interestingly, there is evidence that supports an involvement of
light in this.

In contrast to seedlings grown in the light, no root hairs form on dark-grown
lettuce seedlings, even when they are transferred to a pH 4.0 medium (De Simone
et al. 2000c; Takahashi and Inoue 2008). Reduced numbers of root hairs in the dark
have also been observed in Arabidopsis (Dolan 1997; De Simone et al. 2000a),
suggesting that light is generally needed for root hair formation in plants. One cause
of the suppression of root hair formation in the dark-grown lettuce seedlings may be
reduced ethylene production in the dark. Compared to light-irradiated seedlings,
dark-grown seedlings produce only about half the amount of ethylene (Takahashi
et al. 2003b). Since ethylene is needed to promote auxin induction of root hair
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formation (Takahashi et al. 2003c), a low level of ethylene production in the dark
may not be enough to facilitate it.

To determine the photoreceptors involved in low-pH-induced root hair forma-
tion in lettuce, De Simone et al. (2000c) used red/far-red light irradiation and found
that root hair formation is regulated by phytochromes. Furthermore, microbeam
irradiation experiments revealed that the photoperceptive site is the apical portion
of the root (De Simone et al. 2000b). In nature, plant roots usually exist in the soil,
and only the aerial portions of the plant are subjected to light. Therefore, it is
reasonable that many of the signal transduction elements downstream of the
phytochromes have been identified in the aerial portions of plants. The reason
why lettuce root hair formation needs a light signal and why it is the root apical
portion that perceives the light rather than the aerial portions is unknown. However,
there is evidence to support the idea that functional photoreceptors exist in roots
(Feldman and Briggs 1987; Johnson et al. 1994; Kiss et al. 2003; Hemm et al.
2004). In fact, significant levels of phytochrome gene expression have been
observed in roots (Johnson et al. 1991; Somers and Quail 1995; Goosey et al. 1997).

Furthermore, there is direct evidence that shows the involvement of phyto-
chromes in root hair formation in Arabidopsis. Expression of genes controlling
root hair formation, such as CPC and RHD3, is upregulated by red light (Molas
et al. 2006). De Simone et al. (2000a) found that light promotes root hair induction
in Arabidopsis and that the effect is reduced in phyA and phyB mutants. AtMYC2,
which interacts with light-responsive elements and thereby suppresses the expres-
sion of light-regulated genes (Yadav et al. 2005), has been shown to act as a
negative regulator in the formation of root hairs (Sano et al. 2003). On the other
hand, light also affects the length of root hairs. A phyB mutant has longer root hairs,
and thus, PHYB is thought to affect the duration of tip growth (Reed et al. 1993;
Schiefelbein 2000). A mutant of HYS5, a bZIP transcription factor that acts down-
stream of phytochromes in light signaling pathways, has longer root hairs than the
wild type (Oyama et al. 1997, 2002). Therefore, phytochrome may control not only
the initiation of root hairs but also their elongation.

A number of mutants that show abnormal responses to auxin or ethylene are also
affected in terms of the length of root hairs. This observation suggests that auxin
and ethylene regulate the duration of tip growth (Pitts et al. 1998; Schiefelbein
2000). Since signaling of both light and plant hormones affects the length of root
hairs, light may regulate root hair elongation through an auxin/ethylene response
pathway. This idea is supported by the following experiment with lettuce seedlings.
In the case of lettuce, dark-grown seedlings cannot form root hairs, but application
of a microtubule-depolymerizing drug to dark-grown seedlings induces the
formation of root hair primordia. However, tip growth from the primordia is still
suppressed even though application of this drug to light-grown seedlings at pH 6.0
induces mature, elongated root hairs (Takahashi et al. 2003a). Application of IAA
or ACC together with the microtubule-depolymerizing drug leads to recovery of the
elongation of root hairs in dark-grown seedlings (Takahashi and Inoue 2008). These
results indicate that elongation of root hairs needs auxin and ethylene and that light
may regulate root hair elongation through the auxin/ethylene response pathways.
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In fact, as mentioned in the following section, ethylene biosynthesis gene expres-
sion is upregulated in lettuce by light irradiation.

6.6 Ethylene Biosynthesis Gene Expression During Root
Hair Formation in Lettuce

Ethylene is a gaseous plant hormone that plays multiple roles in plant growth and
development throughout the plant life cycle. It is involved in seed germination, leaf
abscission, organ senescence, and fruit ripening, as well as the synthesis of defense-
related proteins in response to pathogen infection (Abeles et al. 1992). In higher
plants, ethylene is synthesized via a well-defined pathway that starts with methio-
nine. A direct precursor of ethylene is ACC, which is synthesized from S-adenosyl-
methionine (SAM) in a reaction catalyzed by ACC synthase (ACS: EC 4.4.1.14).
ACC is then converted to ethylene by ACC oxidase (ACO: EC 1.4.3) (Yang and
Hoffman 1984). Genes encoding ACS and ACO have been isolated from numerous
plant species, and each has been shown to form a multigene family. The members
are differentially regulated at the transcription level in a tissue-specific manner
during plant growth and development, as well as under different environmental
conditions (ACS: van der Straeten et al. 1990; Rottmann et al. 1991; Zarembinski
and Theologis 1993; Wang and Arteca 1995; Clark et al. 1997; Oetiker et al. 1997;
Shiu et al. 1998; Arteca and Arteca 1999; Ge et al. 2000; Tsuchisaka and Theologis
2004; ACO: Liu et al. 1997; Kim et al. 1998; Petruzzelli et al. 2000; Yang et al.
2003; Rieu et al. 2005; Foo et al. 2006; Chen and McManus 2006; Binnie and
McManus 2009).

Ethylene biosynthesis is regulated by both positive (Liu et al. 1985; Wang and
Woodson 1989; Kim and Yang 1994; Hiwasa et al. 2003; Nakano et al. 2003) and
negative (Lund et al. 1998; Nakajima et al. 1990; Yoon et al. 1997; Owino et al.
2006) feedback mechanisms (Yang and Hoffman 1984; Kende 1993). A step
catalyzed by ACS is generally considered to be the rate-limiting step in ethylene
biosynthesis (Yang and Hoffman 1984; Kende 1993). However, evidence is now
available to indicate that ACO also plays a regulatory function in ethylene
production (Blume and Grierson 1997; Leliévre et al. 1995; Dominguez and
Vendrell 1994). Ethylene regulates the growth and development of roots (Lee
et al. 1990; Clark et al. 1999; Buer et al. 2003; Stepanova et al. 2007; Gallie et al.
2009), but the manner in which ACS and ACO regulate ethylene biosynthesis
has generally been studied using aboveground tissues or organs; thus, the data
concerning roots are limited.

Two ACS genes (Ls-ACS1, 2; Takahashi et al. 2003b) and three ACO genes
(Ls-ACOl, 2, 3; Takahashi et al. 2010b) have been isolated so far from lettuce. As
in other plant species, these genes were differentially regulated during low-pH-
induced root hair formation. The Ls-ACS/ and Ls-ACS2 mRNAs increased in roots
after transfer to pH 4.0 medium, whereas their levels were constant in control
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seedlings at pH 6.0. Ls-ACS2 mRNA reached a peak earlier than Ls-ACS/ mRNA.
IAA induced the accumulation of both mRNAs, whereas ACC induced only
Ls-ACSI mRNA. These results suggest that acidification-induced auxin accumula-
tion increases Ls-ACS2 mRNA levels, which together with Ls-ACS2-induced
ethylene raises the level of Ls-ACS/ mRNA. Furthermore, light had an inductive
effect on Ls-ACS1. This observation is consistent with that in which light-grown
seedlings produce more ethylene than dark-grown ones (Takahashi et al. 2003b).
On the other hand, the mRNA level of Ls-ACO2 increased in roots after transfer to
pH 4.0 medium and remained high until at least 4 h later. In contrast, Ls-ACOI and
Ls-ACO3 mRNA levels were constant and comparable to those at pH 6.0. Addition
of ACC or IAA to the pH 6.0 medium induced the accumulation of Ls-ACO2
mRNA (Takahashi et al. 2010b). Considering these observations, Ls-ACSI and Ls-
ACO?2 play key roles among the ACS and ACO gene families, respectively, in
ethylene production during low-pH-induced root hair formation.

One of the events that occur after exposure to pH 4.0 medium is the randomiza-
tion of transverse cortical microtubule (CMT) arrays in future hair-forming cells,
the rearrangement of which is a prerequisite for root hair initiation (Takahashi et al.
2003a, c). CMT randomization is induced by ethylene (Takahashi et al. 2003c).
Considering that CMT randomization is complete within 30 min after acidification,
ethylene used in CMT randomization may be produced by increased Ls-ACSI,
Ls-ACS2, and Ls-ACO2. On the other hand, continuous expression of Ls-ACS/ and
Ls-ACO2 may also contribute to the later stages after CMT randomization.

As mentioned in the previous section, a light signal is needed for lettuce root hair
formation, which is under the control of phytochromes (De Simone et al. 2000c).
Considering that ethylene promotes root hair formation, it is reasonable that Ls-ACS],
Ls-ACOI, and Ls-ACO3 genes are photo-inducible (Takahashi et al. 2003b, 2010b)
and that seedlings actually produce more ethylene in the light than in the dark
(Takahashi et al. 2003b). The regulation of ethylene production by phytochrome
has been observed in various plant species (Finlayson et al. 1998; Pierik et al. 2004,
2009; Foo et al. 2006). Ethylene production is usually suppressed by light through the
suppression of ACS and/or ACO gene expression (Finlayson et al. 1999; Foo et al.
2006; Choudhury et al. 2008). In this respect, the relation between light and expres-
sion of ACS and ACO genes is somewhat different in lettuce root hair formation.
However, the upregulation of ACS and ACO expression by light has also been
observed in other species (Kathiresan et al. 1998; Rieu et al. 2005).

6.7 Ethylene Receptor Gene Expression During Root
Hair Formation in Lettuce

To initiate ethylene signaling, synthesized ethylene has to be captured by its
receptors. Although any ethylene control mechanisms should be understood from
the aspect of ethylene signal transduction as well as ethylene biosynthesis, there are
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fewer studies of the former than of the latter. The reason is that cloning of the
ethylene receptor genes is more recent than that of the ACS and ACO genes. It has
only been about 20 years since the receptor gene was isolated for the first time
(Arabidopsis ETRI gene; Chang et al. 1993). In particular, studies on gene expres-
sion and the role of ethylene receptors in the root are limited.

As in various other plant species, ethylene receptors form a gene family in
lettuce. Four ethylene receptor genes (Ls-ERSI, Ls-ETRI, 2, 3) have been isolated
so far (Takahashi et al. 2010a). Ls-ERSI and Ls-ETR2 expression increased after
transfer to pH 4.0 medium and was maintained at higher levels than at pH 6.0. Their
expression is also induced by ACC or IAA treatment. In contrast, Ls-ETRI and
Ls-ETR3 expression was not affected either by a change of medium pH or ACC or
IAA treatment. There are many ethylene receptor genes that are upregulated by
ethylene, including Arabidopsis ERS1, ERS2, and ETR2 (Hua et al. 1998); tomato
NR, LeETR4, and LeETRS (Ciardi et al. 2000); strawberry FaFE#r2 (Trainotti et al.
2005); Rumex RP-ERSI (Vriezen et al. 1997); cucumber CS-ETR2 and CS-ERS
(Yamasaki et al. 2000); and mung bean VR-ERSI (Kim et al. 1999). Lettuce
Ls-ERS1 and Ls-ETR?2 expression increased in the ACC-treated or pH 4.0 seedlings,
where ethylene production was enhanced (Takahashi et al. 2010a). Thus, the
expression patterns of Ls-ERSI and Ls-ETR2 are similar to those of many other
ethylene receptor genes. In contrast to the effect of ethylene, the effect of auxin has
not been well characterized in other plants, although a slight increase in ethylene
receptor gene expression has been observed in auxin-treated soybean (Xie et al.
2007) and strawberry (Trainotti et al. 2005).

Ethylene receptors have been recognized as negative regulators of ethylene
responses, since loss-of-function mutations in ETRI, ETR2, ERS2, and EIN4 result
in constitutive ethylene responses in Arabidopsis (Hua and Meyerowitz 1998). This
is also supported by studies in tomato (Ciardi et al. 2000; Hackett et al. 2000;
Tieman et al. 2000). Based on this interpretation, the expression of ethylene
receptors was expected to decrease during root hair formation because it is pro-
moted by ethylene. However, the mRNA levels of the ethylene receptor genes did
not decrease after acidification; interestingly, expression of Ls-ERS/ and especially
Ls-ETR?2 increased. There are plausible explanations for this discrepancy. First,
although increased ethylene receptor expression intensifies inhibition of the ethyl-
ene response, the larger amount of ethylene produced at pH 4.0 (Takahashi et al.
2003c) may turn off the negative regulation. A degradation of ethylene-bound
receptors in a ligand-induced manner (Chen et al. 2007; Kevany et al. 2007) may
also help to turn off negative regulation by the receptors. Indeed, if sufficient
numbers of ethylene receptors were removed by loss-of-function mutations, the
ethylene response was induced in the absence of ethylene (Hua and Meyerowitz
1998).

Alternatively, increased ethylene receptor expression may turn off the ethylene
response temporarily once root hair initiation has progressed to a certain stage.
Ethylene is required not only for the initiation of root hairs but also for their
elongation (Takahashi and Inoue 2008), but the two processes are regulated by
distinct mechanisms. Once the ethylene response is turned off by the increased
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expression of ethylene receptors, the ratio of the receptor members, especially those
in subfamilies I and II, which have different enzymatic activities and different roles
in signaling (Gamble et al. 1998, 2002; Wang et al. 2003; Moussatche and Klee
2004; Qu and Schaller 2004), may be modified at the protein level, allowing the
later stages of root hair formation.

Furthermore, Ls-ETR2, which dramatically increases prior to root hair initiation,
may play an important role in lettuce root hair formation by adjusting microtubule
organization. Plett et al. (2009) suggest that Arabidopsis ETR2 plays a unique role
in establishing cell shape by affecting microtubule stability. ETR2 shows the
highest similarity to Ls-ETR2 among lettuce ethylene receptors (Takahashi et al.
2010a). The importance of microtubule organization dynamics in root hair forma-
tion has been confirmed in lettuce, as well as in Arabidopsis (Bao et al. 2001; Van
Bruaene et al. 2004) and Zea mays (Baluska et al. 2000). In the next section, I will
introduce the critical role of microtubules during lettuce root hair formation.

6.8 Reorganization of Cortical Microtubules in Root
Epidermal Cells

The direction of the expansion of a plant cell is regulated by the oriented deposition
of cellulose microfibrils around the cell, because the microfibrils serve as a hoop for
the cell. Deposition of cellulose microfibrils is controlled through the CMTs.
Cellulose synthases move along the plasma membrane on tracks provided by the
underlying CMTs, and thus, cellulose microfibrils deposit parallel to the CMTs (for
review: Paradez et al. 2006; Lloyd and Chan 2008; Crowell et al. 2010). The root
hair is a tubular extension of the defined portion of the root epidermal cell. It is first
recognized as a small bulge, which then elongates through a tip growth machinery
to form the mature root hair. Therefore, it is reasonable that CMTs play important
roles in the formation of root hairs.

In lettuce root epidermal cells, CMTs are perpendicular to the longitudinal axis
of the cell before being subjected to low-pH stress, i.e., during culture at pH 6.0.
The transverse CMT arrays begin disordering as early as 5 min after transfer to
pH 4.0 medium and become random 30 min later. An important event for root hair
initiation is not the “randomization” but the “disordering” of the transverse CMTs.
When microtubule-depolymerizing drugs are applied to pH 6.0 medium, transverse
CMTs disappear and root hairs are formed. In contrast, addition of a microtubule-
stabilizing drug inhibits root hair formation even at pH 4.0 (Takahashi et al. 2003a).
The transverse CMTs may not allow the cell to make room for the formation of
root hair bulges because they restrict the orientation of cellulose microfibrils and
create a tight hoop. When cellulose microfibrils become disorganized and relaxed
through the disordering of CMTs, they may allow space for bulges to emerge. The
shortening and swelling of epidermal cells at pH 4.0 may reflect a loss of directional
elongation. Increasing evidence demonstrates the importance of changes in cell



138 H. Takahashi

wall organization during bulge formation (Bernhardt and Tierney 2000;
Baumberger et al. 2001; Favery et al. 2001; Wang et al. 2001; Baluska et al.
2000; Vissenberg et al. 2001).

As mentioned already, the plant hormones auxin and ethylene promote root hair
formation in lettuce under low-pH stress. The auxin competitive inhibitor PCIB or
ethylene biosynthesis or action inhibitors suppress CMT randomization and root
hair initiation at pH 4.0. In contrast, addition of IAA or ACC to pH 6.0 medium
induces CMT randomization and root hair formation. These observations indicate
that auxin and ethylene regulate CMT randomization, an early event in root hair
formation, as in root hair initiation and elongation (Takahashi et al. 2003c).

Not only auxin and ethylene decide the destination of CMT arrays; light also
affects CMT organization because CMT arrays do not randomize in the dark, even
at pH 4.0. However, addition of IAA or ACC to dark-grown seedlings induces CMT
randomization and root hair formation. These observations indicate that light
signals may be mediated through these two hormones (Takahashi and Inoue
2008). Interestingly, these hormones cannot fully compensate for the effect of
light. During induction in the dark, CMT randomization occurs with only a slight
delay compared to that in light. However, root hair initiation is delayed for several
hours in the dark. These results suggest an additional influence of light through
unknown factor(s) during root hair initiation (Takahashi and Inoue 2008).

6.9 Microtubule Organization and Biotic/Abiotic Stresses

CMTs have been shown to be involved in responses to biotic stress (Kobayashi
et al. 1992, 1997; Cahill et al. 2002; Takemoto and Hardham 2004; Yuan et al.
2006; Hardham et al. 2008). They also play an important role in responses to abiotic
stresses, including salt stress (Chinnusamy and Zhu 2003; Shoji et al. 2006; Wang
et al. 2007), osmotic stress (Balancaflor and Hasenstein 1995), and cold acclimation
(Wang and Nick 2001; Olinevich et al. 2002; Abdrakhamanova et al. 2003). In this
respect, the need for CMT randomization in response to low pH, i.e., root hair
formation under low-pH stress, is a new finding that illustrates the importance of
CMT organization during abiotic stress.

The organization of microtubules is regulated by various factors. Phospholipase
D (PLD) is one such factor. PLD is involved in plant response to abiotic stresses
(Zhang et al. 2005) and contributes to the rearrangement of CMTs (Dhonukshe
et al. 2003). The importance of PLD for organization of microtubules is supported
by the observation that treatment with n#-butanol, which decreases phosphatidic acid
(PA) formation by all PLDs, disrupts the organization of interphase CMTs
(Gardiner et al. 2003; Dhonukshe et al. 2003). In Arabidopsis, PLDE1 (AtPLDET)
is likely involved in both initiation and maintenance of root hair morphogenesis.
GL2 binds to the promoter of AtPLD¢I, prevents its expression, and makes a cell
differentiate into a non-hair cell (Ohashi et al. 2003). PLD in animal cells and yeast
regulates membrane trafficking events to and from the plasma membrane, perhaps
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by utilizing microtubules as rails for the trafficking (Liscovitch et al. 2000;
Cockcroft 2001). Considering these findings, PLD may regulate vesicle trafficking
by controlling microtubule organization during root hair formation. It may also
regulate root hair morphogenesis through translocation of the membrane proteins
involved in signal transduction for plant hormones, including auxin and ethylene.

Root hair elongation involves tip growth from a root hair bulge. The important
role of PLD in polarized tip growth has also been implicated in pollen tube growth,
another tip-growing system in plants (Zonia and Munnik 2004; Potocky et al.
2003). n-Butanol inhibits both pollen germination and tube growth. This inhibition
can be overcome by application of PA (Potocky et al. 2003). Furthermore, the
inhibition can be partially restored using a microtubule-stabilizing agent. These
results suggest that PLD and PLD-derived PA affect microtubule dynamics gener-
ally during polar growth in plants (Gardiner et al. 2003; Dhonukshe et al. 2003;
Zonia and Munnik 2004; Potocky et al. 2003).

Calcium and reactive oxygen species (ROS) are other cell constituents that
interact with CMTs and participate in the plant response to salt stress (Xiong
et al. 2002; Chinnusamy et al. 2005; Xu et al. 2006; Dixit and Cyr 2003). Ca®*
and ROS, as well as PA, auxin, and ethylene, can activate signal transduction
pathways involving mitogen-activated protein kinases (MAPKSs) in plant cells,
which are triggered by biotic and abiotic stresses (Jonak et al. 2002; Munnik
2001). Interestingly, all of these components are involved in root hair formation.
The role of PA, auxin, and ethylene has been mentioned already. ROS accumula-
tion is observed in growing root hairs and is required to stimulate Ca®* influx and
maintain a tip-focused Ca®* gradient during hair elongation (Foreman et al. 2003).
Furthermore, MAPKSs are thought to be involved in signal transduction in root hair
formation (Foreman et al. 2003; Ohashi et al. 2003; Anthony et al. 2004; Rentel
et al. 2004). Stress-induced MAPK (SIMK) plays an important role in predicting
the place of root hair outgrowth and promoting tip growth (Samaj et al. 2002).
AtMPKG6, the Arabidopsis ortholog of SIMK, is activated by ROS as well as by
diverse biotic and abiotic factors (Jonak et al. 2002; Kovtun et al. 2000). These
findings suggest that during the evolution of plants, they may have adopted some
components for root hair development that are common to stress-related signaling
pathways. In this respect, it is interesting that root hair formation occurs in lettuce
subjected to the low-pH stress conditions.

6.10 Role of Manganese (Mn) in Root Hair Formation

The effects of various nutrients on root hair initiation and elongation have been
investigated. For example, low-phosphate conditions cause an increase in root hair
density in Arabidopsis seedlings (Foehse and Jungk 1983; Bates and Lynch 1996).
Iron (Fe) deficiency also induces root hairs in seedlings of Arabidopsis (Moog et al.
1995) and sunflower (Landsberg 1996). Mutant analyses revealed that auxin and
ethylene act in root hair formation in response to Fe deficiency, but the root hair
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formation triggered by phosphate deficiency is not mediated by these plant
hormones (Schmidt et al. 2000; Schmidt and Schikora 2001). Hence, involvement
of plant hormones in nutrient deficiency-induced root hair formation seems to
vary, depending on the nutrient.

Manganese (Mn) is the second most prevalent transition metal in the Earth’s
crust. It is an essential trace element for metabolism in all living organisms: It
works as a cofactor or as an activator for various enzymes in a range of biochemical
pathways (Marschner 1995). In plants, Mn is also required as a tetra-Mn cluster in
photosystem II for catalyzing the water-splitting reaction and oxygen evolution.
In spite of the importance of Mn in plant life, there are few reports on the
relationship between root hair formation and Mn.

In low-pH-induced root hair formation in lettuce seedlings, Konno et al. (2003)
found that Mn deficiency induces root hair formation at pH 6.0. Both the number and
length of root hairs increased under Mn deficiency conditions. In contrast, an
increment in the Mn concentration suppressed root hair formation at pH 4.0. One
plausible cause of this increased density of root hairs is inhibition of main root
growth. But there was no difference between the length of the main root of seedlings
grown in pH 6.0 medium without Mn, in pH 4.0 medium with excess Mn, and in pH
6.0 medium with a normal concentration of Mn (Konno et al. 2006). These
observations indicate that lettuce root hair initiation can be controlled without
affecting main root growth by changing the Mn concentration in the medium.

Because Mn concentrations in normal pH 6.0 and pH 4.0 media are the same, the
above result poses a new question: Is Mn involved in root hair formation at pH 4.0?
The answer is “Yes.” The Mn content in roots of pH 4.0 seedlings was only 15% of
that of pH 6.0 seedlings 24 h after lowering the pH of the medium (Konno et al.
2003). Although it is possible that the decreases in Mn uptake in pH 4.0 seedlings
occurred after root hair formation was completed, this idea was ruled out through
the following observations. A decreased (43%) Mn uptake became obvious in the
pH 4.0 roots within 1 h of lowering the pH of the medium, which was earlier than
the time of root hair initiation (4 h later; Konno et al. 2006). These results suggest
that low-pH stress induces decreased Mn uptake in the root; in turn, the Mn
deficiency in the root induced root hair initiation.

Induction of root hairs under Mn-deficient conditions seems to be an efficient
plant strategy to increase Mn acquisition, since root hairs enhance absorption of
water and nutrients. In fact, low-phosphate-induced root hair formation in
Arabidopsis may contribute to increased phosphate acquisition (Bates and Lynch
2000). However, when the pH 4.0 seedlings, which formed root hairs, were
transferred to pH 6.0 medium, Mn uptake was lower than in seedlings cultured
continuously at pH 6.0 and was comparable to that of seedlings cultured continu-
ously at pH 4.0 (Konno et al. 2006). These results suggest that root hairs formed at
low pH do not compensate for the decreased Mn uptake.

Besides being required in the tetra-Mn cluster in photosystem II, Mn** is also
required for autophosphorylation of ETR1, a member of the ethylene receptor
family in Arabidopsis (Gamble et al. 1998). Recently, Bisson et al. (2009) revealed
that ETR1 interacts at the ER network with EIN2, a central and critical element in
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ethylene signaling. Bisson and Groth (2010) speculated that without ethylene,
receptor complexes are kept in their phosphorylated state due to their intrinsic
autokinase activity (Voet-van-Vormizeele and Groth 2008), and they may combine
with CTR1, a negative regulator of ethylene signaling (Kieber et al. 1993; Huang
et al. 2003). Upon ethylene binding, the autokinase activity of the receptors is
inhibited, converting them to nonphosphorylated status (Voet-van-Vormizeele and
Groth 2008). This change results in inactivation of CTR1 and a tight interaction of
the ethylene receptor complexes with EIN2, and induces ethylene responses. Based
on this machinery, a reduction of Mn uptake and content in lettuce seedlings at
pH 4.0 or under Mn-deficient conditions leads to inactivation of the autokinase
activity of ethylene receptors, which in turn induces ethylene responses, i.e., root
hair formation. At pH 4.0, increased ethylene production (Takahashi et al. 2003c,
2010a) may also facilitate inhibition of autokinase activity of the receptors.

Induction of root hair formation by Mn deficiency is also observed in
Arabidopsis. Mn deficiency increased root hair density 2.2-fold (Ma et al. 2001).
Besides normal root hairs from trichoblasts, Mn deficiency also induced the abnor-
mal differentiation of atrichoblasts into root hairs (Yang et al. 2008). This result
suggests that Mn deficiency changes the fate of epidermal cells. However, none of
the genes that function in cell fate specification were markedly affected by Mn
deficiency (Yang et al. 2008), suggesting that the normal patterning mechanism is
bypassed by Mn deficiency. Ethylene can also alter cell fate without changing the
expression of key determinants of epidermal cell fate (Masucci and Schiefelbein
1996). This common point may support the above discussion concerning activation
of the ethylene signaling pathway through Mn deficiency in the root. Future studies
are needed to investigate the involvement of the ethylene signaling pathway in
lettuce root hair formation induced by Mn deficiency.

6.11 Role of Chlorogenic Acid and Sugar in Root
Hair Formation

Although the root and shoot are separated, their communication is indispensable for
living plants. Concerning low-pH-induced root hair formation in lettuce, the exis-
tence of unknown factors, present in the shoot but essential for roots to form hairs,
has been suspected. When lettuce seedlings were decapitated and transferred to
pH 4.0 medium, root hair formation was suppressed. However, addition of shoot
extract to the medium restored root hair formation in the decapitated seedlings
(Narukawa et al. 2009). Since leaves consume large amounts of water for photo-
synthesis and for cooling through transpiration, it may be reasonable that the
shoot has some influence on root hair formation. However, few reports focus on
shoot—root communication during root hair formation. Although Yang et al. (2007)
found that direct damage to the shoot apical meristem diminished the density and
length of root hairs in Arabidopsis, the nature of the signal transmitted from shoot
to root has not yet been identified.
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Recently, Narukawa et al. (2009) found that chlorogenic acid (CGA), a common
polyphenol in higher plants, acts as a signal transmitted from shoot to root in low-
pH-induced lettuce root hair formation. Application of CGA to decapitated lettuce
seedlings restored root hair formation at pH 4.0. On the other hand, when CGA was
added to pH 6.0 medium, intact seedlings formed root hairs. Decapitation reduced
the CGA content in roots. Furthermore, application of CGA biosynthesis inhibitor
to intact seedlings reduced the amount of root hairs at pH 4.0. These observations
indicate that either CGA itself, or a substrate or signal for CGA synthesis, moves
from shoot to root to induce root hairs.

Moreover, the relationship between CGA and light has been clarified (Narukawa
et al. 2010). In contrast to the above experiments performed under continuous light,
CGA content was reduced in dark-grown seedling roots, but significantly increased
with light irradiation. Application of CGA to dark-grown seedlings at pH 4.0
restored root hair formation. These results indicate that light induces root hair
formation at pH 4.0 through the synthesis of CGA.

Sugar plays an important role during CGA synthesis (Narukawa et al. 2010). In
the light, sucrose treatment induced CGA synthesis and root hair formation in
decapitated seedlings at pH 4.0, but when the CGA synthesis inhibitor was present,
sucrose could not induce root hair formation. In the dark, the level of CGA
synthesis was low, and no root hairs formed even when sucrose was applied.
These results suggest that light induces CGA synthesis from sugar. In fact, there
are many reports that show the induction of CGA synthesis through light exposure
in many species (Zucker 1963; Aerts and Baumann 1994; Percival and Baird 2000;
Abbasi et al. 2007).

In contrast to intact seedlings, decapitated, dark-grown pH 4.0 seedlings could
not form root hairs even when CGA was supplied. Similarly, application of sugar
could not induce root hairs on these seedlings. These results suggest that factor(s)
other than CGA are needed for root hair formation. Interestingly, simultaneous
application of CGA and sucrose induced root hair formation on decapitated, dark-
grown pH 4.0 seedlings, indicating that sugar plays a role not only as a starting
material for CGA synthesis but also as another essential factor for root hair
formation. One possible explanation for the additional role of sugar is that it may
be needed for cell wall synthesis during root hair formation. The importance of cell
wall synthesis in root hair formation is supported by experiments with Arabidopsis
mutants that lack enzymes for cell wall synthesis: In such mutants, elongation of
root hairs was suppressed, although root hair primordia were formed (Favery et al.
2001; Wang et al. 2001; Kim et al. 2007). Because application of sucrose to
decapitated dark-grown seedlings could not lead to formation of root hair primordia,
sugar may be needed in root hair initiation with CGA other than as a starting material
for cell wall synthesis.

Since CGA plays an important role in root hair formation at pH 4.0 in the light, it
was thought that CGA content may be lower in pH 6.0 seedlings than in pH 4.0
seedlings and that this may explain why the former cannot form root hairs.
However, light irradiation induced CGA synthesis in pH 6.0 seedlings as well as
in pH 4.0 seedlings. Furthermore, application of CGA to intact dark-grown pH 6.0



6 How Do Lettuce Seedlings Adapt to Low-pH Stress Conditions? 143

seedlings failed to induce root hair formation (Narukawa et al. 2010). Therefore, the
amount of CGA was not a sufficient condition for root hair formation, although it is
needed. The pH 4.0 medium may induce other factor(s) that promote root hair
formation in conjunction with CGA and sugar. This agrees with the observation that
no root hairs form on decapitated seedlings at pH 6.0 in the dark, even when CGA
and sugar coexist (Narukawa et al. 2010).

Acidification of the cell wall is known to occur at the root hair initiation site, and
preventing acidification arrests the initiation process of root hairs in Arabidopsis
(Bibikova et al. 1998). Acidification of the cell may modify expression of genes for
the production and signal transduction of ethylene, as mentioned above (Takahashi
et al. 2003b, 2010a, b). Furthermore, acidification may affect the activity of
expansin protein (McQueen-Mason et al. 1992) and cell wall plasticity (Wu et al.
1996). Cell wall-modifying enzymes, including expansins and xyloglucan
endotransglycosylase, are also known to show a root hair-specific localization
pattern in various plant species (Baluska et al. 2000; Vissenberg et al. 2001;
Kim et al. 2007; Won et al. 2010; Zhiming et al. 2011). The importance of changes
in cell wall organization during bulge formation is supported by experiments of
Bernhardt and Tierney (2000), who isolated A¢#-PRP3, a gene encoding a proline-
rich structural cell wall protein. This gene is expressed during the later stages of
root epidermal cell differentiation and is regulated by developmental pathways
leading to root hair outgrowth. Baumberger et al. (2001) reported that LRX1, a
chimeric leucine-rich repeat/extensin cell wall protein, is also required for root hair
morphogenesis. In addition, root hair elongation defects were observed in cellulose
synthase-like mutants (Favery et al. 2001; Wang et al. 2001; Kim et al. 2007; Bernal
et al. 2008; Singh et al. 2008).

6.12 Conclusions

Although acid rain and acid soil constitute a serious environmental problem,
previous studies have concentrated on the toxicity of and tolerance to heavy metals
solubilized by the acidity. In comparison, studies concerning H* stress itself are
few. We have found that root hair formation under low-pH stress is a tolerance
mechanism against acid conditions that is common to certain plant species. Low-
pH-induced root hair formation in lettuce seedlings is regulated by various factors:
ethylene, auxin, light, CMT randomization, Mn, CGA, and sugar. Among these
factors, the relationships between the former four members have been well
investigated; they interact with each other in a complicated manner. However, the
relationships between these four factors and the rest of the factors have not yet been
adequately elucidated. Future studies are needed to answer such questions as
whether Mn deficiency or CGA application induces CMT randomization, and
whether the plant hormones ethylene or auxin are involved in signal transduction
in Mn deficiency or CGA application. At the same time, more in-depth studies are
needed concerning CMT randomization. An exciting question is whether CMT
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randomization is a result of the rearrangement of preexisting CMT arrays or a result
of the random construction of new CMT arrays. It should also be clarified how
CMT randomization is regulated by auxin and ethylene at the molecular level.
Furthermore, another interesting question is whether a homolog of the STOP! gene,
which was recently determined to be involved in H* tolerance in Arabidopsis, exists
in the lettuce genome and whether it is involved in low-pH-induced root hair
formation. Answering these questions will provide insights into the detailed regu-
latory mechanisms of low-pH-induced root hair formation in lettuce seedlings, i.e.,
how they adapt to low-pH stress conditions. Since plant hormones and microtubule
organization also play important roles in responses to other biotic and abiotic
stresses, the above studies would also reveal some part of the common defense
mechanisms that plants have against various stresses.
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Chapter 7
Cytokinin Metabolism

Somya Dwivedi-Burks

Abstract Cytokinins play an important role in various physiological functions in
the plant. This chapter is an introduction to the mechanisms involved in cytokinin
metabolism and highlights the need for transforming our approach from an organ-
ismal level to a holistic environmental level.
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GA; Gibberellic acid

N-GT N-glucosyltransferase

1P N°-(A*-isopentenyl)adenine

iP7G N®-(A*-isopentenyl)adenine 7-glucoside
Z Trans-zeatin

Z7G Trans-zeatin-7-glucoside

79G Trans-zeatin-9-glucoside

ZR Trans-zeatin riboside

70G Trans-zeatin-O-glucoside

7.1 Introduction

The form and coordinated functioning of plants result from efficient communica-
tion between cells, tissues, and organs. Hormones are the signaling molecules that
help in regulation and coordination of metabolism, growth, and morphogenesis in
higher plants. The plant hormone cytokinin is known as a regulator of cell division
and various other important processes such as leaf senescence, nutrient mobi-
lization, apical dominance, branching patterns, chlorophyll degradation, root initi-
ation, breaking of bud and seed dormancy, formation and activity of shoot apical
meristems, and reproductive development. Although cytokinins play a critical role
in plant growth and development, the mechanism of their action is poorly under-
stood (Brzobohaty et al. 1994; Mok and Mok 2001; Davies 2004; Gan and Amasino
1995; Taiz and Zeiger 2004; Lexa et al. 2003).

Since the discovery of cytokinins in the 1950s, new insights about cytokinin
function have been obtained from the recent discovery of some of the genes
involved in cytokinin biosynthesis, metabolism, and signal transduction (Kieber
2000). For example, the discovery of the genes for cytokinin oxidase, which
degrades cytokinins, has allowed scientists to produce plants that have lower
concentrations of endogenous cytokinin (Houba-Herin et al. 1999; Morris et al.
1999). Transgenic tobacco plants that expressed various cytokinin oxidase
(AtCKX) genes derived from Arabidopsis showed many phenotypic changes,
such as reduced size of shoot apical meristem, reduced vasculature in leaves,
enhanced leaf thickness, more adventitious roots, more root branching, and
enlarged root apical meristems. AtCKX overexpressing plants also challenged
our perception of the relationship between leaf senescence and cytokinins. It was
thought that senescence occurred at a faster rate in plants with reduced cytokinin
content. However, older leaves in the AtCKX overexpressing plants stayed green,
suggesting that cytokinins are not the only signal governing leaf senescence
(Schmiilling et al. 2003).

Plants have another pathway for decreasing endogenous cytokinins through the
conjugation of the cytokinin molecule to a glucose sugar. Binding of a glucose
moiety to the purine ring at the 7N or 9N position produces stable conjugates that
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exhibit no significant biological activity. The enzyme(s) responsible for this conju-
gation pathway has been named N-glucosyltransferase (N-GT). This pathway has
been demonstrated through feeding studies with radiolabeled cytokinins in many
plant species, but the enzymes and genes have not been elucidated (Auer 1997). We
do not know if there are one or more enzymes at work in this metabolism pathway
or how they are regulated across time and space.

7.1.1 Structural Variation and Biological Activity

Cytokinin biochemistry is very complex, as over 30 different structural variations
have been found in plants. Natural cytokinins are adenine derivatives with at least
one substituent at the 6N position. On the basis of this 6N substituent, they can be
classified into two types: (1) aromatic cytokinins where the purine base has an
aromatic side chain and (2) isoprenoid cytokinins where an isoprenoid group is
attached to the side chain of the purine base. Common natural isoprenoid cytokinins
are 6N—(Az—isopentenyl)adenine @iP), tZ, cis-zeatin (c¢Z), and dihydrozeatin (DHZ).
The cytokinins ¢Z, iP, and their respective sugar conjugates occur more commonly,
but this varies depending on plant species, tissue, and developmental stage. The
aromatic cytokinins that are found in some plants are ortho-topolin, meta-topolin,
and their methoxy derivatives and BA (See Fig. 7.1). There is also a wide range of
synthetic derivatives of cytokinins that have not been discovered in nature so far
(Strnad et al. 1997; Sakakibara 2006).

The classical bioassays using tobacco pith and moss suggested that the active
cytokinins were the free-base cytokinins such as iP and #Z, whereas cfZR showed
lower level of activity. Discrepancy in bioassay results led to the possibility of
interconversion of free bases into other metabolites during experiments. Discovery
of cytokinin receptor genes provided a better understanding of relative activity of
cytokinins. An in vitro assay using *H-labeled cytokinin and the cytokinin receptor
AHK4 (CRE1) showed that Z and iP could bind to the receptor but not the
nucleosides. Therefore, free-base cytokinins are regarded as active forms (Yamada
et al. 2004; Sakakibara 2006).

7.1.2 Biosynthesis of Cytokinins

Biosynthesis of isoprenoid cytokinins can take place by two pathways: one is
derived from tRNA degradation and another is derived from isopentylation of
adenine nucleotides. The biosynthetic reaction substrates of two cytokinins, iP and
iPR, are dimethylallyl diphosphate (DMAPP) and adenosine-5'-monophosphate
(AMP). The resulting product was iPRMP. The reaction was catalyzed by
isopentyltransferase (iPT). The first characterization of an IPT gene was carried
out in Agrobacterium tumefaciens (Taiz and Zeiger 2004).
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Fig. 7.1 Structures of
representative naturally
occurring active cytokinins,
iP 6N-(A-isopentenyl)
adenine, tZ trans-zeatin, cZ
cis-zeatin, DZ dihydrozeatin,
oT ortho-topolin, mT meta-
topolin, BA benzyladenine,
MeoT ortho-methoxytopolin,
MemT meta-methoxytopolin
(with permission from Dr.
H. Sakakibara)
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The current model of isoprenoid cytokinin biosynthesis as shown in Fig. 7.2
shows that the side chains of iP and ¢Z originate from the methylerythritol
phosphate (MEP) pathway. A large fraction of ¢Z side chain is derived from the
mevalonate (MVA) pathway. Plant IPTs use ATP or ADP as isoprenoid acceptors
and form iPRTP and iPRDP, respectively. The metabolic pool of iPRMP and
iPRDP is created by dephosphorylation of iPRTP and iPRDP with the help of
phosphatase enzyme, phosphorylation of iPR by adenosine kinase, and conjugation
of phosphoribosyl moieties to iP by adenine ribosyltransferase (APRT) enzyme.
In addition to iP, APRT also utilizes other cytokinin nucleobases. Cytokinin
nucleotides are converted into the corresponding #Z nucleotides by enzymes
CYP735A1 and CYP735A2, which were recently identified in Arabidopsis

(Sakakibara 20006).
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Fig. 7.2 Current model of isoprenoid cytokinin biosynthesis and metabolism in Arabidopsis. The
width of the arrowheads and lines in the green, blue, and red arrows indicates the strength
of metabolic flow. Flows indicated by black arrows are not well characterized to date (with
permission from H. Sakakibara). (/) fZZRDP ¢ZR 5-diphosphate, (2) tZRTP tZR 5-triphosphate,
(3) 5-ribonucleotide phosphohydrolase, (4) adenosine nucleosidase, (5) purine nucleoside phos-
phorylase, (6) zeatin reductase, (7) CK cis-hydroxylase

A. tumefaciens has two IPT genes, DMAPP encoding gene (fmr) and trans-zeatin
synthesizing (tzs). tmr gets attached to the host cell, whereas fzs acts in the bacterial
cells. The IPT activity of the recombinant tmr was identified and showed that tmr
exclusively used AMP as the acceptor. The reaction pathway of iPRMP found
in higher plants is similar to the pathway in Agrobacterium. The IPT genes were
first identified in Arabidopsis. The Arabidopsis genome encodes nine genes
(AtIPT1-AtIPT9) which were similar to the bacterial IPT. The nine IPT genes
can be categorized into two groups on the basis of their phylogeny. The first group
consists of genes AtIPT2 and AtIPT9, which share similarity to the gene encoding
enzyme tRNA-isopentyltransferase. The second group of genes consisted of
AtIPT2 and genes AtIPT3-AtIPTS. This group of gene was similar to the gene
encoding the IPT (iPRMP-forming enzyme).

A recent breakthrough in this field was the discovery of LOG (LONELY GUY)
gene in rice provided as evidence against the long-held idea of multistep cytokinin
biosynthesis reactions. The gene LOG encodes for an enzyme that converts inactive
cytokinin nucleotides to the free-base forms by phosphoribohydrolase activity.
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The enzyme utilizes cytokinin nucleosides 5’-monophosphates, but not the di- or
triphosphates or any cytokinin ribosides or bases (Kurakawa et al. 2007).

7.1.3 Cytokinin Metabolism

Plant cells must carefully regulate hormone levels in order to control their devel-
opment appropriately. Cytokinin metabolism pathways can be broadly classified
into two types: (1) modification of the adenine ring and (2) modification of the side
chain. The cytokinin nucleobases and their corresponding nucleosides and
nucleotides share the steps in metabolism with the purine metabolic pathway
(salvage pathway) (Mok and Mok 2001). Exogenously supplied cytokinins get
converted into corresponding nucleotides and nucleosides in the plant tissue (Taiz
and Zeiger 2004). There are two major pathways for downregulation of cytokinins.
The degradation pathway by cytokinin oxidase (CKX) is the most clearly under-
stood pathway at this time. Common cytokinins, such as Z and iP, are catabolized
by CKX through side chain cleavage to their adenine or adenosine derivatives,
which results in an irreversible loss of biological activity (Motyka et al. 2003;
Schmiilling et al. 2003). The cytokinin nucleotides, O-glucosides, aromatic
cytokinins, and cytokinins with saturated side chains are not CKX substrates
(Armstrong 1994). The ¢Z and ¢Z can be enzymatically interconverted by zeatin
cis—trans isomerase. Recently, a comprehensive study using models representing
the monocot and dicot plants showed that the levels of ¢Z did not correlate with the
evolutionary relationship between plants, but the levels of ontogenesis the plant
undergoes when subjected to a stress that may cause cessation of normal growth and
development (Gajdosova et al. 2011). The conversion of Z to O-glucosides is
reversible and utilizes enzymes zeatin-O-glucosyltransferase and B-glucosidase.
Cytokinin nucleobases can also be converted to N-glucosides by cytokinin N-
glucosyltransferase (as shown in Fig. 7.3).

7.1.3.1 N-Glucosylation

A second pathway for cytokinin downregulation in plants is N-glucosylation
(Bowles et al. 2006; Brzobohaty et al. 1994; Mok and Mok 2001). Glycosylation
may occur on the purine ring (N-glucosylation) or on the side chain (O-
glucosylation and xylosylation). The glucosylation of the purine ring occurring at
3, 7, and 9 positions yields N-glucosides. The 3N-glucosylation is a reversible
process, which allows release of free CK bases or ribosides from their
glycoconjugates. The 7- and 9-glucosides show limited or no activity in most
bioassays. Lim and Bowles (2004) they are irreversible and are considered to be
deactivation products (Vankova 1999). N-glucosylation is the dominant deactiva-
tion pathway, and it has been studied extensively in radish. Research work on this
species dates back 30 years when Summons (1979) discovered that zeatin-7-
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glucoside (Z7G) was the most abundant endogenous compound (Mok and Mok
1994). Soon after this discovery, various glucosides were detected in different
cytokinins, such as iP and DHZ (McGaw et al. 1984). These enzymes were partially
purified by Parker and Letham (1973). N-glucosyltransferase catalyzed both 7- and
9-glucosides but showed an affinity toward the 7 position (Entsch et al. 1983).
N-GT enzyme(s) use isoprenoid as well as aromatic cytokinins as their substrates
(Martin et al. 1999; Mok and Mok 2001). Singh et al. (1988) studied the metabolic
fate of individual cytokinins with respect to their chemical structure. N-glucosides
and O-glucosides are found in many plant species (Mok and Mok 1994; Motyka
et al. 1996; Redig et al. 1996a, b). Various plant species including Arabidopsis
showed the formation of 7- and 9-glucosides when exogenously supplied with BA
for long periods of time (Auer 1997; Vlasakova et al. 1998). Strnad et al. (1994)
reported formation of N-glucosides in aromatic cytokinins.

Hou et al. (2004) identified Arabidopsis genes encoding enzymes capable of
cytokinin N-glucosylation. The glucosyltransferase activity was measured using
glycosyltransferases (UGTs) expression plasmids that were transformed into
Escherichia coli XL-1 Blue individually for recombinant protein expression.
From a screening of >100 UGTs, two recombinants were found that could
glucosylate cytokinins at 7N and 9N positions. The experiments failed to elucidate
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the functioning of these recombinant UGTs in planta. Moreover, hormone metabo-
lism was also not clearly explained by this study.

7.1.4 Cytokinin Genes and Their Functions

At present, only a small number of genes have been characterized that help us to
understand cytokinin biology. In Table 7.1, the genes involved in cytokinin biosyn-
thesis, signal transduction, and metabolism are described. Gene discovery is
providing new avenues for manipulating and studying cytokinins. Over the years,
mutants have been selected that were thought to be specific for cytokinins, but later
it was discovered that they were also responsible for other hormone pathways.
Rashotte et al. (2003) for example, ckrl/ein I (cytokinin resistant) was later found
to be taking part in signal transduction of ethylene. In another instance, the ror-1
(roscovitine-resistant-1) mutant, which was initially perceived to be putatively
involved in cytokinin N-glucosylation, was later found to be a potential regulator
of cytokinin metabolism, specifically the aromatic cytokinins (Dwivedi et al. 2010).

Table 7.1 Important genes involved in cytokinin regulation and metabolism isolated in
Arabidopsis

Gene name

Function

References

WOLI1/CRE1
Cytokinin response
AHK

2,3, and 4 Arabidopsis histidine kinase

Cytokinin signaling

Cytokinin signaling

Maéhonen et al. (2000)

Inoue et al. (2001)
Suzuki et al. (2001)

CKX Degradation Bilyeu et al. (2001)

(7 genes) Cytokinin Oxidase genes Houba-Herin et al. (1999)

AtIPT Biosynthesis Kakimoto (2001)

(9 genes) Arabidopsis Takei et al. (2001)
isopentyltransferase

cis-Z0G1 Metabolism Martin et al. (2001)

(cis-zeatin-O-glucosyltransferase)
Z0X (zeatin-O-xylosyltransferase)

APT1

Adenine phosphoribosyltransferase

ARR (10 genes)

Arabidopsis response regulator gene

UGT76C1 and C2

ROR-1

Roscovitine-resistant-1

Metabolism/adenine
salvage pathway

Cytokinin primary
response genes

N-glucosylation
of cytokinin
Putative aromatic

cytokinin regulation

gene

Moffatt and Hiroshi (2002)

Imamura et al. (1998)
Brandstatter and Kieber (1998)
D’Agostino et al. (2000)
Salomé (2005)

Hou et al. (2004)

Dwivedi et al. (2010)
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7.1.5 Future Direction

Our current knowledge about cytokinin metabolism is derived chiefly from
methods used for cytokinin extraction, identification, and characterization of
involved enzymes. Gas chromatography and mass spectroscopy are promising
techniques for metabolic studies. Advancement in these techniques to enhance
detection sensitivity and specificity can lead to more precise results. Isolation of
genetic mutants can be helpful in understanding cytokinin regulation and metabo-
lism. However, the use of mutants has been limited because of the complex nature
of cytokinins in regulating processes of plant development. Molecular biology tools
such as activation tagging have facilitated discovery of genes. Completion of
Arabidopsis genome has helped in the discovery of genes for cytokinin degradation
(CKX) and biosynthesis (AtIPT1, AtIPT3—AtIPT8). Additionally, most of the
findings in the field of cytokinin research in the past two decades have predomi-
nantly been related to identification of genes using molecular techniques. These
studies are valuable as they have provided genetic basis to numerous physiological
developments observed in the plant in response to cytokinins. But studies of this
nature did not take into the account the pool of cytokinin which is already present in
the environment. Walters and McRoberts (2006) a review by Stirk and van Staden
(2010) highlighted on different significant sources of cytokinins. The sources of
cytokinins in a terrestrial environment were senescing plant debris, bacteria, fungi,
microalgae (cyanophyta), algae (cholorophyta), nematodes, insects, and
agrochemicals containing natural and synthetic cytokinins. Similarly, the aquatic
and the marine environments have algae and bacteria which synthesize endogenous
cytokinins. Because in a natural environment plants are constantly regulating the
levels of cytokinins to maintain homeostasis, the fore mentioned sources of exoge-
nous cytokinins are indeed playing a role, perhaps even a beneficial one. Therefore,
our experimental approach to study cytokinin metabolism should be an association
of analytical, biochemical, genetic, and ecological studies. This joint effort would
certainly be helpful in providing answers to questions associated with the move-
ment of this important hormone not only at a plant level but also on an environ-
mental scale.
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Chapter 8
Origin of Brassinosteroids and Their Role
in Oxidative Stress in Plants

Andrzej Bajguz

Abstract Brassinosteroids (BRs) are a class of plant polyhydroxysteroids that have
been recognized as a kind of phytohormones and play essential roles in plant develop-
ment. BRs occur at low concentrations in lower and higher plants. Natural 70 BRs
identified so far have a common Sa-cholestan skeleton, and their structural variations
come from the kind and orientation of oxygenated functions in rings A and B. As
regards the B-ring oxidation, BRs are divided into the following types: 7-oxalactone,
6-0x0, 6-deoxo and 6-hydroxy. These steroids can be also classified as C,7, Cyg or Cog
BRs depending on the alkyl substitution on the C-24 in the side chain. In addition to
free BRs, sugar and fatty acid conjugates have been also identified in plants. Plant
growth and developmental processes as well as environmental responses require the
action and cross talk of BRs and reactive oxygen species (ROS). ROS can partake in
signalling, although these events will be modulated by the complement of antioxidants
in, or even around, the cell. ROS can interact with other signal molecules, including
BRs in regulation of these physiological responses. BRs can modify the synthesis of
antioxidants and the activity of basic antioxidant enzymes, and some of these enzymes
are also implicated in catabolism of plant hormone. However, it is still unclear whether
endogenous BRs directly or indirectly modulate the responses of plants to oxidative
stress. The recent progress made in understanding the response of BRs in plants under
oxidative stress.

8.1 Introduction

Brassinosteroids (BRs) are a group of plant hormones, which is represented by
brassinolide (BL) and castasterone (CS), and their derivatives. BRs are essential for
normal plant growth, reproduction and development. They play critical roles in a
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variety of physiological responses in plants, including stem elongation, pollen tube
growth, leaf bending and epinasty, root growth inhibition, ethylene biosynthesis,
proton pump activation, vascular differentiation, nucleic acid and protein synthesis
and photosynthesis (Hayat et al. 2010). BRs play a significant role in amelioration
of various abiotic and biotic stresses, such as cold stress, water deficit, salt injury,
oxidative damage, thermal stress, heavy metal stress and pathogen infection.
Despite the correlation between oxidative stress and BR level in plants, the phy-
siological rationale for such alteration in BR level is little known (Bajguz and
Hayat 2009).

8.2 Origin and Structures of Brassinosteroids

8.2.1 Occurrence of Brassinosteroids

Brassinosteroids (BRs) occur at low concentrations throughout the plant kingdom.
They are widely distributed in lower and higher plants. BRs have been identified in
lower plants, such as green algae Hydrodictyon reticulatum and Chlorella vulgaris,
a pteridophyte (Equisetum arvense) and a bryophyte (Marchantia polymorpha).
BRs have been detected in all organs of higher plants, such as pollen, anthers, seeds,
leaves, stems, roots, flowers and grain. Pollen and immature seeds are the richest
sources of BRs than shoots and leaves. Furthermore, young growing tissues contain
higher levels of BRs than mature tissues. They also occur in the insect and crown
galls of Castanea crenata, Distylium racemosum or Catharanthus roseus. These
plants have higher levels of BRs than the normal tissues (Bajguz and Tretyn 2003;
Bajguz 2009).

8.2.2 Chemical Structures of Brassinosteroids

Natural BRs have Sa-cholestane skeleton, and their structural variations come
from the kind and orientation of oxygenated functions in A- and B-ring
(Fig. 8.1). These modifications are produced by oxidation and reduction reactions
during biosynthesis. Generally, BRs are divided into free (64) and conjugated (5)
compounds. These steroids can be classified as C,7, Cog or Co9 BRs (10, 38 and 16
compounds, respectively) depending on the alkyl substitutions in the side chain
(Figs. 8.2-8.4). These side chain structures are all common in plants sterols.
According to the cholestane side chain (Fig. 8.1), BRs are divided into 11 types
with different substituents at C-23, C-24 and C-25: 23-oxo, 24 S-methyl, 24R-
methyl, 24-methylene, 24 S-ethyl, 24-ethylidene, 24-methylene-25-methyl, 24-
methyl-25-methyl, without substituent at C-23, without substituent at C-24 and
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Fig. 8.1 Different substituents in the A- and B-ring and side chain of naturally occurring
brassinosteroids
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7-oxalactone 6-oxo- 6-deoxo- s-hydroxy

without substituents at C-23, C-24 (Yokota 1999; Abe et al. 2001; Bajguz and
Tretyn 2003).

With respect to the A-ring, BRs with an a-hydroxyl, B-hydroxyl or ketone at
position C-3 are precursors of BRs having 2o,30-vicinal hydroxyls (Fig. 8.1). As
regards the B-ring oxidation, BRs are divided into 7-oxalactone, 6-0xo0, 6-deoxo
and 6-hydroxy. 7-Oxalactone BRs (such as brassinolide, BL) have stronger
biological activity than 6-oxo types (such as castasterone, CS), and non-oxidized
BRs reveal no activity in biological tests. BRs with either a 3a-hydroxyl (e.g.
typhasterol, TY), 3-hydroxyl or 3-oxo in the A-ring are precursors of BRs carrying
2a,3a-vicinal diol; those with 20,3B-, 2B,30- or 2fB,3B-vicinal diol can be
metabolites of active BRs with a 2a,30-vicinal diol. Decreasing order of activity
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Fig. 8.2 Chemical structures of C,; brassinosteroids

Qo300 > 20,38 > 2B,30 > 2B,3B) shown by structure—activity relationship
suggests that o-oriented hydroxyl group at C-2 is essential for a greater biological
activity of BRs in plants. BRs, which have 3a,40-diols, are more active than 20,30
This fact is in strong contrast with the structure requirements mentioned above. The
higher activity of unnatural 3o,40-diols could be explained by twisting and distor-
tion of the molecule due to the seven- or eight-membered B-ring and also by the
position of a carbonyl group relative to the A-ring diol. With the exception of some
not fully characterized BRs with an oxo group at C-23, all bioactive BRs possess a
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Fig. 8.3 Chemical structures of C,g brassinosteroids

vicinal 22R,23R diol structural functionality, which appears essential for a high
biological activity (Yokota 1999; Bajguz and Tretyn 2003).

In addition to free BRs, also five sugar and fatty acid conjugates were identified in
plants so far (Fig. 8.5). 25-Methyldolichosterone-23--p-glucoside (25-MeDS-Glu)
and its 2 isomer from Phaseolus vulgaris seeds and teasterone-3[-p-glucoside
(TE-3-Glu), teasterone-3-laurate (TE-3-La) and teasterone-3-myristate (TE-3-My)
from Lilium longiflorum pollen have been isolated as endogenous BRs (Abe et al.
2001).

8.2.3 Biosynthetic Pathways of Brassinosteroids

Brassinolide (BL), the most important BR in plants, has been shown to be
synthesized via two pathways from campesterol (early and late C-6 oxidation
pathways). Sterols are synthesized via the non-mevalonate pathway in lower plants
or the mevalonate pathway of isoprenoid metabolism in higher plants. Campesterol,
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one of the major plant sterols, is the precursor of BRs, which is primarily
derived from isopentenyl diphosphate. Although metabolic experiments with
labelled C,; BRs have not yet been performed, the natural occurrence of C,;
BRs in tomato (6-deoxo-28-norCT, 6-deoxo-28-norTE, 6-deoxo-28-norTY, 6-
deoxo-28-norCS and 28-norCS) suggests an in vivo biosynthetic pathway to
6-deoxo-28-norCT. Based on these findings, a biosynthetic pathway of C,; BRs
has been suggested: cholestanol—6-deoxo-28-norCT—6-deoxo-28-norTE—3-
dehydro-6-deoxo-28-norTE—6-deoxo-28-norTY —6-deoxo-28-norCS—28-norCS
in tomato seedlings. The reactions, named the late C-6 oxidation pathway for C,;
BRs, have been demonstrated in Fig. 8.6. Furthermore, the reactions of biosynthesis
of C,5 BRs, named the early and late C-6 oxidation pathways, have been also showed
in Fig. 8.6. In addition to the early and late C-6 oxidation pathways, cross-links
between both branches exist. Conversion of CS to BL is the final biosynthetic step
of BRs. Unfortunately, the biosynthesis of C,9 BRs is still unclear (Choe 2006).

HO,, HO,, HO,,
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Ho Ho Ho
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Fig. 8.4 (continued)
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Fig. 8.4 Chemical structures of C,9 brassinosteroids

8.3 Brassinosteroids and Oxidative Stress

Adaptations to abiotic stresses and pathogens in plants involve various changes in
the biochemistry of the cell. These changes include the evolution of new metabolic
pathways, the accumulation of low molecular weight metabolites, the synthesis of
special proteins, detoxification mechanisms and changes in phytohormone levels.
One of the biochemical changes that occurs when plants are subjected to environ-
mental stresses is the production of ROS such as the superoxide radical (O;7),
hydrogen peroxide (H,O,) and the hydroxyl radical (OH). Although, under
normal growth conditions, the production of ROS in cells is very low, there are
many stresses which can enhance the production of ROS. These stresses include
drought stress and desiccation, salt stress, chilling, heat shock, heavy metals,
ultraviolet radiation, ozone, mechanical stress, nutrient deprivation, pathogen
attack and high light stress. ROS can have a detrimental effect on normal metabo-
lism through oxidative damage to lipids, proteins and nucleic acids. However, many
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Fig. 8.5 Chemical structures of brassinosteroid conjugates

plants that live in heavy metal pollutions have evolved several adaptations. Recent
studies have demonstrated that to control the level of ROS and to protect the cells,
plants possess low molecular weight antioxidants (ascorbic acid, reduced glutathi-
one, carotenoids, tocopherols) and antioxidant enzymes such as superoxide
dismutase (SOD; E.C. 1.15.1.1), ascorbate peroxidase (APX; E.C. 1.11.1.11)
and catalase (CAT; E.C. 1.11.1.6) (Mittler 2002; Sharma and Dietz 20009;
Triantaphylidés and Havaux 2009). Some reports indicate that ROS can interact
with phytohormones in regulation of these physiological responses. It is suggested
that plant growth regulators can modify the synthesis of antioxidants and the
activity of basic antioxidant enzymes and some of these enzymes are also
implicated in phytohormone catabolism (Synkov4 et al. 2004).

However, it is little known about the content of BRs in plants in response to
different stresses. Chlorella vulgaris cultures treated with BL in the absence or
presence of heavy metals showed no differences in the endogenous level of BL. On
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Fig. 8.6 Brassinosteroid biosynthetic pathways in plants

the other hand, treatment with heavy metals results in BL level very similar to that
of control cell cultures. It suggests that the activation of BR biosynthesis, via an
increase of endogenous BL, is not essential for the growth and development of
Chlorella vulgaris cells in response to heavy metal stress. Simultaneously, BL
enhanced the content of indole-3-acetic acid, zeatin and abscisic acid in cultures
treated with heavy metals (Bajguz 2011).

It has been showed that co-application of both 24-epiBL and copper to
Raphanus sativus seedlings resulted in reduction of putrescine and spermidine
contents (Choudhary et al. 2009). However, copper treatment increased levels of
polyamines when compared to control seedlings. 24-epiBL treatment alone
decreased levels of spermidine. Supplementation of metal treatment with
24-epiBL further recorded decrease in free and bound IAA. Free and bound
TAA showed maximum increase in 24-epiBL treatment alone, while maximum
naphthaleneacetic acid (NAA) levels (free and bound) were recorded in metal-
treated seedlings only. In controls and 24-epiBL-treated seedlings, free and bound
NAA was not detected. Moreover, a decrease in both forms of NAA was recorded
in seedlings given treatments of copper metal and 24-epiBL combinations.
Enhanced contents of free and bound forms of NAA under metal treatment may
suggest its effectiveness in oxidative stress management than IAA. Results of that
study suggest significant effects of 24-epiBL on endogenous contents of
polyamines and auxins under heavy metal stress, thereby indicating the modula-
tion of stress management by BRs via regulating the contents of polyamines and
auxins (Choudhary et al. 2009).
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It was also reported that lead increased ABA and cytokinin level while decreased
GA; level in germinating chickpea seeds. On the other hand, high concentrations of
zinc decreased content of cytokinins and GA3, while low concentration increased
the content of these hormones (Sharma and Kumar 2002; Hsu and Kao 2003; Atici
et al. 2005).

Exogenous application of BRs modified antioxidant enzymes, such as superox-
ide dismutase, catalase, glutathione peroxidase and ascorbate peroxidase, and non-
enzymatic antioxidants, such as ascorbic acid, tocopherols, carotenoids, glutathi-
one, etc., in plants under different stress conditions (Li et al. 1998; Nufez et al.
2003; Vardhini and Rao 2003; Ozdemir et al. 2004).

When maize (Zea mays) seedlings treated with brassinolide (BL) were
subjected to water stress, the activities of SOD, CAT and APX, as well as ascorbic
acid and carotenoid contents increased (Li et al. 1998). On the other hand, BRs
enhanced the activity of CAT and reduced the activities of peroxidase and
ascorbic acid oxidase under osmotic stress conditions in sorghum (Sorghum
vulgare) (Vardhini and Rao 2003).

Rice seedlings exposed to saline stress and treated with BR showed a significant
increase in the activities of CAT, SOD and glutathione reductase (GR) and a slight
increase in APX (Nunez et al. 2003). A comparison between salt-sensitive and salt-
resistant varieties of rice treated with 24-epiBL was also reported (Ozdemir et al.
2004). 24-epiBL treatment, at least in part, improved the tolerance of salt-sensitive
seedlings to short-term salt stress. The difference in alteration of antioxidant
enzyme activities in salt-sensitive rice cultivar may suggest that the higher salt
stress resistance in sensitive seedlings induced by 24-epiBL may be due in part to a
maintained higher activity of APX under salt stress conditions.

Algae Chlorella vulgaris respond to heavy metals (cadmium, copper and lead) by
induction of several antioxidants, including several enzymatic systems, and the
synthesis of low molecular weight compounds. Treatment with BL was effective in
increasing the activity of antioxidant enzymes (CAT, GR and APX) and the content
of ascorbic acid, carotenoids and glutathione (Bajguz 2010). BRs also enhanced
activity of the antioxidant enzymes (catalase, peroxidase and superoxidase) and
proline content in chickpea (Cicer arietinum) treated with cadmium (Hasan et al.
2008). It has been found a significant correlation with the degree of improvements,
which was measured in terms of nodulation, nitrogen fixation, pigment composition,
carbonic anhydrase and nitrate reductase activities. A similar pattern of response
together with an elevation in the photosynthesis was observed in the plants of mustard
exposed to cadmium through nutrient medium (Hayat et al. 2007). The foliar spray of
either with 24-epiBL or 28-homoBL significantly enhanced the growth, photosyn-
thesis, antioxidant enzymes and proline content in aluminium stressed mung bean
plants. 24-epiBL enhanced the level of antioxidant system (SOD, CAT, peroxidase
and glutathione reductase and proline), both under stress and stress-free conditions.
The influence of 24-epiBL on the antioxidant system was more pronounced under
stress situation, suggesting that the elevated level of antioxidant system, at least in
part, increased the tolerance of mustard plants to saline and/or nickel stress, thus
protected the photosynthetic machinery and the plant growth (Ali et al. 2008).
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The activities of the enzymes catalase, peroxidase, carbonic anhydrase and nitrate
reductase also exhibited a significant enhancement in mustard plants grown under
nickel stress (Alam et al. 2007). These plants also exhibited an elevation in the
relative water content and photosynthetic performance.

The influence of 24-epiBL on some enzymatic antioxidants in tomato leaf disc
under high (40°C) temperature was reported (Mazorra et al. 2002). BR increased
the activity of CAT, peroxidase and SOD in respond to high temperature in tomato
leaves. It has been shown that the def2 Arabidopsis mutant, which is blocked in the
biosynthetic pathway of BRs (Choe 2006), had significantly thicker leaves with
thickened cuticle layers and cell walls in the epidermal and mesophyll layers,
increased stomatal density and compacted leaf structure with less intercellular
space than the wild type when grown under normal oxygen conditions. Addition
of BL to the growth medium resulted in leaves that were more similar in morphol-
ogy to those of Columbia.

Interestingly, the det2 Arabidopsis mutant was also found to be insensitive to the
dwarfing effects of very low O, (2.5 kPa) and furthermore did not show the purpling
stress response of wild type. BRs could be as possible mediators of particular
aspects of the developmental response to hypoxia, a conclusion supported by the
fact that BRs require molecular oxygen at several steps in their biosynthesis
(Ramonell et al. 2001). It has been also demonstrated that ATPA2 and ATP24a
genes encoding peroxidases were constitutively upregulated in the det2 Arabidopsis
mutant (Goda et al. 2002). Furthermore, the oxidative stress-related genes encoding
monodehydroascorbate reductase and thioredoxin, the cold and drought stress
response genes COR47 and COR7S8, and the heat stress-related genes HSPS3,
HSP70, HSF3, Hsc70-3 and Hsc70-G7 have been identified by microarray analysis
of either BR-deficient or BR-treated plants (Mussig et al. 2002). The enhanced
oxidative stress resistance in det2 plants was correlated with a constitutive increase
in SOD activity and increased transcript levels of the defence gene CAT. Therefore,
a possible explanation for the fact that the der2 mutant exhibited an enhanced
oxidative stress resistance is that the long-term BR deficiency in the def2 mutant
results in a constant in vivo physiological stress that, in turn, activates the constitu-
tive expression of some defence genes and, consequently, the activities of related
enzymes. If this is the case, it may suggest that endogenous BRs in wild-type plants
somehow act to repress the transcription or post-transcription activities of the
defence genes to ensure the normal growth and development of plants. However,
it is still unclear whether BRs directly or indirectly modulate the responses of
Arabidopsis to oxidative stress (Cao et al. 2005).

Brassinosteroids are implicated in plant responses to abiotic environmental
stresses and to undergo profound changes in plants interacting with pathogens.
Brassinosteroid-regulated stress response as a result of complex sequence of bio-
chemical reactions such as activation or suppression of key enzymatic reactions,
induction of protein synthesis and the production of various chemical defence
compounds. Unfortunately, it is little known about the correlation between oxida-
tive stress and endogenous level of BRs in plants.
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Chapter 9

Hormonal Intermediates in the Protective Action
of Exogenous Phytohormones in Wheat Plants
Under Salinity

Farida M. Shakirova, Azamat M. Avalbaev, Marina V. Bezrukova,
Rimma A. Fatkhutdinova, Dilara R. Maslennikova, Ruslan A. Yuldashev,
Chulpan R. Allagulova, and Oksana V. Lastochkina

Abstract Unfavorable environmental factors, such as salinity, are known to induce
significant shifts in the state of endogenous hormonal system of plants, usually
associated with the accumulation of stress hormone ABA and the decrease in the
levels of growth-stimulating hormones—auxins and cytokinins. Treatment by
phytohormones to improve plant stress resistance also leads to rearrangement of
the hormonal balance of plants, and this indicates the involvement of endogenous
hormones in the protective effect of exogenous hormones on plants. The aim of this
study was to identify the hormonal intermediates in the action of 24-epibrassinolide
(EBR), methyl jasmonate (Me-JA), and salicylic acid (SA) on wheat plants under
sodium chloride salinity. We found that during pretreatment of seedlings with EBR
for 24 h, rapid and stable double accumulation of cytokinins (CKs) was observed
without any changes in the contents of IAA and ABA. Pretreatment of seedlings
with EBR for 24 h significantly reduced the damaging effect of salinity on plant
growth, considerably reduced the stress-induced ABA accumulation as well as the
decrease in the IAA content, and also maintained the concentration of CKs at the
level of control plants. Interestingly, treatment of seedlings with Me-JA also caused
almost a twofold reversible (in contrast to EBR action) CK accumulation without
changes in the contents of IAA and ABA. Pretreatment with Me-JA also reduced
the stress-induced accumulation of ABA and diminished the decrease in the IAA
content and prevented salinity-induced decline in the CK level. These data suggest
an important role of cytokinins as intermediates in the manifestation of the pro-
tective effect of EBR and Me-JA on wheat plants under salt stress. Comparative
analysis of the influence of EBR, Me-JA, and CKs on growth, the state of
proantioxidant system, and the level of osmoprotectants in the seedlings under
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salinity yielded experimental arguments in favor of this assumption. We have
previously suggested that ABA may serve as endogenous intermediate in the
protective effect of SA on wheat plants. Comparative analysis of the influence of
SA and SA in mixture with fluridone, being an effective inhibitor of ABA biosyn-
thesis, on both PR-/ and TADHN dehydrin gene expression and the activity of
antioxidant enzymes, as well as deposition of lignin in the cell walls under sodium
chloride salinity, revealed the key role of endogenous ABA in the manifestation of
the protective effect of SA on wheat plants.

Keywords 24-Epibrassinolide « Abscisic acid « Methyl jasmonate * Salicylic acid ¢
Cytokinins ¢ Dehydrin ¢ Indoleacetic acid ¢ Proline ¢ Prooxidant—antioxidant
balance « Wheat germ agglutinin « Salinity ¢ Triticum aestivum

9.1 Introduction

Permanently changing environment demands plant adaptation to the conditions of
their growth, which implies the development of a complex network of protective
reactions aimed on the struggle for existence in the stressful environment. On the
basis of this, there is the integration of the effective systems of regulation of cell
metabolic activity for switching genetic programs from norm to stress aimed on
development of an adequate protection on the level of whole organism. Salinity
caused by increased content of soluble salts in soil is one of the most widely spread
abiotic stress factors resulting in significant inhibition of plant growth and decline
in crop productivity, sodium chloride being the most detrimental (Munns and Tester
2008; Cambrolle et al. 2011). The decline in cell growth processes is due to
dehydration resulting from osmotic effect of salts accumulating in the root zone
and due to toxic effect of sodium and chloride accumulation in the plant tissues
causing great damaging effect on the most important physiological processes and
cell membrane integrity (Munns and Tester 2008). It is necessary to emphasize that
plants are able to develop a broad spectrum of protective reactions aimed on
diminishing the detrimental effects of salinity (Flowers 2004; Munns and Tester
2008). Stress hormone ABA, which fast and significant accumulation is a charac-
teristic response to salinity, makes an important contribution to protective reactions
(Rock et al. 2010; Shakirova et al. 2010a).

ABA is known to play a key role in regulation of stomatal closure (Wilkinson
and Davies 2010), resulting in a decline in transpiration and reduction of transpira-
tion losses. Stomatal closure is one of early plant responses to salinity caused by
ABA-induced increase in Ca”* concentration in cytoplasm, subsequent activation
of ion channels in plasmalemma, and turgor losses by guard cells also linked with
ABA-induced enhancement of H,O,, production serving as signal intermediate of
ABA in stomatal closure (Kim et al. 2010). At the same time, ABA also plays a key
role in the synthesis and accumulation of the most important cell osmoprotectants,
such as proline and dehydrin proteins, participating in stabilization of cell
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membranes and protection of biopolymers against the damaging action of reactive
oxygen species (ROS) produced in response to dehydration (Silva-Ortega et al.
2008; Szabados and Savoure 2009; Hara 2010), as well as in production of many
other components of plant protection (Rock et al. 2010). Induction of expression of
ABA-responsive genes is on the basis of realization of regulatory action of ABA on
the development of plant stress resistance. Thus, about two thirds of 2,000 genes
induced in response to drought progression in Arabidopsis thaliana are under ABA
control (Huang et al. 2008). In total, more than 2,900 ABA-responsive genes have
been identified in A. thaliana plants (Nemhauser et al. 2006). At the same time, each
phytohormone is known to be involved in regulation of such integral physiological
processes as growth, development, and differentiation of plants under normal
conditions and environmental changes (Chow and McCourt 2004; Kuppusamy
et al. 2008; Stamm and Kumar 2010). This is convincingly demonstrated in
experiments using transgenic plants and mutants defective in hormonal synthesis
or response as well as in experiments with plants treated with exogenous hormones
or inhibitors of their biosynthesis (Peng et al. 2009).

This indicates existence of active hormonal cross-signaling in the whole system
of hormonal regulation interacting closely with other signaling systems and
coordinating the induction of adequate plant response to internal and external
stimuli (Nemhauser et al. 2006; Tuteja and Sopory 2008; Bari and Jones 2009;
Shakirova et al. 2010a; Tognetti et al. 2011). At the same time, interaction of
phytohormones with each other allows understanding how regulation of the same
physiological process is achieved by different phytohormones.

Hormonal system is very sensitive to the slightest changes in conditions for plant
growth (Shakirova 2001; Davies et al. 2005; Wang et al. 2008; Rubio et al. 2009;
Dobra et al. 2010; Granda et al. 2011). Stress adaptation is determined by the
pattern of changes in the concentration ratio of several interacting hormones as well
as by the ability of each of hormones to influence endogenous levels of the others
(Reski 2006; Kuppusamy et al. 2008; Shakirova et al. 2010a). Drought, disturbance
of temperature regime, and salinity are the most important environmental factors,
which are critical for survival of plants and lead to significant losses of crop yield.
Responses to these stresses are known to be interconnected, employing common
signaling pathways, which allow cell adaptation and lead to similar changes in plants
on morphological, physiological, biochemical, and molecular/or genetic levels
(Verslues and Bray 2006; Nemhauser et al. 2006; Shinozaki and Yamaguchi-
Shinozaki 2007; Huang et al. 2008; Potters et al. 2009; Arbona et al. 2010; Des
Marais and Juenger 2010). Significant changes in hormonal balance are on the basis
of this, manifested in the decline in concentration of phytohormones participating in
activation of growth processes (auxins, cytokinins, gibberellins, brassinosteroids) as
well as in accumulation of ABA and other hormones involved in the control of stress
responses (ethylene, jasmonic, and salicylic acids) (Davies et al. 2005; Ghanem et al.
2011; Wang et al. 2008; Albacete et al. 2008; Shakirova et al. 2010a; Peleg and
Blumwald 2011; Granda et al. 2011).

Existence of plants themselves is known to be due to their ability to struggle
against extreme environment protecting their vital potential. However, realization
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of natural protective mechanisms taking place in plants, when conditions become
worse, is well known to be accompanied by a decline in their productivity. This
raises important question about regulation of stress resistance. The problem of
stress resistance is most important for plant breeding and is under a steadfast
attention of researchers all over the world. This is indeed the case, since information
concerning the chain of reactions taking place in plants in response to extreme
external conditions may really contribute to an increase in plant resistance and
productivity.

These goals are achieved not only by means of selection of stress tolerant
cultivars but also through the purposeful manipulation of adaptation with the help
of natural plant growth regulators (PGR) (Ashraf et al. 2008). Due to this, the
interest of researchers to growth regulators is not casual. Thus, there is a lot of
information concerning effective application of ABA resulting in an increase in
plant resistance to stress factors leading to dehydration (Amzallag et al. 1990;
Mantyla et al. 1995; Khadri et al. 2007). ABA treatment induces expression of
genes coding for proteins involved in plant responses to the cold, drought, and
salinity, contributing to preadaptation of plants to the forthcoming action of these
stress factors, which in total is reflected in the reduction of the degree of their
damaging effect on the growth processes (Tuteja and Sopory 2008). Most of these
genes may be divided into two groups. The functional role of the first of them is in
protection of cells against stress-induced damage (genes for LEA (late embryogen-
esis abundant) proteins including those coding for dehydrins widely spread among
plants, genes for enzymes catalyzing biosynthesis of osmolytes and enzymes for
detoxification), while the functional importance of the other group is linked to ABA
signaling (Rock et al. 2010).

However, of special interest are those phytohormones which combine the
properties of growth activators and inductors of unspecific resistance which reveal
a perspective for their practical application in plant growth. And since plant
breeding demands an intensification of not only plant resistance, but in the first
place of productivity, aimed application of regulators of plant growth and develop-
ment capable of increasing both of them are of high priority. It is obvious that not
any PGR may be used, but those which are characterized by a wide spectrum of
their protective action.

Until now, quite a lot of data have been accumulated in favor of effectiveness of
application of phytohormones with the aim of increasing resistance of different
cultivars to water deficit caused by drought, salinity, and cold providing the crop
yield increase (Wu et al. 2007; Horvath et al. 2007; Walia et al. 2007; Argueso et al.
2009; Shakirova et al. 2010a; Krouk et al. 2011). However, effectiveness of appli-
cation of PGRs depends strongly on their acting concentration (the use of exces-
sively high concentrations may cause an opposite result). Effective concentrations
are different with different cultivars, phases of plant development, and means of
treatment. It is important to emphasize that purposeful use of phytohormones for the
control of plant resistance and productivity demands a detailed study of the spectrum
of reactions taking place in response to a treatment with phytohormones both under
normal and stressful conditions for plant growth. Those may be expected to be to a
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great extent due to the effect of exogenous hormones on rearrangement of hormonal
system being effective endogenous system of regulation of cell metabolism.

The present work is dedicated to purposeful revelation of the role of hormonal
intermediates in the control of physiological action of brassinosteroids (BRs),
salicylic acid (SA), and jasmonic acid (JA) on wheat plants under normal
conditions and salinity.

9.2 Brassinosteroids as Inductors of Plant Resistance
to Abiotic Stress Factors

Brassinosteroids as well as other phytohormones are involved in the control of a
wide spectrum of physiological processes developing in the process of plant
ontogenesis, while their belonging to this unique class of steroid phytohormones
was proved by experiments using inhibitors of BRs synthesis as well as by insensi-
tivity to BRs of mutants for their synthesis (Altmann 1999; Kim and Wang 2010;
Li 2010). Moreover, taking into account the diversity of physiological effects of
nmol concentrations of BRs, it is even considered to be the leader among
phytohormones (Khripach et al. 2000). BRs are widely spread in the plant kingdom
from lower to higher plants and include more than 60 compounds discovered in
almost of all plant parts in free forms conjugated with carbohydrates and fatty acids
(Clouse and Sasse 1998; Bajguz and Tretyn 2003). Their strikingly pronounced
growth-promoting effect on plants achieved in extremely low concentrations is
their distinguished property manifested in activation of germination of seeds, cell
division and extension, differentiation of vascular system, formation of root system,
formation of reproductive organs, and participation of BRs in the control of
photomorphogenesis, flowering, and senescence (Clouse and Sasse 1998; Miissig
and Altmann 2003; Yu et al. 2011).

Soon after identification of brassinolide, being the first representative of the new
class of phytohormones brassinosteroids in plants, laboratory and field experiments
revealed not only their growth-stimulating activity but also protective action in
plants of different species experiencing low or high temperature, drought, salinity,
toxic effect of heavy metals, oxidative stress, and attack of pathogens (Khripach
et al. 2000; Kagale et al. 2007; Xia et al. 2009). All these effects lead to increased
productivity of BR-treated plants (Cortes et al. 2003; Ali et al. 2008; Saygideger
and Deniz 2008; Janeczko et al. 2010). Diverse genetic studies allowed identifica-
tion of genes involved in BRs biosynthesis and signaling, as well as the great
spectrum of genes implicated in plant responses to BRs under normal and stress
conditions of growing and interaction of BRs with the signal systems of other
hormones (Xia et al. 2009; Zhang et al. 2009; Kim and Wang 2010; Li 2010; Divi
et al. 2010; Yu et al. 2011). Indeed, hundreds of genes showing sensitivity to BRs
are simultaneously under positive or negative control of auxins, gibberellins,
cytokinins, ethylene, ABA, JA, and SA, indicating the existence of cross-talk of
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BRs with these hormones in the control of plant growth and development under
normal and stress conditions (Arteca and Arteca 2008; Vert et al. 2008; Kurepin
et al. 2008; Gendron et al. 2008; Wang et al. 2009; Zhang et al. 2009; Hansen et al.
2009; Choudhary et al. 2010; Divi et al. 2010; Zhang et al. 2011), which, in turn,
serves as an evidence in favor of the regulation of BRs signaling by different
hormones both under normal and stress conditions.

At the same time, the discussion of the broad spectrum of protective action of
BRs raises a justified question concerning the role of endogenous BRs in the
development of plant stress resistance (Jager et al. 2008; Xia et al. 2009; Divi
et al. 2010) as well as the influence of exogenous BRs on the level of endogenous
BRs (Janeczko and Swaczynova 2010). As mentioned above, the key role in
induction of protective reactions in response to abiotic stress factors is attributed
to endogenous ABA, which concentration is increased sharply under these
conditions (Rock et al. 2010). The data concerning the effect of BRs on ABA
content in plants under normal conditions and its role for realization of protective
effect of BRs on different plant objects are rather contradictory. Thus, there are data
showing BR-induced decline in ABA content (Eun et al. 1989) and, opposite to this,
accumulation of ABA (Zhang et al. 2011) or no significant changes in the level of
this hormone in BR-treated plants (Shakirova et al. 2002; Kurepin et al. 2008;
Choudhary et al. 2010) in plants under normal conditions for plant growth. More-
over, there are data both about a decline in the level of stress-induced accumulation
of ABA in BR-pretreated plants exposed to salinity (Shakirova and Bezrukova
1998; Avalbaev et al. 2010a) and, on the contrary, about an extra increase in ABA
concentration in BR-treated plants under conditions of a short-term heat stress
(Kurepin et al. 2008), hypothermia (Liu et al. 2011), and water stress (Yuan et al.
2010). It is of interest that treatment with different concentrations of
24-epibrassinolide (EBR, a synthetic analogue of brassinolide) resulted not only
in additional accumulation of ABA in plants of Raphanus sativus L. under copper
stress but also in an increase in the level of IAA (Choudhary et al. 2010). Discrep-
ancy in the data concerning the role of endogenous ABA in realization of protective
action of BRs may be due to specificity of responses of different plants species to
BRs (Yuan et al. 2010).

Similar pattern is observed in case of analysis of the role of endogenous BRs in
the development of plant stress resistance. Thus, in drought-stressed pea plants,
manyfold accumulation of ABA was observed, while no significant changes in the
level of endogenous castasterone have been registered, allowing the authors to
conclude that endogenous BRs is not involved in plant responses to water stress
(Jager et al. 2008). At the same time, development of stress resistance in cucumber
plants was reported to correlate positively with the level of endogenous BRs
(Xia et al. 2009). Indirect evidence of the involvement of BRs in the development
of stress resistance may be provided by the data showing that siz/-3 mutant of
Arabidopsis with a reduced expression of genes responsible for BRs biosynthesis
and signaling is characterized by significantly lower drought tolerance (Catala et al.
2007) as well as by the reports on a positive effect of BRs on the basic thermo and
salt tolerance in a defective in ABA synthesis abal-1 mutant of Arabidopsis,
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indicating that in wild-type plants, ABA masks the effects of BRs in the plant stress
responses (Divi et al. 2010).

Thus, further experiments are needed aimed on revealing the role of endogenous
BRs in induction of plant stress resistance, which should open new perspectives in
plant protection based on application of trifling concentrations of BRs in agriculture
and encourage the study of BRs signaling involved in regulation of stress resistance
of cultivated plants.

At the same time, simultaneous analysis of different groups of phytohormones in
plants is of special interest, allowing to get a complex picture of rearrangements in
the state of plant hormonal system in response to the treatment with exogenous
hormones under normal and stress conditions and to reveal endogenous hormonal
intermediates in realization of their biological action.

9.2.1 Role of Endogenous Cytokinins in the Manifestation
of the Physiological Effects of 24-Epibrassinolide
on Wheat Plants

9.2.1.1 Normal Growth Conditions

Two optimal concentrations of 24-epibrassinolide (EBR) (0.4 nM and 400 nM)
stimulating the growth of wheat seedlings have been revealed by us (Shakirova
et al. 2002) (Fig. 9.1).

Immunoassay of quantitative level of different groups of phytohormones in the
same plants allowed revealing that growth-promoting effect of EBR is, first of all,
due to EBR-induced accumulation of cytokinins in plants (Avalbaev et al. 2003)
since no significant changes in IAA or ABA have been observed in EBR-treated
plants (Fig. 9.2). The presence in the literature of rather contradictory data
concerning the effect of synthetic analogues of brassinosteroids on concentration
of cytokinins in different plants (both stimulating and inhibiting) should be
emphasized (Gaudinova et al. 1995; Upreti and Murti 2004; Vlasankova et al.
2009; El-Khallal et al. 2009). Detailed analysis of the content of cytokinins (CKs)
immunoreactive to the antibodies raised against zeatin riboside showed that EBR
treatment resulted in a fast and persistent twofold accumulation of cytokinins, while
withdrawal of EBR from the cultural media led to a gradual return of cytokinins to
the control level (Fig. 9.3a, b). These results indicate the ability of EBR to regulate
metabolism of endogenous CK.

Cytokinin oxidase/dehydrogenase (CKX) being a key enzyme in the CKs decay
is known to contribute significantly to the control of cytokinin concentration
(Galuszka et al. 2004; Avalbaev et al. 2006; Vysotskaya et al. 2010). In connection
with this, we have carried out the experiments estimating the character of EBR
effect on transcription level of the gene for CKX and activity of CKX enzyme in
wheat seedlings. The analysis of transcription activity of CKX gene in wheat plants
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Fig. 9.2 The effect of treatment of 4-day-old seedlings with 400 nM EBR on phytohormone
content. Mean data of three independent replicates and their SEs are presented

treated and untreated with EBR has been carried out using the primers chosen by us
previously (Avalbaev et al. 2004).

The comparative analysis of the transcription level of CKX gene in plants treated
and untreated with EBR showed that EBR caused inhibition of CKX gene expres-
sion, while gradual increase in the level of CKX gene expression was observed after
withdrawal of EBR from the incubation medium (Fig. 9.3c, d), suggesting regula-
tion of CK concentration by EBR at the expense of its effect on CKX enzyme
activity. EBR did cause fast decline in enzyme activity of CKX in roots, while EBR
withdrawal from the incubation medium resulted in fast return of CKX activity to
the control level (Fig. 9.3e, f).

Thus, the sum of the data obtained by us suggests the ability of EBR to influence
the metabolism of CKs and indicates in favor of the important role of endogenous
cytokinins in realization of the physiological effects of EBR on wheat plants.

The broad spectrum of cytokinin effects is known to include regulation of
growth, differentiation of leaves and roots, formation of vascular system, inhibition
of apical dominance, biogenesis of chloroplasts, photomorphogenesis, transpiration,
photosynthesis, nitrogen metabolism, fertility, seed development, and germination as
well as adaptation of plants to stress factors of different nature (Thomas et al. 1992;
Hare et al. 1997; Veselov et al. 2007; Srivastava et al. 2007; Zubo et al. 2008;
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Fig. 9.3 Dynamics of the level of CK content (a, b), CKX gene expression (¢, d), and enzyme
CKX activity (e, f) in 4-day-old wheat seedlings in the course of 400 nM EBR treatment and
immediately after the removal of EBR from the medium of incubation of seedlings. Mean data of
three independent replicates and their SEs are presented

Argueso et al. 2009; Chernyad’ev 2009; Rivero et al. 2009; Kudo et al. 2010).
Diversity of CK physiological effects is coupled to expression of a broad spectrum
of genes sensitive to them (Zubo et al. 2008; Argueso et al. 2009; Xu et al. 2010).

Comparison between functional activity of BRs and CKs discovers a great
similarity in their regulatory action on different physiological processes in the
course of ontogenesis (Hu et al. 2000; Fatkhutdinova et al. 2002; Fu et al. 2008;
Hansen et al. 2009; Avalbaev et al. 2010a, b).
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Fig. 9.4 The effect of treatment of 4-day-old wheat seedlings with 400 nM EBR or 40 nM BAP
for 24 h on (a) the volumes of nucleoli in interphase nuclei and (b) the mitotic index (% of dividing
cells in 3,000 root meristem cells)

Thus, comparative analysis of the effect of EBR and synthetic analogue of
transzeatin 6-benzylaminopurin (BAP) on the size of nucleolar organizing regions
(NOR), being an indicator of transcription activity of rDNA genes, and mitotic
activity of the apical root meristem showed similarity in the level of stimulating
effect of both hormones on these characteristics (Fig. 9.4). This indicates that the
increase in the volume of translation apparatus induced by both of these hormones
correlating with the total activity of protein synthesis contributes significantly to
their growth-promotive action (Shakirova et al. 1982).

Ability of BRs and cytokinins to diminish the damaging effect of water stress on
plant growth and productivity due to induction of different protective reactions
involved in plant resistance is of special interest in connection with possibility of
their application with the purpose of increasing stress resistance and productivity of
different cultivated plants (Thomas et al. 1992; Khripach et al. 2000; Igbal and
Ashraf 2005; Srivastava et al. 2007; Veselov et al. 2007; Kagale et al. 2007,
Shakirova et al. 2010a; Divi et al. 2010).

Since dehydration results in oxidative burst, associated with a sharp increase in
ROS production resulting in imbalance of prooxidants/antioxidants, development
of lipid peroxide oxidation (LPO), disturbance of integrity of membrane structures,
and growth inhibition (Miller et al. 2010; Gill and Tuteja 2010); EBR- and CK-
induced activation of the system of antioxidant defense may be expected to
contribute significantly to their protective effect in stressed plants. There are
actually a lot of data showing active action of exogenous BRs and CKs on the
state of prooxidants/antioxidants systems both under normal and stress conditions
(Zavaleta-Mancera et al. 2007; Zhang et al. 2008; Stoparih and Maksimovih 2008;
Choudhary et al. 2010; Gangwar et al. 2010; Rubio-Wilhelmi et al. 2011). The
study of different plants showed that the treatment with BRs and CKs itself leads to
a reversible accumulation of ROS, which in turn results in activation of expression
of the genes for antioxidant enzymes (in particular of those for superoxide
dismutase (SOD), catalase and ascorbate peroxidase) as well as in an increase in
their activity (Zhang et al. 2008; Xia et al. 2009; El-Khallal et al. 2009).
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Since cytokinins are known to have a protective effect on plants in a broad range
of their concentration (Chernyad’ev 2009), in preliminary experiments, concentra-
tion of BAP was chosen leading (similar to EBR) to twofold accumulation of
endogenous cytokinins immunoreactive to the antibodies raised against zeatin
riboside with the aim of proper comparison of effectiveness of realization of
antistress effects of EBR and BAP on wheat plants. Figure 9.5 shows that incuba-
tion of wheat seedlings, on the medium containing 40 nM BAP, leads to a fast and
stable twofold accumulation of active forms of cytokinins immunoreactive with
corresponding antibodies, while withdrawal of BAP from the incubation medium
results in gradual return of CK concentration to the control level.

In connection with this, we used 400 nM EBR and 40 nM BAP in the study of the
effect of exogenous hormones on different physiological characteristics under
normal and stress conditions. Thus, estimation of ROS content and activity of
antioxidant enzymes in wheat plants in the course of EBR and CK treatment
showed (Fig. 9.6) that incubation of seedling with their roots in the medium
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Fig. 9.5 The level of CK content in 4-day-old wheat seedlings (a) in the course of 40 nM BAP
treatment and (b) immediately after removal of BAP from the medium of incubation of seedlings.
Mean data of three independent replicates and their SEs are presented
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Fig. 9.6 The effects of 400 nM EBR and 40 nM BAP treatments on (a) O,"~ generation and
(b) SOD activity in 4-day-old wheat seedlings. Mean data of three independent replicates and their
SEs are presented
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Fig. 9.7 The effects of treatments of 3-day-old wheat seedlings with 400 nM EBR and 40 nM
BAP for 24 h on (a) MDA content and (b) electrolyte leakage. Mean data of three independent
replicates and their SEs are presented

containing EBR or BAP results in a slight reversible acceleration of O,™ pro-
duction and simultaneous increase in activity of SOD catalyzing O,™ conversion
into H202.

This contributes to preservation of cell membrane structure integrity due to
prevention of the processes of LPO (Gill and Tuteja 2010). The obtained data are
likely to result from perception of hormones by plants as certain chemical agents
causing changes in the state of prooxidant/antioxidant system, which is balanced
in total and does not lead to a damaging effect on the seedlings. This notion is
supported by the absence of the changes in the main product of LPO malo-
ndialdehyde (MDA) and of electrolyte leakage from the tissues of EBR- and
BAP-treated seedlings (Fig. 9.7), as well as by the strictly manifested growth-
stimulating effect of these hormones (Fig. 9.4).

Alongside with this, a slight increase in the level of ROS production may be of
great importance for the action of EBR and BAP on seedlings, preadapting them to
the forthcoming stresses, since ROS are known to act as signal molecules inducing
a cascade of protective reactions in plants (Jaspers and Kangasjarvi 2010; Miller
et al. 2010).

Until now, convincing data have been obtained in favor of proline functioning as
not only osmoprotectant. Proline is also a protein and membrane stabilizer, a metal
chelator and hydroxyl radical scavenger, and also an effective quencher of ROS
formed in plants under stress-induced dehydration (Szabados and Savoure 2009;
Gill and Tuteja 2010). Among ABA-induced proteins, important role belongs to
dehydrins. These proteins are peculiar to all taxonomic groups of the plant king-
dom. Their massive accumulation is observed in plant seed embryos during their
dehydration. However, sharp increase in expression of dehydrin genes and accu-
mulation of their protein products is registered in vegetative plant tissues subjected
to dehydration. Dehydrins are the most abundant among stress proteins induced
under these conditions (Allagulova et al. 2003). Physicochemical properties of
dehydrins are determined by peculiarities of their structure, including the obligatory
presence of 15-amino acid K-segment capable to form the secondary amphiphil
a-spiral. These properties enable involvement of dehydrins in protecting against
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denaturation, preserving integrity of cellular structures, and stabilizing membranes
under conditions of dehydration (Allagulova et al. 2003; Hara 2010). Moreover,
some of dehydrins may be hydroxyl radical and peroxyl radical scavengers and
inhibitors of lipid peroxidation (Hara 2010). Induction of expression of dehydrin
genes and accumulation of their protein products also take place under normal
conditions in ABA-treated plants (Close 1996; Allagulova et al. 2003; Shakirova
et al. 2005). Sensitivity of the genes of dehydrins to ABA and different stress
factors is determined by the presence in their promoters of different combinations
of cis-regulated elements interacting with each other and with various ABA-
induced trans-factors (Shinozaki and Yamaguchi-Shinozaki 2007; Chung and
Parish 2008; Shakirova et al. 2009).

Thus, dehydrin and proline are characterized by their polyfunctionality (Szabados
and Savoure 2009; Hara 2010), and both exogenous and endogenous ABA are
involved in the regulation of their synthesis (Allagulova et al. 2003; Shakirova
et al. 2005; Silva-Ortega et al. 2008). However, since application of BRs and CKs
effectively increases plant resistance to stress factors, causing dehydration, it was of
interest to check if such key osmoprotectants as proline and dehydrin are included
into the spectrum of their antistress action on wheat plants.

We have shown a noticeable reversible enhancement of the expression of
TADHN gene for dehydrin in wheat seedlings treated with EBR and BAP
(Fig. 9.8a, b). At the same time, it is important to emphasize that the treatment
with hormones themselves in the used concentrations did not cause significant
changes in the content of endogenous ABA in wheat seedlings (Fig. 9.8c, d).
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Fig. 9.8 The influence of 400 nM EBR (a, ¢) and 40 nM BAP (b, d) on relative level of dehydrin
TADHN gene expression and ABA content in 4-day-old wheat seedlings. Mean data of three
independent replicates and their SEs are presented
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This data present evidence in favor of and independent from ABA regulation of
expression activity of TADHN gene for wheat dehydrin by exogenous EBR and CK.

This conclusion is also true in regard to the regulation of the content of proline,
which is another key osmoprotectant. Since ABA is known to be involved in the
regulation of proline accumulation in plants (Verslues and Bray 2006), we have
carried out experiments estimating the effect of EBR and BAP on proline accumu-
lation in wheat seedlings pretreated during 24 h with the inhibitor of ABA synthesis
(5 mg/L fluridone) effective in preventing stress-induced accumulation of ABA
(Shakirova et al. 2009).

Figure 9.9 shows that EBR and BAP treatments led to significant increase in the
level of proline in the seedlings. At the same time, pretreatment with fluridone did
not reduce the level of changes in this indicator induced by EBR and BAP in the
applied concentrations.

The sum of obtained results demonstrates similarity in the level and rapidity of
development of different indicators of cell metabolic activity of the seedlings in
response to EBR and BAP, which serves as an argument in favor of possible
involvement of endogenous cytokinins in realization of growth-promoting and
preadaptive effects of EBR on wheat plants and possibility of the fulfillment by
endogenous cytokinins of the role of hormonal intermediate in manifestation of the
physiological effects of EBR on wheat plants.

9.2.1.2 Conditions of NaCl Salinity

Salinity belongs to one of the most important detrimental factors causing dramatic
changes in activity of genes and proteins, disturbance of metabolic homeostasis,
and the course of physiological processes (Jiang et al. 2007; Widodo et al. 2009;
Janz et al. 2010; Cambrolle et al. 2011). All this is reflected in significant inhibition
of growth processes and crop losses (Wu et al. 2007; Munns and Tester 2008).
Alongside with this, participation of BRs and CKs in increasing resistance and
productivity of different cultivars to conditions of sodium chloride salinity has been
demonstrated (Thomas et al. 1992; Khan et al. 2004; Igbal and Ashraf 2005; Veselov
et al. 2007; Srivastava et al. 2007; Avalbaev et al. 2010a, b; Divi et al. 2010;
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Fig. 9.10 The effect of 2% NaCl (7 h) on mitotic index of roots of 4-day-old wheat seedlings
pretreated with 400 nM EBR or 40 nM BAP. Mean data of three independent replicates and their
SEs are presented

Ghanem et al. 2011). Comparative analysis of the effect of pretreatment of
seedlings with EBR and BAP on different indicators of cell metabolic activity
under conditions of salt stress has been carried out with the aim of getting an answer
to the question whether endogenous cytokinins are involved in realization of
protective action of EBR on plants.

Pretreatment with EBR and BAP for 24 h did not prevent the damaging effect of
2% NaCl on plant growth as was evident from the results of the measurement of
mitotic activity of root apical meristem, but significantly reduced its degree
manifested in maintaining mitotic index (MI) at least on the control level in roots
of EBR- and BAP-treated plants (Fig. 9.10). It is of interest that EBR and BAP
exerted protective influence on this growth indicator to the similar degree. The
protective effect of EBR is manifested in significantly lower stress-induced shifts in
hormonal balance in wheat seedlings.

Actually, dramatic changes in hormonal system associated with accumulation of
ABA and gradual decline in the level of auxins and cytokinins may be attributed to
the typical plant responses to salinity (Shakirova et al. 2003, 2010a; Davies et al.
2005; Albacete et al. 2008; El-Khallal et al. 2009; Avalbaev et al. 2010a, b). At the
same time, plants pretreated with EBR are characterized by significantly smaller
stress-induced changes in concentration of ABA and IAA and maintenance of
cytokinins at the control level (Fig. 9.11).

Attention should be focused on significant increase in cytokinin content in EBR-
pretreated seedlings registered during first 2 h of 2% NaCl action being the
consequence of the increase in cytokinin level in the course of pretreatment of
plants with EBR (Fig. 9.3a). At the same time, the prevention of the drop
of cytokinins during the subsequent salinity action is linked to the inhibition of
transcription activity of the CKX gene in EBR-pretreated seedlings under stress
(Fig. 9.11d). Thus, under salinity, EBR-pretreated plants are characterized by
decreased level of CKX gene expression, which in turn is reflected in maintaining
CK concentration at the level close to the control and preventing the inhibitory
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Fig. 9.11 The effect of pretreatment with 400 nM EBR on (a) ABA, (b) IAA, (¢) CK content, and
(d) level of CKX gene expression in wheat seedlings under salinity. Mean data of three indepen-
dent replicates and their SEs are presented

action of salinity on these growth indicators (Fig. 9.10). Actually, there are a lot of
literature data showing that the decline in the level of CKX gene expression and in
the level of activity of this enzyme participating in the degradation of free cytokinin
forms correlates directly with the increased CK content and plant productivity
(Ashikari et al. 2005; Zalewski et al. 2010).

Since EBR and BAP treatment itself exerted small balanced reversible increase
in ROS production and activity of SOD and peroxidase in wheat seedlings, it was of
interest to compare the dynamics of ROS and activity of antioxidant enzymes in
EBR- and BAP-pretreated plants exposed to salinity. The results are presented in
Fig. 9.12.

Already within 3 h, salinity resulted in twofold increase in superoxide radical
production and subsequent increase in SOD and then in peroxidase activity in the
seedlings, being a typical plant stress response (Miller et al. 2010). However, in
plants untreated with the hormones, there was an imbalance between ROS and
activity of the antioxidant enzymes manifested in preferential ROS accumulation.
This exerted an evident damaging effect on plants evident from the decline in
mitotic activity of root apical meristem (Fig. 9.9) as well as from the fast (already
within 3 h) increase in the level of peroxide oxidation of lipids and electrolyte
leakage from the tissues (Fig. 9.13).
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Fig. 9.13 The effects of pretreatments of 3-day-old wheat seedlings with 400 nM EBR and 40 nM
BAP for 24 h on (a) MDA content and (b) electrolyte leakage under 3-h-NaCl salinity. Mean data
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At the same time, EBR- and BAP-pretreated seedlings were characterized by
significantly lower level of stress-induced accumulation of ROS and smaller acti-
vation of SOD and peroxidase (Fig. 9.12) and, correspondingly, by the lower level
of the damaging effect of salinity on integrity of membrane structures (Fig. 9.13).
These data serve as evidence in favor of the notion that EBR and BAP pretreatment
under normal conditions results in slight increase in production of nontoxic levels
of ROS, inducing components of antioxidant protection in a balanced way, which in
turn contributes to preventing the development of toxic NaCl-induced oxidative
burst, so that EBR- and BAP-pretreated seedlings were characterized under salinity
by about 50% lower level of ROS accumulation and correspondingly lower activity
of SOD and peroxidase. Thus, EBR and BAP were likely to prepare plants to the
possible forthcoming stresses by inducing the network of protective reactions those
involving ROS signal molecules being one of them.

More than twofold accumulation of proline is observed in response to salinity
(Fig. 9.14), which contributes significantly to the development of plant resistance to
the stress factor and, as mentioned above, is involved in cell protection against
stress-induced oxidative burst (Szabados and Savoure 2009). About 50% reduction
of proline accumulation was also observed in EBR- and BAP-pretreated plants
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Fig.9.14 The effects of pretreatments of 3-day-old wheat seedlings with 400 nM EBR and 40 nM
BAP for 24 h on proline accumulation in plants during 3-h-NaCl salinity. Mean data of three
independent replicates and their SEs are presented

exposed to salinity. These results may be considered as an indicator of the smaller
degree of the damaging effect of salinity in plants pretreated with the hormones.

While discussing the results obtained by us, it is necessary to mention the
literature data showing that under stress conditions, plants treated with BRs and
CKs are characterized by lowered level of stress-induced accumulation of ROS as
compared to untreated plants, which is, however, accompanied by additional
activation of the antioxidant system possibly due to the increased level of ABA
induced by these hormones (Zhang et al. 2008; Yuan et al. 2010; Gangwar et al.
2010; Liu et al. 2011). The discrepancy between our data and literature data may be
due to the difference in the plant objects, duration of hormonal treatment (in some
experiments plants were exposed to hormones and stress factors simultaneously),
the use of different concentrations, which were lower in our experiments, and other
reasons.

The sum of the data obtained by us demonstrates similar level of protective
effect of both EBR and BAP pretreatments on wheat plants manifested in the
decline in the amplitude of stress-induced rearrangements of the state on hor-
monal and pro-/antioxidant systems as well as in the level of stress-induced
accumulation of proline. In our opinion, this is the consequence of a preadaptive
effect of hormones causing a slight increase in ROS production in the course of
their pretreatment and exerting no negative effect on plants as evident from the
strict growth-promoting effect of EBR and BAP on plants, although contributing
to activation of antioxidant system of protection as well as to development at
the slight activation of the system of osmoprotection (accumulation of proline,
TADHN dehydrin).

Taking into account the prevention of stress-induced drop of cytokinins in
wheat seedling pretreated with EBR, linked to the decline in the level of activa-
tion of the expression of the gene for CKX as a key enzyme of CK degradation, it
may be concluded that endogenous cytokinins may be considered as hormonal



9 Hormonal Intermediates in the Protective Action 203

intermediates playing an important role in realization of the physiological effect of
EBR in wheat plants manifested in stimulation of growth processes under normal
conditions as well as in a clearly pronounced antistress effect of EBR pretreatment
on the wheat plants under salinity. This is evident from the data showing a similar
effect of EBR and BAP on wheat seedlings both under normal and stress conditions,
when the chosen 0.04 uM BAP concentration exerted the same as EBR twofold
accumulation of endogenous cytokinins on the background of the absence of any
changes in ABA content.

9.3 Salicylic Acid as Inductor of Unspecific Plant Resistance

Salicylic acid (SA) being an endogenous regulator of growth and development of
phenolic nature draws a lot of attention due to its practical importance for increas-
ing plant resistance and productivity. The great attention to SA was initiated by
discovery of its key role in induction of systemic acquired resistance (SAR), on the
basis of which is the expression of SA-sensitive genes for PR (pathogenesis-related)
proteins (Metraux 2002; Vlot et al. 2009). The knowledge about SA signaling is still
limited, which is due to the absence of information about its receptors, although a
range of SA-binding proteins have been discovered in tobacco: SABP2, having the
greatest affinity to SA, chloroplast carboanhydrase, as well as catalase and cyto-
plasmic ascorbate peroxidase—which indicates the important role of H,O, in the
development of SA-induced SAR (Vlot et al. 2009). Information about other
components particularly necessary for development of SAR is available due to
the use of a set of mutants and transgenic plants (Bari and Jones 2009; Zhang et al.
2010; An and Mou 2011). Transduction of SA signal demands the presence of a
regulatory protein NPR1 (nonexpressor of PR genesl) which contains an ankyrin-
repeat motif and a BTB/POZ domain, enabling protein—protein interactions (Vlot
et al. 2009). Interaction of nuclear localized NPR1 with the trans-factors of TGA
family resulted in activation of PR proteins sensitive to SA. The promoter region of
the NPRI gene also contains W-box sequences, which are binding sites of WRKY
family protein, suggesting that WRKY transcription factor plays an important role
in mediating signaling between SA and NPR1 (Koornneef and Pieterse 2008; An
and Mou 2011). PRI is the best-studied gene containing in its promoter as-/ motive
necessary for binding of TGA factors of transcription and gene expression and
serving as a marker of SAR (Vlot et al. 2009).

Alongside with this, SA participates in the regulation of different physiological
processes in the course of plant ontogenesis under normal conditions of growth (Raskin
1992; Shakirova 2001). Moreover, by now, convincing experimental evidences of the
participation of exogenous and endogenous SA in the regulation of plant resistance to
different abiotic stress factors (drought, salinity, hypo- and hyperthermia, action of
heavy metals, ozone, UV radiation) have been obtained (Shakirova and Bezrukova
1997; Shakirova et al. 2003; Yang et al. 2004; Liu et al. 2006; Horvath et al. 2007;
Shakirova 2007; Gemes et al. 2011; Nazar et al. 2011; Syeed et al. 2011).
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Thus, SA fulfills an important role in the regulation of unspecific plant resistance
due to induction under its influence of a broad spectrum of protective reactions,
which allows to consider this growth regulator as a plant stress hormone (Shakirova
2001, 2007).

9.3.1 The Role of Endogenous ABA in the Regulation
of Preadaptive Effect of Salicylic Acid on Wheat Plants
to Dehydration Conditions

Previously, it was shown by us that SA treatment causes in wheat plants fast shift in
the state of hormonal system, associated with parallel reversible accumulation of
ABA and TAA on the background of the absence of changes in CK level. This
allowed us to suggest that endogenous ABA may serve as a hormonal intermediate
in the realization of SA-induced preadaptation of plant to the forthcoming stress
(Shakirova et al. 2003; Shakirova 2007). To test this possibility, we have carried out
experiments when wheat plants were treated with the inhibitor of ABA synthesis
fluridone with subsequent SA treatment and measurement of different indicators of
cell metabolic activities.

Figure 9.15 shows that pretreatment with fluridone in selected concentration
completely prevented SA-induced accumulation of ABA in wheat seedlings. Con-
sequently, ABA accumulated in SA-treated plants was newborn, indicating partici-
pation of SA in the control of de novo ABA synthesis in wheat plants. In connection
with this, it was important to estimate the importance of SA-induced accumulation
of ABA in the regulation of protective reactions of wheat seedlings developing in
plants in response to SA treatment.
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Fig. 9.15 The effect of 0.05 mM SA on ABA content in 4-day-old wheat seedlings pretreated or
not treated with 5 mg/L fluridone for 24 h. Mean data of three independent replicates and their SEs
are presented
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Enhancement of the expression of PR-/ gene may be attributed to the most
typical responses to SA treatment, which may be a marker of SA-induced SAR
(Metraux 2002). Alongside with this, by now, there appeared a lot of information
about involvement of PR-proteins, PR-1 being among them, in diversity of devel-
opmental processes, plant responses to different abiotic stress factors and about
sensitivity of different genes coding for PR-proteins not only to infection, treatment
with SA, JA, and ethylene being indicators of systemic resistance but with ABA as
well as BRs and cytokinins (Liu and Ekramoddoullah 2006; Seo et al. 2008;
Lee et al. 2008).

Figure 9.16 shows that the treatment of wheat seedling with SA results in
reversible enhancement of expression of PR-/ gene with a maximum at 9 h.
Since SA causes fast accumulation of ABA in the seedlings preceding activation
of PR-1 gene, it could be expected that this gene is sensible to ABA treatment too.
Actually, ABA leads to fast (with the maximum at 3 h) enhancement of PR-/ gene
transcription (Fig. 9.16), which may serve as an indirect evidence in favor of the
involvement of ABA in the regulation of protective reactions induced in response to
SA and contributing to possible stresses of different nature.

Deposition of lignin and suberin in the root cell walls resulting in strengthening
of their barrier functions is known to contribute significantly to the development of
plant resistance to the stress factors leading to dehydration (Boudet et al. 1995;
Moura et al. 2010). Biosynthesis of those biopolymers is realized with the help of
H,0O, as well as enzymes phenylalanine ammonia-lyase (PAL) and anion peroxi-
dase, ABA, and SA being involved in the control of expression of their genes and
enzyme activity (Thulke and Conrath 1998; Hiraga et al. 2001; Fernandes et al.
2006; Moura et al. 2010). In connection with this, it was of interest to compare the
effect of SA on dynamics of H,O,, activity of PAL and peroxidase, as well as that of
lignin deposition in the cell walls of the basal part of roots of wheat seedlings, and
to estimate the role of ABA in the control of these processes.
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Fig. 9.16 The effect of treatment with 0.05 mM SA and 4 pM ABA on the level of PR-1 gene
expression in 4-day-old wheat seedlings. Mean data of three independent replicates and their SEs
are presented
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Fig. 9.17 The effect of 0.05 mM SA on (a) H,O, production and (b) peroxidase activity in 4-day-
old wheat seedlings pretreated or not treated with 5 mg/L fluridone for 24 h. Mean data of three
independent replicates and their SEs are presented

The treatment with SA itself has been discovered by us earlier to result not only
in the transitory accumulation of ABA but also in the enhancement of O,"~ and
H,0O, in wheat seedlings, accompanied by activation of SOD and peroxidase, which
was beneficial for plants as judged from the growth-promoting effect of 0.05 mM
SA (Fatkhutdinova et al. 2004; Shakirova 2007). In connection with this, it was
important to carry out further a detailed analysis of the effect of SA on H,O,
concentration and activity of peroxidase in the seedlings untreated and pretreated
with fluridone for 24 h under normal conditions for plant growth.

Figure 9.17 shows that pretreatment of wheat seedlings with fluridone, which
prevented SA-induced accumulation of ABA, completely inhibited the enhance-
ment of H,O, production and peroxidase activation exerted by SA alone. These
results demonstrate that the balanced increase in the generation of H,O, and
activation of peroxidase observed in plants in response to SA treatment is mediated
by SA-induced synthesis of ABA. The obtained data indicate the key role of ABA
in regulation of H,O, production and confirm the data showing that under different
external influences leading to ABA accumulation, pretreatment of plants with
inhibitors of ABA synthesis inhibits both H,O, production and activation of
antioxidant enzymes (Jiang and Zhang 2002; Ye et al. 2011).

Similar pattern have been also revealed in the course of analyzing the dynamics
of PAL enzyme activity presented on Fig. 9.18. It shows that the SA treatment itself
exerted a significant increase in PAL activity in the seedlings, while fluridone
pretreatment completely prevented SA-induced activation of PAL. These results
also indicate that under normal conditions, activation of PAL in plants in response
to SA treatment is due to SA-induced production of ABA de novo.

We further carried out the analysis of dynamics of lignin deposition in the
central cylinder of the basal part of the control and treated wheat plants (Table 9.1).
It shows that treatment of seedlings with SA for 24 h contributes to acceleration of
lignification in the cell walls of root xylem vessels as compared to the control:
staining of cell walls with phloroglucinol was clearly revealed in the roots of 5-day-
old seedlings, while in 6-day-old seedlings, it was additionally enhanced. At the
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Fig. 9.18 The effect of 0.05 mM SA on PAL activity in 4-day-old wheat seedlings pretreated or
not treated with 5 mg/L fluridone for 24 h. Mean data of three independent replicates and their SEs
are presented

Table 9.1 Qualitative assay of specific lignin staining with phloroglucinol in the basal part of
roots of wheat seedlings pretreated with SA during 24 h in the presence or absence of fluridone
(5th day) and then 24 h after exposure of seedlings on 4 pM ABA (6th day)

Variant 5th day 6th day
Control — +

SA + ++

FL + SA - —

FL + SA + ABA ++

@

indicates absence of staining; number of “+” reflects the extent of staining intensity

same time, in the control variant lignin deposition in the cell walls was discovered
later on, starting from the 6th day (Table 9.1).

Alongside with this, pretreatment of 3-day-old seedlings with fluridone for 24 h
inhibited deposition of lignin in cell wall of roots not only in 5-day-old but also in
6-day-old seedlings (Table 9.1). Consequently, pretreatment with fluridone
preventing SA-induced accumulation of endogenous ABA inhibited the enhance-
ment of H,O, production and activation of PAL and peroxidase being the key
enzymes in lignin biosynthesis and, as a consequence, inhibited lignin deposition
in the cell walls of the root central cylinder. The obtained results convincingly
indicate the regulatory role of endogenous ABA in acceleration of lignin deposition
in the cell walls of roots of SA-treated seedlings as also evident from the data
showing a complete recovery of this process during the subsequent action of
exogenous ABA for 24 h on fluridone- and SA-pretreated seedlings (Table 9.1).

The sum of obtained data indicates the important role of SA-induced synthesis of
ABA de novo in the regulation of SA-induced activation of the key components of
lignin biosynthesis significantly contributing to the strengthening of barrier
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properties of root cell walls and preadaptation of plants to possible forthcoming
action of environmental stress factors.

9.3.2 The Role of Endogenous ABA in SA-Induced Activation
of Protective Reactions in Salinity Stressed Plants

At the beginning of experiments, it was important to compare the effects of treating
the plants with SA and a mixture of SA and fluridone on ABA content in the
seedlings exposed to salinity stress. Figure 9.19 shows that salinity led to significant
accumulation of ABA in untreated wheat seedlings, which is not surprising since
this response is a typical stress reaction (Shakirova 2001). SA-pretreated seedlings
were characterized by significantly lower level of salt-induced accumulation of
ABA, which may be an indicator of lower degree of the damaging stress effect in
these plants due to preadaptive action of SA in the course of pretreatment. At the
same time, a pretreatment of seedlings initially with fluridone and then with a
mixture of fluridone and SA during 24 h completely prevented the salt-induced
increase in the level of ABA (Fig. 9.19a).

This suggests inhibition of ABA-mediated protective reactions and consequent
prevention of protective action of SA on plants under salinity. Actually, pretreatment
of SA significantly decreased the degree of the negative stress effect of the seedlings,
while the treatment with the mixture of SA with fluridone prevented the protective
action of SA on growth (Fig. 9.19b), indicating the important role of endogenous
ABA in realization of SA protective action in stressed plants.

Salinity induces a fast increase initially in activity of SOD followed by peroxi-
dase in wheat seedlings (Fig. 9.20), which is a typical plant response to stress-
induced enhancement of ROS production (Jaspers and Kangasjarvi 2010). Stressed
plants pretreated with SA are characterized by a significantly lower activity of
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Fig. 9.19 The effect of pretreatment of 3-day-old seedlings initially with 5 mg/L fluridone alone
during 3 h and then mix FL with 0.05 mM SA for 24 h on (a) ABA content in 4-day-old wheat
plants under salinity and (b) mitotic index (%) of root meristem cells after 7 h exposure on 2%
NaCl. Mean data of three independent replicates and their SEs are presented
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Fig. 9.20 The effect of pretreatment of 3-day-old seedlings initially with 5 mg/L fluridone alone
during 3 h and then with the mixture of FL with 0.05 mM SA for 24 h on activity of (a) SOD and
(b) peroxidase in 4-day-old wheat plants under salinity. Mean data of three independent replicates
and their SEs are presented
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Fig. 9.21 The effect of pretreatment of 3-day-old seedlings initially with 5 mg/L fluridone alone
during 3 h and then with the mixture of FL with 0.05 mM SA for 24 h on (a) MDA content and
(b) electrolyte leakage in wheat plants after 24-h salinity. Mean data of three independent
replicates and their SEs are presented

antioxidant enzymes as compared to untreated plants (Fig. 9.20), which is likely to
be due to the lower production of ROS in the plants (Shakirova 2007). This is
associated with the fact that SA treatment itself (before stress) causes a balanced
increase in production of ROS and activity of antioxidant enzymes (Fig. 9.17),
sufficient for the strengthening of barrier properties of cell walls and enabling
effective neutralization of salt-induced oxidative burst (Shakirova 2007).

This notion is supported by 50% decline in the level of MDA in comparison with
untreated plants under salt stress (Fig. 9.21a) and reduction of electrolyte leakage
from the tissues (Fig. 9.21b). At the same time, treatment with SA in the mixture
with the inhibitor of ABA synthesis fluridone led to significant inhibition of stress-
induced activation of SOD and peroxidase in the seedlings in comparison to those
untreated with SA (Fig. 9.20). This was reflected in that in the variant of treatment
with the mixture of fluridone and SA, plants were characterized by the same level of
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Table 9.2 Qualitative assay of specific lignin staining with phloroglucinol in the basal part of
roots of 5-day-old wheat seedlings pretreated with 0.05 mM SA during 24 h in the presence or
absence of 5 mg/L fluridone and then 24 h after exposure of seedlings on 2% NaCl

Variant 5th day
Control _

2% NaCl +

SA + 2% NaCl ++

FL + SA + 2% NaCl —/+

“—” indicates absence of staining; “—/+” indicates very weak staining; number of “+” reflects the
extent of staining intensity, with “++” being very strong staining

MDA accumulation and electrolyte leakage as in the salt-stressed plants untreated
with SA (Fig. 9.21).

The obtained data illustrate the importance of ABA in realization of preadaptive
effect of SA on wheat plants manifested in maintaining enzyme activity of SOD and
peroxidase in SA-pretreated salt-stressed plants at the level sufficient for their
protective effect and in significant decline in the level of the damaging effect of
salinity on the integrity of cell membranes and their permeability in SA-pretreated
plants under NaCl salinity.

At additional argument in favor of involvement of ABA in the regulation of SA-
induced protective reactions aimed on the decline in the damaging effect of salinity
on wheat plants is in the data showing significant decline in lignin accumulation in
the cell walls of the basal part of seedling roots pretreated with the mixture of
fluridone with SA (Table 9.2). This is likely to be due to prevention by fluridone of
the SA-induced production of H,O, and activation of the key enzymes of lignin
biosynthesis (PAL and peroxidase) being under the control of ABA (Moura et al.
2010).

The sum of data serves as the evidence in favor of fulfillment by ABA of the role
of hormonal intermediate in triggering SA-induced net of protective reactions
contributing to the development of SA-induced resistance to abiotic stress factors.

At the same time, the analyzed data concerning combination in SA of the
properties of induction of SAR and resistance to a broad range of abiotic stress
factors draw attention to the fact that another growth regulator jasmonic acid (JA)
and its active metabolites joined in general group of jasmonates, which similar to
SA is now attributed to the class of stress hormones, also play a key role in
triggering induced systemic resistance (ISR) to different causative agents of plants
diseases and are able to increase resistance to different abiotic stresses.

9.4 Importance of Endogenous Cytokinins in Manifestation
of Physiological Effects of Jasmonates on Wheat Plants

Jasmonic acid (JA) and its active derivatives are joined into the group of endoge-
nous regulators of growth and development participating in regulation of integral
physiological processes like seed germination, root growth, formation of generative
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organs, flowering, transport of assimilated, nutrient storage, tuber formation, fruit
ripening, and senescence (Creelman and Mullet 1995; Wasternack 2007; Balbi and
Devoto 2008; Sun et al. 2009; Shimizu et al. 2011). However, special attention to
jasmonates was initiated by discovery of their key role in cooperation with ethylene
in triggering ISR in response to wounding, affection with pests, necrotroph
pathogens, associated with expression of PR-genes, and other protective proteins
(Wasternack 2007; Van der Ent et al. 2009; Bari and Jones 2009; Fujimoto et al.
2011; Ballare 2011). Alongside with this, information about the increase in biosyn-
thesis of jasmonates in different cultivars under conditions of drought, salinity,
extreme temperatures, heavy metals, ozone, UV radiance as well as about the
decline in the damaging effect of these stresses on plants exerted by exogenous
jasmonates serves as the evidence of the involvement of jasmonates in the control
of different protective reactions laying on the basis of development of plant
resistance to different adverse abiotic factors (Bandurska et al. 2003; Kang et al.
2005; Walia et al. 2007; Tamaoki et al. 2008; Battal et al. 2008; Clarke et al. 2009;
Shakirova et al. 2010b; Shan and Liang 2010). Thus, the revealed diversity of
regulatory action of jasmonates in plants allowed attributing them to the main
classes of plant hormones (Goda et al. 2008; Katsir et al. 2008; Browse 2009).

Discovery of the functional importance of jasmonates was to a great extent due
to obtaining of Arabidopsis coronatine-insensitive 1 (coil) mutant. Coil locus
codes for F-box protein, being the subunit of SCF ubiquitin ligase E3 complex, in
the presence of hormone SCF“°" binds to JAZ (jasmonate ZIM-domain) proteins
of fast response to JA, being repressors of JA signaling, which leads to the
degradation of JAZ proteins with the help of 26S proteasomes and switching on
the expression of JA-sensitive genes (Katsir et al. 2008; Browse 2009; Ballare
2011). In the absence of JA, JAZ proteins interact with MYC2 and other JA-
regulated trans-factors and suppress the response genes to jasmonates (Katsir
et al. 2008; Browse 2009; Galis et al. 2009). By now, a lot of data have been
obtained showing that diversity of physiological effects of jasmonates is due to their
effect on expression state of hundreds of genes (Wasternack 2007; Walia et al.
2007; Ziosi et al. 2008; Goda et al. 2008; Browse 2009; Pauwels et al. 2009; Chen
et al. 2011), many of which are also under the control of other hormones (Fujita
et al. 2004; Goda et al. 2008; Peng et al. 2009), indicating the integration of
jasmonates into the whole hormonal system regulating metabolism of plant organ-
ism in the course of ontogenesis under normal and stress conditions in interaction
with Ca%*, ROS and NO signaling (Sasaki-Sekimoto et al. 2005; Hung et al. 2006;
Tuteja and Sopory 2008; Pauwels et al. 2009; Clarke et al. 2009; Sun et al. 2009;
Yang et al. 2011; Peng et al. 2011).

In the literature, there is information about effectiveness of application of
jasmonates on different cultivated plants with the aim of increasing their resistance
to abiotic stress factors. Thus, recently, some data have been obtained showing that
JA pretreatment contributes to an increase in resistance of barley to sodium chloride
salinity (Walia et al. 2007). This is evident from the data showing a decline in
accumulation of sodium ions in the shoot tissues and significant amelioration of
indicators of photosynthesis as compared to untreated with growth regulators
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stressed plants, which is likely to be due the increase in expression of genes
involved in adaptation of plants to salt stress in plants pretreated with JA (Walia
et al. 2007). At the same time, it is necessary to mention that barley is characterized
by elevated salt tolerance among other cultivated plants (Munns and Tester 2008).
By the beginning of our experiments, we knew nothing about protective action of
jasmonates and active natural JA derivative methyl jasmonate (Me-JA), in particu-
lar, on wheat plants under sodium chloride salinity.

Initially, it was necessary to chose acting concentration of Me-JA efficient for
wheat seedlings. Beforehand, experiments were carried out with presowing treat-
ment of seeds during 3 h with Me-JA in the range of 0.001-1,000 nM. Analysis
of the linear size, raw, and dry mass of seedlings revealed two most effective
concentrations of Me-JA (0.001 and 100 nM) (Shakirova et al. 2010b), which
were chosen for further experiments with the treatment of seedlings. The experi-
ments showed the advantage of the use of pretreatment of wheat seedlings with
100 nM methyl jasmonate, and this concentration was applied in further testing
(Fig. 9.22).

Further, it was of interest to study the character of the changes in hormonal
balance of wheat seedlings in the course of Me-JA treatment. This analysis was
needed since we had no data about the effect of jasmonates on the content of the
main classes of hormones in the same wheat plants. The experiments showed that
incubation of seedlings on the medium with Me-JA led to a fast, about twofold,
transitory accumulation of cytokinins (Fig. 9.23c) without significant changes in the
content of ABA and IAA (Fig. 9.23a, b).

It is necessary to emphasize the literature data showing that the diversity of
regulatory action of jasmonates is due to their positive and negative interaction with
other phytohormones, such as ethylene and SA (Tamaoki et al. 2008; Bari and Jones
2009; Clarke et al. 2009; Yang et al. 2011), ABA (Hays et al. 1999; Si et al. 2009),
auxins (Wong et al. 2009; Sun et al. 2009), gibberellins (Traw and Bergelson 2003),
brassinosteroids (Campos et al. 2009), and cytokinins (Ananieva et al. 2004);
however, information about the effect of jasmonates on the content of hormones
from different classes obtained in the same experiment is rather limited (Bandurska
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Fig. 9.22 The effect of treatment of 3-day-old seedlings with 0.001 or 100 nM Me-JA during 24 h
on (a) seedling dry weight and (b) mitotic index of roots of 4-day-old seedlings. Mean data of three
independent replicates and their SEs are presented
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Fig. 9.23 The effect of 100 nM Me-JA treatment on phytohormone content in 4-day-old wheat
seedlings. Mean data of three independent replicates and their SEs are presented

et al. 2003; Kang et al. 2005; Battal et al. 2008; Sun et al. 2009; Shakirova et al.
2010a; Yang et al. 2011). The data concerning changes in the content of different
forms of cytokinins in response to JA treatment are rather contradictory (Dermastia
et al. 1994; Ananieva et al. 2004; Battal et al. 2008; Shakirova et al. 2010b), which
may be due to the use of different model objects and application of rather broad
range of jasmonates concentrations. Thus, recently, there appeared data showing a
dose-dependent increase in concentration of cytokinins in maize plants pretreated
with JA and exposed to the action of hypothermia (Battal et al. 2008). The data
obtained by us allow to suggest an important role of cytokinins not only in the
growth-promoting action of Me-JA on wheat plant but also in preadaptation of
plants to possible forthcoming stresses, since cytokinins are known to be implicated
in the control of a broad spectrum of metabolic processes under normal conditions,
some of which contribute significantly to plant stress adaptation (Hare et al. 1997;
Veselov et al. 2007; Chernyad’ev 2009).



214 F.M. Shakirova et al.

9.4.1 Effect of Me-JA on Wheat Resistance to Sodium Chloride
Salinity

Application in the practice of plant breeding of different ways of plant treatment
with growth regulators has been discussed above. Testing their effect on seed
germination is used for the analysis of the effectiveness of the application of growth
regulators for protection of plants against adverse environmental factors. We have
studied the effect on germination of wheat seeds of their presowing treatment with
the solution of 100 nM Me-JA during 3 h. Figure 9.24 shows that presowing
treatment of seeds with Me-JA did not prevent but significantly reduced the extent
of the negative effect of sodium chloride on germination capacity of seeds,
estimated 36 h after the start of germination and on accumulation of seedling
mass registered after 3 days of incubation on 2% NaCl. This indicates protective
effect of Me-JA on wheat resulting from presowing treatment.

Alongside with the soaking of seeds, the treatment of vegetative plants is also
frequently applied. Thus, it was important to find out further if 100 nM Me-JA
exerts a protective effect on wheat plants during pretreatment for 24 h before stress.
In connection with the fact that roots are the immediate target exposed to salty
environment, we used the analysis of mitotic activity of root apical meristem as an
indicator of the effect of Me-JA pretreatment on wheat resistance to the given
stress.

Figure 9.25 showed that seedlings pretreated with Me-JA during 24 h were
characterized by increased root MI (in comparison with the control variant),
being an indicator of growth promoting effect of 100 nM Me-JA on wheat plants.
The action of 2% NaCl during 7 h led to a noticeable decline in MI of cells of root
tips of plants both treated and untreated with Me-JA. However, it is important to
emphasize that pretreatment with Me-JA contributed to maintaining root MI of the
seedlings at the control level during the poststress period (Fig. 9.25). The results
demonstrate protective effect of Me-JA pretreatment on wheat plants under salinity.
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Fig. 9.24 The effect of presowing seed treatment with 100 nM Me-JA for 3 h on (a) seed
germination (after 36 h) and (b) dry weight of seedlings (after 3 days) under salinity. Mean data
of three independent replicates and their SEs are presented
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Fig. 9.25 The effect of 24-h pretreatment of 3-day-old wheat seedlings with 100 nM Me-JA on
mitotic index of root meristem cells before and after 24 h of 7-h treatment with 2% NaCl. Mean
data of three independent replicates and their SEs are presented

The key role is attributed to hormonal system in the regulation of whole network
of protective reactions laying on the basis of the development of plant resistance to
stress environmental factors (Shakirova 2001). Effectiveness of development of
stress adaptation is mostly determined by the character of changes in concentration
of phytohormones in relation to each other, interacting in united regulatory system,
as well as by the ability of each hormone to influence the level of other endogenous
hormones (Reski 2006).

Analysis of hormonal status of wheat seedlings exposed to salinity showed
(Fig. 9.26) that Me-JA pretreatment exerts in total a stabilizing effect on the
phytohormonal balance associated with the decline in the amplitude of stress-
induced accumulation of ABA and in the extent of decline in IAA, as well as in
prevention of salt-induced drop of cytokinin content.

The obtained results allow to suggest that maintaining cytokinin concentration in
Me-JA-pretreated stressed plants at the control level is an important regulatory
component of the realization of protective action of Me-JA on wheat, since
cytokinins used in different ways (including presowing of seeds) also contribute
to the increase in resistance of plants to stresses caused by disturbance of water
relations (Chernyad’ev 2009).

Since salinity causes a sharp enhancement of ROS generation (Munns and Tester
2008), leading to destructive consequences manifested in the damage of the integ-
rity of membrane cell structures and their permeability, it is important to emphasize
the ability of jasmonates to increase activity of catalase, cell-wall peroxidase,
ascorbate peroxidase, NADH peroxidase as well as to increase the content of
ascorbate and glutathione in plant tissues (Sasaki-Sekimoto et al. 2005; Maksymiec
and Krupa 2006; Xue et al. 2008; Piotrowska et al. 2009; Shan and Liang 2010).
This allows suggesting that in the course of pretreatment (prior to stress) Me-JA
contributes to the development of an efficient system of antioxidant defense,
enabling neutralization of ROS production, which, in turn, should be reflected in
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Fig.9.26 The influence of salinity on hormonal status in 4-day-old wheat seedlings untreated and
pretreated for 24 h with 100 nM Me-JA. Mean data of three independent replicates and their SEs
are presented

weakening the development of salt-induced oxidative burst and reducing the degree
of the damaging effect of salinity on cell membrane structures.

Actually, Me-JA-pretreated wheat seedlings exposed to salinity are char-
acterized by the lower level of peroxide lipid oxidation (Fig. 9.27a) and reduced
indicators of electrolyte leakage (Fig. 9.27b). The obtained results are in agreement
with literature data showing the decline in the level of damaging effect of water
deficit on the cell membrane integrity in plants pretreated with JA (Bandurska et al.
2003; Shan and Liang 2010). At the same time, the treatment with Me-JA itself
exerted only slight changes in the level of these indicators which serve as an
evidence of a quite beneficial effect of Me-JA used in this concentration (Fig. 9.27).
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Fig. 9.27 The effect of pretreatment of 3-day-old seedlings with 100 nM Me-JA on (a) MDA
content and (b) electrolyte leakage in wheat plants after 24 h salinity. Mean data of three
independent replicates and their SEs are presented

Table 9.3 Qualitative assay

T e Variant 5th day

of lignin accumulation in

the basal part of roots of Control -
5-day-old wheat seedlings 100 nM Me-JA +
pretreated and untreated with 40 nM BAP +
Me-JA or BAP for 24 hand 2% NaCl +

after exposure to 2% NaCl 100 nM Me-JA + 2% NaCl ++

for 24 h* 40 nM BAP + 2% NaCl ++

“Three-day-old seedlings pretreated with Me-JA or BAP for 24 h
were transferred to the solution of NaCl for 24 h

Mark “—” indicates absence of staining by phloroglucinol; mark
“+” reflects the extent of color intensity

Enhancement of lignin synthesis and its deposition in the cell walls contributes
significantly to the development of plants resistance to the toxic effect of sodium
chloride (Moura et al. 2010). In the literature, there are data concerning the jasmonate-
induced enhancement of the expression of the gene for phenylalanine ammonia-lyase,
increase in activity of apoplastic peroxidase and the level of H,O,, being the main
players in lignin synthesis as well as its accumulation in different cultivated plants
under normal and stress conditions (Maksymiec and Krupa 2006; Xue et al. 2008;
Pauwels et al. 2009). Analysis of the effect of Me-JA on lignin deposition in the walls
of the central cylinder of the basal part of the roots of wheat seedlings showed that
similar to salicylate, Me-JA contributes to the increase in lignification of cell walls in
the course of pretreatment as compared to the control (Table 9.3). Alongside with this,
let us recall that in case of SA treatment, regulation of this process was realized
through SA-induced accumulation of endogenous ABA (Table 9.1). At the same time,
treatment with Me-JA in the concentration used by us did not cause any shifts in ABA
content (Fig. 9.23a), showing the ability of Me-JA to regulate acceleration of lignin
deposition in the cell walls independently of endogenous ABA.

Alongside with this, endogenous and exogenous cytokinins are known to be
involved in the regulation of biosynthesis and accumulation of lignin (Funk and
Brodelius 1990; Guo et al. 2005). Relying on the revealed fact of the fast reversible
accumulation of cytokinins in wheat seedlings in response to the treatment with
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Me-JA without any visible changes in the level of ABA, analysis of the effects of
BAP treatment in 40 nM concentration, which did not cause changes in the level
of ABA, was further carried out. Table 9.3 shows acceleration over the control of
lignin deposition in the basal root parts of BAP-pretreated seedlings similar to the
effect of Me-JA on this process. Moreover, 2% NaCl also accelerated lignin
accumulation in the cell walls within 24 h in comparison to the control, while in
the roots of seedlings pretreated with Me-JA and BAP significant additive accumu-
lation of lignin was observed in the cells walls of roots (Table 9.3).

The obtained data indicate involvement of Me-JA in the control of lignin
accumulation in the root cell walls contributing significantly to the strengthening
of barrier properties and reduction of the degree of the damaging effect of toxic ions
on the wheat plants. It may be suggested that the revealed effect of Me-JA
pretreatment on lignification of root cell walls may be associated with Me-JA-
induced increase in the content of cytokinins in the seedlings in the course of
hormonal treatment and maintaining the concentration of cytokinins on the control
level in the salt-stressed wheat plants pretreated with Me-JA.

Thus, the effect of Me-JA on accumulation of cytokinins under normal
conditions and prevention of the stress-induced decline in cytokinins in the salt-
stressed seedlings pretreated with Me-JA is likely to play the key role in manifesta-
tion of the preadaptive and protective effects of Me-JA on wheat plants.

9.5 Conclusion

Phytohormones are widely used in plant breeding to increase their productivity;
however, the greatest effectiveness may be expected from the use of those combin-
ing simultaneously the properties of growth regulators and inducers of plants
resistance. The present work is dedicated to revealing the mechanisms of regulatory
action of 24-epibrassinolide, salicylic acid, and methyl jasmonate used in concen-
tration concentrations optimal for plant growth under normal growth conditions and
sodium chloride salinity. Since the plant growth is under the control of hormonal
system, the effect of exogenous phytohormones inevitably leads to the shifts in its
state, which may be discovered in the same plants with the help of immunoassay of
hormones belonging to different classes.

Basing on the previously reported suggestion about possible fulfillment by ABA
of the role of intermediate in SA-induced resistance of wheat to abiotic stresses, we
have carried out experiments with inhibitor of ABA synthesis fluridone. They
showed that pretreatment with fluridone completely inhibited the SA-induced
accumulation of newborn ABA and development of preadaptive effect of SA on
wheat plants under normal conditions indicated by the ROS production, activity of
peroxidase and PAL, and the rate of lignin deposition in the root cell walls.
Moreover, it was discovered that prevention by fluridone of maintenance of
increased ABA content in SA-pretreated salt-stressed plants resulted in a complete
loss of SA-induced resistance in wheat plants as judged by the level of peroxide
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oxidation of lipids and electrolyte leakage from tissues. Comparative analysis of the
net of protective reactions in SA-treated plants in the presence and absence of
fluridone allowed to receive the arguments in favor of the notion that ABA plays the
role of intermediate in the regulation of preadaptive and protective action of SA on
the wheat plants under conditions of sodium chloride salinity.

It was discovered that in response to the treatment with EBR and Me-JA, an almost
twofold increase in cytokinins is observed in plants without significant changes in the
level of ABA and TAA despite the difference in the dynamics of CKs: EBR caused a
fast and stable increase in the level of CKs in plants, maintained in the course of the
whole period of incubation of EBR, while Me-JA treatment led to a reversible
accumulation of CKs in wheat seedlings with the maximum at 2-3 h. At the same
time, plants pretreated with both EBR and Me-JA are characterized by smaller
amplitude of NaCl-induced imbalance of ABA and IAA and maintenance of CKs
under stress at the control level, indicating the important role of endogenous cytokinins
in realization of the growth-promoting and preadaptive effects of EBR and Me-JA on
wheat plants. The data on the independent endogenous ABA ability of EBR and Me-JA
to cause, in the course of pretreatment, an increase in cytokinin content, balanced
activation of proantioxidant system, accumulation of osmoprotectants, and accelerated
lignification of cell walls contributing significantly to preadaptation to the forthcoming
salinity and to the decrease in the level of the damaging effect of stress on the growth
serve as the evidence in favor of possible fulfillment by the endogenous cytokinins of
the role of intermediates in the physiological action of EBR and Me-JA on wheat
plants. This conclusion is supported by the data showing ability of exogenous cytokinin
BAP, the concentration of which was chosen as inducing the same twofold increase in
the content of cytokinins immunoreactive toward antiserum against zeatin riboside on
the background of the absence of any changes in ABA content, to exert similar to EBR
and Me-JA preadaptive and protective effects on wheat plants.

The sum of the obtained data indicates the similar effect of EBR, SA, and Me-JA
on wheat plants under conditions of salinity and is realized with the help of
hormonal intermediates. Their role is fulfilled by endogenous ABA in case of SA
treatment, while in case of EBR u Me-JA, by endogenous cytokinins.

Acknowledgments This work was supported by the Russian Foundation for Basic Research—
Povoljie (project no. 11-04-97051).

References

Albacete A, Ghanem ME, Martinez-Andujar C, Acosta M, Sanchez-Bravo J, Martinez V, Lutts S,
Dodd IC, Perez-Alfocea F (2008) Hormonal changes in relation to biomass partitioning and
shoot growth impairment in salinized tomato (Solanum Iycopersicum L.) plants. J Exp Bot
59:4119-4131

Ali Q, Athar H, Ashraf M (2008) Modulation of growth, photosynthetic capacity and water
relations in salt stressed wheat plants by exogenously applied 24-epibrassinolide. Plant Growth
Regul 56:107-116



220 F.M. Shakirova et al.

Allagulova ChR, Gimalov FR, Shakirova FM, Vakhitov VA (2003) The plant dehydrins: structure
and putative functions. Biochemistry (Moscow) 68:945-951

Altmann T (1999) Molecular physiology of brassinosteroids revealed by the analysis of mutants.
Planta 208:1-11

Amzallag GN, Lerner HR, Poljakoff-Mayber A (1990) Exogenous ABA as a modulator of the
response of sorghum to high salinity. J Exp Bot 41:1529-1534

An C, Mou Z (2011) Salicylic acid and its function in plant immunity. J Integr Plant Biol
53:412-428

Ananieva K, Melbeck J, Kaminek M, Staden J (2004) Methyl jasmonate down-regulated cytokinin
levels in cotyledons of Cucurbita pepo (zucchini) seedlings. Physiol Plant 122:496-503

Arbona V, Argamasilla R, Gomez-Cadenas A (2010) Common and divergent physiological,
hormonal and metabolic responses of Arabidopsis thaliana and Thellungiella halophila to
water and salt stress. J Plant Physiol 167:1342-1350

Argueso CT, Ferreira FJ, Kieber JJ (2009) Environmental perception avenues: the interaction of
cytokinin and environmental response pathways. Plant Cell Environ 32:1147-1160

Arteca RN, Arteca JM (2008) Effects of brassinosteroid, auxin, and cytokinin on ethylene
production in Arabidopsis thaliana plants. J Exp Bot 59:3019-3026

Ashikari M, Sakakibara H, Lin S, Yamamoto T, Takashi T, Nishimura A, Angeles ER, Qian Q,
Kitano H, Matsuoka M (2005) Cytokinin oxidase regulates rice grain production. Science
309:741-745

Ashraf M, Athar HR, Harris PJC, Kwon TR (2008) Some prospective strategies for improving crop
salt tolerance. Adv Agron 97:45-110

Avalbaev AM, Bezrukova MV, Shakirova FM (2003) Effect of brassinosteroids on the hormonal
balance in wheat seedlings. Dokl Biol Sci 391:337-339

Avalbaev AM, Yuldashev RA, Shakirova FM (2004) Triticum aestivum cytokinin oxidase gene,
partial cds. NCBI Accession No AY831399

Avalbaev AM, Yuldashev RA, Vysotskaya LB, Shakirova FM (2006) Regulation of gene expres-
sion and activity of cytokinin oxidase in the roots of wheat seedlings by 24-epibrassinolide.
Dokl Biochem Biophys 410:317-319

Avalbaev AM, Yuldashev RA, Fatkhutdinova RA, Urusov FA, Safutdinova YuV, Shakirova FM
(2010a) The influence of 24-epibrassidinolide on the hormonal status of wheat plants under
sodium chloride. Appl Biochem Microbiol 46:99-102

Avalbaev AM, Yuldashev RA, Safutdinova YuV, Allagulova ChR, Fatkhutdinova RA, Shakirova
FM (2010b) Effect of 6-benzylaminopurine on the growth and hormonal system of wheat
seedlings under salinity conditions. Agrochimiya 9:60-65

Bajguz A, Tretyn A (2003) The chemical characteristic and distribution of brassinosteroids in
plants. Phytochemistry 62:1027-1046

Balbi V, Devoto A (2008) Jasmonate signaling network in Arabidopsis thaliana: crucial regulatory
nodes and new physiological scenarios. New Phytol 177:301-318

Ballare CL (2011) Jasmonate-induced defenses: a tale of intelligence, collaborators and rascals.
Trends Plant Sci 16:249-257

Bandurska H, Stroinski A, Kubis J (2003) The effect of jasmonic acid on the accumulation of
ABA, proline and spermidine and its influence on membrane injury under water deficit in two
barley genotypes. Acta Physiol Plant 25:279-285

Bari R, Jones JD (2009) Role of plant hormones in plant defence responses. Plant Mol Biol
69:473-488

Battal P, Erez ME, Turker M, Berber I (2008) Molecular and physiological changes in maize
(Zea mays) induced by exogenous NAA and MelJa during cold stress. Ann Bot Fenn
45:173-185

Boudet AM, Lapierre C, Grima-Pettenati J (1995) Biochemistry and molecular biology of lignifi-
cation. New Phytol 129:203-236

Browse J (2009) Jasmonate passes muster: a receptor and targets for the defense hormone. Annu
Rev Plant Biol 60:183-205



9 Hormonal Intermediates in the Protective Action 221

Cambrolle J, Redondo-Gomez S, Mateos-Naranjo E, Luque T, Figueroa ME (2011) Physiological
responses to salinity in the yellow-horned poppy, Glaucium flavum. Plant Physiol Biochem
49:186-194

Campos ML, de Almeida M, Rossi ML, Martinelli AP, Litholdo JCG, Figueira A, Rampelotti-
Ferreira FT, Vendramim JD, Benedito VA, Peres LEP (2009) Brassinosteroids interact nega-
tively with jasmonates in the formation of anti-herbivory traits in tomato. J Exp Bot
60:4347-4361

Catala R, Ouyang J, Abreu IA, Hu Y, Seo H, Zhang X, Chua N-H (2007) The Arabidopsis E3
SUMO ligase SIZ1 regulates plant growth and drought responses. Plant Cell 19:2952-2966

Chen Y, Pang Q, Dai S, Wang Y, Chen S, Yan X (2011) Proteomic identification of differentially
expressed proteins in Arabidopsis in response to methyl jasmonate. J Plant Physiol.
doi:10.1016/j.jplph.2011.01.018

Chernyad’ev II (2009) The protective action of cytokinins on the photosynthetic machinery and
productivity of plants under stress (review). Appl Biochem Microbiol 45:351-362

Choudhary SP, Bhardwaj R, Gupta BD, Dutt P, Gupta RK, Biondi S, Kanwar M (2010)
Epibrassinolide induces changes in indole-3-acetic acid, abscisic acid and polyamine
concentrations and enhances antioxidant potential of radish seedlings under copper stress.
Physiol Plant 140:280-296

Chow B, McCourt P (2004) Hormone signalling from a developmental context. J Exp Bot
55:247-251

Chung S, Parish RW (2008) Combination interactions of multiple cis-elements regulating the
induction of the Arabidopsis XERO2 dehydrin gene by abscisic acid and cold. Plant J
54:15-29

Clarke SM, Cristescu SM, Miersch O, Harren FIM, Wasternack C, Mur LAJ (2009) Jasmonates
act with salicylic acid to confer basal thermotolerance in Arabidopsis thaliana. New Phytol
182:175-187

Close TJ (1996) Dehydrins: emergence of a biochemical role of a family of plant dehydration
proteins. Physiol Plant 96:795-803

Clouse SD, Sasse JM (1998) Brassinosteroids: essential regulators of plant growth and develop-
ment. Annu Rev Plant Physiol Plant Mol Biol 49:427-451

Cortes PA, Terrazas T, Leon TC, Larque-Saavedra A (2003) Brassinosteroid effect on the
precocity and yield of cladodes of cactus pear (Opuntia ficus-indica (L) Mill.). Sci Hortic
97:65-73

Creelman RA, Mullet JE (1995) Jasmonic acid distribution and action in plants: regulation
during development and response to biotic and abiotic stress. Proc Natl Acad Sci USA
92:4114-4119

Davies WJ, Kudoyarova GR, Hartung W (2005) Long-distance ABA signaling and its relation to
other signaling pathways in the detection of soil drying and the mediation of the plant’s
response to drought. J Plant Growth Regul 24:285-295

Dermastia M, Ravnikar M, Vilhar B, Kovae M (1994) Increased level of cytokinins ribosides in
jasmonic acid treated potato (Solanum tuberosum L.) stem node cultures. Physiol Plant
92:241-246

Des Marais DL, Juenger TE (2010) Pleiotropy, plasticity, and the evolution of plant abiotic stress
tolerance. Ann NY Acad Sci 1206:56-79

Divi UK, Rahman T, Krishna P (2010) Brassinosteroid-mediated stress tolerance in Arabidopsis
shows interactions with abscisic acid, ethylene and salicylic acid pathways. BMC Plant Biol
10:151-165

Dobra J, Motyka V, Dobrev P, Malbeck J, Prasil IT, Haisel D, Gaudinova A, Havlova M, Gubis J,
Vankova R (2010) Comparison of hormonal responses to heat, drought and combined stress in
tobacco plants with elevated proline content. J Plant Physiol 167:1360-1370

El-Khallal SM, Hathout TA, Ashour AA, Kerrit AA (2009) Brassinolide and salicylic acid induced
antioxidant enzymes, hormonal balance and protein profile of maize plants grown under salt
stress. Res J Agric Biol Sci 5:391-402


http://dx.doi.org/10.1016/j.jplph.2011.01.018

222 F.M. Shakirova et al.

Eun J-S, Kuraishi S, Sakurai N (1989) Changes in levels of auxin and abscisic acid and the
evolution of ethylene in squash hypocotyls after treatment with brassinolide. Plant Cell Physiol
30:807-810

Fatkhutdinova RA, Shakirova FM, Chemeris AV, Sabirzhanov BE, Vakhitov VA (2002) NOR
activity in wheat species with different ploidy levels treated with phytohormones. Russ J Genet
38:1335-1338

Fatkhutdinova DR, Sakhabutdinova AR, Maksimov IV, Yarullina LG, Shakirova FM (2004) The
effect of salicylic acid on antioxidant enzymes in wheat seedlings. Agrochimiya 8:27-31

Fernandes CF, Moraes VCP, Vasconcelos IM, Silveira JAG, Oliveira JTA (2006) Induction of
an anionic peroxidase in cowpea leaves by exogenous salicylic acid. J Plant Physiol
163:1040-1048

Flowers TJ (2004) Improving crop salt tolerance. J Exp Bot 55:307-319

Fu FQ, Mao WH, Shi K, Zhou YH, Asami T, Yu JQ (2008) A role of brassinosteroids in early fruit
development in cucumber. J Exp Bot 59:2299-2308

Fujimoto T, Tomitaka Y, Abe H, Tsuda S, Futai K, Mizukubo T (2011) Expression profile of
jasmonic acid-induced genes and the induced resistance against the root-knot nematode
(Meloidogyne incognita) in tomato plants (Solanum lycopersicum) after foliar treatment with
methyl jasmonate. J Plant Physiol 168:1084-1097

Fujita M, Fujita Y, Maruyama K, Seki M, Hiratsu K, Ohme-Takagi M, Tran L-SP, Yamaguchi-
Shinozaki K, Shinozaki K (2004) A dehydration-induced NAC protein, RD26, is involved in a
novel ABA-dependent stress-signaling pathway. Plant J 39:863-876

Funk C, Brodelius P (1990) Influence of growth regulators and elicitor on phenylpropanoid
metabolism in suspension culture of Vanilla planifolia. Phytochemistry 29:845-848

Galis I, Gaquerel E, Pandey SP, Baldwin IT (2009) Molecular mechanisms underlying plant
memory in JA-mediated defence responses. Plant Cell Environ 32:617-627

Galuszka P, Frebortova J, Werner T, Yamada M, Strnad M, Schmulling T, Frebort 1 (2004)
Cytokinin oxidase/dehydrogenase genes in barley and wheat. Cloning and heterologous
expression. Eur J Biochem 271:3990-4002

Gangwar S, Singh VP, Prasad SM, Maurya JN (2010) Modulation of manganese toxicity in Pisum
sativum L. seedlings by kinetin. Sci Hortic 126:467—474

Gaudinova A, Sussenbekova H, Vojtechova M, Kaminek M, Eder J, Kohout L (1995) Different
effects of two brassinosteroids on growth, auxin and cytokinin content in tobacco callus tissue.
Plant Growth Regul 17:121-126

Gemes K, Poor P, Horvath E, Kolbert Z, Szopko D, Szepesi A, Tari I (2011) Cross-talk between
salicylic acid and NaCl-generated reactive oxygen species and nitric oxide in tomato during
acclimation to high salinity. Physiol Plant 142:179-192

Gendron JM, Haque A, Gendron N, Chang T, Asami T, Wang Z-Y (2008) Chemical genetic
dissection of brassinosteroids-ethylene interaction. Mol Plant 1:368-379

Ghanem ME, Albacete A, Smigocki AC, Frebort I, Pospisilova H, Martinez-Andujar C, Acosta M,
Sanchez-Bravo J, Lutts S, Dodd IC, Perez-Alfocea F (2011) Root-synthesized cytokinins
improve shoot growth and fruit yield in salinized tomato (Solanum lycopersicum L.) plants.
J Exp Bot 62:125-140

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress
tolerance in crop plants. Plant Physiol Biochem 48:909-930

Goda H, Sasaki E, Akiyama K, Maruyama-Nakashita A, Nakabayashi K, Li W, Ogawa M,
Yamauchi Y, Preston J, Aoki K, Kiba T, Takatsuto S, Fujioka S, Asami T, Nakano T, Kato
H, Mizuno T, Sakakibara H, Yamaguchi S, Nambara E, Kamiya Y, Takahashi H, Hirai MY,
Sakurai T, Shinozaki K, Saito K, Yoshida S, Shimada Y (2008) The AtGenExpress hormone
and chemical treatment data set: experimental design, data evaluation, model data analysis and
data access. Plant J 55:526-542

Granda V, Cuesta C, Alvarez R, Ordas R, Centeno ML, Rodriguez A, Majada JP, Fernandez B,
Feito I (2011) Rapid responses of C14 clone of Eucalyptus globulus to root drought stress:
time-course of hormonal and physiological signaling. J Plant Physiol 168:661-670



9 Hormonal Intermediates in the Protective Action 223

Guo J, Hu X, Duan R (2005) Interactive effects of cytokinins, light, and sucrose on the phenotypes
and the syntheses of anthocyanins and lignins in cytokinin overproducing transgenic
Arabidopsis. J Plant Growth Regul 24:93-101

Hansen M, Chae HS, Kieber JJ (2009) Regulation of ACS protein stability by cytokinin and
brassinosteroids. Plant J 57:606-614

Hara M (2010) The multifunctionality of dehydrins. Plant Signal Behav 5:503-508

Hare PD, Cress WA, van Staden J (1997) The involvement of cytokinins in plant responses to
environmental stress. Plant Growth Regul 23:79-103

Hays DB, Wilen RW, Sheng C, Moloney MM, Pharis RP (1999) Embryo-specific gene expression
in microspore-derived embryos of Brassica napus. An interaction between abscisic acid and
jasmonic acid. Plant Physiol 119:1065-1072

Hiraga S, Sasaki K, Ito H, Ohashi Y, Matsui H (2001) A large family of class III plant peroxidases.
Plant Cell Physiol 42:462-468

Horvath E, Szalai G, Janda T (2007) Induction of abiotic stress tolerance by salicylic acid
signaling. J Plant Growth Regul 26:290-300

Hu Y, Bao A, Li J (2000) Promotive effect of brassinosteroids on cell division involves a distinct
CycD3-induction pathway in Arabidopsis. Plant J 24:693-701

Huang D, Wu W, Abrams SR, Cutler AJ (2008) The relationship of drought-related gene
expression in Arabidopsis thaliana to hormonal and environmental factors. J Exp Bot
59:2991-3007

Hung KT, Hsu YT, Kao CH (2006) Hydrogen peroxide is involved in methyl jasmonate-induced
senescence of rice leaves. Physiol Plant 127:293-303

Igbal M, Ashraf M (2005) Presowing seed treatment with cytokinins and its effect on growth,
photosynthetic rate, ionic levels and yield of two wheat cultivars differing in salt tolerance.
J Integr Plant Biol 47:1315-1325

Jager CE, Symons GM, Ross JJ, Reid JB (2008) Do brassinosteroids mediate the water stress
response? Physiol Plant 133:417-425

Janeczko A, Swaczynova J (2010) Endogenous brassinosteroids in wheat treated with
24-epibrassinolide. Biol Plant 54:477-482

Janeczko A, Biesaga-Koscielniak J, Oklest’kova J, Filek M, Dziurka M, Szarek-Lukaszewska G,
Koscielniak J (2010) Role of 24-epibrassinolide in wheat production: physiological effects and
uptake. J Agron Crop Sci 196:311-321

Janz D, Behnke K, Schnitzler J-P, Kanawati B, Schmitt-Kopplin P, Polle A (2010) Pathway
analysis of the transcriptome and metabolome of salt sensitive and tolerant poplar
species reveals evolutionary adaption of stress tolerance mechanisms. BMC Plant Biol
10:150-165

Jaspers P, Kangasjarvi J (2010) Reactive oxygen species in abiotic stress signaling. Physiol Plant
138:405413

Jiang M, Zhang J (2002) Water stress-induced abscisic acid accumulation triggers the increased
generation of reactive oxygen species and up-regulates the activities of antioxidant enzymes in
maize leaves. J Exp Bot 53:2401-2410

Jiang Y, Yang B, Harris NS, Deyholos MK (2007) Comparative proteomic analysis of NaCl stress-
responsive proteins in Arabidopsis roots. J Exp Bot 58:3591-3607

Kagale S, Divi UK, Krochko JE, Keller WA, Krishna P (2007) Brassinosteroid confers tolerance
in Arabidopsis thaliana and Brassica napus to a range of abiotic stresses. Planta
225:353-364

Kang D-J, Seo Y-J, Lee J-D, Ishii R, Kim KU, Shin DH, Park SK, Jang SW, Lee I-J (2005)
Jasmonic acid differentially affects growth, ion uptake and abscisic acid concentration in salt-
tolerant and salt-sensitive rice cultivars. J Agron Crop Sci 191:273-282

Katsir L, Chung HS, Koo AJK, Howe GA (2008) Jasmonate signaling: a conserved mechanism of
hormone sensing. Curr Opin Plant Biol 11:428-435

Khadri M, Tejera NA, Lluch C (2007) Sodium chloride~ABA interaction in two common bean
(Phaseolus vulgaris) cultivars differing in salinity tolerance. Environ Exp Bot 60:211-218



224 F.M. Shakirova et al.

Khan MA, Gul B, Weber DJ (2004) Action of plant growth regulators and salinity on seed
germination of Ceratoides lanata. Can J Bot 82:37-42

Khripach V, Zhabinskii V, de Groot A (2000) Twenty years of brassinosteroids: steroidal plant
hormones warrant better crops for the XXI century. Ann Bot 86:441-447

Kim T-W, Wang Z-Y (2010) Brassinosteroid signal transduction from receptor kinases to tran-
scription factors. Annu Rev Plant Biol 61:681-704

Kim T-H, Bohmer M, Hu H, Nishimura N, Schroeder JI (2010) Guard cell signal transduction
network: advances in understanding abscisic acid, CO,, and Ca** signaling. Annu Rev Plant
Biol 61:561-591

Koornneef A, Pieterse CMJ (2008) Cross talk in defense signaling. Plant Physiol 146:839-844

Krouk G, Ruffel S, Gutiérrez RA, Gojon A, Crawford NM, Coruzzi GM, Lacombe B (2011)
A framework integrating plant growth with hormones and nutrients. Trends Plant Sci
16:178-182

Kudo T, Kiba T, Sakakibara H (2010) Metabolism and long-distance translocation of cytokinins.
J Integr Plant Biol 52:53-60

Kuppusamy KT, Walcyer CL, Nemhauser JL (2008) Cross-regulatory mechanisms in hormone
signaling. Plant Mol Biol 69:375-381

Kurepin LV, Qaderi MM, Back TG, Reid DM, Pharis RP (2008) A rapid effect of applied
brassinolide on abscisic acid concentrations in Brassica napus leaf tissue subjected to short-
term heat stress. Plant Growth Regul 55:165-167

Lee B-R, Jung W-J, Lee B-H, Avice J-C, Ourry A, Kim T-H (2008) Kinetics of drought-induced
pathogenesis-related proteins and its physiological significance in white clover leaves. Physiol
Plant 132:329-337

LiJ (2010) Regulation of the nuclear activities of brassinosteroid signaling. Curr Opin Plant Biol
13:540-547

Liu J-J, Ekramoddoullah AKM (2006) The family 10 of plant pathogenesis-related proteins: their
structure, regulation, and function in response to biotic and abiotic stresses. Physiol Mol Plant
Pathol 68:3-13

Liu H-T, Liu Y-Y, Pan Q-H, Yang H-R, Zhan J-C, Huang W-D (2006) Novel interrelationship
between salicylic acid, abscisic acid, and PIP-specific phospholipase C in heat acclimation-
induced thermotolerance in pea leaves. J Exp Bot 57:3337-3347

LiuY, Jiang H, Zhao Z, An L (2011) Abscisic acid is involved in brassinosteroids-induced chilling
tolerance in the suspension cultured cells from Chorispora bungeana. J Plant Physiol
168:853-862

Maksymiec W, Krupa Z (2006) The effects of short-term exposition to Cd, excess Cu ions and
jasmonate on oxidative stress appearing in Arabidopsis thaliana. Environ Exp Bot
57:187-194

Mantyla E, Lang V, Palva ET (1995) Role of abscisic acid in drought-induced freezing tolerance,
cold acclimation, and accumulation of LT178 and RABIS proteins in Arabidopsis thaliana.
Plant Physiol 107:141-148

Metraux JP (2002) Recent breakthroughs in study of salicylic acid biosynthesis. Trends Plant Sci
7:331-334

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R (2010) Reactive oxygen species homeostasis and
signaling during drought and salinity stresses. Plant Cell Environ 33:453-467

Moura JCMS, Bonine CAYV, Viana JOF, Dornelas MC, Mazzafera P (2010) Abiotic and biotic
stresses and changes in the lignin content and composition in plants. J Integr Plant Biol
52:360-376

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651-681

Miissig C, Altmann T (2003) Genomic brassinosteroid effects. J Plant Growth Regul
22:313-324

Nazar R, Igbal N, Syeed S, Khan NA (2011) Salicylic acid alleviates decreases in photosynthesis
under salt stress by enhancing nitrogen and sulfur assimilation and antioxidant metabolism
differentially in two mungbean cultivars. J Plant Physiol 168:807-815



9 Hormonal Intermediates in the Protective Action 225

Nembhauser JL, Hong F, Chory J (2006) Different plant hormones regulate similar processes
through largely nonoverlapping transcriptional responses. Cell 126:467-475

Pauwels L, Inze D, Goossens A (2009) Jasmonate-inducible gene: what does it mean? Trends Plant
Sci 14:87-91

Peleg Z, Blumwald E (2011) Hormone balance and abiotic stress tolerance in crop plants. Curr
Opin Plant Biol 14:290-295

Peng Z-Y,Zhou X, Li L, Yu X, Li H, Cao G, Bai M, Wang X, Jiang C, Jiang Z, Lu H, Hou X, Qu L,
Wang Z, Zuo J, Fu X, SuZ, Li S, Guo H (2009) Arabidopsis hormone database: a comprehen-
sive genetic and phenotypic information database for plant hormone research in Arabidopsis.
Nucleic Acids Res 37(suppl 1):D975-D982. doi:10.1093/nar/gkn873

Peng Z, Han C, Yuan L, Zhang K, Huang H, Ren C (2011) Brassinosteroid enhances jasmonate-
induced anthocyanin accumulation in Arabidopsis seedlings. J Integr Plant Biol. doi:10.1111/
j-17447909.2011.01042.x

Piotrowska A, Bajguz A, Godlewska-Zylkiewicz B, Czerpak R, Kaminska M (2009) Jasmonic
acid as modulator of lead toxicity in aquatic plant Wolffia arrhiza (Lemnaceae). Environ Exp
Bot 66:507-513

Potters G, Pasternak T, Guisez Y, Jansen MAK (2009) Different stresses, similar morphogenic
responses: integrating a plethora of pathways. Plant Cell Environ 32:158-169

Raskin I (1992) Role of salicylic acid in plants. Annu Rev Plant Physiol Plant Mol Biol
43:439-463

Reski R (2006) Small molecules on the move: homeostasis, crosstalk, and molecular action of
phytohormones. Plant Biol 8:277-280

Rivero RM, Shulaev V, Blumwald E (2009) Cytokinin-dependent photorespiration and the
protection of photosynthesis during water deficit. Plant Physiol 150:1530-1540

Rock CD, Sakata Y, Quatrano RS (2010) Stress signaling I: the role of abscisic acid (ABA). In:
Pareek A, Sopory SA, Bohner HJ, Govindjee (eds) Abiotic stress adaptation in plants:
physiological, molecular and genomic foundation. Springer, Dordrecht

Rubio V, Bustos R, Irigoyen ML, Ximena C-L, Rojas-Triana M, Paz-Ares J (2009) Plant hormones
and nutrient signaling. Plant Mol Biol 69:361-373

Rubio-Wilhelmi MM, Sanchez-Rodriguez E, Rosales MA, Blasco B, Rios JJ, Romero L,
Blumwald E, Ruiz JM (2011) Effect of cytokinins on oxidative stress in tobacco plants
under nitrogen deficiency. Environ Exp Bot 72:167-173

Sasaki-Sekimoto Y, Taki N, Obayashi T, Aono M, Matsumoto F, Sakurai N, Suzuki H, Hirai MY,
Noji M, Saito K, Masuda T, Takamiya K, Shibata D, Ohta H (2005) Coordinated activation of
metabolic pathways for antioxidants and defence compounds by jasmonates and their roles in
stress tolerance in Arabidopsis. Plant J 44:653—-668

Saygideger S, Deniz F (2008) Effect of 24-epibrassinolide on biomass, growth and free proline
concentration in Spirulina platensis (Cyanophyta) under NaCl stress. Plant Growth Regul
56:219-223

Seo PJ, Lee A-K, Xiang F, Park C-M (2008) Molecular and functional profiling of Arabidopsis
pathogenesis-related genes: insights into their roles in salt response of seed germination. Plant
Cell Physiol 49:334-344

Shakirova FM (2001) Nonspecific resistance of plants to stress factors and its regulation. Gilem, Ufa

Shakirova FM (2007) Role of hormonal system in manifestation of growth promoting and
antistress action of salicylic acid. In: Hayat S, Ahmad A (eds) Salicylic acid — a plant hormone.
Springer, The Netherlands

Shakirova FM, Bezrukova MV (1997) Induction of wheat resistance against environmental
salinization by salicylic acid. Biol Bull 24:109-112

Shakirova FM, Bezrukova MV (1998) Effect of 24-epibrassinolide and salinity on the levels of
ABA and lectin. Russ J Plant Physiol 45:388-391

Shakirova FM, Konrad K, Klyachko NL, Kulaeva ON (1982) Relationship between the effect of
cytokinin on the growth of pumpkin isolated cotyledons and RNA and protein synthesis in
them. Russ J Plant Physiol 29:52-61


http://dx.doi.org/10.1093/nar/gkn873
http://dx.doi.org/10.1111/j.17447909.2011.01042.x
http://dx.doi.org/10.1111/j.17447909.2011.01042.x

226 F.M. Shakirova et al.

Shakirova FM, Bezrukova MV, Avalbaev AM, Gimalov FR (2002) Stimulation of wheat germ
agglutinin gene expression in root seedlings by 24-epibrassinolide. Russ J Plant Physiol
49:225-228

Shakirova FM, Sakhabutdinova AR, Bezrukova MV, Fatkhutdinova RA, Fatkhutdinova DR
(2003) Changes in the hormonal status of wheat seedlings induced by salicylic acid and
salinity. Plant Sci 164:317-322

Shakirova FM, Allagulova ChR, Bezrukova MV, Gimalov FR (2005) Induction of expression of
the dehydrin gene TADHN and accumulation of abscisic acid in wheat plants in hypothermia.
Dokl Biochem Biophys 400:69-71

Shakirova FM, Allagulova ChR, Bezrukova MV, Aval’baev AM, Gimalov FR (2009) The role of
endogenous ABA in cold-induced expression of the TADHN dehydrin gene in wheat seedlings.
Russ J Plant Physiol 56:720-723

Shakirova FM, Avalbaev AM, Bezrukova MV, Kudoyarova GR (2010a) Role of endogenous
hormonal system in the realization of the antistress action of plant growth regulators on plants.
Plant Stress 4:32-38

Shakirova FM, Sakhabutdinova AR, Ishdavletova LOV (2010b) Influence of pretreatment with
methyl jasmonate on wheat resistance to salt stress. Agrochimiya 7:26-32

Shan C, Liang Z (2010) Jasmonic acid regulates ascorbate and glutathione metabolism in
Agropyron cristatum leaves under water stress. Plant Sci 178:130-139

Shimizu Y, Maeda K, Kato M, Shimomura K (2011) Co-expression of GbMYB1 and GbMYC1
induces anthocyanin accumulation in roots of cultured Gynura bicolor DC. plantlet on methyl
jasmonate treatment. Plant Physiol Biochem 49:159-167

Shinozaki K, Yamaguchi-Shinozaki K (2007) Gene networks involved in drought stress response
and tolerance. J Exp Bot 58:221-227

Si Y, Zhang C, Meng S (2009) Gene expression changes in response to drought stress in Citrullus
colocynthis. Plant Cell Rep 28:997-1009

Silva-Ortega CO, Ochoa-Alfaro AE, Reyes-Agiiero JA, Aguado-Santacruz GA, Jiménez-Bremont
JF (2008) Salt stress increases the expression of p5Scs gene and induces proline accumulation in
cactus pear. Plant Physiol Biochem 46:82-92

Srivastava S, Emery RIN, Rahman MH, Kav NNV (2007) A crucial role for cytokinins in pea
ABR17-mediated enhanced germination and early seedling growth of Arabidopsis thaliana
under saline and low-temperature stresses. J Plant Growth Regul 26:26-37

Stamm P, Kumar PP (2010) The phytohormone signal network regulating elongation growth
during shade avoidance. J Exp Bot 61:2889-2903

Stoparih G, Maksimovih I (2008) The effect of cytokinins on the concentration of hydroxyl
radicals and the intensity of lipid peroxidation in nitrogen deficient wheat. Cereal Res Commun
36:601-609

SunJ, XuY, Ye S, Jiang H, Chen Q, Liu F, Zhou W, Chen R, Li X, Tietz O, Wu X, Cohen JD,
Palme K, Li C (2009) Arabidopsis ASA1 is importance for jasmonate-mediated regula-
tion of auxin biosynthesis and transport during lateral root formation. Plant Cell
21:1495-1511

Syeed S, Anjum NA, Nazar R, Igbal N, Masood A, Khan NA (2011) Salicylic acid-mediated
changes in photosynthesis, nutrients content and antioxidant metabolism in two mustard
(Brassica juncea L.) cultivars differing in salt tolerance. Acta Physiol Plant 33:877-886

Szabados L, Savoure A (2009) Proline: a multifunctional amino acid. Trends Plant Sci 15:89-97

Tamaoki M, Freeman JL, Pilon-Smits EAH (2008) Cooperative ethylene and jasmonic acid
signaling regulates selenite resistance in Arabidopsis. Plant Physiol 146:1219-1230

Thomas JC, McElwain EF, Bohnert HJ (1992) Convergent induction of osmotic stress-responses.
Abscisic acid, cytokinin, and the effects of NaCl. Plant Physiol 100:416—423

Thulke O, Conrath U (1998) Salicylic acid has dual role in activation of defence-related genes in
parsley. Plant J 14:35-42

Tognetti VB, Muhlenbock P, Van Breusegem F (2011) Stress homeostasis — the redox and auxin
perspective. Plant Cell Environ. doi:10.1111/j.1365-3040.2011.02324.x


http://dx.doi.org/10.1111/j.1365-3040.2011.02324.x

9 Hormonal Intermediates in the Protective Action 227

Traw MB, Bergelson J (2003) Interactive effects of jasmonic acid, salicylic acid, and gibberellin
on induction of trichomes in Arabidopsis. Plant Physiol 133:1367-1375

Tuteja N, Sopory SK (2008) Chemical signaling under abiotic stress environment in plants. Plant
Signal Behav 3:525-536

Upreti KK, Murti GSR (2004) Effects of brassinosteroids on growth, nodulation, phytohormone
content and nitrogenase activity in French bean under water stress. Biol Plant 48:407—411

Van der Ent S, Van Wees SCM, Pieterse CMJ (2009) Jasmonate signaling in plant interactions
with resistance-inducing beneficial microbes. Phytochemistry 70:1581-1588

Verslues PE, Bray EA (2006) Role of abscisic acid (ABA) and Arabidopsis thaliana ABA-
insensitive loci in low water potential-induced ABA and proline accumulation. J Exp Bot
57:201-212

Vert G, Walcher CL, Chory J, Namhauser JL (2008) Integration of auxin and brassinosteroid
pathways by Auxin Response Factor 2. Proc Natl Acad Sci USA 105:9829-9834

Veselov DS, Veselov SYu, Vysotskaya LB, Kudoyarova GR, Farhutdinov RG (2007) Plant
hormones. Regulation of the concentration and relationship with growth and water metabo-
lism. Nauka, Moscow

Vlasankova E, Kohout L, Klems M, Eder J, Reinohl V, Hradilik J (2009) Evaluation of biological
activity of new synthetic brassinolide analogs. Acta Physiol Plant 31:987-993

Vlot AC, Dempsey DA, Klessig DF (2009) Salicylic acid, a multifaceted hormone to combat
disease. Annu Rev Phytopathol 47:177-206

Vysotskaya LB, Avalbaev AM, Yuldashev RA, Shakirova FM, Veselov SYu, Kudoyarova GR
(2010) Regulation of cytokinin oxidase activity as a factor affecting the content of cytokinins.
Russ J Plant Physiol 57:494-500

Walia H, Wilson C, Condamine P, Liu X, Ismail AM, Close TJ (2007) Large-scale expression
profiling and physiological characterization of jasmonic acid-mediated adaptation of barley to
salinity stress. Plant Cell Environ 30:410-421

Wang C, Yang A, Yin H, Zhang J (2008) Influence of water stress on endogenous hormone
contents and cell damage of maize seedlings. J Integr Plant Biol 50:427-434

Wang L, Wang Z, Xu Y, Joo S-H, Kim S-K, Xue Z, Xu Z, Wang Z, Chong K (2009) OsGSR1 is
involved in crosstalk between gibberellins and brassinosteroids in rice. Plant J 57:498-510

Wasternack C (2007) Jasmonates: an update on biosynthesis, signal transduction and action in
plant stress response, growth and development. Ann Bot 100:681-697

Widodo PJH, Newbigin E, Tester M, Bacic A, Roessner U (2009) Metabolic responses to salt
stress of barley (Hordeum vulgare L.) cultivars, Sahara and Clipper, which differ in salinity
tolerance. J Exp Bot 60:4089-4103

Wilkinson S, Davies WJ (2010) Drought, ozone, ABA and ethylene: new insights from cell to
plant to community. Plant Cell Environ 33:510-525

Wong CE, Singh MB, Bhalla PL (2009) Floral initiation process at the soybean shoot apical
meristem may involve multiple hormonal pathways. Plant Signal Behav 4:648-651

Wu G, Zhang C, Chu L-Y, Shao H-B (2007) Responses of higher plants to abiotic stresses and
agricultural sustainable development. J Plant Interact 2:135-147

Xia X-J, Wang Y-J, Zhou Y-H, Tao Y, Mao W-H, Shi K, Asami T, Chen Z, Yu J-Q (2009)
Reactive oxygen species are involved in brassinosteroid-induced stress tolerance in cucumber.
Plant Physiol 150:801-814

Xu Y, Gianfagna T, Huang B (2010) Proteomic changes associated with expression of a gene (ipf)
controlling cytokinin synthesis for improving heat tolerance in a perennial grass species. J Exp
Bot 61:3273-3289

Xue YJ, Tao L, Yang ZM (2008) Aluminum-induced cell wall peroxidase activity and lignin
synthesis are differentially regulated by jasmonate and nitric oxide. J Agric Food Chem
56:9676-9684

Yang Y, Qi M, Mei C (2004) Endogenous salicylic acid protects rice plants from oxidative damage
caused by aging as well as biotic and abiotic stress. Plant J 40:909-919



228 F.M. Shakirova et al.

Yang D-H, Hettenhausen C, Baldwin IT, Wu J (2011) BAKI1 regulates the accumulation of
jasmonic acid and the levels of trypsin proteinase inhibitors in Nicotiana attenuata’s responses
to herbivory. J Exp Bot 62:641-652

YeN,ZhuG, Liu Y, Li Y, Zhang J (2011) ABA controls H,O, accumulation through the induction
of OsCATB in rice leaves under water stress. Plant Cell Physiol 52:689-698

Yu X, Li L, Zola J, Aluru M, Ye H, Foudree A, Guo H, Anderson S, Aluru S, Liu P, Rodermel S,
Yin Y (2011) A brassinosteroid transcriptional network revealed by genome-wide identifica-
tion of BESI target genes in Arabidopsis thaliana. Plant J 65:634-646

Yuan G-F, Jia C-G, Li Z, Sun B, Zhang L-P, Liu N, Wang Q-M (2010) Effect of brassinosteroids
on drought resistance and abscisic acid concentration in tomato under water stress. Sci Hortic
126:103-108

Zalewski W, Galuszka P, Gasparis S, Orczyk W, Nadolska-Orczyk A (2010) Silencing of the
HvCKX1 gene decreases the cytokinin oxidase/dehydrogenase level in barley and leads to
higher plant productivity. J] Exp Bot 61:1839-1851

Zavaleta-Mancera HA, Lopez-Delgado H, Loza-Tavera H, Mora-Herrera M, Trevilla-Garcia C,
Vargas-Suarez M, Ougham H (2007) Cytokinin promotes catalase and ascorbate peroxidase
activities and preserves the chloroplast integrity during dark-senescence. J Plant Physiol
164:1572-1582

Zhang M, Zhai Z, Tian X, Duan L, Li Z (2008) Brassinolide alleviated the adverse effect of water
deficits on photosynthesis and the antioxidant of soybean (Glycine max L.). Plant Growth
Regul 56:257-264

Zhang S, Wei Y, Lu Y, Wang X (2009) Mechanisms of brassinosteroids interacting with multiple
hormones. Plant Signal Behav 4:1117-1120

Zhang X, Chen S, Mou Z (2010) Nuclear localization of NPR1 is required for regulation of
salicylate tolerance, isochorismate synthase 1 expression and salicylate accumulation in
Arabidopsis. J Plant Physiol 167:144-148

Zhang A, Zhang J, Zhang J, Ye N, Zhang H, Tan M, Jiang M (2011) Nitric oxide mediates
brassinosteroid-induced ABA biosynthesis involved in oxidative stress tolerance in maize
leaves. Plant Cell Physiol 52:181-192 doi:10.1093/pcp/pcq187

Ziosi V, Bonghi C, Bregoli AM, Trainotti L, Biondi S, Sutthiwal S, Kondo S, Costa G, Torrigiani P
(2008) Jasmonate-induced transcriptional changes suggest a negative interference with the
ripening syndrome in peach fruit. J Exp Bot 59:563-573

Zubo YO, Yamburenko MV, Selivankina SY, Shakirova FM, Avalbaev AM, Kudryakova NV,
Zubkova NK, Liere K, Kulaeva ON, Kusnetsov VV, Borner T (2008) Cytokinin stimulates
chloroplast transcription in detached barley leaves. Plant Physiol 148:1082—-1093


http://dx.doi.org/10.1093/pcp/pcq187

Chapter 10
The Role of Phytohormones in the Control
of Plant Adaptation to Oxygen Depletion

Vladislav V. Yemelyanov and Maria F. Shishova

Abstract Capacity to survive the oxygen deprivation depends on a number of
developmental, morphological, and metabolic adaptations in plants. Imposition of
hypoxia (deficiency of oxygen) accelerates growth of shoot axial organs and
stimulates formation of adventitious roots and aerenchyma in tolerant plant species.
As a result, the shoot actively transports oxygen to a flooded root. Simultaneous
shifts occur in the metabolism, which are particularly severe under anoxia (total
absence of oxygen). A majority of these morphological and metabolic adaptations
are strictly regulated by plant hormonal system. Ethylene and gibberellins control
enhanced growth, leading to the emergence of shoots of tolerant plants under
flooding conditions. Recent findings show Subl gene which is important to sub-
mergence tolerance in rice to be linked with ethylene and gibberellin signaling.
Ethylene is also involved in formation of aerenchyma in oxygen-depleted environ-
ment. Auxin regulates adventitious rooting and petiole elongation. Abscisic acid
inhibits growth but stimulates metabolic adaptations by induction of anaerobic
stress protein gene expression. Complete flooding and particularly total anoxia
block ethylene production. Application of exogenous ABA, auxin, and some
other growth regulators improves plant survival during oxygen deficiency. Compli-
cated crosstalk between phytohormones under oxygen depletion is discussed as a
milestone of plant adaptation.
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Keywords Anoxia » Hypoxia ¢ Auxin * Ethylene « ABA « Gibberellin « Cytokinin ¢
Signal transduction » Submergence

Abbreviations

ACC 1-Aminocyclopropane- 1-carboxylate
ACO  ACC oxidase

ACS ACC synthase

ADH  Alcohol dehydrogenase

LOES Low-oxygen escape syndrome

10.1 Introduction

Higher plants are strict aerobic organisms, which directly depend on molecular
oxygen for their respiration, other metabolic processes, and survival. Nevertheless,
very often, they suffer oxygen shortage that develops constantly in aquatic and
semiaquatic habitats and frequently in dry lands, including agricultural, horticul-
tural, and industrial areas. Availability of oxygen affects distribution of plant
species in natural and agricultural ecosystems and has a severe economical impact.
The lack of oxygen usually results from excess of water during seasonal or
perennial flooding and after heavy rain falls. It also follows ice crust formation
during wintertime and begins in compact soil due to the use of heavy agricultural
machinery or asphalt covering. Waterlogging of rhizosphere and partial flooding of
aboveground parts of plant lead to a gradual hypoxia (deficiency of oxygen), and
complete submergence brings about anoxia (total absence of the gas).

Capacity to survive the oxygen deprivation depends on a number of develop-
mental, morphological, and metabolic adaptations in plants. Imposition of hypoxia
accelerates shoot growth and hyponasty of petioles and leaves (so-called LOES,
low-oxygen escape syndrome) and stimulates formation of adventitious roots and
aerenchyma in wetland plant species. As a result, the shoot actively transports
oxygen to a flooded root (for review, see Crawford and Braendle 1996; Drew 1997;
Vartapetian and Jackson 1997; Kende et al. 1998; Sauter 2000; Gibbs and Green-
way 2003; Bailey-Serres and Voesenek 2008; Jackson 2008). Simultaneous shifts
occur in the metabolism, which are particularly severe under strict oxygen lack and
in tolerant plants that respond to oxygen deficiency by non-LOES quiescent syn-
drome. These plants respond to flooding mostly by metabolic switch with little or
no stimulation of shoot growth.

Metabolic adaptations include mainly avoidance of energy starvation, preven-
tion of toxicity of anaerobic intermediate and end products, and postanoxic injury,
disposal of cytosol acidification, and use of alternative electron acceptors (like
nitrate, nitrite, unsaturated lipids, etc.; Chirkova 1988; Kennedy et al. 1992;
Crawford and Braendle 1996; Drew 1997; Vartapetian and Jackson 1997;
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Sauter 2000; Gibbs and Greenway 2003; Greenway and Gibbs 2003; Bailey-Serres
and Voesenek 2008). Hypoxia-tolerant plants are notable for maintenance of their
cell ultra structure (Vartapetian et al. 1976; Vartapetian and Jackson 1997), mem-
brane stability (Chirkova 1988; Crawford and Braendle 1996), and synthesis of
anaerobic stress proteins (Kennedy et al. 1992; Vartapetian and Jackson 1997;
Greenway and Gibbs 2003).

Most of the anaerobic stress proteins belong to enzymes of the glycolytic or
fermentative pathways, carbohydrate mobilization, and nitrogen metabolism
(Dolferus et al. 1997; Vartapetian and Jackson 1997; Greenway and Gibbs 2003).
All together, these metabolic adaptations allow tolerant plants to generate sufficient
amount of energy, maintain mineral nutrition, and even to grow in total absence of
oxygen.

The majority of these morphological and metabolic adaptations are effectively
regulated by plant hormonal system. Ethylene, gibberellins (GA), and abscisic acid
(ABA) along with some other growth regulators are deeply involved in control of
plant adaptation to oxygen deficiency. Their effects are highlighted in this chapter.

10.2 Ethylene

Ethylene is the first phytohormone which has been studied under conditions of
oxygen deficiency. Lack of oxygen triggers ethylene production in the most tested
plant species, irrespective of their habitat (aquatic or terrestrial) and tolerance to
oxygen lack (Jackson et al. 1985a; Grichko and Glick 2001). An increase in
ethylene production has been reported under the lack of oxygen in a wide variety
of cultivated plants, including beans, radish, tomato, sunflower, chrysanthemum,
corn, and wheat (Kawase 1972; Jackson and Campbell 1976; Bradford et al. 1982;
Jackson et al. 1985a). Hypoxia activates ethylene production also in tolerant plants,
such as rice (Metraux and Kende 1983; Satler and Kende 1985), willow (Chirkova
and Gutman 1972), Ranunculus sceleratus (Samarakoon and Horton 1984), and
sorrel (Voesenek et al. 1990a, b). The majority of investigations estimate elevation
of ethylene concentration in shoots at root hypoxia or throughout the plant under
total submergence.

Higher plants synthesize ethylene from L-methionine via S-adenosyl-L-methio-
nine and l-aminocyclopropane-1-carboxylate (ACC) (Kende 1993). Hypoxia-
induced accumulation of ACC and activation of ACC synthase (ACS) are shown
in deepwater rice (Metraux and Kende 1983; Cohen and Kende 1987), various
sorrel species (Voesenek et al. 1990a, 1993; Banga et al. 1996), maize (He et al.
1994, 19964, b), and Arabidopsis (Muhlenbock et al. 2007). Following reaction of
ACC oxidation by ACC oxidase (ACO) requires O, and is blocked by oxygen
depletion. Nonetheless, significant ACC oxidase activity was detected in
maize roots subjected to hypoxia and/or mechanical impedance (He et al. 1996a,
b) and in submerged rice internodes (Mekhedov and Kende 1996). Expression
analysis revealed downregulation of OsACS2 and upregulation of OsACSI
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(Zarembinski and Theologis 1997) and OsACSS5 genes (Van der Straeten et al.
2001) in flooded rice. Hypoxia-induced stimulation was also demonstrated for
expression of OsSACOI in rice (Mekhedov and Kende 1996); RpACSI and
RpACOI in Rumex palustris (Rieu et al. 2005); ACS2, ACS6, ACS7, and ACS9 in
Arabidopsis (Peng et al. 2005); and LeACS7, LeACS3, and LeACS2 in tomato
(Olson et al. 1995).

The paradoxical effect of oxygen deficiency on the ethylene production looks in
the following way: both the key enzymes of ethylene biosynthesis, ACS and ACO,
are induced by oxygen lack at transcriptional level, but their posttranscriptional
regulation is different: ACS is activated and ACO is inhibited, particularly by total
absence of molecular oxygen. This leads to spatial differentiation of ethylene
synthesis in partially flooded plant: ACC is synthesized in hypoxic root, then it is
transported with xylem sap to aerated shoots, where it turns into the ethylene
(Jackson and Campbell 1976; Bradford et al. 1982; Grichko and Glick 2001).
This system works under soil waterlogging and root anaerobiosis. ACC synthesized
in stressed roots and transported to nonstressed shoots may be assumed itself as a
hypoxic root-to-shoot signal (Jackson 1997, 2002).

In addition to ethylene synthesis from ACC, the hormone might be produced from
other precursors (Chernys and Kende 1996), including metabolites accumulated
under anoxia (Gurevich 1979). Besides that, plants are capable of absorbing ethylene
from soil where its concentration raises under flooding due to microbial activity
(Chirkova 1988; Crawford and Braendle 1996; Vartapetian and Jackson 1997).

Complete flooding inhibits the conversion of ACC into ethylene due to depletion
of O, (Voesenek et al. 1993; Banga et al. 1996). This leads to ACC accumulation
and its further conjugation. The concentrations of free and conjugated forms of
ACC increase dramatically in less tolerant Rumex acetosella species (Banga et al.
1996). Accumulation of ACC has to stimulate ACO, but absence or limitation of O,
leads to inhibition of the enzyme. Nevertheless, hormone concentration in plant
tissues increases because of physical entrapment of ethylene inside plant tissues.
Speed of ethylene diffusion in the air is 0.16 cm® x s™', and in the water, it is only
0.17 x 107* cm?® x s7! (Voesenek et al. 1990b). Therefore, in nonsubmerged
plant, 90% of synthesized hormone would escape within 1 min (Voesenek et al.
1993). In hypoxia-tolerant R. palustris species, ethylene accumulation occurred
only in the first 8 h of flooding. Further on, the high level of phytohormone
negatively regulates activity of ACS that leads to decrease in ACC concentration
and ethylene production (Banga et al. 1996). Moreover, depletion of oxygen
concentration strengthens sensitivity of R. palustris plants to ethylene due to the
stimulation of expression of RpERSI gene, encoding ethylene receptor (Voesenek
et al. 1997; Vriezen et al. 1997). In the sensitive R. acetosella, ethylene does not
inhibit activity of ACS, which leads to continuous hormone accumulation and
causes senescence, epinasty, leaf abscission, and finally the death of plant (Banga
etal. 1996; Visser et al. 1996a). In R. palustris, ethylene adjusts vertical orientation
of leaves (hyponasty) and considerably accelerates leaf petiole growth.

Ethylene plays a crucial role in regulation of plant response to flooding. None-
theless, there are some aquatic plants incapable of synthesizing this hormone.
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Potamogeton pectinatus lacks ACO and accumulates high level of ACC (Summers
et al. 1996). Nevertheless, this plant may grow in hypoxic or even anoxic
environments.

The growth-promoting effect of ethylene has been demonstrated in a wide
variety of aquatic and amphibious species of different taxonomical origin
displaying LOES (Ku et al. 1970; Musgrave et al. 1972; Cookson and Osborne
1978; Metraux and Kende 1983; Raskin and Kende 1983; Samarakoon et al. 1985;
Satler and Kende 1985; Voesenek et al. 1990a, b; Banga et al. 1997). The submer-
gence-induced hormone production not only accelerates growth rate of shoot axial
organs or leaves but also enlarges their final length (Jackson 2008). It either
stimulates cell elongation with little or no change in their number, e.g., in
Callitriche platycarpa (Musgrave et al. 1972), Hydrocharis morsus-ranae, and
Ranunculus sceleratus (Cookson and Osborne 1978), or increases production of
new cells and their subsequent elongation, like in deepwater rice (Metraux and
Kende 1984), Nymphoides peltata, Ranunculus repens (Ridge 1987), and R.
pygmaeus (Horton 1992).

Promotion of shoot extension by ethylene is linked with cell wall loosening and
interaction with other phytohormones. Loosening of cell wall is provided by
ethylene-dependent stimulation of pectinase, xylanase (Bragina et al. 2001,
2003), and xyloglucan endotransglucosylase/hydrolase (Saab and Sachs 1996).
These enzymes are also involved in aerenchyma formation. Ethylene mediates
hypoxic induction of expansin A in Marsilea quadrifolia and Regnellidium
diphyllum (Kim et al. 2000), Rumex palustris (Vreeburg et al. 2005), Sagittaria
pygmaea (Ookawara et al. 2005), and expansins OsEXPA11, OsEXPA1S5, and
OsEXPB4 in deepwater rice (Lee et al. 2001). Moreover, Vreeburg et al. (2005)
reported ethylene to promote fast apoplastic acidification in flooded Rumex
palustris, which is important for growth promotion.

Furthermore, ethylene is supposed to be the master signal for rearrangement of
hormone crosstalk during flooding stress. LOES is regulated by ethylene-dependent
increase in the ratio of growth-promoting hormone (GA) to growth-inhibiting one
(ABA) (Kende et al. 1998). Since early studies, submergence-induced fast under-
water shoot elongation in LOES species was shown to be mediated by an interac-
tion of ethylene and GAs. Flooding- and ethylene-induced shoot growth is partially
or totally blocked by treatment with GA-biosynthesis inhibitors in Callitriche
platycarpa (Musgrave et al. 1972), Ranunculus sceleratus (Samarakoon and Horton
1983), rice (Raskin and Kende 1984; Suge 1985), and Rumex palustris (Rijnders
et al. 1997). Ethylene stimulates synthesis of GA and increases sensitivity to GAs in
deepwater rice stems (Hoffmann-Benning and Kende 1992; Kende et al. 1998) and
petioles of Rumex palustris (Rijnders et al. 1997). This stimulation at least partly
may be mediated via ethylene effect on ABA level. Elevation of ethylene produc-
tion upon submergence leads to reduction in endogenous ABA levels in LOES
plants like deepwater rice (Hoffmann-Benning and Kende 1992; Lee et al. 1994;
Kende et al. 1998) and Rumex palustris (Benschop et al. 2005; Bailey-Serres and
Voesenek 2008) by inhibition of its synthesis and stimulation of degradation to
phaseic acid (Benschop et al. 2005; Saika et al. 2007; Chen et al. 2010). The decline
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of the endogenous ABA concentration in deepwater rice occurs within the first hour
of submergence or ethylene treatment, while accumulation of GA occurs after 3 h
(Hoffmann-Benning and Kende 1992; Sauter 2000). Moreover, the decrease in
ABA in Rumex palustris is required to stimulate the expression of RpGA3oxI
gene encoding gibberellin 3-oxidase, an enzyme converting GA,q to bioactive
gibberellin GA; (Benschop et al. 2006). Notably, in nontolerant R. acetosa, con-
trary to R. palustris, submergence and ethylene do not depress levels of ABA
(Benschop et al. 2005) nor they do alter GA, while responsiveness to GA even
lowers (Rijnders et al. 1997).

Further investigations reveal ethylene signaling to be closely connected with
plant tolerance to oxygen shortage. Some indica rice cultivars, like FR13A and
Kurkaruppan, are known for their high tolerance to flooding. These cultivars do
not accelerate their elongation when submerged unlike LOES deepwater rice, and
their growth is less sensitive to ethylene in comparison to other rice lines. On the
other hand, ethylene does not stimulate senescence as much as in nontolerant
plants (Jackson et al. 1987). They demonstrate non-LOES quiescent syndrome
and survive up to 2 weeks of complete submergence. Recent studies of these
cultivars discovered a major quantitative trait locus designated Subl (Submer-
gence 1) conferring flooding tolerance in rice (Xu et al. 2006). This locus
contains two or three genes encoding ethylene response transcription factors
belonging to the B-2 subgroup of the ethylene response factors (ERFs)/ethylene-
responsive element binding proteins (EREBPs)/apetala 2-like proteins (AP2)
(Perata and Voesenek 2007). In some submergence-intolerant indica and in all
Jjaponica cultivars, this locus encodes two ERF genes, SubI/B and SubIC. In the
tolerant indica cultivars, including FR13A and Kurkaruppan mentioned above, the
locus encodes three ERF genes, with addition of SublA (Xu et al. 2006). SublA and
SublC transcript levels are upregulated by submergence and ethylene (Fukao et al.
2006) and downregulated by ABA (Fukao and Bailey-Serres 2008). SublA confers
tolerance to prolonged complete submergence in lowland rice. It dampens ethylene
production and represses ethylene- and GA-mediated responses in cell elongation
and carbohydrate breakdown, including expansin and amylase genes expression. On
the other hand, SubIC gene is upregulated by submergence, ethylene, and GA and
stimulates shoot elongation in LOES rice. In quiescent-tolerant rice cultivars, Subl/C
is repressed by SublA (Fukao et al. 2006). SubIA was reported to increase the
accumulation of the signaling proteins Slender Rice-1 (SLR1) and SLR1 Like-1
(SLRL1) which repress GA signaling and LOES (Fukao and Bailey-Serres 2008). At
the same time, Subl/A induces metabolic adaptation by upregulation of genes,
encoding pyruvate decarboxylase and alcohol dehydrogenase (ADH) involved in
alcoholic fermentation (Fukao et al. 2006). Thus, SubiA blocks LOES and stimulates
quiescence syndrome, transiently limiting growth that allows to keep the energy and
capacity for regrowth upon desubmergence. Also, Sub! is believed to be the major
factor in the integration of ethylene, ABA, and GA signaling during submergence.

In spite of ultimate role of ethylene as primary regulator of plant adaptation to
oxygen deficiency, there are some cases when fast underwater elongation cannot
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easily be linked with ethylene mediation (Jackson 2008). In addition to the above-
mentioned ethylene-independent Potamogeton pectinatus, coleoptiles of rice,
Echinochloa oryzicola, and shoots of Sagittaria pygmaea may elongate quickly
in the total anoxic environment (Costes and Vartapetian 1978; Pearce and Jackson
1991; Ookawara et al. 2005). Moreover, even treatment with exogenous hormone
does not affect the elongation of rice coleoptiles under total absence of oxygen
(Pearce et al. 1992; Bertani et al. 1997).

Ethylene stimulates seed germination of aquatic plants, e.g., Epilobium hirsutum
(Etherington 1983), Nymphaea alba, and Nuphar lutea (Smits et al. 1995).

Submergence-induced synthesis and/or physical entrapment of ethylene cause
limitation of primary and lateral root growth (Visser et al. 1997). At the same time,
ethylene stimulates formation of adventitious roots in maize (Drew et al. 1979),
Epilobium hirsutum (Etherington 1983), Rumex palustris (Visser et al. 1996a)
deepwater rice (Lorbiecke and Sauter 1999), and tomato (Vidoz et al. 2010), via
ethylene-induced redistribution of auxin transport (Visser et al. 1995, 1996a; Vidoz
et al. 2010), accumulation (Wample and Reid 1979; Vidoz et al. 2010), and an
increase in sensitivity to auxin in root-forming tissues (Visser et al. 1996b).
Exogenously supplied GA, auxin, and cytokinin fail to stimulate adventitious
rooting in deepwater rice (Lorbiecke and Sauter 1999). Use of inhibitors of ethylene
biosynthesis or action and of auxin polar transport results in a reduction of adventi-
tious root formation in waterlogged plants (Visser et al. 1996b; Vidoz et al. 2010).
The number of roots formed upon ethylene treatment in nontolerant plants
Chamerion angustifolium and R. thyrsiflorus is much lower than in wetland species
Epilobium hirsutum and R. palustris (Etherington 1983; Visser et al. 1996a).
Ethylene also affects level and distribution of auxin during stem hypertrophy in
flooded sunflower (Wample and Reid 1979).

Being a typical plant response to partial or complete submergence, epinasty is
also determined by ethylene, particularly in species with little tolerance to oxygen
lack (Jackson and Campbell 1976; Bradford and Hsiao 1982; Visser et al. 1996a).

Aerenchyma is a special pneumatic tissue providing air transport and storage
facility for plants under the lack of oxygen. Spaces within the aerenchymatous
organ appear either by cell separation at the middle lamella (schizogeny) or by cell
death and decomposition of cell wall (lysigeny). In wetland species like rice, willow
(Vartapetian and Jackson 1997), and flooding-tolerant Rumex species, aerenchyma
is formed schizogenously (Laan et al. 1989), and mechanisms of its formation are
largely unknown (Bailey-Serres and Voesenek 2008). Intolerant terrestrial species
develop lysigenous aerenchyma upon imposition of submergence. Formation of
lysigenous aerenchyma in maize root cortex is triggered by ethylene (Drew et al.
1979; Jackson et al. 1985a; Drew 1997). It requires ethylene synthesis via ACC
(He et al. 1996a) and signal transduction with implication of Ca" ions, G-proteins,
and protein kinases (He et al. 1996b). Softening of cell wall is provided by ethylene-
dependent increases in activity of pectinase, xylanase (Bragina et al. 2001, 2003),
cellulase (He et al. 1994, 1996a), and the upregulation of xyloglucan endotransglu-
cosylase/hydrolase gene expression (Saab and Sachs 1996). In root cortex cells,
ethylene induces programmed cell death (Drew et al. 2000). On the other hand,
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ethylene has little effect on the formation of schizogenous aerenchyma in rice
(Jackson et al. 1985b). It is still unclear whether ethylene is involved in constitutive
schizogenous aerenchyma formation in wetland species.

10.3 Abscisic Acid

ABA is well-known growth inhibitor antagonizing many plant growth substances
like auxin, GAs, and cytokinins. An increase of ABA concentration particularly
accompanied by reduction in levels of hormone stimulators promotes significant
deceleration of growth and metabolism intensity. As already mentioned above,
LOES plants respond to submergence by the fast drop in endogenous ABA level.
This was reported for coleoptiles (Hoson et al. 1993; Lee et al. 1994) and internodes
of rice (Hoffmann-Benning and Kende 1992), shoots of Scirpus mucronatus (Lee
et al. 1996), and petioles of Rumex palustris (Benschop et al. 2005; Chen et al.
2010). Nonetheless, susceptible to hypoxia plants usually respond to oxygen short-
age by drastic increase of ABA concentration. Root hypoxia results in manifold
elevation of ABA level in tomato shoots (Bradford 1983), roots and leaves of pea
(Zhang and Davies 1987), leaves of French bean (Neuman and Smit 1991) and a
hybrid poplar Populus trichocarpa x Populus deltoides (Smit et al. 1990), and
roots and needles of pine (Menyajlo and Shulgina 1978). In susceptible to hypoxia
Rumex acetosa, ABA remains stable during complete submergence (Benschop
et al. 2005). Total anoxia provokes ABA accumulation in coleoptiles and roots of
aerobically germinated rice seedlings (Mapelli et al. 1986). More susceptible to
oxygen deprivation, wheat accumulates higher amount of ABA during submer-
gence or total anoxia than less susceptible oat (Yemelyanov and Chirkova 1996;
Bakhtenko et al. 2008) and rice (Emel’yanov et al. 2003).

The decrease of endogenous ABA level in submergence-escaping plants occurs
within the first 1-3 h of oxygen deficiency (Hoffmann-Benning and Kende 1992;
Sauter 2000; Benschop et al. 2005) and is triggered by ethylene since it may be
imitated by applying ethylene to nonflooded plants and prevented by pretreating
submerged plants with inhibitors of ethylene synthesis or action (Jackson 2008).
Flooding-induced ethylene suppresses ABA synthesis at two points: first by
downregulating OsZEP gene encoding zeaxanthin epoxidase and second by
repressing genes of 9-cis-epoxycarotenoid dioxygenase in rice (OsNCEDI,
OsNCED?2, and OsNCED3; Saika et al. 2007) and in Rumex palustris (RpNCEDI-4
and RoNCED6-10, Benschop et al. 2005; Chen et al. 2010). Simultaneously, ethylene
promotes ABA breakdown by upregulation of OsABA8oxI gene encoding ABA
8'-hydroxylase (CYP707A5), which converts ABA to its catabolites, phaseic and
dihydrophaseic acids (Saika et al. 2007). Levels of phaseic and dihydrophaseic acids
rise in rice shoots during submergence (Saika et al. 2007) and in rice coleoptiles
under anoxia (Mapelli et al. 1986). ABA accumulation in shoots along with its
catabolites may be prevented by its release from the plant into external medium,
like it was discovered in rice (Mapelli et al. 1986). Notably, the most susceptible
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plants like wheat are incapable of ABA extrusion into the medium (Mapelli et al.
1995). Total anoxia completely blocks oxygen-dependent synthesis of ABA, and
high concentration of a free form in wheat plant is maintained by hydrolysis of its
ester-bound forms (Emel’yanov et al. 2003). On the contrary, decrease of free ABA
in rice may be a result of its conjugation (Emel’yanov et al. 2003; Saika et al. 2007).

ABA is a very important regulator of plant growth during submergence. High
level of this hormone in plant tissue would cease growth, and the opposite, reduced
concentration would stimulate elongation. Exogenously applied ABA inhibits
growth of coleoptiles (Mapelli et al. 1993; Lee et al. 1994) and stem sections of
rice (Hoffmann-Benning and Kende 1992), petioles and stems of Ranunculus
sceleratus (Smulders and Horton 1991), stems of Potamogeton pectinatus (Sum-
mers and Jackson 1996) and Scirpus mucronatus (Lee et al. 1996), and petioles of
R. palustris (Benschop et al. 2005; Chen et al. 2010). Contrariwise, use of fluridone,
an ABA biosynthesis inhibitor, promotes growth in LOES plants (Hoffmann-
Benning and Kende 1992; Lee et al. 1996; Benschop et al. 2005; Chen et al.
2010). There is difference in ABA content between different accessions of LOES
plants originating from habitats varying in duration and depth of submergence. The
slow elongating accession of R. palustris accumulates a relatively high amount of
ABA than fast elongating one (Chen et al. 2010). On the other hand, LOES
deepwater rice Plai Ngam variety contains virtually same levels of ABA during
submergence as non-LOES lowland IR36 cultivar (Van Der Straeten et al. 2001).
ABA may be one of the key regulators of adaptation strategy (LOES or no) by
inhibiting mRNA accumulation of OS-ACS5 (Van Der Straeten et al. 2001) and
Subl (Fukao and Bailey-Serres 2008).

The adaptive effect of ABA accumulation at oxygen deficiency stress is due not
only to inhibition of growth. Exogenously applied ABA induces anoxic tolerance
and seedling survival in maize (Hwang and Van Toai 1991), Arabidopsis (Ellis
et al. 1999), and lettuce (Kato-Noguchi 2000a). ABA-mediated tolerance in maize
depends on protein synthesis (Hwang and Van Toai 1991). Treatment with ABA
increases ADH activity (Hwang and Van Toai 1991; Kato-Noguchi 2000b) and
AtADHI gene expression (De Bruxelles et al. 1996; Dolferus et al. 1997). At the
same time, ADH gene can be upregulated during oxygen shortage in ABA-inde-
pendent manner (De Bruxelles et al. 1996; Dolferus et al. 1997).

10.4 Gibberellins

Effects of oxygen deficiency on the gibberellin content depend on plant tolerance,
adaptation strategy (LOES or no), and intensity of impact. Pines, growing at marshy
habitat, contain less GA in comparison to that of growing in wood (Menyajlo and
Shulgina 1978). Root hypoxia resulted in slight reduction of GA; and GAj3 shoot
concentrations in French bean and a hybrid poplar Populus trichocarpa x Populus
deltoides (Neuman et al. 1990). Shoots of wheat contain less GA in comparison
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with more tolerant oat plants under soil waterlogging (Bakhtenko et al. 2008).
Wetland plant species displaying LOES accumulate high amount of GA while
submerged, as it has been shown for rice (Suge 1985; Hoffmann-Benning and
Kende 1992) and R. palustris (Rijnders et al. 1997). In R. palustris, petioles of
submerged plants accumulate mostly 13-OH GAs, especially GA; and GA,,,
compared with drained plants. There are no differences between levels of GAs
petioles of susceptible R. acetosa in drained or flooded conditions (Rijnders et al.
1997). Similarly, submergence results in accumulation of GA,q in shoots of deep-
water rice Plai Ngam cultivar and does not alter its level in non-LOES lowland IR36
cultivar (Van Der Straeten et al. 2001).

As already mentioned above (see 10.2), shift in GA concentration in submer-
gence-escaping plants is upregulated by ethylene and downregulated by ABA and
SublA. Growth stimulation in LOES plants by flooding or ethylene is somewhat
arrested by use of GA-biosynthesis inhibitors, and the effect of inhibitors is reversible
by treatment with exogenous GA (Jackson 2008). On the opposite, treatment with
fluridone (inhibitor of ABA biosynthesis) increase GA responsiveness and growth
(Hoffmann-Benning and Kende 1992; Chen et al. 2010). At the same time, externally
applied ABA inhibits the increase in concentration of bioactive GA; in submerged
Rumex plants (Benschop et al. 2005, 2006) by repression of RpGA3oxI gene
encoding gibberellin 3-oxidase, an enzyme converting GA,, to GA; (Benschop
et al. 2006). Submergence-induced accumulation of ethylene brings about a rapid
drop in ABA level (Benschop et al. 2005), which relieves the inhibition from
RpGA3oxI and favors the concentration of GA| to increase.

The majority of ethylene effects on fast underwater shoot growth are mediated
by GAs. Treatment with exogenous GA promotes elongation of in stems of
Callitriche platycarpa (Musgrave et al. 1972), rice (Raskin and Kende 1984;
Suge 1985; Van Der Stracten et al. 2001), petioles of Ranunculus sceleratus
(Samarakoon and Horton 1983), and R. palustris (Rijnders et al. 1997; Benschop
et al. 2006; Chen et al. 2010). Growth-promoting GA action in deepwater rice stem
is connected with increased cell elongation and cell production rate in the interca-
lary meristem (Raskin and Kende 1984). Exogenous GAj; first promotes cell
elongation in the intercalary meristem (within 2 h after treatment); after 4 h, it
stimulates cells in the G, phase to enter mitosis, and subsequent activation of DNA
synthesis (G; — S transition) takes place between 4 and 7 h of GAj; treatment
(Sauter and Kende 1992). Elongation is strongly supported by GA-mediated
enhancement in the expression of genes encoding B-expansins (Lee and Kende
2001), a-expansins, and expansin-like proteins (Cho and Kende 1997; Lee and
Kende 2002). Cell division cycle in intercalary meristem of deepwater rice is
activated by GA at two key points, DNA replication and mitosis. GA3 treatment
increases p34°9°¥“PZ_Jike histone HI kinase activity and upregulates genes,
encoding cyclin-dependent protein kinases and B2-type mitotic cyclins (Sauter
et al. 1995; Fabian et al. 2000). GA also activates the expression of genes encoding
proteins involved in signal transduction: (1) a receptor-like transmembrane protein
kinase, Os-TMK (Ory:za sativa-transmembrane kinase) (van der Knaap et al. 1999);
(2) a heterotrimeric protein RPA1 (replication protein Al) implicated in DNA
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replication, recombination, repair, and also in regulation of transcription (van der
Knaap et al. 1997); and (3) a transcription factor Os-GRF1 (0. sativa-growth-
regulating factorl) containing a nuclear localization signal and participating in
the regulation of GA-induced stem elongation (van der Knaap et al. 2000).

It is important to note that GAs are not always involved in regulation of
submergence/ethylene-induced growth. For example, fast underwater ethylene-
mediated elongation in Regnellidium diphyllum (Musgrave and Walters 1974)
and Potamogeton pectinatus (Summers and Jackson 1996) does not depend on
GA. GA fails to stimulate growth in rice coleoptiles under anoxia (Mapelli et al.
1993; Loreti et al. 2003). Moreover, flooding-induced growth of coleoptiles of
deepwater rice is not reduced by inhibitors of GA biosynthesis (Hoffmann-Benning
and Kende 1992).

Exogenous GA does not affect anoxia-induced expression of Amy3D gene,
encoding a-amylase in aleurone and embryo from germinating rice grains (Loreti
et al. 2003). Similarly, treatment with GA has no influence on ADH activity in
lettuce seedlings (Kato-Noguchi 2000b). Thus, opposite to ethylene and ABA, GA
plays minor role in regulation of metabolism during oxygen deficiency.

10.5 Auxin

Auxin stays aside from the mainstream of plant hormone research under oxygen
deprivation, and its role in regulation of plant adaptation is generally underestimated.
This can be due to the fact that submergence reduces total level of indoleacetic acid
(IAA) in pine needles (Menyajlo and Shulgina 1978), rice coleoptiles (Hoson et al.
1992), and petioles of R. palustris (Cox et al. 2004). On the other hand, waterlogging
affects redistribution of IAA via ethylene mediation, leading to its accumulation in
the stem on the border between aerated and flooded zone, like in hypocotyls of
sunflower (Wample and Reid 1979) and tomato (Vidoz et al. 2010). Similarly,
submergence induces raise of auxin level in the base of petioles of R. palustris
petioles of R. palustris (Cox et al. 2004). There is a difference in auxin concentrations
in plants during oxygen deficiency depending on their tolerance. More susceptible
wheat contents less IAA than more tolerant oat when submerged (Bakhtenko et al.
2008) or at total anaerobiosis (Yemelyanov and Chirkova 1996). Rice seedlings
accumulate even higher amounts of IAA in totally anoxic environment (Mapelli
et al. 1986; Emel’yanov et al. 2003).

Aucxin is not required for the ethylene-mediated submergence-induced growth of
coleoptiles (Katsura and Suge 1979) and internodes of the most studied LOES
plant, deepwater rice (Jackson 2008). However, studies with different wetland
species demonstrate its necessity for the submergence/ethylene response. IAA
stimulates growth in leaves of fern Regnellidium diphyllum (Walters and Osborne
1979), stems of Potamogeton pectinatus (Summers and Jackson 1996), petioles of
Nymphoides peltata (Ridge and Osborne 1989), Ranunculus sceleratus (Horton
and Samarakoon 1982; Smulders and Horton 1991; Rijnders et al. 1996), and
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R. palustris (Cox et al. 2006). In R. palustris, exogenously applied auxin increases
upregulation of ethylene-inducible expansin gene RpEXPAI (Vreeburg et al. 2005).
Auxin can stimulate elongation even after treatment with inhibitors of ethylene
biosynthesis or action, suggesting a role downstream from ethylene as with GAs
(Jackson 2008). Although early studies suggest that independent modes of action
are also possible (Cookson and Osborne 1978). Under total anoxia, IAA has no
effect on the growth of excised coleoptiles (Mapelli et al. 1993), but there is slight
stimulation in intact rice seedlings (Bertani et al. 1997).

In Rumex palustris, auxin and ethylene regulate hyponastic growth of petioles
(Cox et al. 2004). Surprisingly, this regulation is independent of their role in petiole
elongation (Cox et al. 2006). On the other hand, epinasty in susceptible plants like
tomato also depends on IAA-ethylene interactions (Lee et al. 2008). These
interactions are also involved in submergence-induced stem hypertrophy and
adventitious rooting (Wample and Reid 1979; Visser et al. 1995, 1996a, b; Vidoz
et al. 2010), as it was discussed earlier (see 10.2).

Similar to ABA, IAA participates in metabolic regulation during oxygen defi-
ciency. Treatment with TAA increases ADH activity in lettuce (Kato-Noguchi
2000b) and protein synthesis in rice coleoptiles (Mapelli and Locatelli 1995).

10.6 Cytokinin

There are few scrappy evidences about cytokinins in plants during oxygen deficiency.
Cytokinin content is not significantly altered by root hypoxia in leaves of Phaseolus
vulgaris and hybrid poplar (Neuman et al. 1990; Smit et al. 1990) and by total anoxia
in seedlings of wheat, oast, and rice (Yemelyanov and Chirkova 1996; Emel’yanov
etal. 2003). In the roots of Amaranthus paniculatus, hypoxia leads to accumulation of
cytokinins (Rudolf et al. 1987). This can be explained by reduction of cytokinin
delivery from roots observed in tomato (Bradford 1983) bean and poplar (Neuman
et al. 1990). The role of cytokinin in regulation of plant adaptation to the lack of
oxygen is also unobvious. Exogenously applied cytokinins do not affect the growth of
rice coleoptiles (Mapelli et al. 1993) and shoots of bean and poplar (Neuman et al.
1990) under the lack of oxygen. But kinetin inhibits anaerobic germination of rice
seeds (Miyoshi and Sato 1997). The decline in photosynthetic capacity and stomatal
conductance in both flooded plants may be alleviated by cytokinins in tomato
(Bradford 1983), but not in French bean and poplar (Neuman et al. 1990). Applied
to lettuce, cytokinin increases ADH activity (Kato-Noguchi 2000b).

10.7 Conclusions

Plant classical hormones take active part in regulation of plant adaptation to oxygen
deficiency. Common among wetland species, fast shoot elongation, which is the
main component of LOES, is ultimately driven by hormones. Submergence induces
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Fig. 10.1 Scheme of hormonal regulation of plant adaptation to submergence (LOES)

ethylene synthesis (Fig. 10.1), which, in turn, leads to decrease in ABA and increase
in GA level. This interaction between ethylene, ABA, and GA accelerates the
growth of stems and leaf petioles by stimulation of cell division and elongation.
Differences between various accessions of LOES plants in their capacity to elon-
gate are possibly determined by diversity in endogenous ABA and GA content. In
some plants, growth is also supported by accumulation of auxin, caused by submer-
gence either in ethylene-dependent or -independent manner. Ethylene—auxin interac-
tion regulates epi- or hyponastic response and adventitious rooting depending on
plant tolerance. Ethylene itself induces formation of lysigenous aerenchyma. Ethyl-
ene, ABA, auxin, and cytokinin regulate metabolic switch by activating a number of
enzymes of glycolysis and ethanol fermentation. Taken together, these responses
allow plant to reach water surface, escaping from oxygen-deficient environment, and
provide oxygen transport from shoot to flooded root, which finally results in plant
adaptation and survival. Contrarily intolerant species accumulate high amount of
ethylene and ABA and decline the levels of growth stimulators (GA and auxin) under
the lack of oxygen, leading to stimulation of senescence, epinasty, leaf abscission,
and finally the death of plant. Nonetheless, our knowledge on involvement of
hormones in the regulation of metabolism during oxygen deprivation and on the
role of hormones other than ethylene, ABA, and GA is insufficient and still to be
elucidated.
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Chapter 11

Stress Hormone Levels Associated with Drought
Tolerance vs. Sensitivity in Sunflower
(Helianthus annuus L.)

Cristian Fernandez, Sergio Alemano, Ana Vigliocco, Andrea Andrade,
and Guillermina Abdala

Abstract Six inbred lines (B59, B67, B71, R432, R419, and HAR4) of sunflower
(Helianthus annuus L.) were evaluated in field and laboratory experiments under
drought vs. irrigation. In field studies, relative seed yield per hectare and oil yield
per hectare were reduced under drought in B59, B67, and R419, but not in R432,
B71, or HARA4. In lab studies, germination percentage was reduced under 200 and
400 mM mannitol treatment (which simulates drought) for B59 and under 400 mM
mannitol for R432, B71, and HAR4. B59 and B71 were used as typical drought-
sensitive and drought-tolerant lines, respectively, for subsequent experiments.
Levels of the phytohormones jasmonates (JAs), abscisic acid (ABA), and ABA
catabolites were evaluated in dry and germinated seeds from B59 and B71 parent
plants grown under drought and irrigation. For dry seeds from plants grown under
drought, ABA was the major compound accumulated in B71, whereas 12-OH-JA
was the major compound in B59. Germinated seeds of both lines, compared to dry
seeds, showed increased 12-oxophytodienoic (OPDA) and decreased ABA. Our
results indicate that soil moisture conditions under which parent plants grow affect
hormonal content of seeds produced, and JAs and ABA levels during germination
are variable. F; seedling families obtained by crossing R432 (drought-tolerant) and
A59 (drought-sensitive) lines were assayed for germination percentage and endog-
enous levels of salicylic acid (SA), JA, and ABA following drought treatment
(400 mM mannitol). Germination percentage showed a typical segregation pattern
of quantitative inheritance to drought tolerance in the phenological stage of seed-
ling. Levels of SA and ABA under drought compared to control condition increased
in F; tolerant families but decreased in F; sensitive families. JA levels changed
under drought condition, but the direction of change was not consistent within
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tolerant or sensitive families. Our results provide important information for
strategies to maintain or increase yield of sunflower crops under drought conditions.

11.1 Introduction

Environmental stress factors are the primary cause of crop failure, causing average
yield losses of over 60% for major crops worldwide (Bray et al. 2000). Among
these factors, water deficit (drought) probably has the greatest limiting effect on
crop quality and productivity (Roche et al. 2009). A drop in water potential induces
a variety of metabolic, morphological, and/or physiological responses, including
generation of reactive oxygen species (Papadakis and Roubelakis-Angelakis 2005),
accumulation of osmotically active solutes (Sanchez-Diaz et al. 2008), changes in
endogenous levels of plant hormones (phytohormones) (Perales et al. 2005; Seki
et al. 2007; Dobra et al. 2010), altered expression of stress-responsive genes (Xiong
et al. 2002; Yamaguchi-Shinozaki and Shinozaki 2005; Huang et al. 2008), and
reduced vegetative growth (Mahajan and Tuteja 2005). Some of these responses are
triggered directly by altered water status in plant tissues, while others are mediated
by phytohormones (Chaves et al. 2003). In particular, the hormones abscisic acid
(ABA), jasmonates (JAs), and salicylic acid (SA) are key components of a complex
signal-transduction network that coordinates growth and development with plant
responses to environmental factors (Agrawal et al. 2002; Jiang and Zhang 2002;
Fujita et al. 2006; Szalai et al. 2010).

Plant responses to drought vary depending on intensity and duration of stress,
plant species, and development stage (Chaves et al. 2003). Seed germination is the
earliest and most sensitive stage in the plant life cycle (Ashraf and Mehmood 1990),
and establishment of seedlings is highly susceptible to drought and other environ-
mental stresses (Albuquerque and de Carvalho 2003). Sunflower (Helianthus
annuus L.) is better able to tolerate drought than many agricultural crop species
and is often cultivated in arid regions. However, like other oil crops, sunflower is
sensitive to water deficit at the germination stage. Poor weather and soil can cause
unsynchronized crop establishment (Mwale et al. 2003), and drought stress can
reduce yield and seed quality (Roche et al. 2009).

Development of new genotypes with enhanced tolerance to drought stress is an
important strategy for expanding the agricultural area for sunflower crop planting.
Selection on the basis of seedling traits is a useful technique for evaluating a large
number of genotypes for drought tolerance (Tomar and Kumar 2004; Basal et al.
2005; Longenberger et al. 2006). Certain traits selected for improvement of general
yield also give yield increases in dry environments. Recently developed new
technologies in plant cell biology and molecular biology provide powerful tools
to complement traditional methods of crop improvement (Rauf 2008). In particular,
Marker-assisted selection (MAS) is useful for segregation and association mapping
studies of germplasm to identify useful alleles in cultivated strains and their wild-
type relatives. Association mapping is intrinsically a more powerful tool than
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“classical” genetic linkage mapping because it scrutinizes the results of thousands
of generations of recombination and selection (Syvanen 2005). However, most data
accumulated so far on drought tolerance are based on segregation mapping and
QTL (quantitative trait loci) analysis (Cattivelli et al. 2008).

11.2 Role of Phytohormones in Response to Drought

Plants are subject to a variety of abiotic and biotic stress factors, including attack by
pathogens and herbivores, and levels of light, water, temperature, nutrients, or salts
that are too low or too high. Plants, because they are not able to move, depend on a
repertoire of rapid, complex, and highly adapted responses to survive and grow in
spite of these environmental stress factors. Perception of stress signals often
triggers biosynthesis of signaling molecules, including a variety of phytohormones,
which not only regulate developmental processes but are also involved in signaling
networks that mediate plant stress responses. The importance of SA, JAs, and ABA
as primary signals in regulation of plant responses is well established (Bari and
Jones 2009; Pieterse et al. 2009). These hormones are part of a signal-transduction
network triggering a cascade of events responsible for physiological adaptation of
plants to stress. The outcome of defensive responses depends on the composition
and kinetics of the hormones produced (De Vos et al. 2005; Mur et al. 2006;
Koornneef et al. 2008; Leon-Reyes et al. 2010).

11.3 Salicylic Acid

Salicylic acid (SA) is well known as a key signaling molecule in induction of plant
defense mechanisms (Klessing et al. 2000; Shah 2003), including responses to a
variety of pathogenic infections (Singh et al. 2004; Pasquer et al. 2005; Makandar
et al. 2006) and systemic acquired resistance (SAR) (Vlot et al. 2008). Increasing
evidence in recent years shows that SA elicits defense mechanisms in response to
abiotic stresses such as excessive levels of heavy metals (Krantev et al. 2008; Zhou
et al. 2009), salts (El-Tayeb 2005; Szepesi et al. 2009), heat (Larkindale and Huang
2004), cold (Wang et al. 2006), and UV radiation or ozone (Ervin et al. 2004) and
salt (Nazar et al. 2011; Syeed et al. 2011). SA also influences physiological
processes such as seed germination, seedling growth, fruit ripening, flowering,
ion uptake and transport, photosynthesis rate, stomatal conductance, and chloro-
plast biogenesis (Fariduddin et al. 2003; Khodary 2004; Shakirova 2007).

There are several routes for SA biosynthesis (Shah 2003). (1) SA can be
synthesized from phenylalanine via cinnamic acid. Decarboxylation of the side
chain of cinnamic acid generates benzoic acid, which then undergoes hydroxyl-
ation at the C-2 position to form SA (Yalpani et al. 1993; Ribnicky et al. 1998).
(2) Cinnamic acid can undergo 2-hydroxylation to o-coumaric acid, which is then
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decarboxylated to give SA (Alibert and Ranjeva 1971, 1972). (3) In chloroplasts
of Arabidopsis (Brassicaceae), SA can be synthesized from chorismate via
isochorismate (Wildermuth 2006; Mustafa et al. 2009). (4) SA can be conjugated
with a variety of molecules by either glycosylation or esterification (Popova et al.
1997) and is metabolized to 2,3-dihydrobenzoic acid or 2,5-dihydrobenzoic acid
in leaves of Astilbe chinensis and Lycopersicon esculentum (Billek and Schmook
1967).

Because it enhances tolerance of several abiotic stresses, SA is a promising
compound for reducing susceptibility of crops to stress (Horvath et al. 2007).
Several methods of SA application (soaking the seed before sowing, adding to
hydroponic solution, irrigating, spraying with SA solution) have been reported to
mitigate damaging effects of abiotic stresses (Szalai et al. 2010). Such mitigation
depends on concentration applied, mode of application, plant developmental stage,
oxidative balance of cells, and other factors.

SA helps promote tolerance of plants to drought conditions. Plants raised from
seeds soaked in acetyl-SA solution displayed enhanced tolerance to drought and dry
matter accumulation (Hamada 1998; Hamada and Al-Hakimi 2001). In tomato and
bean plants, drought tolerance was enhanced by exogenous addition of SA at low
concentrations, but not at high concentrations (Senaratna et al. 2000).

SA was shown to be involved in promotion of drought-induced leaf senescence
in Salvia officinalis plants under field conditions (Abreu and Munne-Bosch 2008).
SA-treated wheat seedlings under drought stress, in comparison to nontreated
controls, displayed higher moisture content, dry matter accumulation, ribulose-
1,5-bisphosphate carboxylase oxygenase (RuBisCO) activity, superoxide dismutase
(SOD) activity, and total chlorophyll content. SA treatment also protected nitrate
reductase activity and thereby helped maintain normal levels of various proteins in
leaves (Singh and Usha 2003). Exogenously applied SA mitigated the deleterious
effects of water deficit on cell membranes of barley plants (Bandurska and Stroinski
2005) and enhanced drought tolerance in cell suspensions from turgid leaves of
Sporobolus stapfianus (Ghasempour et al. 2001).

Endogenous SA content in plants is altered by the majority of abiotic stresses,
indicating its involvement in stress signaling (Horvath et al. 2007).

11.4 Jasmonates

Jasmonic acid (JA) and its cyclic precursors and derivatives, collectively referred to
as jasmonates (JAs), constitute a family of bioactive oxylipins that regulate plant
responses to environmental and developmental cues (Turner et al. 2002; Devoto
and Turner 2003). These signaling molecules affect numerous plant processes,
including responses to wounding and abiotic stresses, and defenses against insects
(McConn et al. 1997) and necrotrophic pathogens (Thomma et al. 1999). Develop-
mental processes shown to be influenced by JAs in studies of various Arabidopsis
mutants include root growth, pollen maturation and dehiscence, carbon portioning,
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ovule development, germination, seedling development, and senescence (Turner
et al. 2002; Wasternack and Hause 2002; Andrade et al. 2005; Wasternack 2006;
Browse 2009). Plant responses mediated by JAs are associated with extensive
reprogramming of gene expression (Reymond et al. 2004; Yan et al. 2007).

The biosynthetic pathway for JA was initially described by Vick and
Zimmerman (1983) and reviewed recently by Wasternack and Kombrinck (2010).
The substrates are o-linolenic acid (a-LeA; C18:3) or hexadecatrienoic acid
(C16:3) released from plastidial galactolipids by phospholipases. Following oxida-
tion by lipoxygenase (LOX) of a-LeA to 13(S)-hydroperoxyoctadecatrienoic acid
(13(S)-HPOT), the first committed step of JA biosynthesis is conversion of the
LOX product to the allene oxide 12,13(S)-epoxyoctadecatrienoic acid (12,13(S)-
EOT) by allene oxide synthase (AOS). This unstable allylic epoxide can decompose
into various products, such as o- and 7y-ketols, or spontaneously rearrange to
racemic 12-oxophytodienoic acid or undergo enzymatic cyclization by allene
oxide cyclase (AOC) to optically pure cis-(+)-12-oxophytodienoic acid ((9S5,135)-
OPDA), which is the end product of the plastid-localized part of the JA biosynthetic
pathway and has the same stereochemical configuration as naturally occurring (+)-
T-iso-JA.

Translocation of OPDA into peroxisomes, where the subsequent part of the JA
biosynthetic pathway occurs, is mediated by the ABC transporter COMATOSE
and/or an ion-trapping mechanism (Theodoulou et al. 2005). Reduction of OPDA is
catalyzed by a peroxisomal OPDA reductase (OPR) to produce 3-oxo-2(2[Z]-
pentenyl)cyclopentane-1-octanoic acid (OPC-8:0). Next, three rounds of -oxida-
tion catalyzed by acyl-CoA oxidase (ACX), multifunctional protein (MFP), and L-
3-ketoacyl-CoA thiolase (KAT) lead to production of jasmonoyl-CoA. From this, a
yet-unknown thioesterase releases (+)-7-iso-JA ((3R,75)-JA), which equilibrates to
the more stable (-)-JA ((3R,7R)-JA). Homeostasis among various JA metabolites is
a common mechanism in plants to sustain the content of active hormones. The
metabolic routes for conversion of JA have been elucidated by identification
of the corresponding products in plant tissues: (1) methylation by JA-specific
methyltransferase (JAME) (Seo et al. 2001); (2) hydroxylation at C-11 or C-12 of
the pentenyl side chain (Sembdner and Parthier 1993), followed by sulfation (Gidda
et al. 2003); (3) glucosylation at the carboxylic acid group, leading to jasmonoyl-
B-glucose ester; (4) glucosylation of 12-OH-JA to 12-O-glucoside (12-O-Glc-JA)
(Swiatek et al. 2004); (5) conjugation with the ethylene precursor l-amino-
cyclopropane-1-carboxylic acid (ACC) (Staswick and Tiryaki 2004); (6) reduction
of the keto group of pentenone ring, leading to cucurbic acid (Dathe et al. 1991);
(7) conjugation with amino acids such as valine, leucine, tyrosine, and isoleucine
(Staswick and Tiryaki 2004; Wasternack 2007; Fonseca et al. 2009; Wasternack
and Kombrinck 2010); and (8) decarboxylation to cis-jasmone (Koch et al. 1997).
Most of these metabolic products exhibit biological activities that are similar but
not identical, raising the question whether metabolic conversion of JA plays a
regulatory role in JA signaling (Miersch et al. 2008).

In addition to its well-established role in biotic stress responses, JA is involved
in mediation of numerous abiotic stress responses. In regard to drought response,
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treatment of barley leaves with sorbitol or mannitol was found to increase level
of endogenous JAs, followed by synthesis of jasmonate-induced proteins (JIPs)
(Lehmann et al. 1995). Sorbitol treatment caused enhancement of various
octadecanoids and JAs, and this threshold was necessary and sufficient to initiate
JA-responsive gene expression (Kramell et al. 2000). Endogenous JA content
increased in maize root cells under drought stress (Xin et al. 1997), and JAs elicited
betaine accumulation in pear leaves (Gao et al. 2004).

We recently observed differences in basal JAs content, and patterns of response
to drought stress, in two populations of Pinus pinaster Ait. at different sites and
suggested that such differences reflect adaptations to diverse ecological conditions
(Pedranzani et al. 2007).

Under drought stress, accumulation of JA increased transcript levels and
activities of antioxidant enzymes (Shan and Liang 2010), and exogenous JA or
MeJA increased antioxidative ability of plants (Bandurska et al. 2003; Wang 1999).
Ascorbate and glutathione metabolism are important components of antioxidant
metabolism in plants, and JA was shown to be involved in regulation of such
metabolism under ozone stress (Sasaki-Sekimoto et al. 2005). JAs play important
signaling roles in drought-induced antioxidant responses, including ascorbate
metabolism (Li et al. 1998; Ai et al. 2008).

11.5 Abscisic Acid

Abscisic acid (ABA) influences the ability of plants to withstand abiotic stresses,
including drought, cold, and salt stress (Zhu 2002; Finkelstein et al. 2002). Plants
are therefore able to control their response to such stresses by modulating endoge-
nous ABA content (Xiong et al. 2002; Zhang et al. 2006; Thameur et al. 2011). This
hormone is also involved in regulating expression of many stress-induced genes,
providing adaptability to environmental stresses (Bray 2003; Shinozaki and
Yamaguchi-Shinozaki 2007; Huang et al. 2008). ABA is also involved in regulating
many aspects of plant growth and development, including embryo and seed devel-
opment, desiccation tolerance and dormancy, vegetative development, leaf senes-
cence, stomatal aperture, and pathogen defense response (Wasilewska et al. 2008;
Ton et al. 2009; Fan et al. 2009; Cutler et al. 2010).

The biosynthetic pathway of ABA in higher plants has been established using
forward-genetic approaches (Seo and Koshiba 2002; Nambara and Marion-Poll
2005). ABA is synthesized from zeaxanthin, a C4( carotenoid, whose conversion to
xanthoxin, a C;s intermediate, is catalyzed in plastids by zeaxanthin epoxidase
(Agrawal et al. 2001; Xiong et al. 2002) and 9-cis-epoxycarotenoid dioxygenase
(NCED) (Schwartz et al. 1997; Qin and Zeevaart 1999; Iuchi et al. 2001).
Xanthoxin is then converted to ABA via abscisic aldehyde in the cytosol. The
oxidation of xanthoxin produces abscisic aldehyde, which can be converted to ABA
by aldehyde oxidase 3 (AAO3) (Seo et al. 2000). There are two pathways for ABA
catabolism: an oxidative pathway and conjugation (Kushiro et al. 2004; Nambara
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and Marion-Poll 2005). The most common oxidative pathway is initiated by
oxidation of 8-hydroxy ABA (8-OH ABA), which can reversibly cyclize to
phaseic acid (PA) (Zaharia et al. 2005). This compound is then reduced to the
dihydrophaseic acid (DPA) as major product, with minor amounts of
epi-dihydrophaseic acid (epi-DPA).

Minor oxidation pathways include formation of 7’-hydroxy ABA (7-OH ABA)
and of 9'-hydroxy ABA (9-OH ABA). The latter can cyclize reversibly to neophaseic
acid (neoPA) (Zhou et al. 2004). ABA and hydroxy ABA can also be conjugated with
glucose, to form corresponding glucose esters at C-1 (ABA-GE) or glycosides at C-
1" or C-4' (Zeevaart 1999; Oritani and Kiyota 2003). Isolation and characteriza-
tion of several new ABA catabolites were reported by Kikuzaki et al. (2004).

ABA action is the one of the most extensively studied topics in abiotic stress
response research (Hirayama and Shinozaki 2007; Wasilewska et al. 2008). The
earliest reports on effects of ABA in drought stress involved the morphological and
physiological aspects. Many investigators have observed increases in endogenous
ABA content in woody and herbaceous species under various drought-induced
environmental conditions, including high salinity (Hassine and Lutts 2010), freez-
ing (Janowiak et al. 2002), dehydration (Nayyar and Walia 2004), and osmoticity
(Hsu et al. 2003). In Arabidopsis thaliana seedlings, drought stress promoted both
ABA biosynthesis and catabolism, leading to increased levels of ABA and its
catabolites PA, DPA, and ABA-GE (Huang et al. 2008). Leatf ABA concentrations
were higher in drought-stressed Laurus azorica (Seub.) Franco plants than in
controls (Sanchez-Diaz et al. 2008). Exogenous application of ABA enhanced
drought tolerance of triploid bermuda grass (Cynodon dactylon) (Lu et al. 2009).

Although not all studies show direct correlation between stress tolerance and
high ABA content, there are several reports that drought-tolerant strains have
higher ABA level than susceptible strains (Perales et al. 2005; Veselov et al.
2008; Thameur et al. 2011).

Under drought conditions, ABA plays a role in closing of stomata, which
reduces water loss through transpiration (Assmann 2003; Hartung et al. 2005).
ABA produced by roots in drying soil is transported to the xylem and regulates
stomatal opening (Zhang et al. 1987; Zhang and Davies 1989, 1990a, b). Changes in
pH of xylem sap are frequently observed under drought stress; this change may be
an important component of root-to-shoot signaling and act synergistically with
ABA. In Helianthus annuus, Phaseolus coccineus, and Commelina communis,
xylem sap pH becomes more alkaline under drought stress, leading to enhanced
stomatal closure and reduced growth (Schachtman and Goodger 2008).

The function of ABA in stomatal closure under drought has been proposed to
involve localization of ABA receptors. Two ABA receptors are located inside the
cell, but a third is found on the cell surface (Liu et al. 2007), suggesting that plant
cells can sense both extracellular and intracellular ABA concentration. The
increased stomatal closure that occurs because of increased sap pH under drought
suggests that extracellular ABA is sensed by guard cells via receptors on the plasma
membrane (Schachtman and Goodger 2008). Hydrogen peroxide (H,0,) and nitric
oxide (NO) appear to be involved in ABA-induced stomatal closure (Assmann
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2003; Desikan et al. 2004; Bright et al. 2006). Increased ABA concentration in
response to drought was correlated with increased proline concentration (Ober and
Sharp 1994), and ABA was required for enhanced proline accumulation at low
water potential (Verslues and Bray 2006; Sanchez-Diaz et al. 2008).

ABA has a dual role in regulation of plant growth (Cheng et al. 2002; Finkelstein
et al. 2002). It displays an inhibitory function when accumulated under stress
conditions, to promote plant survival through inhibition of stomatal opening and
size increase (Zhang et al. 2006). Its promoting function, displayed at low concentra-
tion under “normal” conditions, is essential for primary root growth (Sharp et al. 2000;
Spollen et al. 2000) and postgermination seedling development (Cheng et al. 2002).

At a molecular level, ABA is involved in numerous changes in gene expression in
response to drought (Zhang et al. 2006). Signaling under drought stress occurs through
an ABA-dependent and also an ABA-independent pathway (Shinozaki and
Yamaguchi-Shinozaki 2000; Riera et al. 2005; Yamaguchi-Shinozaki and Shinozaki
2005). ABA-responsive element (ABRE) is a major cis-element in the ABA-dependent
gene expression pathway, e.g., two ABRE motifs are important cis-acting elements
controlling ABA-dependent expression of the Arabidopsis RD29B gene. Two basic
leucine “zipper” (bZIP) transcription factors, AREB/ABF, can bind to ABRE, thereby
activating ABA-dependent gene expression (Uno et al. 2000). The drought-inducible
gene RD22 is mediated by ABA and requires protein biosynthesis for its ABA-
dependent expression. Another drought-inducible gene, RD26, was identified, whose
expression is induced by drought, high salinity, and ABA or JA treatment (Shinozaki
and Yamaguchi-Shinozaki 2007). Some drought-inducible genes may be regulated
through both ABA-dependent and ABA-independent pathways. For example, tran-
scriptional activation of some stress responsive genes is well understood, owing to
studies on the RD29A/COR78/LTI78 (responsive to dehydration/cold-regulated/low-
temperature-induced) gene. The promoter of this gene contains both an ABRE
(abscisic acid responsive element) and a DRE/CRT (dehydrationresponsive element/
C-repeat). ABRE and DRE/CRT are cis-acting elements that function in abscisic acid
(ABA)-dependent and ABA-independent gene expression in response to stress, respec-
tively (Yamaguchi-Shinozaki and Shinozaki 1994).

11.6 Characterization of Drought Tolerance in Sunflower
Inbred Lines

11.6.1 Evaluation of Agronomic Parameters

Assessment of comparative degree of drought tolerance of different genotypes is
crucial. Identification of tolerant vs. susceptible cultivars is typically based on a few
physiological measures related to drought response (Cattivelli et al. 2008). In
studies evaluating a large number of sunflower genotypes with diverse origins
fact, high variability was observed in traits related to water status, e.g., osmotic
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adjustment, root characteristics, gas exchange parameters, seedling traits, and
drought susceptibility index (Chimenti et al. 2002; Lambrides et al. 2004; Kiani
et al. 2007; Rauf and Sadagat 2007, 2008).

We evaluated drought tolerance at germination and seedling growth stages in
five inbred sunflower (H. annuus) lines from the Experimental Station INTA-
Manfredi (B59, B67, B71, R419, and R432) and one line from the US Department
of Agriculture (Fargo, ND) (HAR4), in field and laboratory experiments.

In field experiments, plants of the six lines were grown under drought and
irrigation conditions, using a split-plot experimental design with complete random-
ization and two replications. Drought and irrigation were applied once plants
reached the V4 stage of development (fourth pair of leaves). For drought, soil
was covered with polypropylene until harvest. For irrigation, plants were watered
when soil moisture reached 60% of field capacity. Parameters used to evaluate
differential responses to drought were plant height, weight of 1,000 seeds, number
of seeds per head, oil heads per hectare (ha), and seed yield per hectare. Significant
differences for plants grown under drought vs. irrigation were observed only for oil
heads per hectare and seed yield per hectare. These parameters were therefore used
to compare responses to drought. Lines B59, R419, and B67 showed reduction of
seed yield per hectare under drought, whereas R432, B71, and HAR4 lines did not
(Fig. 11.1). Oil yield per hectare showed a reduction under drought in B59, R419
and B67, but not in B71 (Fig. 11.2). No differences were observed for drought vs.
irrigation in plant height, 1,000 seed weight, or number of seed per head.

Relative seed yield/ha
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Inbred lines

Fig. 11.1 Relative seed yield per hectare for inbred sunflower lines (see text) grown under
drought vs. irrigation, in field studies, during 2003-2004 and 2004—2005. Data are means of five
replicates. Values with the same letter are not significantly different (P < 0.05)
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Fig. 11.2 Relative oil yield per hectare for lines grown under drought vs. irrigation, in field
studies, during 2003-2004 and 2004—2005. Data are means of five replicates. Values with the same
letter are not significantly different (P < 0.05)

11.6.2 Evaluation of Physiological Parameters

Laboratory studies were conducted using lines B59, R432, HAR4, and B71. For
germination experiments, 50 seeds were placed in pots containing sand, in a
controlled environmental chamber with a cycle of 16 h light/28°C/60% relative
humidity, and 8 h dark/18°C/70% relative humidity. Moisture content at the time of
sowing was 60% of field capacity. At day 5 after sowing, and intervals of 3 days
thereafter, seedlings were watered by capillary ascent with half-strength Hoagland
solution supplemented with 200 or 400 mM mannitol. Seedlings that received
distilled water were used as controls. Germination percentage was determined at
days 4 and 11, and dry weight and fresh weight were determined at day 11. The only
parameter showing significant difference under drought vs. control was germination
percentage. BS9 showed substantial reduction in this parameter for both 200 and
400 mM mannitol treatment. R432, B71, and HAR4 showed reduction in this
parameter for 400 mM but not 200 mM mannitol treatment (Fig. 11.3). Dry weight
and fresh weight did not show significant differences for drought vs. control
seedlings. Based on the above findings, we characterized B59 as drought sensitive
and R432, HAR4, and B71 as drought tolerant, under field and laboratory conditions.

Several physiological processes, including germination, seedling development,
and drought response, are regulated by ABA and JAs (Wasilewska et al. 2008;
Sanchez-Diaz et al. 2008; Wasternack 2006; Browse 2009; Shan and Liang 2010).
Determination of endogenous levels of these phytohormones in genotypes with
different degrees of drought tolerance is therefore useful for selective breeding of
drought-tolerant crop varieties.
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Fig. 11.3 Relative germination percentage of lines under drought condition (mannitol treatment),
in laboratory studies. Data are means of five replicates. Values with the same letter are not
significantly different (P < 0.05)

We determined levels of ABA, ABA catabolites (PA; DPA; ABA-GE), JA
precursor (OPDA), JA, and jasmonic acid derivatives (11-OH-JA, 12-OH-JA) in
dry and germinated seeds of B59 and B71 plants grown at different soil moisture
conditions.

ABA content was higher in dry seeds from plants grown under drought than
under irrigation (Figs. 11.4 and 11.5), particularly for B71 (Fig. 11.5a). Most of this
accumulation was in the pericarp (data not shown). 12-OH-JA was the major
phytohormone found in dry seeds from B59 plants grown under drought
(Fig. 11.4b), and may interact with ABA as part of drought response in this line.
These findings are consistent with previous reports that soil moisture level during
plant growth affects hormonal content of seeds (Benech Arnold et al. 1991;
Amzallag et al. 1998).

For both B59 and B71, there was a substantial increase of OPDA during the
period of water uptake in germinated seeds, compared to dry seeds, from plants
grown under both drought and irrigation (Figs. 11.4 and 11.5). OPDA has been
shown to function as a signaling molecule in various JA-independent processes,
including alkaloid biosynthesis (Memelink et al. 2001), tendril coiling (Stelmach
et al. 1998; Blechert et al. 1999), inhibition of apoptosis (programmed cell death)
(Reinbothe et al. 2009), and gene expression (Bottcher and Pollmann 2009).

In contrast, ABA content was lower in germinated seed than in dry seeds of both
B59 and B71 grown under either soil moisture condition (Figs. 11.4 and 11.5). This
is consistent with the well-established role of ABA in inhibition of Raz et al. (2001).
In conclusion, the differences observed in ABA profile between dry vs. germinated
seeds were independent of genotype or soil moisture conditions under which parent
plants were grown.
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Fig. 11.4 Ratios of JAs, ABA, and their catabolites. (a) Seeds from parent plants of drought-
sensitive line B59 grown under irrigation. (b) Seeds from B59 plants grown under drought. Values
are expressed in pmol g~ ' dry weight. Different scales are shown for convenience
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are expressed in pmol g71 dry weight
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11.7 Evaluation of Segregating Populations

Recently developed new technologies in plant cell biology and molecular biology
provide powerful tools to complement traditional methods of crop improvement.
Studies using molecular markers have facilitated genetic selection and improve-
ment of agricultural strains through their ability to elucidate genetic variability at
the DNA level (Paran et al. 1991). Markers useful for such selection must be tightly
linked to the gene of interest (Kumar 1999).

Near-isogenic lines (NILs) have been developed to identify markers which differ
in the presence vs. absence of the target gene and a small flanking region
(Muehlbauer et al. 1988). Markers can reveal polymorphisms between NILs and
the recurrent parents, if the sources of the genes are sufficiently divergent. Appli-
cation of molecular markers associated with traits of interest leads to better charac-
terization of gene pool diversity and genetic distance between populations. Thus,
molecular markers are useful to identify all genotypes in an F, segregating popula-
tion and to select those of interest, resulting in a population highly enriched in
desired alleles (Sorrells 1998). Reduction of the number of genotypes moving in
each selection cycle, permits smaller-size field experiments and a more efficient
selection process.

Seed germination and emergence characteristics are complex traits, typically
under the control of multiple genes. If the loci determining genetic determinants of
germination are identified, plant breeders can select specifically for alleles
contributing to improved germination. Availability of locus-specific molecular
markers for germination allows rapid screening of beneficial combination of alleles
in breeding programs (Al-Chaarani et al. 2005).

We evaluated sunflower F; seedling families for germination percentage and
endogenous content of SA, JA, and ABA. These F; families were obtained by
crossing two inbred lines: R432 (drought tolerant) and A59 (drought sensitive) in
the National Agricultural Technology Institute by Dr. Jorge Gieco. The F; seedlings
obtained from this crossing were selfed to produce F; seedlings, and the F, families
were selfed to obtain F; families.

Relative germination percentages of F; families were evaluated under drought
(400 mM mannitol) compared to control conditions. Differences in this parameter
were observed among F; families. The 33 F; families showed a typical 1:2:1
segregation pattern (Fig.11.6). Families 255, 148, 333, 336, 95, and 300 were
characterized as drought sensitive. Families 290, 314, 310, 174, 199, and 224
were characterized as drought tolerant (Fig. 11.7). To avoid loss of variability in
the drought tolerance characteristic, families 95 and 300 were included as drought
sensitive, and family 314 as drought tolerant.

Some of the tolerant F; families showed performance superior to that of parental
tolerant (transgressive segregation), a phenomenon which may result from intra-
allelic interactions (e.g., additivity, overdominance) or interallelic interactions
(e.g., epistasis). The observed variability in germination percentage indicates the
importance of testing effects of drought in the germination stage. Drought has been
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shown to produce poor and erratic germination and lack of synchronization in
seedling establishment (Mwale et al. 2003; Mustapha et al. 2009).

SA, JA, and ABA levels in the F5 families were assessed using liquid chromato-
graphy—electrospray ionization—tandem mass spectrometry (LC-ESI-MS/MS),
which allows quantification of multiple compounds with high sensitivity and
selectivity (Chiwocha et al. 2003; Durgbanshi et al. 2005; Feurtado et al. 2007).

Under drought condition, seedlings of most of the drought-tolerant families
showed endogenous SA level higher than that under control condition. The differ-
ence was significant for families 174 and 310, and 174 showed the highest level
(150,161 pmol g~ ' DW) (Fig. 11.8).

The drought-sensitive families showed SA level under drought condition lower
than that under control condition—usually below 40,000 pmol g~' DW. The
difference was significant for families 336 and 95 (Fig. 11.9).

These findings indicate that SA plays a significant role in drought response of
sunflower, consistent with previous studies. For example, Borsani et al. (2001)
found that SA is the main phytohormone involved in osmotic stress response in
germination of Arabidopsis seedlings. Mikolajczyk et al. (2000) showed that
osmotic stress induces high synthesis of SA, which activates protein kinases for
appropriate response to these adverse conditions. Oxidative stress generated in
Arabidopsis plants under drought stress (Trejo and Davies 1991) was alleviated
by SA (Sharma et al. 1996; Rao and Davis 1999).

JA levels in tolerant and sensitive F53 families under drought condition, compared
to control condition, did not show a clear response pattern. Among the tolerant
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Fig. 11.8 Salicylic acid (SA) levels in plants of tolerant F; families grown under control and
drought conditions. Data are means of four replicates. *Difference from control is statistically
significant (P < 0.05)
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Fig. 11.10 Jasmonic acid (JA) levels in tolerant F; families grown under control vs. drought
condition. Data are means of four replicates. *Difference from control is statistically significant
(P <0.05)

families, 174 and 310 showed a significant increase in JA under drought, whereas
314 and 224 showed a decrease (Fig. 11.10). Among the sensitive families, 336
showed an increase in JA under drought, whereas 333 and 300 showed a decrease
(Fig. 11.11). Thus, drought caused changes in endogenous JA content of seedlings,
but the changes were not consistent within tolerant and sensitive F3 families. Many
previous studies have shown differential patterns of JAs in response to abiotic stress
(Xin et al. 1997; Kramell et al. 2000; Pedranzani et al. 2003). For example, two wild
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Fig. 11.11 Jasmonic acid (JA) level in sensitive F3 families grown under control vs. drought

condition. Data are means of four replicates. *Difference from control is statistically significant
(P < 0.05)

populations of Pinus pinaster Ait. with differing climatic conditions in their place
of origin showed differences in JAs basal content and in pattern of response to
drought stress (Pedranzani et al. 2007). JA has been suggested to play a role in plant
response to drought stress, which induces expression of several genes that also
respond to JA (Turner et al. 2002; Hashimoto et al. 2004). JA is also associated with
cold stress response. Levels of JA and its derivative 12-OH-JA were higher in
leaves of cold-tolerant Digitaria eriantha cv. Mejorada INTA than cold-sensitive
cv. Sudafricana (Garbero et al. 2010).

ABA levels of most tolerant families were increased under drought. The
differences for 199, 314, 310, and 290 in comparison to controls were significant.
ABA levels under drought were highest for 199 (706 pmol g~' DW) and 310
(656 pmol g*l DW) (Fig. 11.12). In contrast, ABA levels in sensitive families under
drought were lower (usually <500 pmol g~' DW) than in controls; this difference
was significant for 333, 336, and 300 (Fig. 11.13).

The above findings suggest that increase of ABA in tolerant F3 families confers
an advantage for coping with adverse conditions (Jacobsen et al. 2002). ABA
accumulation may result from increased ABA biosynthesis (Nambara and
Marion-Poll 2005; Marion-Poll and Leung 2006) or from decreased catabolism
(Lee et al. 2006; Ren et al. 2007). Plants can make dynamic adjustments of
endogenous ABA level in response to changes in environmental conditions. The
differences we observed between sensitive and tolerant F5 families are consistent
with results from comparisons of stress-sensitive vs. stress-tolerant cultivars in
other species (Zheng and Li 2000; Zhu 2002; Perales et al. 2005).

In conclusion, we found that physiological efficiency of drought-tolerant vs.
drought-sensitive sunflower lines can be quantified in terms of relative oil yield,
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seed yield, and germination percentage. These parameters were used to distinguish
drought-tolerant line R432 vs. drought-sensitive B59. Levels of JAs, ABA, and
their catabolites differed in seeds from sunflower plants grown under drought vs.
irrigation. These phytohormones show variable content during germination, and
environmental conditions encountered by the parent plant affect hormonal
content of seeds. Relative germination percentage was used to characterize F;
families as drought tolerant vs. drought sensitive. Under drought, compared to
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control condition, tolerant families showed increased levels of SA and ABA,
whereas sensitive families did not. JA level was changed in seedlings of plants
grown under drought, but the direction of change was not consistent within tolerant
or sensitive families. The present results provide important information for
strategies to maintain or even increase yield under drought of sunflower, which
has been studied less extensively than many other agricultural crop species.
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Chapter 12
An Insight into the Role of Salicylic Acid
and Jasmonic Acid in Salt Stress Tolerance

M. Igbal R. Khan, Shabina Syeed, Rahat Nazar, and Naser A. Anjum

Abstract Phytohormones are organic compounds that in small amount promote,
inhibit, or modify physiological processes in plants. Researchers have recognized
salicylic acid (SA) and jasmonic acid (JA) as a potential hormone. Application of
SA and JA could provide tolerance against biotic and abiotic stresses such as
salinity, temperature stress, heavy metal stress, etc. The role of SA and JA in the
protection against abiotic stress is played by its ability to induce expression of genes
coding proteins. A low concentration of SA and JA appears to be effective in
tolerance to stress by enhancing physiological processes and improving salt toler-
ance by its effect on biochemical and molecular mechanisms. The present review
gives an insight into the role of SA and JA in inducing various physiological
responses in plants under salinity stress, and an interaction between these two
phytohormones is also discussed.

12.1 Introduction

A wide range of environmental factors including biotic and abiotic stress affect
plant during life cycle (Parvaiz and Satyawati 2008). Among several abiotic
stresses, salinity is one of the major abiotic stresses that plants encounter. Salinity
is usually of great concern and the most injurious factor in arid and semiarid
regions. More than 800 million hectares of land throughout the world are salt
affected, equating to more than 6% of the world’s total land area (FAO 2008).
Salinity causes detrimental effects (Fig. 12.1) on plant growth and productivity
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Fig. 12.1 Diagrammatic presentation of negative effects by salt stress. All given parameters are
reducing by salinity

(Turkan and Demiral 2009), mainly through changes at physiological, biochemical,
and molecular level (Khan et al. 2009; Syeed et al. 2011). The loss in plant
productivity due to salinity is a result of imbalance in ionic and osmotic effects
(Ashraf 2009). The physiological processes that are primarily adversely affected by
salt stress include ion toxicity, osmotic stress, nutrient deficiency, and oxidative
stress (Munns and Teste 2008; Daneshmand et al. 2009). Salinity results in the
excess production of reactive oxygen species (ROS), as by-products of various
metabolic pathways that are localized in different cellular compartments such as
chloroplast, mitochondria, and peroxisomes (del Rio et al. 2006; Navrot et al.
2007). ROS are highly reactive and can alter normal cellular metabolism through
oxidative damages to membranes, proteins, and nucleic acids and cause lipid
peroxidation, protein denaturation, and DNA mutation (Ahmad et al. 2008). Plants
have the ability to scavenge/detoxify ROS by producing different types of
antioxidants. The use of techniques to alleviate adverse effects of salinity stress is
expected to result in sustainable development.

Plant hormones play important roles in regulating developmental processes and
signaling networks involved in plant responses to a wide range of biotic and abiotic
stresses. Information on phytohormones of plants and salinity tolerance is scarce,
particularly on JA. SA is an endogenous growth regulator of phenolic nature, which
participates in the regulation of physiological processes in plants. It plays an
important role in the plant response to adverse environmental conditions such as
salinity (Joseph et al. 2010). JA is endogenous growth regulator identified in many
plant cultivars and induces a wide variety of physiological and developmental
responses (Engelberth et al. 2001). JA may act as stress modulators by suppressing
or enhancing the stress responses of plants (Agrawal et al. 2002).
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Significant progress has been made in indentifying the key components and
understanding the role of SA and JA implicated in plant defense pathways, but
their role in abiotic stress defense is less studied. Plant hormones are known to
control internal metabolism; therefore, attempts need to make to explore the
possibility of using these for alleviating salt stress-induced physiological effects.
Among the phytohormones, SA and JA are increasingly being recognized as the
major essential phytohormones after five classical group of phytohormones that
not only plays an important role in growth and development of higher plants but
also is associated with stress tolerance in plants (Popova et al. 2003). Adequate
SA and JA improve growth and photosynthesis of plants (Kang et al. 2005; Kim
et al. 2009; Syeed et al. 2011), and it has regulatory interaction with each other
(Spoel et al. 2003). SA and JA have been shown to take part in the removal of
excess ROS (Parra-Lobato et al. 2009; Nazar et al. 2011) and protect plants from
oxidative damage.

Since salinity is considered as one of the potential threats for agricultural
productivity, the present review focuses mainly to improve our understanding on
the effects of salinity stress on plant physiology and metabolism and elucidates the
potential mechanisms of SA and JA in modulating salinity stress response.

12.2 Biosynthesis of Salicylic Acid

SA may be synthesized via the phenylalanine or isochorismate pathways (Fig. 12.2)
(Kawano et al. 2004; Mustafa et al. 2009). The phenylalanine pathway is the most
common pathway in plants. After a series of reactions, SA is produced by the
enzyme benzoic acid 2-hydroxylase, which catalyzes the hydroxylation of benzoic
acid at the orthoposition (at C-2 position). Benzoic acid is synthesized through a
series of reactions starting from cinnamic acid (frans-cinnamic acid) either via a
B-oxidation of fatty acids or a nonoxidative pathway (Verberne et al. 1999; Mustafa
et al. 2009). Trans-cinnamic acid is produced from phenylalanine by the action of
the enzyme phenylalanine ammonia lyase (PAL). This enzyme is known to be
induced by different types of biotic and abiotic stresses and is a key regulator of the
phenylpropanoid pathway, which gives rise to various types of phenolics with
multiple functions (Yalpani et al. 1993).

In the isochorismate pathway, chorismate is converted to isochorismate by the
activity of isochorismate synthase (ICS), which is subsequently converted to SA by
isochorismate pyruvate lyase (Mustafa et al. 2009). For example, the biosynthesis
of the SA analog 2,3-dihydroxybenzoic in Madagascar Periwinkle takes place via
isochorismate, whereas in some plants belonging to Rubiaceae family, ICS gives
rise to anthraquinones (Moreno et al. 1994; Budi Muljono et al. 2002). In
Arabidopsis, ICS has been found to be involved in the biosynthesis of SA during
the plant defense process (Wildermuth et al. 2001).
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Fig. 12.2 Biosynthesis of salicylic acid

12.3 Biosynthesis of Jasmonic Acid

The pathway for JA synthesis from a-linolenic acid (18:3) was first proposed by
Vick and Zimmerman (1983) (Fig. 12.3), linolenic acid, 18:3, released from plasma
membrane glycerolipids (Hyun et al. 2008). The 18:3 is converted to 13-hydroper-
oxylinoleic acid (13-HPOT) by 13-lipoxygenase, and then allene oxide synthase
(AOS) (Lee et al. 2008) produces 12,13-epoxyoctadecatrienoic acid, which is acted
on by allene oxide cyclase (AOC). The AOC enzyme determines the stereoconfi-
guration of the product as (9S, 135)-12-oxo-phytodienoic acid (OPDA) (Ziegler
et al. 2000). The same enzymes act on 16:3 to form dinor-OPDA (Weber et al.
1997). OPDA has been identified as a substituent at sn-1 of the chloroplast lipid
monogalactosyldiacylglycerol (Andersson et al. 2006), which causes the release of
OPDA by lipases that contribute to JA synthesis. A specific isozyme of OPDA
reductase is required to reduce (9S, 13S) OPDA to 3-oxo-2(2- pentenyl)
cyclopentane-1-octanoic acid (OPC- 8:0) (Sanders et al. 2000; Stintzi and Browse
2000), which is then converted to (3R, 7S) jasmonic acid by three cycles of
B-oxidation (Vick and Zimmerman 1983). Evidences indicate that the synthesis
of OPDA occurs in the chloroplast (plastid) (Blee 1998), whereas the final produc-
tion of JA occurs in the peroxisome, the only known site of B-oxidation in plants
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Fig. 12.3 Biosynthesis of
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(Ziegler et al. 2000). In plants, B-oxidation is catalyzed by acyl-CoA oxidase, the
multifunctional protein (MFP) (which exhibits 2-trans-enoyl-CoA hydratase, 1-3-
hydroxyacyl-CoA dehydrogenase, D-3-hydroxyacyl-CoA epimerase, and 3-2-
enoyl-CoA isomerase), and 1-3-ketoacyl-CoA thiolase.
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12.4 Salinity Stress and Plant Responses: A General Aspect

12.4.1 Photosynthetic Responses Under Salt Stress

Photosynthesis, together with cell growth, is among the primary processes to be
affected by salinity (Munns et al. 2006). The effects of salt stress on photosynthesis
are either direct (as the diffusion limitations through the stomata and the mesophyll
and the alterations in photosynthetic metabolism) or secondary, such as the oxida-
tive stress arising from the superimposition of multiple stresses (Chaves et al.
2009). Photosynthesis and its related physiological variables are invariably affected
by the soil salinity in plants (Parida and Das 2005; Chaves et al. 2009). Salinity-
caused reduction in photosynthetic pigments and stomatal conductance directly
and/or indirectly affects photosynthesis (Flexas et al. 2007; Nazar et al. 2011).
A significant reduction in leaf water potential was observed under high salinity stress
in Pueraria lobata (Al-Hamdani 2004). It has been shown that salinity-induced
reductions in photosynthesis resulted from decreased CO, availability (Flexas et al.
2007) or in the alterations of photosynthetic metabolism (Lawlor and Cornic 2002).

Genes or proteins associated with photosynthetic pathways were in general not
among the most altered by the stress. For example, in Thellungiella (a stress-
tolerant plant), photosynthesis genes correspond to 15% of all genes downregulated
(Wong et al. 2006), while in rice, alterations in photosynthesis-related genes are
mostly associated with stress recovery (Zhou et al. 2007). As a result of being
relatively unaffected by salinity and drought, photosynthesis-related genes and
proteins have not been deeply analyzed so far.

12.4.2 Reactive Oxygen Species and Salt Stress

The increased production of ROS occurs under all kinds of stresses, although their
identity and compartment of origin may differ (Li et al. 2009). The toxic effect of
salinity is through oxidative stress caused by enhanced production of ROS (Giraud
et al. 2008). These ROS may be signals inducing ROS scavengers and other
protective mechanisms, as well as damaging agents contributing to stress injury
in plants (Prasad et al. 1994). Controlling ROS production and scavenging in the
chloroplast are shown to be essential for tolerance to salinity in plants and in
salinity-tolerant cultivars (Tseng et al. 2007). Salt stress induces water deficit and
increases ionic and osmotic effects leading to the generation of ROS and oxidative
stress (Parida and Das 2005). Salt stress manifested as an oxidative stress, mediated
by ROS, and has deleterious effects (Lopez-Berenguera et al. 2007). It is clear that
ROS contribute to stress damage, as evidenced by observations that transgenic
plants overexpressing ROS scavengers or mutants with higher ROS scavenging
ability show increased tolerance to environmental stresses (Kocsy et al. 2001).
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The connections between ROS signal transduction and salt stress signal transduc-
tion are an exciting aspect for further studies (Miller et al. 2010).

12.4.3 Ion Homeostasis Under Salt Stress

In salt stress, the rate of increase in ambient salt concentrations can lead to ion
toxicity primarily due to the accumulation of Na* and C1~, which leads to decrease
in chemical activity causing cells to lose turgor and simultaneously to alterations in
various physiological processes (Manchanda and Garg 2008). In fact, excess Na*
and Cl~ causes negative impacts on the acquisition and homeostasis of essential
nutrients (Greenway and Munns 1980) and causes conformational changes in
protein structure and membrane depolarization (Manchanda and Garg 2008). The
reduction in photosynthesis has been associated with the disturbance in homeostasis
of Na + and Cl — ions and essential mineral nutrients (Gunes et al. 2007; Keutgen
and Pawelzik 2009), stomatal closure (Steduto et al. 2000), reduction in leaf water
potential (Silva et al. 2008), and the increased production of ROS in chloroplasts
(Meneguzzo et al. 1999). It is also suggested that C1™ ion accumulation adversely
affects photosynthesis (Khayyat et al. 2009). High K*/Na™ selectivity in plant under
salt stress has been suggested as an important selection criterion for salt tolerance
(Wenxue et al. 2003). Under saline condition, due to excessive amounts of
exchangeable Na*/K* and Na*/Ca" ratios occurring in the soil, plants subjected to
such environments take up high amounts of Na*, whereas the uptake of K™ and Ca*
is considerably reduced. Reasonable amounts of K" and Ca* are required to
maintain the integrity and functioning of cell membranes (Wenxue et al. 2003).

Cellular ion homeostasis under salt stress can be achieved by the following
strategies:

1. Utilization of Na* for osmotic adjustment by compartmentation of Na + into
vacuole through tonoplast Na*/H" antiporters

2. Exclusion of Na* from cell by plasma membrane-bound Na*/H" antiporters or
by limiting the Na* entry

3. Na" secretion

12.4.4 Salt Tolerance Mechanism by Salt Overly Sensitive
Pathway

Regulation of ion transport system is fundamental to plant salt tolerance. The salt
overly sensitive (SOS) salt stress signaling pathway was determined to have a pivotal
regulatory function in salt tolerance, fundamental of which is the control of ion
homeostasis (Hasegawa et al. 2000; Sanders 2000; Zhu 2000). The molecular
identities of key ion transport systems that are fundamental to plant salt tolerance
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are reported by Hasegawa et al. (2000). Regulation of ion (Na* and K*) homeostasis
involving SOS genes has been recently suggested by the SOS pathway. The SOS
signal pathway is a pivotal regulator of, at least some, key transport systems required
for ion homeostasis (Sanders 2000; Zhu 2000). The input of SOS pathway is due to
excessive intracellular or extracellular Na*, which somehow triggers a cytoplasmic
Ca* signal (Zhu 2001). SOS3 encodes a Ca*-binding protein with sequence similarity
to the regulatory B subunit of calcineurin (protein phosphatase 2B) and neuronal Ca*
sensors (Liu and Zhu 1998; Ishitani et al. 2000). Cellular ion homeostasis of SOS
pathway under salt stress regulates by SOS2 and SOS1. Molecular genetic analysis of
the SOS3-SOS2 pathway was identified in the sos/ mutant of Arabidopsis. As with
sos2 and sos3, sosl is hypersensitive to salt and all three mutants accumulate higher
levels of Na* than is found in wild-type plants. Genetic analysis confirmed that SOS3,
SOS2, and SOSI1 function in a common pathway of salt tolerance (Zhu et al. 1998).
Interaction of SOS3 with the SOS2 kinase (Liu et al. 2000) and SOS2 activation is Ca*
dependent (Halfter et al. 2000). The function of SOS3 as a salt tolerance determinant is
dependent on Ca® binding (Ishitani et al. 2000). The kinase activity of SOS2 is
essential for its salt tolerance determinant function (Zhu 2000). The SOS2 C-terminal
regulatory domain interacts with the kinase domain to cause autoinhibition. Regu-
latory domain of SOS2 is the site where SOS3 interacts with the kinase and is the
autoinhibitory domain of the kinase (Guo et al. 2001). Binding of SOS3 to this motif
blocks autoinhibition of SOS2 kinase activity. Deletion of the autoinhibitory domain
results in constitutive SOS2 activation, independent of SOS3. A Thr/Asp mutation in
the activation loop of the kinase domain constitutively activates SOS2. The plasma
membrane-sited Na*/H* antiporter SOS1 is controlled by the SOS pathway at the
transcriptional and posttranscriptional level (Guo et al. 2001; Zhu 2001). In addition
to positive control of Na* exclusion from cytosol, the SOS pathway may also
negatively regulate Na* influx systems. Expression of plant high-affinity K*
transporters, atHKTI, and ecHKTI in Xenopus laevis oocytes showed that they
could mediate Na* uptake. Laurie et al. (2002) showed in transgenic wheat plants
that expressing the wheat HKT1 in antisense orientation of an ubiquitin promoter
significantly less Na* uptake and enhanced growth under salt stress with respect to
control. Functional disruption of ArHKT1 was shown to suppress the salt-sensitive
phenotype of sos3-1 mutant indicating that the SOS pathway negatively controls
this Na™ influx system (Rus et al. 2001), these results revealed that HKT mediates
sodium uptake under salt stress, and salt tolerance can be improved by
downregulation of HKTI expression. Similarly, the SOS pathway negatively
controls expression of AtNHX family members that are implicated as determinants
in the salt stress response (Yokoi et al. 2002) (Fig. 12.4).

SOS pathway functioning in response to Ca™ and salt stress signaling in plants
might have general implications and plays important role in plant growth and
development. Plant adaptation to different stresses is dependent upon the activation
of cascades of molecular networks involved in stress perception, signal transduc-
tion, and expression of specific stress-responsive genes. The low Ca*/Na* ratio of a
saline medium plays a significant role in growth inhibition in addition to causing
significant changes in morphology and anatomy of plants (Mass and Grieve 1987;
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Regulation of
gene expression

Fig. 12.4 Diagrammatic presentation of SOS pathway involved in coping up with salt stress.
Under salt stress, the increase in cytosolic Na* level causes damage to several cellular processes.
One of the major salt-detoxifying mechanisms in the cell is calcium-activated SOS3—-SOS2 protein
complex, which activates SOS1which is responsible for extrusion of Na* out of the cell. At the
same time, SOS3-SOS2 complex is also involved in inhibiting HKT1, low-affinity potassium
transporter, which transports Na* ion under high-salt condition. Recently, extrusion of Na* ion
(by regulating SOS1) and sequestration/compartmentalization of Na® ion into the vacuole
(activating NHX-type transporter which pump Na* ion into the vacuole)

Cramer 1992). The maintenance of Ca™ acquisition and transport under salt stress is
an important detriment of salinity tolerance (Unno et al. 2002).

Although, salinity in soil could be somewhat relieved through farm management
practices, such as better irrigation practice, phase farming, intercropping, and precision
farming (Munns 2002). It takes a long time and high cost to improve soil quality suitable
for crop growth. Therefore, it is imperative that researchers develop breeding strategies
and technologies to make crops more productive under stressful environments
(Cushman and Bohnert 2000). Thus, in order to reduce salinity stress, plants speed up
their rate of ROS production that sends signal to activate antioxidants for ROS
scavenging. Plants containing high levels of antioxidants can scavenge/detoxify ROS,
thereby contributing to increased salt tolerance (Demiral and Turkan 2005). These
antioxidants can be speeded up by means of supplement of phytohormones.

Several reports have been published that phytohormones can enhance tolerance
of plant (Afzal et al. 2005; Yoon et al. 2009; Syeed et al. 2011). Among all
phytohormones, SA and JA have been established as potential enhancer of toler-
ance under salinity. Gemes et al. (2011) reported that SA can reduce ROS produc-
tion. SA is also believed to play a role in plant responses to abiotic stresses
including osmotic stress, drought, salt, and UV stress (Al-Hakimi and Hamada
2001; Horvath et al. 2007). MeJA has an important role in alleviation of salinity
stress in plant. Yoon et al. (2009) have reported that MeJA counteracted the
negative effects of NaCl stress on plant growth, chlorophyll content, leaf photosyn-
thetic rate, leaf transpiration rate, and proline content. Parra-Lobato et al. (2009)
concluded that exogenous MeJA may be involved in the oxidative stress processes
by regulating antioxidant enzyme activities.
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12.5 Phytohormones in Salinity Tolerance

Salinity is one of the major abiotic stresses which are a threat to the world climate
and crop production. Salinity brings numerous hazardous changes in soil as well as
in plants. Salinity adversely affects plant growth and development, hindering seed
germination (Dash and Panda 2001), enzyme activity (Seckin et al. 2009), central
dogma process (Anuradha and Rao 2001), and cell division (Tabur and Demir
2010). Numerous studies have shown the effects of salinity on plants (Jamil et al.
2007; Duan et al. 2008). Researcher has investigated more on the mechanisms of
salt tolerance in plants (Dajic 2006; Munns and Tester 2008). Some researchers
have used PGRs for reducing or eradicating the negative effects of salinity (Kabar
1987). Phytohormones suggested playing important roles in stress responses and
adaptation (Sharma et al. 2005; Shaterian et al. 2005). Jung and Park (2011) showed
that NTM2 (a membrane-bound NAC transcription factor) is a molecular link that
incorporates auxin signal into salt stress signaling during seed germination,
providing a role of auxin in modulating seed germination under high salinity.
Similarly, cytokinins can also enhance resistance to salinity and high temperature
in plants (Barciszewski et al. 2000). Seed enhancement (seed priming) with cytoki-
nin is reported to increase plant salt tolerance (Igbal et al. 2006). It is thought that
the repressive effect of salinity on seed germination and plant growth could be
related to a decline in endogenous levels of phytohormones (Zholkevich and
Pustovoytova 1993; Jackson 1997).Wang et al. (2001) clearly defined that ABA
and JA will be increased in response to salinity, whereas indole-3-acetic acid (IAA)
and salicylic acid (SA) are declined. Recently, Hamayun et al. (2010) reported same
observation in soya bean plant, phytohormonal analysis of soybean showed that the
level of bioactive gibberellins (GA; and GA,) and jasmonic acid increased in GA;
treated plants, while the endogenous abscisic acid (ABA) and SA contents declined
under the same treatment. ABA is a major internal signal enabling phytohormone of
plants to survive adverse environmental conditions such as salt stress (Keskin et al.
2010). There is good evidence for the effect of enhanced accumulation of endoge-
nous ABA on root growth under salinity (Mulholland et al. 2003). Chen et al.
(2006) demonstrated the importance of applied ABA in root growth, morphology,
and regulation of ion accumulation. The negative effect of NaCl salt on root nodule
dry weight of common bean has also been shown to be alleviated by exogenous
ABA supply (Khadri et al; 2007). Phytohormones can be applied exogenously
which are benefit for plants under salt stress. For example, auxins (Khan et al.
2004), gibberellins (Afzal et al. 2005), cytokinins (Gul et al. 2000), salicylic acid
(Syeed et al. 2011), and jasmonic acid (Yoon et al. 2009) produce benefit in
alleviating the adverse effects of salt stress and also improve germination, growth,
development, and seed yields and yield quality (Egamberdieva 2009).
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12.5.1 Role of Salicylic Acid in Plants Under Salinity Stress

SA is an endogenous growth regulator of phenolic nature, which participates in the
regulation of physiological processes in plants such as growth, photosynthesis, and
nitrogen metabolism (Nazar et al. 2011) and also provides protection against biotic
and abiotic stresses such as salinity (Khan et al. 2010; Syeed et al. 2011). SA has
been known to be present in some plant tissues for quite some time but has only
recently been recognized as a potential plant growth regulator (Nazar et al. 2011).
Jumali et al. (2011) showed that most genes responding to acute SA treatment are
related to stress and signaling pathways which eventually led to cell death. This
includes genes encoding chaperone, heat shock proteins (HSPs), antioxidants, and
genes involved in secondary metabolite biosynthesis, such as sinapyl alcohol dehy-
drogenase (SAD), cinnamyl alcohol dehydrogenase (CAD), and cytochrome P450
(CYP 450). Several methods of application (soaking the seeds prior to sowing,
adding to the hydroponic solution, irrigating, or spraying with SA solution) have
been shown to protect various plant cultivars against abiotic stress factors by
inducing a wide range of processes involved in stress tolerance mechanisms
(Horvath et al. 2007). The role of SA in defense mechanism to alleviate salt stress
in plants was studied (Hussein et al. 2007). The ameliorative effects of SA have been
well documented including salt tolerance in many crops such as bean (Azooz 2009),
mung bean (Khan et al. 2010), and mustard (Syeed et al. 2011). Sakhabutdinova
et al. (2003) investigated the effect of SA on plant resistance against environmental
stress factors. Treatment of wheat plants with 0.05 mM SA increased the level of cell
division within the apical meristem of seedling roots which increased the plant
growth. Exogenous application of SA enhanced the photosynthetic rate and also
maintained the stability of membranes, thereby improved the growth of salinity-
stressed barley plants (El-Tayeb 2005) and mung bean plants (Nazar et al. 2011). SA
added to the soil also had an ameliorating effect on the survival of maize and mustard
plants during salt stress and decreased the Na* and C1~ accumulation (Gunes et al.
2007). Lipid peroxidation and membrane permeability, which were increased by salt
stress, were lower in SA-treated plants (Horvath et al. 2007). SA treatment was
accompanied by a transient increase in the H,O, level. As seed treatment with H,O,
itself had an alleviating effect on the oxidative damage caused by salt stress in wheat
plants (Wahid et al. 2007), it seems possible that SA may exert its protective effect
partially through the transiently increased level of H,O,. The endogenous level of
SA increased under salt stress in rice seedlings, and the activity of the SA biosyn-
thesis enzyme, benzoic acid 2-hydroxylase, was induced (Sawada et al. 2006).
Treatment with SA essentially diminished the alteration of phytohormone levels in
wheat seedlings under salinity. It was found that the SA treatment caused accumu-
lation of both ABA and IAA in wheat seedlings under salinity. However, the SA
treatment did not influence on cytokinin content (Sakhabutdinova et al. 2003). Thus,
protective SA action includes the development of antistress programs and accelera-
tion of normalization of growth processes after removal stress factors
(Sakhabutdinova et al. 2003). The results obtained in the last few years strongly
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argue that SA could be a very promising compound for the reduction of the abiotic
stress sensitivity of crops because under certain conditions, it has been found to
mitigate the damaging effects of various stress factors in plants.

SA is involved in the induction of pathogen-regulated (PR) genes and also
activates mitogen-activated protein kinases (MAPK) in tobacco cell cultures
(Zhang and Klessig 1997). MAPKs are proteins found in all eukaryotes, which
mediate responses to a variety of extracellular stimuli (Jonak et al. 2002). MAPK
pathways have been implicated in signal transduction for a wide variety of stress
responses (Zhang and Klessig 2001). The PR proteins are induced in pathological or
related situations (Van Loon et al. 2006). The PR-1 proteins are often used as markers
of an enhanced defense state conferred by pathogen-induced systemic acquired
resistance (SAR), but their biological activity remains elusive (Van Loon et al.
2006). It has been reported that overexpression of OsMAPKS results in enhanced
tolerance to abiotic stresses, such as drought and salinity, in rice (Xiong and Yang
2003). However, suppression of OsMAPKS expression reduced abiotic stress toler-
ance but led to constitutive PR-1 and PR-10 expression and increased resistance to
fungal and bacterial pathogens (Xiong and Yang 2003). PsSMAPK3 expression was
not altered by salt stress however PSMAPK3 expression was higher in the absence of
SA compared to the presence of SA, this suggested that SA treatment could enhance
the resistance of salt-stressed plants to possible opportunistic pathogen attack, by
increased PR-1b gene expression. Under the same conditions, pea showed increased
sensitivity to salinity, as indicated by the higher percentage of symptomatic leaves. In
parallel, the decrease in PsSMAPK3 expression correlated with higher expression of
the PR-1b gene in salt-stressed plants treated with SA (Barba-Espen et al. 2011).

Several studies published indicate that the role of SA as cell stress protectant
through induction of antioxidant system (Gemes et al. 2011). SA has been reported
to influence the activities of antioxidative enzymes differentially. In general,
authors found enhancement in the activities of antioxidant enzymes such as super-
oxide dismutase (SOD), glutathione reductase (GR), and ascorbate peroxidase
(APX) with NaCl and SA application. The increases in the activities of antioxidant
enzymes following SA application could be the indicator of buildup of a protective
mechanism against oxidative damage induced by salt stress through increase in
nutrient contents and antioxidative metabolism (Khan et al. 2010). Exogenously
applied SA involved in the induction of at least one of cellular mechanisms that are
concomitant with the accumulation of ROS (Gunes et al. 2007). It was found that
inhibition of catalase (CAT), a H,O, scavenging enzyme, by SA, plays a major role
in the generation of ROS (Horvith et al. 2007). SA inhibited the activities of CAT
and APX and increased the content of H,O, (Durner and Klessig 1995; Kawano and
Muto 2000; Luo et al. 2001). Moharekar et al. (2003) suggested that an increase in
SA concentration might induce oxidative stress in wheat and mung bean, but the
degree of oxidative stress was different in different plant species. CAT activity
from cucumber (Cucumis sativus), tomato, Arabidopsis, and tobacco has been
found substantially inhibited by SA, whereas those from maize and rice were
found to be insensitive (Sanchez-Casas and Klessig 1994). In hypersensitive
responses, SA is thought to potentiate ROS signaling (Klessig et al. 2000).
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12.5.2 Role of Jasmonic Acid in Salt-Stressed Plants

Jasmonic acid (JA) and methyl jasmonate (MeJA) are collectively referred to as
jasmonates and are important cellular regulators which are involved in diverse
developmental processes such as seed germination, root growth, fertility, fruit
ripening, and senescence (Wasternack and Hause 2002). Exposure of plants to
salt stress results in changes in most physiological and biochemical processes
resulting in a disturbance of normal growth and development. The response of
plants to salt stress depends on multiple factors, but phytohormones are thought to
be among the most important endogenous substances involved in the mechanisms
of tolerance or susceptibility of various plant species (Velitcukova and Fedina
1998). It was reported that many of the proteins produced by the plant under abiotic
stress are induced by phytohormones, such as abscisic acid (Jin et al. 2000),
salicylic acid (Hoyos and Zhang 2000), and jasmonates (Thaler 1999). They activate
plant defense mechanisms in response to insect-driven wounding, pathogens, and
environmental stresses, including drought, low temperature, and salinity (Wasternack
and Parthier 1997). Under salt stress, jasmonates recovered salt inhibition on dry
mass production in rice (Kang et al. 2005) and diminished the inhibitory effect of
NaCl on the rate of 14C02 fixation, protein content in Pisum sativum (Velitcukova
and Fedina 1998). Jasmonates have been the focus of much attention because of their
ability to provide protection to salinity stress (Tsonev et al. 1998) or to increase
freezing tolerance in brome grass (Wilen et al. 1994), leading to the suggestion that
jasmonates could mediate the defense response to various environmental stresses.
Phospholipase D (PLD) has also been shown to trigger the release of linolenic
acid and to stimulate JA biosynthesis (Creelman and Mullet 1997). PLD activity
has been linked with stress processes playing a main function in membrane
deterioration, although there is enough evidence for its role in plant signal trans-
duction (Wang 1999). Jasmonic acid and its derivatives also respond to salinity
(Wang et al. 2001). It has been reported that jasmonate treatments (or endogenous
of these compounds) are accompanied by the synthesis of abundant proteins in
response to abiotic stress, called jasmonate-induced proteins (JIPs) (Sembdner and
Parthier 1993). It has been reported that JA levels in tomato cultivars changed in
response to salt stress, and JA increase was observed in salt-tolerant cultivar HF
(Hellfrucht Fruhstamm) from the beginning of salinization, while in salt-sensitive
cultivar Pera, JA level decreased after 24 h of salt treatment (Pedranzani et al.
2003). A rapid increase was seen in endogenous JA content in barley leaf segments
subjected to osmotic stress with sorbitol or mannitol (Kramell et al. 2000); how-
ever, endogenous jasmonates did not increase when they were treated with a high
NaCl concentration (Kramell et al. 1995). The changes of endogenous JA levels in
rice plants under various salt stresses were investigated. Kang et al. (2005) reported
that the concentrations of JA in salt-sensitive cultivar plants were lower than in salt-
tolerant cultivar plants. In addition, MeJA levels in rice roots increased significantly
in 200 mM NaCl (Moons et al. 1997). Therefore, high levels of JA in salt-tolerant
plants accumulated after salt treatments can be an effective protection against high
salinity. However, there seems to be little information about how salinity affects
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endogenous JA levels in plants. Kang et al. (2005) reported that postapplication
with exogenous JA can ameliorate salt-stressed rice seedlings, especially the salt-
sensitive rather than the salt-tolerant cultivar. In addition, sodium concentration
dramatically decreased by exogenous JA application. On the contrary, uptake of
major ions was partially increased by JA application. At the same time,
pretreatment with JA reduced the inhibitory effect of high salt concentrations on
growth and photosynthesis of barley (Tsonev et al. 1998). Exogenous JA applica-
tion after salt treatment may change the balance of endogenous hormones, such as
ABA, which provides an important clue for understanding the protection mechanisms
against salt stress (Kang et al. 2005). These results clearly demonstrate that exoge-
nous JA may be involved in the defense not only during wounding and pathogen
stress but also during salt stress.

Plants respond to a variety of environmental stresses through the induction of
antioxidant defense enzymes that protect against further damage (Kawano and
Muto 2000). It has been observed that MeJA is not only to regulate a variety of
plant developmental responses but also to be induced by pathogen attack or wounds
that often lead to the generation of ROS, including hydrogen peroxide (H,O),
superoxide anions (O,.”), and hydroxyl free radicals (.OH) (Devoto and Turner
2003). These observations suggest that MeJA could be linked to oxidative stress.
ROS have the potential to interact with many cellular components, leading to
membrane damage, causing an immediate cellular response to trigger a plant-
defense signal (Van Breusegem et al. 2001)

Antioxidative enzymes include catalase (CAT) and peroxidase (POD) that
remove H,0, and superoxide dismutase (SOD) that catalyzes the disproportion of
superoxide radicals to hydrogen peroxide and dioxygen. Activity of CAT, POD,
and SOD increased during biotic and abiotic stresses to protect cells from the
potential hazardous effects of ROS (Menezes-Benavente et al. 2004). Popova
et al. (2003) have reported the accumulation of SOD, CAT, and peroxide (POX)
isoforms in barley under MeJA treatment. The peroxidase isozymic pattern showed
two specific isoforms, and the activities of SOD and CAT were significantly
elevated in JA-treated peanut leaves (Kumari et al. 2006).

12.6 Interaction Between Salicylic Acid and Jasmonic Acid

There are several ways in which the phytohormonal pathways are known to interact
and regulate the growth and development of plants (Gfeller et al. 2010). Interaction
between phytohormonal-mediated signaling pathways depends on contraction and
timing of elicitation or nature of stresses. Salicylic acid (SA) and jasmonic acid (JA)
pathways are two of the key biochemical response mechanisms that can be trig-
gered by various biotic and abiotic stresses and function as necessary signaling
molecules responsible for defensive responses in plants. SA and JA are phyto-
hormones that are important regulators of biotic and abiotic stress responses in
plants which are biochemically linked (Tuteja and Sopory 2008). Antagonistic
interactions between SA and JA affect the expression of PR protein genes in tomato
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(Thaler et al. 1999). SA induces acidic pathogen-related (PR) genes and inhibits
basic PR genes, whereas JA does the opposite (Wang et al. 2001).

12.6.1 Interaction Between Salicylic Acid and Jasmonic Acid
at Signaling Level

Mitogen-activated protein kinase 4 (MAPK4) has been identified as another key
component involved in mediating the antagonism between salicylic acid (SA)- and
jasmonic acid (JA)-mediated signaling in Arabidopsis. Results indicate that
MAPKH4 acts as a negative regulator of SA signaling and positive regulator of JA
signaling in Arabidopsis. The Arabidopsis mpk4 mutants show elevated SA levels,
constitutive expression of SA responsive PR genes, and increased resistance to
Pst. In contrast, the expression of JA responsive genes and the resistance to
A. brassicicola were found to be impaired in mpk4 mutants (Brodersen and
Petersen 2006). Glutaredoxin, GRX480, is an important regulator identified to
affect antagonism between SA- and JA-mediated signaling. GRX480 is disulfide
reductases which catalyze thiol disulfide reductions and is involved in the redox
regulation of protein activities involved in a variety of cellular processes (Meyer
et al. 2008). Ndamukong et al. (2007) have shown that GRX480 interacts with TGA
transcription factors involved in the regulation of SA-responsive PR genes. The
expression of GRX480 is induced by SA and requires TGA transcription factors and
NPR1. Furthermore, the expression of JA-responsive PDF1.2 gene was inhibited by
GRX480 (Ndamukong et al. 2007). These findings suggest that SA-induced NPR1
activates GRX480, which forms a complex with TGA factors and suppresses the
expression of JA-responsive genes.

Mutual antagonism between SA and JA was also evident from a microarray
study of defense-related mutants infected with P. syringae pv. maculicola
(Glazebrook et al. 2003). This showed that expression of a cluster of SA-related
genes, including PR1, was increased in JA-insensitive mutants, while JA-related
genes showed increased expression in SA pathway mutants. Inhibition of SA
signaling by JA also occurs, as activation of JA signaling in bacterial nahG
salicylate hydroxylase also impairs SAR induction, although nahG expression has
pleiotropic effects beyond SA catabolism (Heck et al. 2003). Jasmonic acid (JA)
appears to be dispensable for SAR activation (Pieterse et al. 1998).

12.6.2 Biosynthetic Interaction Between Salicylic Acid
and Jasmonic Acid

SA has antagonistic effects on JA by preventing its accumulation in response to
wounding. In flax, SA inhibits transcription of allene oxide synthase (AOS),
which mediates the conversion of lipoxygenase-derived fatty acid hydroperoxides
to unstable allene epoxides and then to JA precursors (Harms et al. 1998). The
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wound-induced increase of leucine aminopeptidase (LapA) RNAs, which is
upregulated by JA, and salinity, was inhibited by SA (Chao et al. 1999). SA
also induces acidic pathogen-related (PR) genes and inhibits basic PR genes,
whereas JA does the opposite (Niki et al. 1998). SA also reduced the synthesis
of tomato proteinase inhibitors (Doares et al. 1995). Antagonistic interactions
between SA and JA affect the expression of PR protein genes in tomato (Thaler
et al. 1999). Two drought-inducible genes in the drought-tolerant cowpea (Vigna
unguiculata) were identified after treatment with high salinity and exogenous
ABA. One of these genes was also expressed in response to heat stress, methyl
jasmonate, and salicylic acid (Iuchi et al. 1996), suggesting that SA affects plant
resistance to stress.

12.7 Conclusion and Future Prospects

Plant hormones regulate a number of signaling networks involving developmental
processes and plant responses to environmental stresses including biotic and abiotic
stresses. Significant progress has been made in identifying the key components and
understanding plant hormone signaling [especially salicylic acid (SA) and jasmonic
acid (JA)] and plant defense responses. Phytohormone signaling pathways are not
isolated but rather interconnected with a complex regulatory network involving
various defense signaling pathways and developmental processes. To understand
how plants coordinate multiple hormonal components in response to various devel-
opmental and environmental cues is a major challenge for the future.

It can be concluded that changes in hormone levels in plant tissue are thought to
be an initial process controlling growth reduction due to salinity. Therefore, NaCl-
induced reduction in the plant growth can be mitigated by application of plant
growth regulators. SA and JA are the two phytohormones having a potential role in
alleviating salinity stress and can be used as a technique to improve or protect the
salinity stress hazard effect on plants’ productivity.

Many reports are available under biotic stress on interaction between SA and JA,
but relationship under salinity is not yet known well. So it is a challenging work for
today as salinity is a major threat of agriculture and productivity of plants. There-
fore, it may be said that SA and JA could enhance tolerance of plants in their
respective relationship.
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